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INTRODUCTORY REMARKS

By John Marquis Converse and Blair O Rogers

Inststule of Reconstructive Plastic Surgery, New York Universily-Bellevue M edical Center, and
the Department of Surgery, New Y ork Unersity College of Medicine, New York, N Y

This monograph, based on the third bienmal Tissue Homotransplantation
Conference, demonstrates, as did the two preceding publications,! ? the rapid
advances made 1n this new biological and climical specialty the science of
tissue transplantation  We feel that, among the papers presented here, those
dealing with specific desensitization of the delayed hypertensive state, evidence
of a passive transfer of serum antibody against skin homografts, with further
clanification of the role of lymphatics and draming lymph nodes in homo-
transplantation phenomena, with work now i progress on the 1dentification
of the various antigenic components of transplanted cells, and with the -
creasing attention being paid to the behavior of embryonal, fetal, and neonatal
tissue transplants—will undoubtedly have widespread effects in the time which
must elapse before the fourth conference 1s held mn 1960

It 1s not within the scope of these brief introductory remarks to review the
papers that follow However, 1t 1s fair to say that, as a group, they should
dispel still further the pessimism regarding any solution to the so-called
“homograft problem” that was prevalent several decadesago It seems proba-
ble that these papers will open new avenues of approach to the problem to such
an extent that we shall all look forward with eager anticipation to the publica-
tion of the next monograph mm this series

The contributions to these pages of our colleagues from Czechoslovaka,
Denmark, France, England, and Scotland are particularly welcome The -
creasing evidence mn our western medical hiterature of the excellent scientific
progress paralleling our own 1n the biological laboratones of Eastern Europe 1s
especially gratifying

References
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1. Embryonal, Fetal, Neonatal, and Infant Tissue Transplantation

PULSATILE ACTIVITY IN TOTAL TRANSPLANATION
OF FETAL MOUSE HEARTS *

By Herbert Conway, B Herold Griffith, John E Shannon, and Angehica Findley

Department of Surgery (Plastic), New York Hosfz!al and Cornell Medical Center,
New York, N 1

In order to have a means of determining the length of time that individual
cells of a homograft may remain wiable, we have used the fetal heart as our
experimental tissue The pulsations of the homografted heart, as observed in
the transparent chamber, provide a ready means of 1dentification of the trans-
planted cells and also serve as an unquestionable indicator of their viabihty
The cessation of the pulsations i1s a clear-cut end pomt of the survival time
of the graft

In this paper we present the techmique of transplanting fetal hearts and
describe the methods employed in their study We also present observations
based on the study of transplanted hearts and data on the survival time of
grafted cells Some prelimmary data on the experimental treatment of homo-
grafted hearts are also mncluded While these studies were 1 progress Poor,!
at Boston Umversity, Boston, Mass, pubhished a preliminary report on the
homotransplantation of fetal hearts in the hamster

Material and Methods

We employed the Saran window modification? ? of the transparent chamber
techmque The beds that were to receive the grafted fetal hearts were pre-
pared 1n the skin of the mid-dorsum of the mouse exactly as described for
grafts of full-thickness skin.? Each intact fetal heart was placed directly over a
large host vessel lymng in the carefully exposed panmculus carnosus The
cellulose acetate ring with a clear, thin film of Saran plastic was then affixed
to form the transparent chamber Ina few cases, mnstead of the plastic window,
a “natural window” was prepared by applying an autograft of thin auncular
skin to the open bed About three weeks later the fetal heart was then care-
fully mserted between the panniculus adiposus of the established autograft
of ear shin and the panniculus carnosus of the dorsal skin fold

The hosts were mice of strains A, C57BR, C57BL, C3Heb, and Swiss albino,
and ranged 1n age from three months to one year

The transplants were the intact hearts of fetuses obtamned from mice on the
tenth day to eightcenth day of gestation In some cases, wmtact hearts re-
moved from newborn mice one to three days of age were used The age of
the fetuses was estimated from the stages descnbed by Gruncberg® The
majonty of the fetuses used were from fourteen to seventeen days of age

To obtain the fetus, 2 pregnant mouse was sacrificed by cervical dislocation
and the uterus was excised aseptically  The fetuses were removed from the

# The work reported 1n this paper was supported by a grant from the Public Health Service,
Bethesda, Md
542



Conway et ol Transplantation of Fetal Mouse Hearts 543

uterus, freed of all membranes, and placed on the stage of a dissecting dish
Fach heart was dissected out rapidly, placed 1n a balanced salt solution, and
then nserted into the transparent chamber A balanced salt solution such
as Earle’s’ or Gey’s® was found to keep the hearts m better condition than did
erither Ringer’s solution or 1sotomc saline

More than one half of the hearts received no special treatment before or
after transplantation However, studies were made on some hearts subjected
to freezing and thawing before transplantation and on others perfused with
vanous solutions after transplantation

The followng techmque was used for freeze-thawing immediately after
excision, the heart was placed 1n a test tube contaming 0 2 ml of a solution of
25 per cent glycerol 1n Morgan, Morton, and Parker’s medium No 1997 that
had been prewarmed to 38° C It was then incubated at 38° C for 45 mun-
utes This use of the glycerol solution to protect the cells as much as possible
from the damage mcurred during freezing was adapted from the work of Smith
and Parks8 According to the findings of Lovelock® the glycerol in the cells
acts as a “salt buffer

After incubation the heart was quickly frozen by plunging the test tube nto
a bath of alcohol and dry ice at —78° C The temperature was carefully
maintained and the heart was frozen for 30 minutes The heart was then
thawed rapidly by immersing the tube in a water bath at 38° C, and simul-
taneously rinsing the heart with the mixture of glycerol and medium No
199, which was also at 38° C  Immediately after thawing, the heart was n-
serted mto the transparent chamber

The perfusion technique was performed as follows the heart was placed
the transparent chamber mmmediately after removal from the fetus
‘Twenty-four hours after transplantation, 0 1 ml of an experimental solution
was mstilled 1nto the chamber once a day for 5 days The experimental solu-
tions which were used were Earle’s balanced salt solution,® 02 M r-glutamine,
anc(li au}OX dilution of Eagle’s Vitamin Concentrate Stock B for synthetic
media

In all cases, the hearts were observed at least once a day with transmitted
hight under a stereoscopic microscope

Results

One hundred and sixteen transplanted hearts were studied Eighty-nine
were homografts of fetal hearts  Of these, 52 were given no special treatment
18 were perfused after transplantation, and 19 were subjected to rapid freezmg’
and thawing before transplantation Twelve hearts from newborn mice were
also homografted In addition, 15 fetal hearts were transplanted as intra-
strain or 1sologous grafts We shall describe the phenomena that were noted
h ]';he %oufrse of observing the hearts

y the fourth postoperative day, when vascular connecti ;
were established, all the fetal hearts had resumed beatmgonsI‘x‘xlgéntela]&hots}fz
rate of pulsation of the homotransplanted fetal hearts remained remarléabl
constant from almost the fifth to about the sixteenth day Rates of 200 t'z)’
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300 beats per minute were not uncommon, the normal heart rate of adult
muce 1s 400 to 600 beats per mmute  After the sinteenth day the rate gradually
dimimished and pulsation stopped abruptly at about eighteen days in most
cases Approumately the fourteenth day after homotransplantation the out-
line of the hearts had become very famnt, and 1t was obvious that the trans-
plants were undergoing absorption Nevertheless, vigorous pulsations of the
transplanted tissue persisted 1n most cases In some hearts, however, only
one auricle was beating regularly at this time, and the ventricles were con-
tracting intermuttently These findings were interpreted as indicating that,
even though a portion of the transplant was evidently necrotic and was under-
going dissolution, there were areas of the grafted tissue that remained viable
for a longer period Histological studies substantiated this interpretation

Sections of homotransplants made on the fourteenth postoperative day when
pulsations were still vigorous showed a pronounced round cell infiltration of
the heart  Although the morphologic integrity of the heart was largely ob-
Iiterated, there remained some semblance of tissue organization and a few
areas of the myocardium had a completely normal appearance

Sections of transplants made as soon as all pulsations ceased showed more
diffuse round cell mfiltration, and all of the myocardial cells appeared to be
necrotic  These findings suggest that, as long as any cells remain wiable,
they will contract It 1s obvious that there 1s a great advantage 1n using the
heart as the transplant in studies on homograft survival since the viability of
even very small areas can be detected

Twenty-four hearts were fived for histological studies at various ntervals
The 28 remaining homografts of fetal hearts were allowed to continue until
all pulsations ceased The median survival time of the untreated fetal heart
homografts was calculated to be 19 3 days

With a few exceptions, the 18 hearts perfused after homotransplantation
and the 19 hearts frozen and thawed before homotransplantation behaved
stmilarly  The median survival time of the perfused hearts was 12 5 days
and that of the freezc-thawed hearts was 130 days  One homograft treated
by frecze-thawing continued to pulsate rhythmically for 35 days One un-
treated homograft retained it~ morphologic integrity and continued to pulsate
vigorously for 45 days

The 12 hearts from newborn muce that were homografted survived for a
much shorter period  The madian survival time of these hearts was 9 0 days
and one graft, although 1t becamc visibly vasculanized, never resumed beating
after transplantation

The 15 ntrastrain grafts of fetal hearts underwent a similar but greatly
protractcd rejection phenomenon  There were no pormanent takes, but 2 of
the mtrastran grafts lasted for ovar 00 dayvs  The caleulated survival time
for 1sografts of fetal hearts was 47 0 dvs

At no time during our studies ot the hort trmsplants did we observe the
regular sequence of events previously descnibed as pood eritena for the surnaval
time of shin homografts;® 2 namely, dilation of blood yessels in the graft, slow-
ng of blood flow, and the formation of thrombi  The medrin sunvnal tine
of <hin homografts as deternuned by these criteria was found to be 90 days
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Summary

Tn summary, this 1s the presentation of work in which the hearts of fetal and
newborn mice have been transplanted to the dorsal skin fold of unrelated and
related recipients This particular tissue has been found to be 1deal for the
nterpretation of the survival time of homotransplanted tissue because the
cessation of cardiac pulsations affords a very defimite end pomt  Also, the
pulsatile activity of a transplanted fetal heart defimtely identifies the trans-
planted tissue from the infiltrating tissue of the recipient Untreated fetal
hearts exhibited a median survival time of 19 3 days Fetal hearts that had
been perfused showed a median survival time of 125 days, those that had
been frozen and thawed before transplantation, a median survival time of
130 days Homotransplants of hearts from newborn mice 1 to 3 days old
had a median survival time of 90 days Intrastrain grafts of fetal hearts
survived for an average of 47 0 days, and 2 of these grafts exhibited strong
spontaneous pulsations for over 90 days The homotransplantation of fetal
hearts by means of a tissue-chamber techmque 1s presented here as an 1deal
method for the assay of the exact effect of experimental pretreatment of homo-
grafts on their survival ime  Other studies are 1n preparation
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300 beats per mimnute were not uncommon, the normal heart rate of adult
mice 15 400 to 600 beats per minute  After the sixteenth day the rate gradually
diminished and pulsation stopped abruptly at about eighteen days in most
cases Approximately the fourteenth day after homotransplantation the out-
lime of the hearts had become very faint, and 1t was obvious that the trans-
plants were undergoing absorption  Nevertheless, vigorous pulsations of the
transplanted tissue persisted in most cases In some hearts, however, only
one auricle was beating regularly at this time, and the ventricles were con-
tracting intermittently These findings were interpreted as indicating that,
even though a portion of the transplant was evidently necrotic and was under-
going dissolution, there were areas of the grafted tissue that remaned viable
for a longer period Histological studies substantiated this interpretation

Sections of homotransplants made on the fourteenth postoperative day when
pulsations were still vigorous showed a pronounced round cell infiltration of
the heart  Although the morphologic integrity of the heart was largely ob-
literated, there remained some semblance of tissue orgamzation and a few
areas of the myocardium had a completely normal appearance

Sections of transplants made as soon as all pulsations ceased showed more
diffuse round cell imfiltration, and all of the myocardial cells appeared to be
necrotic These findings suggest that, as long as any cells remam viable,
they will contract It 1s obvious that there 1s a great advantage in using the
heart as the transplant imn studies on homograft survival since the viability of
even very small areas can be detected

Twenty-four hearts were fixed for histological studies at various intervals
The 28 remaming homografts of fetal hearts were allowed to continue until
all pulsations ceased The median survival time of the untreated fetal heart
homograits was calculated to be 19 3 days

With a few exceptions, the 18 hearts perfused after homotransplantation
and the 19 hearts frozen and thawed before homotransplantation behaved
similarly The median survival time of the perfused hearts was 12 5 days
and that of the freeze-thawed hearts was 130 days One homograft treated
by freeze-thawing continued to pulsate rhythmically for 35 days One un-
treated homograft retained 1ts morphologic integrity and continued to pulsate
vigorously for 45 days

The 12 hearts from newborn mice thal were homografted survived for a
much shorter period The median survival time of these hearts was 9 0 days
and one graft, although 1t became visibly vascularized, never resumed beatmg
after transplantation

The 15 ntrastramn grafts of fetal hearts underwent a stmilar but greatly
protracted rejection phenomenon  There were no permanent takes, but 2 of
the ntrastramn grafts lasted for over 90 days The calculated survival ime
for 1sografts of fetal hearts was 47 0 days

At no time during our studies of the heart transplants did we observe the
regular sequence of events previously described as good criteria for the survival
time of shin homografts,? ? namely, dilation of blood vessels 1n the graft, slow-
ng of blood flow, and the formation of thromb1 The medxgn survival time
of skin homografts as determined by these criteria was found to be 9 0 days
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bryo skin, also of full thickness, was usually taken from the backs of the older
embryos 1n pieces as large as possible  Skin from the youngest embryos, where
much of the material was jellylike 1 consistency, consisted of minute “blobs”
or droplets of material that were spaced (preferably on blood vessels), about 9
to the graft bed TFimshed grafts were dusted with sulfadiazine powder and
covered 1n turn with vaseline gauze, a transparent bandage, and several gauze
pressure pads before they were wrapped with rolled gauze and, finally, with ad-
hestve tape  First examination was done 12 to 14 days postoperatively ~ The
ammal was then rewrapped lightly and examined every week thereafter
Bandages were usually kept on for 1 month, after which they were removed
completely No difficulty was experienced with destruction of bandaging,
provided that the rabbits were caged mndividually  None of the grafts became
mnfected

Frozen skin used for grafting was prepared from adult donors by removing
a full-thickness square of skin approximately 7 X 10 cm and folding this piece
on 1tself so that the raw surfaces were together It was then placed 1n a sterile
Petri dish that was sealed with ordinary waterproof adhesive tape and placed
In a refrigerator at —4° C until needed Embryos were frozen whole 1n a simi-
lar manner, and the skin was removed after thawing at room temperature
The secret of good preservation seemed to lie in not wetting either the adult
or embryo skin 1 any manner before freezing Shaving of the adult skin was
done dry with an electric razor, and the embryo was cleaned off, if necessary,
with dry sterile gauze  Tissues were kept frozen from 1 day to 6 weeks Even
after the latter period, they grafted well and compared favorably with fresh
adult homografts from the same donor done at the time of freezing or with
fresh embryo from the same htter (not on the same recipients) In these ex-
periments only embryos of 18 or more days of gestation were used for freezing,
as no extra material was available from the younger groups Skin, adult or
embryonic, when kept more than 24 hours at ordinary refrigerator tempera-
ture, grew poorly, if at all

The rabbits that were treated with cortisone (Cortone)* received a subcu-
taneous 1njection at the time of grafting and a daily injection thereafter except
Sundays Ammals weighing 3 to 3 5 kg were given an imitial dose of 30 mg
and a daily dose of 7 to 8 mg Larger animals of 35 to 40 kg received a
primary 1njection of 35 mg and a subsequent njection of 8 to 10 mg daily
Metacortin was used for a series of 20 rabbits, but proved highly toxic to them,
usually causing a violent diarrhea, even when only one third to one fourth the
cortisone dosage was employed Those animals in which the cortisone treat-
ment was discontinued and ACTH (ACTHAR)t substituted received 2 units
of the latter on the first day cortisone was omitted, and 5 subsequent doses of
one umt each on alternate days following Two additional doses of 2 mg of
corlisone cach were injected during the first week of this new treatment on
days when ACTH was not given

In general, the health of the rabbits was good A few of the conditioned

* Product of Merch Sharp & Dohme, Philadelphia, P
1 Product of The Armour Laboratoné, Chlcagg, i]l’ ¢



STUDIES OF ADULT AND EMBRYONIC SKIN HOMOGRAFTS ON
CONDITIONED OR NORMAL RABBITS, WITH EMPHASIS ON
THE POSSIBLE ROLE OF THE GROUND SUBSTANCE*

By Helene Wallace Toolan
Sloan-Ketlering Inststute, New York, N ¥

This report 1s based on two years of adventures in homografting at the Sur-
gical Research Umt, Fort Sam Houston, Texas Dunng this period, over
1000 adult rabbit recipients and donors were used, mcluding 76 pregnant
mothers and their embryos, m order to find some method of prolonging homo-
graft survival Three hundred rabbits alone were employed m a senes of
desensitization studies that were at best suggestive and will not be reported
here From the welter of statistics and data accumulated on the remainder
there emerged 4 sahent positive facts that seem worthy of note These are
reported 1 this paper

MATERIAL AND METHODS

The rabbits used were young adult females of colored {gray chinchilla, Red
Satins, Black Dutch) or New Zealand White stock obtained from a commercial
breeder These ammals averaged from 3 to 4 kg inweight, a few being heavier
or hghter For convenience 1n caging, only female animals were employed

Pregnant mothers were either obtamned as such from the breeder or bred in
the laboratory by allowing them to remain with the male for one 6-hour penod
only The exact age of the embryo could be obtained by the latter procedure
When the mothers were aborted records were kept of the embryo measurements
so that a fairly good estimate could be made of the age of those embryos ob-
tained from does where the gestation period was unknown by comparing them
with embryos of determined age  Allowance 1n size was made for the number
of animals per hitter In general, 4 age groups of embryos were employed 14
days or under, 16 to 19 days, 23 to 26 days, and 28 to 30 days Full term for
rabbuts 1s 32 days

All rabbits, mncluding the pregnant mothers, were anesthetized with paralde-
hyde mjected intramuscularly (approximately 3 ml 1n each hind leg for the
larger ammals and 2 5 ml for the smaller) Graft beds were prepared on the
chest wall in the manner described by Medawar! For adult homografts an
area approxunately 10 X 7 cm was marked off with a scalpel, and the de-
marcated epidermis and dermus were stripped off with this same sharp blade
The musculars, with 1ts overlying fascia and vessels, was thus exposed and
used as the graft bed The area prepared for the reception of skin from the
very young embryos was smaller, due to lack of matenal, and in general meas-
ured 6 X 7 cm

Adult bomografts were placed on the recipient as full-thichness strips of
skin measuring about 5 X 1 cm  Tive to six strips were used per graft Em-
* The work reported 1n this paper was performed at the Surgical Research Umt, Fort Sam

Houston, Texas
546
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case 1t also preserved and grafted successfully when frozen, and was universally
accepted by various conditioned recipients, on some of which grafts of thick
skin, simultaneously done, would not take at all

The latter finding mdicates that some mechanical factor other than rejection
due to immune processes was responsible for the graft fallure Certanly, 1t
1s possible that the graft may not “take” for reasons completely unrelated to
an active immunity Intensive pretreatment of a host with cortisone, for
example, may so damage the fibroblast and vascular response of the graft bed
that no adherence or vascularization of the donor skin strips 1s possible, they
thus “slough,” yet al no time has the host actually “rejected” this graft
Such possibilities must be borne m mind 1n the evaluation of a graft series *

It 1s noteworthy that the adult homografts on the conditioned hosts seldom
grew hair At best only a few 1solated hairs, different 1 color from those of
the host, were seen At the same time the area of host skin that had been
shaved when the graft bed was prepared often remained bare  This inhibitory
effect of the adrenal hormones on hair growth has been well documented 3- 4
In contrast, the hair on skin derived from an embryo of any age appeared
within 2 weeks after grafting, was most luxuriant, and apparently remained
unaffected by the cortisone treatment

Survival of Very Young Embryo Skin on Untrealed Hosts

Although none of the adult or older embryo homografts survived on un-
treated rabbits, 45 per cent of the skin from embryos of 12 to 13 days’ gesta-
tion became permanent grafts on such normal hosts T Also of interest was
the finding that these grafts sloughed in half of the conditioned rabbits

TABLE 1 summarizes the experiments done with this young tissue Ten
rabbits were grafted with the embryos from 4 mothers known to be 13 days
pregnant Seven of the recipients were treated with cortisone, 3 were not
All of the latter grafts became permanent in the sense that they survived 3
months or more until the host died or was sacrificed  Of the 7 grafts on con-
ditioned amimals, 2 became greatly swollen and edematous—so much so that
they resembled hair-covered pmk water bags These 2 grafts were very fri-
able and soon rubbed off and were replaced with host tissues In another
group of experiments i which 12-day embryos from 14 pregnant mothers were

*In a group of 18 rabbits pretreated m 3 sets of 6 ammals each for 1, 4, and 7 dav
spectively, prior to grafting, only those pretreated for 1 day were as succw’sfu,lly ftezcll):.',s l:n
ad((liltlo)nul rabbits not given cortisone until immedsately after the operation (tﬁ-cmusual pro-
cedure

In another expenment 3 scts of “round-robin” graits (4 rabbits to a set
wherein 2 rabbits were pretreated with cortisone prior to grafting and mo)\\‘:::(l:-enggwsgi
were conditioned after grafting  The expenment was so arranged that the shin from rabbits
1-+2—3—-4—1 Itwaslearned that there was no advantage in placing pretreated shin
on cither pretreated or previously untreated hosts, nor did untreated shin do as well on the
prc%rlejat%d hOStSf at?] the standard untreated shin on previously untreated ammals

«mbr) os of this age are so tiny, varying 1n length from 1 em to 07 cm
best 2 rabbits can be grafted with the embry o shan from one pregnant doe T?Jl; ]seffx; tlgztvteatr
fragile and transparent and must be put on the graft bed as minute dabs approximately 1 mr?z

mm nwidth  However, the prohferative capacity of these t
155UES 1S €3
time, such small pieces can become 2 cm square streme for, 1n 3 weehs’
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hosts reacted strongly to the cortisone and developed a diarrhea or pneu-
moma, the latter, which was usually due to a combination of Profens vulgarts
and pneumococcus, could often be controlled with penicillin and Chloromycetin
Edema was not common 1n spite of the exiensive cortisone treatment, possibly
because the Purina rabbit chow* used for feeding had a low salt content (car-
rots were given also twice weekly) Accidents such as broken legs, which
were usually caused by a reaction to barking dogs 1n the adjacent room, and
excessive heat accounted for the death or necessary destruction of a number of
ammals

All rabbits were weighed twice weekly and a differential and total blood
count was made once weekly Every attempt was directed toward the main-
tenance of a steady weight If any amimal showed a 0 2-kg loss in a 7-day
period the daily cortisone dosage was cut until no further loss occurred

It should be noted that the color of the donor animals, whether adult or
embryo, was always different than that of the recipient host, that 1s, grafts
from white rabbits were placed on black, red, or gray chinchilla hosts and vice
versa  Grafts that grew hair were thus labeled by visible hair color or, when
sectioned, could be 1dentified by the hair follicles (colored or whte)

RESULTS

Prolonged Survwval of Adult and Embryo Homografts 1 Cort1sonc-Treated Hosls

The first finding of note in these studies was that full-thickness homografts
of adult or embryo skin (16 days’ gestation or more) did so well n properly
cortisone-treated hosts that they simulated autografts, whereas neither sur-
vived 1 the 75 untreated hosts that were grafted Almost the only difficulty
encountered in attainng permanent maintenance in conditioned animals was
that of finding the correct cortisone dosage for any given rabbit A delicate
balance existed between the amount of treatment needed to produce a sus-
ceptible state n the host and that which would result mn a sich apimal In
some rabbits the two situations overlapped Such animals were so suscepti-
ble to the treatment that they died or were sacrificed before much time had
elapsed However, 1if the individual dose could be adjusted (on the basis of
weight loss and general health) for any one rabbut, the grafts were well main-
tained Indeed, 20 ammals were treated for as long as 6 months, remaed 1n
relatively good health, and had mtact and excellent grafts at the end of thig
period This 1s1n contrast to the generally accepted 1dea that skin homografts
1n cortisone-treated rabbits usually last about 3 to 4 weeks at best?2 Twelye
of the 20 were adult skin grafts, the remainder were embryo skin aged approx-
mately 18, 24, or 30 days The proportion 1s not relative to the total number
of adult versus embryo grafts done, but to the number of animals saved, since
many of the hosts with grafted embryo skin were used for other purposes before
the 6-month period elapsed In general, 16- to 31-day-old embryo ship,
whether fresh or frozen, always grafted well, while homografts of adult sy
were comparable to the embryo grafts only if the shin was thin  In the later

* Product of Purina Mlls, Buffalo, N Y

[
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Ficure 2 Fresh shin from a 21-day-old embryo after 8 days on an adult cortisone-treated

host There has been extensive proliferation m the dermis as well as 1n the epidermus, and
there are many plump fibroblasts Numerous blood vessels are present X170

were all similar 1 these respects there had been little maturation of the formed
elements of the connective tissue ground substance, such as collagen, the fibro-
blasts were few i number, the blood vessels, though numerous, were thin
walled, and the epidermus 1tself tended to be somewhat scanty Hair, how-
ever, was abundant (FIGURE 1) In sharp contrast, mn skin grafts from older
embryos, plump fibroblasts soon became evident and active (FIGURE 2), and
there was rapid maturation of both epidermal and dermal elements (F1GURE 3)

“Slow-Molion” Rejection of Grafis on Conditroned Hosls
After Cessation of Cortisone Trealment

Previous studies that have been done on skin homograft rejection have
dealt with the rapid slough seen in the untreated host after a brief perod of
acceptance  The usual procedure has been either to take biopsies at stated
intervals in the week to 10 days that encompass the mmitial vascularization and
final rejection, or to study a graft 1 folo by means of “chamber” techniques
Trom these observations a general impression has evolved of an overwhelming
lymphocytic mfiltration of the graft and/or a stasis in the graft blood vessels

It was thercfore of interest to learn that homografts on rabbits mamtamed
for long periods on cortisone would take 3 weeks to 1 month to slough after
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TaBLE 1
Age of embryo | oivumberof | Conditioned | Successful .| Untreated | Successfal
13 days 10 7 5 3 3
12 days 30 13 5 17 6
Totals 40 20 10 20 9

grafted on 30 recipients, 13 of the latter were conditioned and 17 were not
Six of the 17 grafts on normal amimals became permanent Eight of the grafts
on cortisone-treated ammals agamn became very edematous and were lost
The grafts that took on untreated hosts were quite flat, those that sloughed
did so without swelling and in the usual well-documented pattern It should
be noted that the slough of the edematous grafts on conditioned rabbits was
not considered an active rejection by the host, that 1s, a slough n the usual
sense  Rather, 1t was thought to be 2 mamifestation of the immatunty or de-
fectiveness of the graft ground substance that was unable to handle the bio-
physical problems imposed by cortisone administration

Histological sections of the material grafted showed very mmmature skin,
with 2 layers of epithelial cells, no hair pnmordia, and an undifferentiated
dermis Microscopic examination of the successful grafts from these tissues
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a 12-day-old embryo that had grown for 2 months on an unireated
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removed as a whole, cut mto 6 pieces across the whole width, and sections made
of these entire strips  No biopsies were ever taken, as it was felt that an in-
flammatory reaction to such a procedure that would obscure the findings might
occur The strip was studied as a unit because changes often occurred in one
region while others were still unaltered Biopsies of any one of these areas
would have given a very false impression of the whole

When all these sections were examimed 1t could be seen that a progression
of events had occurred, a type of “slow-motion” picture of graft rejection
Whether the process observed 1s similar to the rapid slough seen m untreated
hosts and 1s merely kaleidoscoped 1s, of course, unknown There were.no
essential differences mn grafts derived from adult or embryo sources

Sequence of Events, as Seen Microscopically, 1n the “Slow™ Rejection

The microscopic changes seen 1n the grafts described above were similar to
those observed m grafts of several ammals given msufficient’ cortisone after
an mitial adequate dose The sequence of events will thus Be described as
one The first alteration noted 1n an otherwise healthy-looking graft was a
hyalimzation of the ground substance, without the influx of any host cells
whatsoever or any visible change in the blood vessels (FIGURES 4 and 5) 1In
some of the grafts examined, only the areas adjacent to the host tissues had

Ficure 4 Fresh shin from a 25-day-old embryo after 18 da
tioned adult host  Although the imtial growth \\;}s evident] v o on inad
carlv hyalinhke changes 1n the dermal tissue T o be
and there are no accumulations of host cells X105 normal,

utely conds-
) excellent, this e(}t
he blood vessels still ,appca%r? 15 showing
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Figure 3 Shin from the same group of 21 dayv-old embryos as that in FIGURE 2

A2 Wi B o Vol B A T
However, 1t was first frozen at —4° C for 4 days before being grafted onto an adult cortr-
sone treated host This specimen has been allowed to proliferate for 14 day s before removal,
1t grew just as well as the fresh embryo matenal. X105

cortisone was discontinued During the mnterval without treatment of the
host the graft appeared to be m good condition Indeed, there was often a
question (in the case of hairless adult grafts) as to whether the host tissues had
replaced the donor shin  Eventually, however, the graft would discolor, usu-
ally beginning to do so at one of the edges adjomning the host tissue  Within
a few days thereafter a complete slough occurred It was felt that 1t might
be possible to learn from this delayed rejection whether there were changes
talang place m the graft that were usually obscured in the “quick” slough so
often described  Therefore, a total of 30 amimals with good grafts of 2 months’
duration or longer (including 15 of the 20 hept for 6 months) were taken off
cortisone and given a small amount of ACTH* to sustain them for the first
week They were either hept unti their grafts sloughed completely (6 ani-
mals) or sacnficed at intervals (4 rabbits every fourth day) Each graft was
the hfc of shin grafts in rabbits  This s
du: t%(:tllfgf:ﬁ:tntol:aiﬁt?;lr\ni;gr%rgxl-g:ﬁrixgormone excreted %;a thesc animals 13 compmﬁ’,r,?jb%"f)‘r
corticosterone,® which 1s also without effect on such grafts  Inany transplantation work with

rumals 1t 15 important to Lnow the adrenal steroid pattern of the host chosen
(ﬁoé?xllttg)gﬁ(tla?ned with A or certain adrenal steroids in one species cannot alwas < be trans

posed to another
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removed as a whole, cut 1nto 6 pieces across the whole width, and sections made
of these entire strips  No biopsies were ever taken, as 1t was felt that an -
flammatory reaction to such a procedure that would obscure the findings might
occur The strip was studied as a umt because changes often occurred n one
region while others were still unaltered Biopsies of any one of these areas
would have given a very false impression of the whole

When all these sections were examined 1t could be seen that a progression
of events had occurred, a type of “slow-motion” picture of graft rejection
Whether the process observed 1s similar to the rapid slough seen 1 untreated
hosts and 1s merely kaleidoscoped 1s, of course, unknown There were,no
essential differences in grafts derived from adult or embryo sources

Sequence of Events, as Seen Microscopically, 1n the “Slow” Rejection "

The microscopic changes seen 1n the grafts described above were stmilar to
those observed 1 grafts of several ammals given msufficient” cortisone after
an mtial adequate dose The sequence of events will thus be described as
one The first alteration noted in an otherwise healthy-looking graft was a
hyalinization of the ground substance, without the mflux of any host cells
whatsoever or any visible change in the blood vessels (FiGures 4 and 5) In
some of the grafts examined, only the areas adjacent to the host tissues had
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F1GURE 4 Fresh shin from a 25-day-old embry o after 18 days on an nade

tioned adult host  Although the mitial
growth was evidently

carly hvalinhhke changes in the dermal tissue  The bloodnx (:;ss&glzegt?l]lt’atm:n%r?otl;s ong
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Figure 7 Same shde as in FIGURE 6, showing migration of host polymorphonuclear cells
through the epidernus, which remams 1n good condition A crust (arrow) 1s formed on the
graft exterior E) the emigrated dead host leuhocy tes X475

1s a multipotential substance that not only affects cells associated with phago-
cytosis,® antibody production,® and allergic responses' but, among other
things, has a great effect on the connective tissue ground substance 1tself 15
It may act on the latter by its depression of such cells as fibroblasts, which
are correlated with the production of collagen and possibly other formed ele-
ments, and/or mast cells, which have been associated with mucopolysaccha-
rides 16 Also, 1t may affect the ground substance more directly by inhbiting
the synthesis of chondroitin sulfate' and by altering the amount and chemistry
of such substances as hyaluromdase, possibly through sulfhydryl depriva-
Lion ® 1 Tt 1s also known to alter the migration of leuhocytes from the blood
vessels and the formation of fibrin and edema 2 Numerous additional
effects of the adrenocortical hormones have been reviewed elsewhere 16 2 2
Some of these results of cortisone admimstration obviously may act on a graft
n purely mechamical fashion For example, such a graft may fail to take if
the supportive tissue or vascular response has been rendered nearly mert by
intensive preconditioning Indeed, any dozen of the manifold effects of corui-
sone may jeopardize the success of grafing without 1n themselves being refera-
ble to resistance factors However, 1n the grafts described herein there was
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Fiure 8 Shin from the same group of embryos as 1n FIGURES 6 and 7 on a host that had

been given inadequate cortisone treatment after the imtial dose  This graft 1s 31 days old

Lymp%:ocytcs have appeared and, wherever they have become associated with the eF1demus,
1

1n good

¢ -

lysis of the graft cells has occurred  Areas of eprdermus without lymphocytes are st
condition X475
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FIGure 9 Higher magnification of shde shown 1n FIGURE 8§ X760
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Fioure 10 Thin homograft 75 days after grafting on a conditioned host ~ Cortisone had
been discontmued 15 days previously and ACTH given on alternate days thereafter The
graft still appeared to be 1 good condition on the rabbit  This shde, however, shows hyalin
changes 1n the connective tissue and, mn color, outhnes beautifully the polymorphonuclear
leubocytes in the eprdermis and throughout the left side of the graft  The that have just
arnved 1n the tissues to the night are lymphocytes (arrow)  The epidermis appears to be in
good condition, there are as yet no lymphocytes associated with 1t~ X105

good attachment to the host, and 1t would appear that the survival resulted
from a true abrogation of resistance phenomena However, 1t 15 not at all
certamn at what level such resistance was mnhibited

Much attention currently paid to the factors underlying host resistance to
foreign tissues has centered on the role that the lymphocyte may play The
beautiful experiments of Algire,*® Mitchison,” and Billingham ez al B among
others, have served to spothght this cell, yet the experiments reported herein
indicate that the ground substance may also deserve some consideration Cer-
tamnly, the first changes seen when the host became immunologically active
were 1n the connective t1ssues of the graft Had the cortisone prevented pre-
vious changes therem, either because 1t altered or mhibited elements of this
tissue per se, or the ymmunological responses to them or, possﬂ,a’ly, both? Was
the graft connective tissue the site of an “antigen-antibody” reaction, with
entities of the ground substance providing the antigen? This latter 1dea be-
comes attractive i VIew of the fact that some of the very young embryo tissue
was able to grow permanently 1n a number of untreated hosts 1n which the
immunological system was intact and unhampered ~ Was no antigen provided
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because the ground substance of the embryo was as yet unformed or not mte-
grated? That admimstration of cortisone actually caused a tremendous edema
1n several of these young grafts may also mdicate how 1ll equipped their con-
nective tissues were to handle stress of any kind On the other hand, the
possible “nonantigemaity” of the young embryo (if such 1t 1s) and the reactions
seen m older grafts may bear no relation to one another

These thoughts are at present no more than speculations However, the
progression of events descnibed m the slowly rejected grafts, and the lack of
formed connective tissue persisting 1n the embryo grafts that became perma-
nent 1n untreated amimals, would seem to warrant consideration of the ground
substance 1n graft rejection, whether 1t prove of major sigmficance m 1tself or
a minor manifestation of a large-scale process

SUMMARY

It was learned that both fresh and frozen homografts of adult or embryo
skin could be maintamned mdefimtely on rabbits properly conditioned with
cortisone When treatment of these hosts was discontinued the grafts sloughed
mn 3 weeks to 1 month mn a type of slow-motion rejection, in contrast to the
violent and rapid slough seen 1n unconditioned ammals Histological study
of a senes of grafts from such previously cortisone-treated hosts revealed a
characteristic progression of events

First, there was a hyalimzation of the ground substance without the mflux
of any host cells Second, polymorphonuclear leukocytes invaded the graft
from the local blood vessels and migrated out through the epidermis without
any visible effect on it Some of the leukocytes, however, adhered to the
hair shafts and base of the epidermis, where they became greatly swollen
After this migration the lymphocytes arrived and lysed the epithelium, and a
holocaust of degeneration followed These same events also occurred 1n grafts
mn 1nadequately conditioned rabbits

Correlated with these findings was the observation that the only skin grafts
retained by unconditioned hosts were derived from very young embryos late
mn the first trimester of gestation Such grafts always remamed deficient 1n
connective tissue elements even though they appeared to be 1n good condition
on their adult hosts On cortisone-treated ammals they did poorly and often
sloughed after first becoming greatly edematous, again probably due to a de-
fect 1 the dermis

It 1s concluded that the ground substance and 1ts possible role in graft re-
Jection or acceptance merit the attention of students of transplantation phe-
nomena
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CLINICAL APPLICATION OF EMBRYONIC SKIN GRAFTS

By Reuven K Snyderman
Memorial Cenler for Cancer and Allied Diseases, New York, N ¥

Impressed by the work of Helene Toolan on embryo grafts mn animals, some
of which she reports elsewhere 1n this monograph, I thought 1t worth while to
attempt to duphcate her work 1n humans I did not appreciate the problems
of duphcating this work when I undertook this project T planned to collect
a large number of cases 1n a short period of time, but obtamning human fetuses
proved difficult ‘The many problems of procuring such material need not be
discussed here I may say, however, that anyone undertaking such work
finds humself deeply 1nvolved 1n the laws and Jegal opinions of the commumnty
m which he works

The second problem 1s that of obtamming swtable patients for grafting when
fetal skin becomes available

The fetuses used 1n this study have all been less than one half the period of
gestation, that 1s, less than four and one half months of age This age limt
was adopted at the suggestion of Toolan and follows her results with animals

The embryos are obtained as shortly after removal as possible, and the skin
1s removed under sterile conditions It 1s taken off as full-thickness skin and
can be easily peeled away from the deeper structures It appears almost
transparent, the blood vessels are easily visible through 1t The amount of
usable skin obtamned from an embryo less than 3 months of age 1s rather
small, but a 4-month fetus will supply 30 to 40 cm 2 if dissection 1s performed
carefully The sections of skin are placed n a sterile sponge moistened with
Ringer’s solution and then placed in a sterile Petr1 dish  If the skin cannot
be used at once 1t 1s stored at 4° C

To date the grafts have been used 1n 2 groups of patients One group con-
sists of patients with large open wounds, for example, those with burns or
granulating areas from skin sloughs or those undergoing major reconstructive
surgery The other group consists of volunteers

In the second group of patients a full-thickness defect 1s created on the
forearm of the patient This defect 1s the size of a Umited States half dollar
The graft 1s cut to size and sutured into position with long black silk sutures
A dressing 1s tied into position with these sutures This allows for careful
immobilization of the graft A successful fetal skin graft appears almost
transparent at first It slowly increases in texture and color

To date we have used 5 embryos 1n our study These embryos have been
between 2 and 4 months of age  The grafts have been placed on 9 recipients
The following 1s a brief description of each graft

Patient No 1 Diagnosis multiple myeloma  Surgical defect was created
on the left forearm on February 27, 1957  Graft still ntact eleven and one
half months later

' Pafient No 2 Diagnosis malignant _melanoma Postage-stamp grafts
were apphed to ulcer on leg February 2, 1957  Grafts took and slow ly spread
out to heal ulcer  Area healed eleven and one half months later
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Patient No 3 Diagnosis radiation necrosis of skin  Graft applied to
donor area of flap while patient was undergoing reconstructive surgery The
wound became mfected and the graft was lost

Patient No 4 Diagnosis second- and third-degree burns  Postage-stamp
grafts apphed to granulating tissue All grafts lost because of infection

Patient No 5 Diagnosis carcinoma of bladder Postage-stamp grafts ap-
plied to granulating abdommal wall wound All grafts lost because of -
fection

Application No 6 (to a dog undergomg experimental surgery) Graft ap-
plied to surgically created defect i the side of the animal, 100 per cent take at
end of 7 days Unfortunately, the dog hicked the graft off 3 days later

Paotrent No 7  Diagnosis reticulum cell sarcoma  Graft appled to sur-
gically created defect left forearm on January 15, 1958 Graft still present
and viable 21 days later

Patient No 8 Diagnosis reticulum cell sarcoma  Graft apphed to sur-
gically created defect left forearm  Graft lost because of infection

Patrient No 9 Diagnosis 50 per cent third-degree burns Skin from 2
embryos applied as postage-stamp grafts on January 30, 1958 Graft still
present on February 6, 1958

Of 8 patients grafted to date, 4 have mamtamed the embryo grafts Of
these four, 2 patients have maimntained them nearly 1 year The grafts that
were lost had never taken and were lost because of infection

To those who work chiefly 1n laboratories and can control therr mvestiga-
tions, I hasten to admut that this work 1s deficient 1n many aspects However,
1t must be remembered that I have been dealing with human patients n whom
my work 1s but a small part of the treatment

The following defects mn this work are obvious

(1) It s mpossible to be sure of the exact age of the fetuses However, all
were below four and one half months of age

(2) There 15 no absolute way to show that a fetal homograft has survived
After 6 to 8 months the surgical wound has contracted and 1t 1s difficult to tell
whether the graft 1s present  One graft was biopsied 6 weeks after application
and was reported as fetal skin  In the future 1t 1s hoped that female fetal shin
can be grafted on male patients, and that identification of sex chromosomes
can be used as an mdication of survival

(3) Most of our patients have been afflicted with neoplastic disease At
present I am carrymng out work that shows that these same patients support
adult skin homografts for a longer period of time than do normal persons ~ The
blood properdin level 1n these patients has been low It would be mteresting
to carry out fetal grafts on normal persons

In spite of these cnticisms, I beheve that the work should be continued and
mmproved  Since no one institution can ever have a large number of fetuses
swith which to work, 1t would be worth while if many mstitutions would carry

ents

011; igg}lti?ze;mmany cases the work of the Jaboratory should be brought 1o
the patient much sooner than 1s frequently done While there are many prob-
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lems and many details to ron out, I believe that the application of Toolan’s
work 1 animals to human patients will aid 1n the understanding of the homo-
graft problem

It 1s difficult to visualize a supply of fetal skin that would be large enough
to be of great clmical importance, yet in the case of a severely burned child
the application of fetal skin may be life saving

In conclusion, 1t appears that human embryo skin less than four and one
half months of age will survive permanently when transplanted to an adult
It may be postulated that embryonal skin 1s unable to produce 1n the recipient
a response that causes the graft to be rejected



FETAL TISSUE HOMOGRAFTS*

By Marcy Goldstein and Hamilton Baxter

Sub-Departmeni of Plastic Sturgery, Royal Vicloria Hospital, and the Department of Expersmental
Surgerv, McGill Universily, Monlreal, P Q , Canada

The {ransplantation of fetal tissue into young or adult ammals has been
performed for at least three quarters of a century A few embryologists!-®
published papers many years ago and, more recently, fetal homografts on
various laboratory animals have been described by numerous investigators -5

During the past few years this research has been extended to include the
transplantation of fetal homografts in humans Gailard,®* Helsingen and
Helsingen and Toolan™ have described mteresting findings, but their con-
clusions vary Willis® very concisely summarized the results of animal fetal
homografts up to 1935, and his deductions stil appear to be valid ~ He stated
“An embryo or parts of embryos implanted nto adults of like species may
suffer any of three fates

1 The tissues may be rapidly and completely absorbed

2 They may survive, grow and differentiate for some days or weeks, and
then suffer absorption

3 They may grow to considerable masses of mixed differentiated tissues
which may persist for long periods, even for the lifetime of the host ammal ”

Why should this disparity of results be present? The potentiahity for sur-
vival with regard to the fetal graft may vary with the species, age, viability of
the tissue, and the type of tissue used ~ With regard to the recipient, 1t may
vary with age, site of implant, health of the host, and genetic relationship

This nvestigation was undertahen to determine the average length of sur-
vival of human fetal homografts, with special reference to shin transplantation
It has been claimed that this type of graft will persist for many months  Con-
firmation of this belief would be of great chimical importance since the homo-
grafng of shin and subsequent care of patients with very extensive third-
degree burns would be greatly simplified The study was divided mnto two
parts, the first was the use of shin obtained from human fetuses over sixteen
weehs’ gestation, and the second was the homoimplantation of shin and other
tissues from fetuses under sixteen weehs’ gestation

The reason for this arbitrary division was that shin from fetuses over sivteen
weeks of age was sufficiently durable to withstand the ngors of surface graft-
ng, while that from fetuses under siteen weehs was so gelatinous and frmable
that the end point of homograit rejection could have been markedly nfluenced
by other adventitious varnables such as infection and surface trauma  There-
fore, the younger L1ssues Were mmplanted subcutaneously as homoimplants and
heteroimplants

The fetuses used were obtamned followng premature dehivery and spon-

taneous and therapeutic abortions The age was calculated from the weight,
was supported 1 part by Grant No 9060 03 {
Dc;c’r{?cc Q;&S}?oﬁcﬁénokhéimgg: O?tsm\"tr:pOnt » Cax?ndn rom the
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foot-length, and crown-rump length  The skin was removed as soon as possible
after death and stored at 4° C until used These grafts were applied to pa-
tients undergomg reconsiructive procedures when fresh raw surfaces were
temporarily available A pressure dressing was applied and changed at regular
intervals  All grafts took mtially, and the duration of graft survival was de-
termined clinically by loss of epithehum This stage of the rejection phe-
nomenon was used as the end point since 1t mdicated termination of the func-
tional utility of the graft

A total of 17 full-thickness fetal skin homografts was performed in this
series (TABLE 1)  Grafts from 8 male and 4 female fetuses were applied to 5
male and 2 female recipients The latter vaned in age from 1 to 64 years
Major blood group (A, B, O, Rh, M, and N) determinations were performed
on 10 of the 12 fetuses and on all recipients

The shortest interval between fetal death and removal of the skin was 4
hours, with skin grafting carried out 2 hours later, the remamng 16 grafts
were stored from 3 to 20 days It 1s apparent from our results that if the
skin was removed within 24 hours and stored for less than 3 weeks, these var-
1ants did not appear to affect the length of survival of the grafts

None of the blood groups of the fetuses was identical with those of the re-
cipients of the skin grafts Other investigators have reported instances of
homografting of skin between patients with complete matching of all known
blood groups without permanent survival 1®. 2

Survival time of the grafts varied from 4 to 46 days (average, 12 6) Sta-
tistical analysis of this small group of cases revealed no correlation hetween
survival time of the skin graft and age of the fetus between 17 and 33 weeks
Previous investigators have claimed that younger fetal skin grafts survived
longer than older ones because the former were less antigenic  However, the
graft that survived for the longest period was obtamned from a 33-week-old
fetus TFurthermore, there was no difference i survival if the donor and re-
cpient were of like or opposite sex  Finally, ssmilanty or dissimilarnity of the
blood groups determmned did not affect length of survival of the skin grafts

The second phase of this experiment, the implantation of tissues from fetuses
under 16 weeks gestation, was undertaken recently to determme if such grafts
survived for prolonged periods or even permanently If these fissues did not
evoke a homograft reaction, then the differences in protein structure between
it and adult skin might be shown by means of comparative studies

Six human fetuses have been obtained for study ~ These varied 1n age from
73510 13 weeks  All tissues used were implanted within 24 hours after death
with an average of 7 hours The tissues were cut into sheets with a mammun;
thickness of 1 mm and from 2 to 5 mm 1n diameter They were implanted
subcutaneously to obtain protection from trauma, to provide a mavimal blood
supply and to mimimize the nisk of bacterial contamimation
mgeltgtse:\fo 1, aged 7 5 weeks, was divided mto small pieces of mived tissue
¢ ommplanted subcutaneously and ntrahepatically into an adult rabbit
Several biopsies from different sites were performed The last viable biopsy
from the subcutaneous site was obtamed 29 days after implantation and
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showed moderate mononuclear cellular infiltration A nonwviable biopsy was
taken from the ntrahepatic ymplant 44 days postimplantation

Fetus No 2, aged 8 weeks, was homoimplanted subcutaneously imnto the
flank of a human recipient At the time of presentation of this paper, the
mmplant was surviving for 41 days but, on mucroscopic examination of the
biopsy, there was massive mononuclear cell mfiltration around the viable skin
and cartilage On the sixtieth day no fetal tissue was present, but only a
marked mononuclear cell infiltration with many giant cells

Fetus No 3, aged 10 weeks, was homoimplanted into rats and rabbits  The
homoimplant, when biopsied 27 days after grafting, revealed viable cartilage
surrounded by a very pronounced homograft reaction

Fetus No 4, aged 11 weeks, was 1mplanted into a male and a female human
recipient as well as mto adult rats and rabbits The heteroimplants have
been biopsied (22 days), and these revealed histologically viable tissues with
minmal reaction around the grafts The homoimplant biopsied after 39 days
revealed viable cartilage with a marked mononuclear cell response

Tissues from fetuses No 5 and 6, after 13 weeks gestation, were both 1m-
planted into 4 humans, 2 rabhits, and 4 rats  The last biopsy carned out on
homoimplanted tissue revealed viable skin and cartilage, with mmimal cellular
infiltration at 19 days  The heteroimplants at 21 days revealed viable cartilage
with some homograit reaction

Conclusion

The viability of the fetal skin grafts (17 to 33 weeks) upon application to
fresh raw beds wasnever in doubt because, 2 to 3 days postoperatively, when the
first dressing was carefully performed, they were deep pink 1n color, blanched
on gentle pressure, and the epithehum was intact  Evaluation of viability of
the tissues of fetuses (7 5 to 13 weeks) was determined by the following three
critena first, active growth of fetal cells in tissue culture was observed in all
imstances when this technique was employed, second, there was a steady in-
crease 10 the size of the palpable mass durning the first 2 to 3 weeks after sub-
cutaneous 1mplantation in humans and also 1n ammals, third, the early biopsy
specimens revealed the presence of living cells on histological examination

Evidence of a typical homograft rejection response was present m biopsies
of fetal skin grafts (17 to 33 weeks) apphed to fresh wounds These were
taken just prior to or after loss of the epithehum  Fetal tissue homoimplants
(7 5 to 13 weeks) showed a dehimte zone of lymphocytes and plasma cells sur-
rounding and mvading the implant between the second and third week Biop-
sies tahen at a later date exlubited erther a more pronounced reaction or dis-
appearance of the fetal tissues and a residual mass of granulation tissue  In
general, the response of heteroimplants in the rat and rabbit to these very

young fetal tissues was the same
Summary

(1) It appears that, under the conditions of this experiment, fetal shin and
tissue homografts evohed an active homograft rejection response
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(2) All skin grafts from 17- to 33-week fetuses were rejected The average
survival period was 12 6 days

(3) Biopsies of homoimplants and heteroimplants of fetal tissues (7 5 to 13
weeks) performed at this time ndicate that the majonty, if not all of these,
will be rejected
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EMBRYONIC PARABIOSIS AND RELATED PROBLEMS
By M Hasek, T Hraba, and J Hort

Csechoslorak Academy of Sciences, Institute of Biology, Prague, Csechoslovakia

The study of the ontogeny of mechanisms of tissue mcompatibility 1s rightly
considered a path toward an explanation of the causes of the origm of trans-
plantation 1mmunity, and perhaps also as a means of successfully overcoming
fallures 1n homotransplantation of tissues The interesting results obtamed
by Owen! and by Medawar ef al *+ 3 1n dizygotic cattle twins indicated one such
possibility

Embryonal parabiosis of chicks makes 1t possible to produce experimental
conditions similar to those occurring 1n natural cattle parabionts Two bird
fetuses are jowned by thewr chorioallantoic membranes and, within a short
period, the circulations of the two embryos are jomed Parabiosis 1s inter-
rupted phystologically on hatching

Using embryonal parabiosis, the hypothesis of Burnet and Fenner* was con-
firmed experimentally  This hypothesis mantained that exposure of embryos
to foreign antigenic substances may cause specific suppression of 1mmune re-
sponses during postembryonic Iife  Parabionts cannot form mutual antibodies
after immunization with blood cells although, 1n chickens, immumezation with
blood cells from a randomly chosen individual practically always leads to the
formation of antibody ® It was shown later that the mability to form aggluti-
nimns 15 mamtained even when blood chimeras no longer can be demonstrated
in these animals 8

Using embryonal parabiosts, immunological tolerance of homotransplants
was induced experimentally,” thus confirming the results of Billingham ef al 8
concerning acquired tolerance of homotransplants Tolerated homotrans-
plants survive for long periods of time in parabionts However, 1t 1s not yet
known why, after long periods of survival, they are sloughed Of 15 tolerated
homotransplants studied over a long period n chickens, 12 survived 6 to 18
months, 2 for more than 2 years, and 1 has survived 4 years at the time of
writing

Lggs from diffierent species were also used for experimental parabiosis  Para-
bionts between chichens and pheasants, chichens and guinea fowl, chickens
and turheys, and chichens and ducks were studied It could be S}’IOWD that
the degree of immunological tolerance of heterotransplants 1s much less than
with homotransplants  Heterotransplants n parabionts can survive for longer
periods than in controls, but tolerance soon disappears ® Similar results were
obtamed when studying immune heteroagglutimin formation In mterspecific
parabionts, decreased agglutinin formation was found, as distinguished from

the finding n control ammals, but this was less obvious than 1n ntraspecific
parabionts ¥ These results indicate the significance of the quality of the
antigenic simulus when inducing immunological tolerance The degree of

ymmunological tolerance with relation to ussue cells depends upon the tas-
onomic relation between the donor and the recipient
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Last year we studied the immunological behavior of embryonal parabionts
between the turkey and the chicken Antibody response, blood chimerism,
and tolerance of skin grafts were investigated

We did not use partners from embryonal parabiosis for testing, instead, nor-
mal ammals of other species were used It has been shown earher that, m
distinction 1o intraspecific relations, individual antigemc differences are not
important 1n interspecific tests A chicken skin graft 1s tolerated by a pheasant
for as long a time whether or not the donor chicken was a partner in embryonal
parabiosis ® The decrease n agglutination titers i duck parablonts with
chickens 1s the same, whether or not they were immumzed with blood from the
partner or from randomly chosen birds ® For this reason the donors were
randomly selected birds of the other species

Immumnization of chicken parablonts with turkey blood confirmed our pre-
vious findings * Natural heteroagglutinins to turkey erythrocytes were never
found in any parabiont before immumnization, although they can be demon-
strated by using the same method 1n the majority of control animals Immune
agglutimin formation to turkey erythrocytes was strongly depressed in para-
bionts and was completely absent at the beginning Only after rermmumza-
tion or transfusion of 7 5 to 10 ml of turkey blood did 1t appear m all parabionts
studied (TABLE 1)

It was found further that turkey erythrocytes could be demonstrated mn
the circulation during the fifth week mn 6 parabionts and, during the seventh
week, 1n 4 of the 8 chicken parabionts studied (TABLE 2) It may be assumed
that mn the majority, if not all, of the chick parabionts in which turkey erythro-
cytes occurred over such extended periods there 1s interspecific blood chimerism
According to the literature, the maximum life of an adult chicken red blood
cell 1s about 5 weeks, while for ducks and pigeons it 1s 6 weeks (Ottesen,2 Brace
and Altland,”® Rodnan e/ a/*) We know of no work concerning the length
of survival of turkey erythrocytes, but 1t may be assumed that the period will
be about the same as in chickens In addition, the lhiterature speaks of adult
erythrocytes, the hfe of embryonal blood cells 1s even shorter Finally, as
the amimals grow, their blood volume increases This n 1itself would cause
such a dilution of passively exchanged blood cells during parabiosis that their
final amount, after 2 months, could hardly be demonstrated by the agglutina-
tion technique used

In one parabiont turkey, erythrocytes survived until the bird died during
the tenth week after hatching They thus survived in the bird’s circulation
for 6 weeks after the skin graft had been sloughed This graft had been trans-
planted 1n the second week after hatching and was completely destroyed
within 16 days  In one of another set of parabionts that received a turkey skin
graft at the same age, turkey erythrocytes disappeared m the fourth week
after hatching, that 1s, at the time the graft was destroyed 1In the second
they disappeared m the sith week after hatching and were found for the last
time 10 days after the complete destruction of the graft

In one turkey parabiont, a chichen skin graft survived for 3 months and
feathers grew on 1t during that period The chicken donor was bm\vn’, the
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TABLE 2
SURVIVAL OF TURLEY ERYTHROCYTES IN CHICKEN PARABIONTS AFTER HATCHING

Time of last finding
Number of parabionts of ‘tﬁli\? ;rrg&{l;agltes Note
(weeks)
3671/2 10
3677 7
3678/9 4
3682/3 5 Positive dunng sixth weeh
904/5 =8 Negative duning tenth week
g;/ g ‘; Shin transplantation
5243 =10 positive during eleventh weeh

* Symbol =, no greater than

turkey recipient white ‘The feathers on the heterograft were partly dark,
but 1n parts they were white or gray Their lateral orientation showed that
these also grew from the graft That this was so became apparent because
the graft had been rotated by 90° In 3 other turkey parabionts, skin grafts
survived longer than in controls and were destroyed 1n a completely different
manner In parabionts, destruction was less acute and usually without the
formation of crusts

In the arculation of parabiont No 12/13, m which the chicken graft sur-
vived for 3 months, no chicken erythrocytes were found at the time feathers
began to grow on the grait On the other hand, parabiont No 10/11,
which the graft was destroyed relatively early, chicken erythrocytes could
still be demonstrated, that 1s, 8 months after hatching and a number of months
after the destruction of the graft It s hardly possible to deny the existence
of mterspecific chimerism n this case

The long survival of the chicken skin graft without erythrocyte chimerism
m turkey No 12/13 mught be explained in 2 ways (1) chimensm did not occur
during experimental parabiosis, and (2) 1f 1t did exist, 1t disappeared due to
some nonimmunological factors One possibility 1s that foreign cells were
inplanted 1 organs of embryonal blood formation only Durmg postembryo-
genesis, chimerism could disappear, together with the blood-forming function
of the organ

It 15 more difficult to explain chimerism 1n birds of both species after destruc-
tion of the skin graft It 1s highly improbable that the Immunity mechanism
to shin grafts 1s so very different from that directed agamnst implanted blood
cells  Consequently, 1t can hardly be supposed that tolerance can be induced
only toward a graft of one kind  In view of the fact that the criteria we use
for evaluation of the taking of skin grafts are not completely reliable, it 1s
much more probable that evaluation of the state of the graft 1s 1accurate

1t follows from our results that immunological tolerance between the chicken
and the turkey leads m parabionts to nearly the same state as traspecific
tolerance between chicken parabionts

7, -
We now propose to mention certain problems connected with mmmunological
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tolerance of homologous tissue  The mechamsm of oc
or of the absence of formation of the abilities to responzug)e:cfi);flgﬁziﬁs;gn
1s not yet known, just as we do not yet know the mechamsms of antlbody
formation Discussion of the hypotheses that are more or less founded oi
solid bases would exceed the lmmits of this report but, as far as tolerance to
homologous antigens that play a part m transplantation 1s concerned, it 1s
necessary to stress that the induction of immunological tolerance 1s Stll’l
formed, as of this date, only with living cells that can be repopulated P
Billingham ef al '® have made great progress 1n the analysis orf) the ant
stimulus 1n homotransplantation They have shown that the active a tlgemc
stimulus 1s present 1n the 1solated desoxymbonucleoprotem of f;hen lge1nlc
V Haskova has therefore investigated the possibility of inducing tol e e
the homograft by means of 1solated antigenic substances I:%ov erancehto
mnvestigator has not yet succeeded 1n eliciting the same rate of t‘ i?Ver, g
the skin graft by means of aqueous nucleohistone extract (NHE) Olerance o
by Crampton et ¢/ However, NHE thus prepared 1s antigem aSHICPOIted
during transpla.ntatlon mmmunity testing in mice by meansg fci[yd act1v’e
test 8 19 As the question of the antigenic material quahties co (id b of some
importance, Hadkova used, for the induction of tolerance nolt1 nle haome
embryos but also newborn ducklings which, unlike chnckens, h onYy cmcken
period for the homologous antigen that lasts for several da ' :f‘;e an adaptive
For this reason 1t 15 possible to administer a great quantly ; feNr HhaEtchmg :
animal repeatedly However, the skin grafts, applied at the zyeo fd o one
not show any signs of tolerance Either the substances usgdc:i weeks, did
contamn antigens that play a part in transplantation 1mmumnit e oy
tolerance, unlike that for immumty, requires the presence of }{l (the test for
the antigenic substances thus prepared meet a different fate " antigens) or
ganrom n the host or-
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Discussion of the Paper

A A Lazzarini, JR (New YVork Umversily Post Graduate Medical School,
New York, N ¥) With reference to Milan HaSek’s very illuminating paper,
we also have been interested n studies of embryonal parabiosis 1n birds for
some time The method used was similar to that so successfully developed
by Hasek for single pairs of eggs

A group of parabiotic teams of Rhode Island Red and White Leghorn chicken
eggs, each team comprising 3 to 7 eggs, were connected 1n alternated combina-
tions 1n order to have embryos with 2 or 3 parabiotic mates at the same time
and 1 which a successful exchange of skin transplants could be made We
found, first, that when parabiotic teams of either Rhode Island Red or White
Leghorn chicken eggs were prepared with mates of the same stramn, the sur-
vival rate was 20 to 35 per cent higher than when an interstrain combination
was used Second, we found that the survival rate after hatching was higher
when the eggs had been incubated for 8 to 12 days at the time of parabiosis
In young embryos the scarce development of chorioallantoid vessels made 1t
necessary to place the window closer to the air chamber



HOMOTRANSPLANTATION OF DEVELOPING TOOTH
BUDS IN THE RAT*

By Harry H Shapiro and Dorothy D Johnson

Department of Anatomy, College of Pliysicrans and Surgeons,
Columbia Unsversity, New York, N ¥

Introduction

This experimental mnvestigation was undertaken to determuine the capacity
of a developing tooth bud to differentiate normally when transplanted into
an alveolus of a young rat and to study the results of such transplantation
histologically

Roentgenographic studies of tooth-bud transplantation into the alveolar
sockets of kittens have been reported previously by one of us (HHS )12
Various locations mn the body have served as host sites for investigators work-
ing with transplanted developing teeth of lower amimals®? Important 11
vifro studies® * deal with various aspects of the transplantation of teeth or of
tooth buds Only a few other investigators® M have selecied the alveolar
socket as a site for the study of 2 wwo transplantation of teeth

A recent publication dealing with the transplantation, replantation, and
surgical positioming of teeth' indicates mcreased interest m clinical aspects
of these studies in man It 1s our feeling that, before indulging 1n such pro-
cedures 1n man, a more complete awareness of the effects of transplantation
upon the various components of the developing tooth bud 1s essential, these
components mnclude the enamel organ (dental organ), the odontoblasts (dentin-
forming cells), the ameloblasts (enamel-forming cells), the dentin, enamel, and
connective tissue of the dental pulp and the surrounding area, the vascular
supply, the periodontal membrane, the cementum, and the supporting alveolar
bone

A study such as this mvolves the differentiation and growth of a relatively
embryonic group of tissues that have been transplanted to sites other thap
therr native ones, but that have, nevertheless, relatively normal environments
Because additional knowledge of the effects of transplantation of developing
tooth buds on the components of the teeth and their supporting Lissues remaing
a prime requirement, especially since such studies are not possible 1n the traps.
plantation of tecth as now bemng practiced 1n man, we are confining our jp-
vestigation to 1 viro experiments related to these basic considerations

This report 15 hmited to a study of the developing tooth bud i the early
phases following transplantation into the mandible of a host ammal  We 4/,

currently proceeding with an nvestigation of additional aspects of the prot,.
lem, such as the effects of transplantation upon the transplant m the Jaer
phases of development and the process of eruption
* er was supported mn part by Grant DA 49 007 A1
O rmont of tho Aersy Washungtom, D C o
576
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Methods, Materials, and Teclhmiques

Young rats aged 24 to 28 days are used as host anmimals, since rats at this
age can be weaned and, after operation, continue to gain weight steadily on
an ordmary adult rat diet Also at this age the third molar tooth bud has
not as yet erupted mto the oral cavity, and can therefore be removed by a
lateral approach without mjury to the oral plate of alveolar bone or the oral
mucosa

Still younger rats aged 5 to 10 days served as donor ammals Tooth buds,
of the first molar, even from young rats 3 to 4 days old, are too large to trans-
plant 1nto third molar sockets of host ammals, due to the inherent difference
m the normal size of the molar teeth 1n the rat

We removed buds of the second molar from donor ammals 5 to 10 days of
age and transplanted them mto the third molar sockets of host amimals  Buds
of the third molar were removed from 15- to 18-day-old donor rats and were
simularly transplanted

We employed pentobarbital sodium (Nembutal) ata dosage of 8 mg /100 gm
of body weight, as the anesthetic of choice Given intrapentoneally, 1t 1s a
convenient and satisfactory anesthetic  One mjection provides adequate anes-
thesia for the duration of the entire operation, the anmimal becomes quite active
within one half hour after the surgical procedure 1s completed

We have also developed a satisfactory surgical technique for the removal of
the third molar tooth bud from the host ammal After removing the hair
from the lateral surface of the face, an masion 1s made through the skin, ex-
posing the underlying masseter muscle The muscle 1s then separated by
blunt dissection and retracted, thus exposing the outer surface of the posterior
surface of the mandible A circular piece of bone, directly above the devel-
oping third molar tooth bud of the host ammal, 15 then removed, employmng
an electrically driven engine and a special small trephine, the section of bone,
about 4 mm 1n diameter, 1s set aside for later replacement The tooth bud
15 then carefully removed with a small spoon excavator The donor amimal
15 operated upon simularly, and the second molar tooth bud or, in other cases,
that of the third molar, 15 removed and transplanted mto the socket estab-
lished 1n the host

Great care must be exercised in removing and transferring the developing
tooth bud from the jaw of the donor mn order to preserve the entire dental
follicle and 1ts contents without mjury, these are extremely fragile m the early
stages of development

One simple suture (Nylon thread) in the muscle and two mn the skin are
sufficient to close the area and to protect the bone during the healing phase
With relatively clean, careful techmque, infections n the operated area are
rare

To date we have operated upon 132 eaperimental animals Thirty-one of
these were used for exposure of the third molar area and removal of the tooth
bud, without transplantation of another tooth bud into the socket thus formed
These young rats were sacrificed at intervals from 7 days to 28 days after op-



HOMOTRANSPLANTATION OF DEVELOPING TOOTH
BUDS IN THE RAT*

By Harry H Shapiro and Dorothy D Johnson

Department of Anatomy, College of Physicrans and Surgeons,
Columbia University, New York, N ¥

Introduction

This experimental mvestigation was undertaken to determine the capacity
of a developing tooth bud to differentiate normally when transplanted mto
an alveolus of a young rat and to study the results of such transplantation
histologically

Roentgenographic studies of tooth-bud transplantation into the alveolar
sockets of Littens have been reported previously by one of us (HHS )2
Various locations 1n the body have served as host sites for investigators work-
ing with transplanted developing teeth of lower ammals®7 Important
nifro studies® * deal with various aspects of the transplantation of teeth or of
tooth buds Only a few other mvestigators®® ¥ have selected the alveolar
socket as a site for the study of #z mwo transplantation of teeth

A recent publication dealing with the transplantation, replantation, and
surgical positiomng of teeth'® indicates increased nterest m clinical aspects
of these studies in man It 1s our feeling that, before indulging in such pro-
cedures in man, a more complete awareness of the effects of transplantation
upon the various components of the developing tooth bud 1s essential, these
components include the enamel organ (dental organ), the odontoblasts (dentin-
forming cells), the ameloblasts (enamel-forming cells), the dentin, enamel, and
connective tissue of the dental pulp and the surrounding area, the vascular
supply, the periodontal membrane, the cementum, and the supporting alveolar
bone

A study such as this involves the differentiation and growth of a relatively
embryonic group of tissues that have been transplanted to sites other thanp
their native ones, but that have, nevertheless, relatively normal environments
Because additional knowledge of the effects of transplantation of developing

tooth buds on the components of the teeth and thewr supporting tissues remayng
a prime requirement, especially since such studies are not possible mn the trans.
plantation of tecth as now bemng practiced 1 man, we are confining our jp.-
vestigation to mz tire experiments related to these basic considerations

This report 1s hmited to a study of the developing tooth bud in the early
phases following transplantation nto the mandible of a host ammal Ve 5.,
currently proceeding with an mnvestigation of additional aspects of the pro},.
lem, such as the cffects of transplantation upon the {ransplant n the later
phases of development and the pracess of eruption

* The work reported in this paper was supported 1n part by Grant DA 49 007 A\ 718
from the Department of the Army, Washmngton, D
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FiGure 1 (a
moved from the m

components of the enamel organ, amcloblasts, odontoblasts, forming dentin, dental pulp,
Itmdt 1{Oll)hflul';lrd sac are visible  X42  (b) Photomcrograph of a transplanted second molas
ooth bu a

yS after transplantation  The transplant is becoming established and 1s well
oriented 1n the jan of the host amimal  Hematoxylin and eosin =~ 74

) Photomicrograph of a section of a normal second molar tooth bud re-
andible of a 7-day-old rat and fixed for histological examination The
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eration  ‘The mandibles, both operated and contro! sides, were decalatfied,
parafiin-embedded, sectoned, and stamed  Thstological cxamination of sce-
tions of the mandible from which the third maolar tooth bud was removed
showed that removal 15 complete, Teaving o clean =ochet, with no traces of
touth bud to regenerate, that growth of new vascular connective tissue into
the empty sothet begins yery <oon after operation, and that new prov th of
bone into the area of bone removal 15 raped, provided there has becn no undue
trauma or infection  In such nstances, the gap s filled Ly rather dense, <car-
lihe connective tissue

In the remaining 101 eaxpenmental amnals, deselopmg molar taoth buds
from younger donor rats vere transplanted into the host mandible immedi-
ately following the removal of the third molar tooth bud  These anmls
were sacnficed at intervals of from 1 week to 2 months after operation

Obsercations

Ficurk 1a shows a section of a second molar tooth bud that was fixed for
istologieal exammation immedately upon 1< removal from the mandible of
a 7-day-old donor ammal, This 18 representative of the appearance of a nor-
mally developmg second molar tooth bud at an age comparable to those used
for transplantation mto the mandibles of host ammals — The vanous compo-
nents of the enamel organ, the partnlly developed crown and cusps of the
tooth, the ameloblasts, the odontoblasts, the forming dentin, veseels 1 the
dental pulp, and the surrounding folhcular «ac can all be wentified

Ticure 1b shows a section of the arca of the mandible of a host rut mto
which a developing second molar tooth bud had been transplanted 7 days
prior to the sacrifice of the ammal It can be scen that (1) the transplant
1s becoming established 1n the alveolus of the host, (2) 1t 1s well onented n
the bone, as evidenced by 1ts relation to the oral epithclium above and to the
mncisor tooth below, (3) the dental pulp appears to be 1 good condition and
vessels i the pulp are evident, (4) the alreolar bone 1s dev cloping around the
transplant, but not between the transplant and the oral epithelum, and (5)
only a shight amount of new dentin has heen deposited at this time, due prob-
ably to the period of adjustment of the transplant to its new enironment

In order to study possible cffects of positioning upon the transplanted de-
veloping tooth bud, we dehiberately placed some of the transplants upside
down mm the mandible of the host Ticurr 2 shows a sevcn-da_v-postop-
crative second molar tooth bud transplant, intentionally placed n such g posi-
ton A number of such abnormally placed transplants have become esialy-
nished and have developed, but have not shown indications of eruption 1nyq
the oral cavity, if permitted to grow they would presumably remain impacieq
1 the host mandible  The transplant, although nverted, 1s becoming estaty-
hshed as do the normally posttioned transplants  The fpulp 15 1n good cond;-
tion, with blood vessels present  The laycx; o}f] derl:Jtm— osrmmg cells (odonto-
blasts) can be seen linng the outer aspec;)s 0 dt eull? dpt 0’3'3&:6“ dentin hgs
formed, hypertrophy of the dentin can be identihed toward the neck of the
c(:'f)\\n of the tooth, probably due to some mnjury of the surrounding follicyly,
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Ficure 3 (a) Photomicrograph of a developing second molar 2
tion  The transplant 15 well estabhished and 15 g%nmng to erupt xit(ci)aéfea&z{ gaJ‘]tsplanéa-
test for detals Hematoxyhn and eosin X36 (b) Higher magmification of Lhye sa no
section, showing cusp of the transplant erupting into the oral cavity and the epithehal att (r:‘ile
ment on the left side of the cusp Hematoxyln and eosin X 74 P e
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Ficurr 2 Daeveloping second molar tooth bud in the mandible of t} v
days after transplantation  The transplant, although placed in an umﬂxdczo&(r’:ln?;l:;m '
the jaw, 18 becoming established  Such abnormally placed transplants chow ne ind m;‘ n
of cruption Hematoxyhn and cosn - X74 iealion

sac at the time of transplantation The central arca close to the oral ep-
thelum demarks the separation of the developing roots of the tooth budpq
thichening of the epithelum 1s scen above this  The space below the tmr’xs‘-
plant 1s an area of inflaimmation

Ficurrs 3a and b show a section of a 23-day postoperative transplant of
the second molar  The transplant 1s well established and the onentation 1n
the jaw 1s good, although the tooth bud has been placed at a shghtly tilted
angle A considerable amount of new dentm has been deposited since the
time of transplantation, the amount of dentin can be estimated by the sharp
line of demarcation between the older and more recently deposited dent)n
The dentin appears normal and well orgamzed, except where the ameloblasis
or enamel over 1t have been injured, 1n such areas the dentin takes on an gp-
normal appearance The developing tooth 1s beginning to erupt nto the oral
cavity The epithehal attachment {that part of the reduced enamel organ
that will attach the crown portion of the erupted tooth to the gingival lissues)
can be seen clearly on the upper left side of the cusp of the crown  Thay thg
tissue appears to react normally during the eruption process 1s particularly
gratifymg n view of the ever-present danger of mnjury to the follicular sac
and the enamel organ durng the removal and transplantation of the dey elop-
ing tooth bud  The root of the transplant has grown considerably
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(3) As the transplant grows, the cusps elongate, with the formation of new
dentin, and the roots begn to develop

(4) Under favorable circumstances, uninjured, well-oriented transplants be-
come established in the mandible of the host, and the growing transplants
begin to erupt into the oral cavity

(5) There still remains much to be studied 1n these processes with regard
to the role played by such tissues as the periodontal membrane, the cementum,
and the loose connective tissue of the oral mucosa

(6) Investigation of the later phases of development of the transplant and
the process of eruption are currently under investigation
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Ficore 4 Photomicrograph of developing third molar tooth bud transplant n host
mandible 28 days after transplantation  The transplant 1s well established and well onented
A great deal of new dentin has been deposited  Periodic acid-Schaff  X42

FIGURE 4 shows a section of a 28-day postoperative third-molar tooth bud
transplant This tooth bud was transplanted into the alveolus of a shghtly
younger host animal, aged 24 rather than 28 days at the time of transplanta-
tion At this earher peniod the covering bone between the developing tooth
bud and the oral epithehum has not as yet been resorbed It 1s known that
the developing tooth bud normally nfluences the resorption of the covermg
alveolar bone The transplant 1s well established and well oriented TForma-
tion of the root 1s begnnng  The nherent morphology of the third molar
tooth bud differs from that of the second molar, the second molar teeth do not
have the same number of cusps or roots, the appearance of the transplant 15
therefore different from second-molar transplants The pulp and odontoblasts
are n very good conditon A pernodic acid-Schiff staining technique was used
1n this case, which explains the heavy staiming of the dentin A great deal of
new dentin has been deposited and can be observed, especially on the left side

of the transplant
Conclusions

(1) The alveolar socket formed by the removal of a third molar tooth bud
mn the rat 15 an 1deal location for transplanted younger molar tooth buds

(2) Establishment, vascularization, and growth of the transplanted tooth
bud are assured, regardless of the orientation of the transplant
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(3) As the transplant grows, the cusps elongate, with the formation of new
dentin, and the roots begmn to develop

(4) Under favorable circumstances, uninjured, well-oriented transplants be-
come established mn the mandible of the host, and the growing transplants
begin to erupt mto the oral cavity

(5) There still remains much to be studied in these processes with regard

to the role played by such tissues as the periodontal membrane, the cementum,
and the loose connective tissue of the oral mucosa

(6) Investigation of the later phases of development of the transplant and
the process of eruption are currently under investigation
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BEHAVIOR OF SKIN GRAFTS EXCHANGED BETWEEN
PARENTS AND OFFSPRING*

By Lyndon A Peer
St Barnabas Rehabilstation Cenler, Newark, N J

In a previous paper I reported the successful transfer of shin from a mother
to a 3-month-old male infant that had receirved, at the age of 3 weeks, an n-
tramuscular mnjection of 2 ml of maternal blood! This boy has been followed
with biopsy and electrophoresis studies and had not rejected the skin graft
of the mother by 240 days At this time the graft was removed and mcro-
scopic examination demonstrated normal epidermis, but there was a very dense
mfiltration of lymphocytes within the dermus and an absence of hawrs and
glands The adjacent host skin was entirely free of this lymphocytic nfiltra-
tion Epidermal cells in the homograft showed the sex chromatin that 1s
characternistic of female shin 2

The 1njection procedure was followed on the assumption that pretreatment
with cells from a prospective skin donor might create a state of tolerance n
young nfants similar to that observed in the experimental work of Medawar
et al® These investigators injected fetal mice or chicks with living homogenous
cells and thereby created tolerance of skin grafts from donors that had provided
the moculum  Using another species (rats) Woodruff* injected the young on
the day of birth with splenic breis and noted that these newborn rats were
tolerant 1n later life to skin grafts from the rat that provided the mnjection ~ Ap-
plying this principle to humans Woodruff,® n two cases, injected living leuko-
cytes from fathers into the thigh muscles of their respective infants 48 and 3
hours after birth  When the infants were 6 months old each received a spht
graft from 1ts father Both grafts were imitial takes and persisted until 4
weeks, but thereafter decreased considerably mn size

Thirteen additional infants of both sexes have been 1njected mtramuscularly
by our group® with 4 ml of whole blood taken from parents or grandparents
with compatible blood groups (blood groups were determined only as to O, A,
B, AB, and Rh factors) The age of the infants at the time of mnjection vaned
from 3 to 28 days, and the time interval between 1njection and subsequent skin
transplantation ranged from 40 to 75 days Full-thickness shin grafts were
interchanged between parents and infants i 11 cases In the remaning 2
cases the transplantation was only from parents to mfants Three exchanges
were with fathers, one with a grandfather, and the remaming 9 with mothers

(FIGURE 1)

Dark discoloration or mottling of the graft was considered the end point of
survival Two grafts from infants to mothers developed superficial blebs 1n
the central quarter but both healed, apparently by proliferation of graft
epithelum, these were evaluated as successful and are still m place 97 and 99
days, respectively, following transplantation  Prolonged survival of the grafts

* The work reported m thus paper was rsupported mn part by a grant from the John A

Hartford Foundation, Inc, New York, N Y
584
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on nfants or parents did not appear to be related to the sex of the child or its
age at the time of blood 1njection or to the time interval between blood injection
and skin exchange, or to be dependent on any fixed pattern of blood groups
We found, however, that all prolonged survivals occurred when the grafts were
exchanged between mother and infant Long-surviving grafts from mother
to infant have persisted for 213 days A rather surpnsing finding was the stall
longer survival time of the skin of the child behind the ear of the mother, these
homografts have remained for as long as 15 months

The grafts exchanged between fathers and infants and one grandfather and
infant were all rejected both ways The longest survival of male parental or
grandparental skin on infants was 14 days The longest survival of infant skin
on father or grandfather was 20 days The survival times of grafts inter-
changed between mother and child had no apparent correlation  On occasion
a mother retained the skin of her child long after the child had rejected the
skin of hus mother, and vice versa  The gamma-globulin levels of the infants
varied, but long-surviving skin homografts occurred i children with levels of
7,152, and 8 3 per cent of the total protemns as determned by electrophoress

A control series of 33 skin mterchanges between parents and infants or parents
and older children with compatible blood groups, n which the offspring did
ot receive a blood njection from the parent, has yielded some interesting
findings® A survey demonstrated no prolonged survival when the exchange
was made between father and male or female nfant  Prolonged survival (up
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to 250 days) has been obtained when the exchange was made between mother
and male or female mnfant In 2 cases exchanges of shin were made between
mothers and their 7- and 12-year-old male-children These homotransplants
have been retained by both pairs for 78 and 253 days, respectively

Biopsy study of the homograft from mother to 12-year-old boy 3 months
after transplantation demonstrated the sex chromatin mn the epidermal cells
that 1s charactenstic of female shin® Biopsy of the boy’s skin graft on the
mother showed an absence of female sex chromatin  The transplants, however,
did not appear like autografts The epidermal layer was normal, but there
was an absence of hairs and glands, and the dermis was mnfiltrated by a dense
collection of lymphocytes Small blood vessels 1n the dernus contained blood
cells of normal appearance

Conclusion

(1) The longer survival of shin homografts from mother to child than from
father to child (FIGURE 2) suggests that tolerance between mother and child
may occur because of fetal exposure to maternal substances (antigens?) This
might lead to “acquired tolerance” i the sense of Billmgham et al7 The
early rejection of grafts from mother to child possibly may be explaned by a
failure of fetal exchange to take place, for reasons unhnown It appears evident
from these experiments that the prolonged survival of shin grafts exchanged
between mother and mfant or child was not due to the blood njection, which
may have been admimstered to the infant during a “null period” when es-
posure to an antigenic stimulus has no appreciable effect 7 The extremely long
survival of the child’s skin on the mother 15 difficult to explain A possible
reason for the relative tolerance to father’s skin (6 weeks) reported by Woodruff®
may be the fact that he injected younger infants (48 and 3 hours old) with a
much larger amount of leukocytes However, there may be some dangers as-
sociated with the injection of large numbers of leukocytes n newborn infants,
and T agree with Woodruff that this should be clanfied by further experimental
work

(2) The prolonged survival time of skin grafts from mother to child suggests
the possible chinical value of blood transfusions from mother to child rather
than from fathers or unrelated donors  Our preliminary findings also suggest
the advisability of using mothers as donors of skin homografts for severely
burned children

(3) Sex chromatin study of the epidermal cells in skin homotransplants offers
a positive method for deterrimng the survival of the graft when the exchange
1s made between male and female

4 A child who tolerates his mother’s skin may also tolerate other tissyes
from s mother, such as kidney and endocrine glands  Routine skin exchanges
may prove to be useful tests for tolerance to other tissues from mother to chlq
an?s;rlcTehZir:sg survival of skin grafts exchanged between mothers and 7- apg
12-yea.r-old children mdicates that tolerance persists as the infants grow older
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INJECTED INFANTS — 11 SKIN EXCHANGES
SURVIVAL — SKIN ON 2 MOTHER AND 2 INFANT PAIRS

SKIN ON 2 INFANTS
SKIN ON 2 MOTHERS

REJECTION — SKIN ON 5 MOTHER AND 5§ INFANT PAIRS

UNINJECTED INFANTS — 17 SKIN EXCHANGES
SURVIVAL — SKIN ON | MOTHER AND I INFANT PAIR
- SKIN ON 2 MOTHER AND 2 CHILD PAIRS
SKIN ON 3 INFANTS
SKIN ON 2 MOTHERS
SKIN ON | CHILD
REJECTION — SKIN ON 6 MOTHER AND & INFANT PAIRS
SKIN ON 2 MOTHER AND 2 CHILD PAIRS

NO APPARENT RELATIONSHIP REGARDING BLOOD GROUPS,
BOY NFANT MOTHER A. B O Rh and GAMMA GLOBULIN LEVELS

INJECTED INFANTS — 2 SKIN EXCHANGES
SURVIVAL — SKIN ON t INFANT

REJECTION  SKIN ON 1| MOTHER AND 1 INFANT PAIR

UNINJECTED — 10 SKIN EXCHANGES
SURVIVAL — SKIN ON 3 INFANTS
SKIN ON | MOTHER

— SKIN ON | MOTHER AND  INFANT PAIR
REJECTION — 5 MOTHER AND 5 INFANT PAIRS

NO APPARENT RELATIONSHIP REGARDING BLOOD GROUPS,
A.B O Rh and GAMMA GLOBULIN LEVELS

GIRL INFANT MOTHER

12 SKIN EXCHANGES
INJECTED AND UNINJECTED INFANTS —

SURVIVAL — NONE BY INFANTS AND FATHERS REGARDLESS OF
BLOOD INJECTION LONGEST SURVIVAL 20 DAYS

NO APPARENT RELATIONSHIP REGARDING BLOOD GROUPS,

A.B O Rh and GAMMA GLOBULIN LEVELS

BOY INFANT FATHER GIRL INFANT
Ficure 2
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Discussion of the Paper

Brar O RoGErs (Inshtute of Reconsiructive Plastic Surgery, New York
Umversity-Bellevue Medical Cenler, and the Department of Surgery, New York
Umversuty College of Medicine, New York, N V') Work almost completed at
our research laboratores,* in which reciprocal skin grafts have been made be-
tween CFN rat brothers, sisters, parents, and grandparents, has yielded results
almost 1dentical to those reported by Peerin the human  For example, we have
found that the skin of female rats survives sigmificantly longer when trans-
planted to the male or female offspring of the animal than does the skin of male
rats when transplanted to their male or female offspnng  In addition, these
studies appear to confirm earher observations on humans! m which 1t was
demonstrated that skin homografts obtamned from a closely related human
donor (for example, a brother or a fraternal twin) have temporary survival
tumes on the human recipient that, under control conditions, are sigmificantly
longer than those of grafts from unrelated donors

1 hope that the findings of Peer, as well as our own, will help geneticists as
well as clinicians to establish some practical law of genetic relationship that
might have direct relevance to the choice of “ideal” donor material 1n any
future problems involved 1n human homotransplantation  These findings al-
ready suggest that, if skin grafting 1s indicated for a severely burned patient,
the donor material should preferably be taken from closely related members of
the patient’s family and, most desirably, from a mother, a brother, or a sister
1f followed, this practice should help to guarantee a significantly longer tem-
porary survival time of homograits than would be the case if the grafts were
taken from unrelated donors

We must remember also that Schoene? ® and Loeb* had suggested the exst-
ence of a possible genetic gradation m transplantation that has now been dem.
onstrated by Peer and by our group  Schoene, for example, obtained his most
satisfactory results m rats when transplanting between brothers and sisters
In random syngenwlotransplantatlon between members of noninbred famljeg

* This work 15 supported by Research Grant RG-4788 from the National Institutes of
Health, Public Heal Service, Bethesda, Md
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of gumnea pigs, Loeb obtamed the best survival times mn brother-to-brother (or
sister) transplantations, whereas there was little sigmificant difference in the
shghtly shorter survival time when tissues were reciprocally transplanted from
parents to children or from children to parents
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Discussion of the Paper

ALEXANDER WoLSKY (Brological Laboratory, Fordham Uiversity, New York,
N V) In our laboratory Donald Pizzarello 1s making skin homotransplanta-
tions on the American salamander Triturus wnridescens His findings appear
to be the same as those of Peer on humans and of Eichwald, on rodents, namely,
that females are superior to males both as donors and as hosts to their own kind
This may have some bearing on the hypothesis that pregnancy may be a cause
of this quality of females This possibility must be ruled out m salamanders,
as no pregnancy exists in these amimals, their eggs are deposited in the water
before they are fertiized and develop outside of the maternal body



O Immunogenetics of Tissue Transplantation

COMPARATIVE IMMUNOLOGY AND THE PHYLOGENY
OF HOMOTRANSPLANTATION*

By C B TFavour

Department of Immunology, Palo Alto Medical Research Foundalion, and Department
of Internal Medicine, Palo Alto Aledical Clinic, Palo Alto, Calsf

Introduction

To date, transplanting skin and hidneys' m 1dentical twins, transplanting
shin 1n the hypogammaglobulinemic human,? and occasional successes in func-
tioming endocrine homografts? have been the only examples of permanent trans-
plant survivals in man
In mmvertebrates and, in some specialized circumstances, m vertebrates,
homotransplantation results have not been as uniformly discouraging as they
have been m man  For this reason the chimcian’s hopes that eventually “spare
parts” may be used 1n human medicine have been raised* Successful homo-
transplantation 1 vertebrates seems to depend on some degree of immaturity® ©
or on alterations 1n the immune mechanisms of the host? ® (TABLE 1), 1n warm-
blooded vertebrates “tolerance’ to homografts 1s such an alteration * ' It has
been studied mn both spontaneous”? ® and experimentally produced chi-
meras *11 ¥ 18 Tmmological blockade 1s another of these phenomena 1t was
first described by Felton'® for pneumococcus infections, by Chasel®* for drug
allergy, and since has been extended to the field of homografting” and cancer
cell survival ® 3 Both of these processes can be reversed tolerance by im-
plants of reticuloendothehal cells,"! and immunological blockade by various ac-
cessory antigemic stimulants!® 8 These observations, nevertheless, have
stimulated a wide search among zoological phenomena for other means of con-
trolling 1mmunological rejection of homografts
The purpose of this presentation 1s to correlate comparative phylogenetic
data on plasma protein patterns and the function of the reticuloendothelial sys-
tem with successful homotransplantation n various animal species
Comparalioe wmmunology  Since 1884, when Metchmkoff described phago-
cytosis i Daplmia,®® host-protective responses have been thought to be both
cellular and humoral 1 nature Although these two systems are present in
|nvertebrates?t 2 as well as i vertebrates™ (TaBLE 2), thewr relative impor-
tance m the survival of species varies greatly

In lower animals,2 % as well as 1n man,” phagocytosis by polymorphonuclear
cells and by the more slowly mobihized mononuclear cells, or so-called “lympho-
cytes,” of invertebrates 15 a major defensive system for disposing of sapro-
phytes

Tn mvertebrates,

this r was supported 1n part by Grants E 941 and E 1480 from
th; I'glé (:;guik mgs (1’? Aue,‘;‘;,pﬁnd Inf:cpi?ous Diseases, Public Health Service, Bethesda,

Md

the phagocytic mononuclear cells are important mn the

590
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TasLE 1
HOMOGRAFT SURVIVAL TN MAMMALS

Embryonsc condusoning
Spontaneous chimera
Embryo grafting
Expernimental tolerance

Early life grafling
Homografting day-old chicks
Homograiting day-old rats

Suppresston of Immoral response
Hypogammaglobulinemia 1in man
Immunological blockade-specific antigens
Senal transplantation
Intraocular and intracerebral transplantation
Cortisone treaiment
Antimetabohte drugs
Chronic uremia
Massive X-ray exposure

TaBLE 2
COMPARATIVE IMMUNOLOGY RETICULOENDOTHELIAL SYSTEMS
Pha one
. 8O- | PIAEC- | Plagma Natural
PMN mocxi’ot::;t 1 yz;t)llfo- cell Acquired immunity \mmunity
cytes
Inverlebrales -+ + 0 0 Partly specific Varable
Vertebrates
Embryos Early | Early | Late | Late Late Weak
Adults + -+ -+ + Spealfic Present

* Polymorphonuclear neutrophil leukocytes

segregation phenomenon,* 2® ¥ which leads to granuloma formation in some-
what the same manner in which this occurs in vertebrates %% Invertebrates,
however, do not possess cells corresponding to nonphagocytic lymphocytes and
plasma cells of the type seen 1n various vertebrates # In these respects the
development of mammalian embryonic reticuloendothelial systems recapitu-
lates phylogeny #. 3

Humoral 1mmamly  TABLE 3 gives an outhine of the types of humoral 1m-
munity that have been described in various amimals

Acquired immunity 1n invertebrates 1s passively transferable,® 35 either with
cells or with serum, and 1s relatively nonspecific®® It appears m 12 to 14
hours™ and usually wanes in a few days

In contrast, acquired 1mmunity i vertebrates appears less rapidly and 1s
more specific  Humoral antibody formation i poikilothermic vertebrates can
be summarnzed by sayng that with good antigenic stimuly, apphed over an
adequate time, specific humoral antibodies usually can be demonstrated 1n adult
ammals % Natural 1soagglutinins are absent i fish,® ® frogs,* snakes 4 and
alhgators,* but are present in some turtles® Antitovic antibodies m::xy not
arise in amphibia or 1n some species of turtles, snakes, and crocodiles # Ana-
phylavs has been demonstrated in fish,* in some turtles and 1n salamanders &
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TasBLE 3
CoMrARATIVE InnruNorocy HUMORAL ANTIBODIES

Antibodies* Anaphylaxs Isoagglutimins Natural immunity
Inverlebrales
Earthnorms — ?4 Varnable
Crabs =+ 0 Vanable
Insects =+ 0 Vanable
Vertebrales
Fish 0 0 Present
16°C B
28°C +
Amphibha + Present
10°C + 0
20°C + 0
Reptiha =4 -+ + Present
Birds + + Present
Mammaha + + =+ Present

* Agglutinuns, lysins, and antitoxins

These varable results m the cold-blooded vertebrates may have something to
do with the temperature of the animal during immunization, since students who
have worked with fish® and frogs*® agree that raising the temperature of the
environment accelerates antibody formation

Other reliculoendothehal cells  Vertebrates, unhke invertebrates, possess a
nonphagocytic lymphocyte and a plasma-cell system ® In contrast to poikilo-
thermuc species that produce antibodies more slowly, birds,? # like other warm-
blooded amimals, have rapid immune responses to antigemc stimuh  Granu-
loma formation and hypersensitivity have been described in fish¥ ® and
various mammals® 2° # & which the lymphoid system has been held respon-
sible for delayed-type bacterial allergy

From a comparative immunological viewpomnt 1t may be said that, mn 1n-
vertebrates, prolific reproduction and a short life span, coupled with useful
mutations m natural immunity,® take the place of antibodies made by the
nonphagocytic lymphoid cell” * and plasma-cell systems®  of higher ani-
mals mn the preservation of the species agaimnst annihilation by infections

Serum prolewns 1n different ammal species  The recent mtroduction of paper
strip electrophoretic methods® for the study of serum protemns has made 1t
practicable to examine the blood of a wide variety of smaller animals

TABLE 4 gives the total serum protemn and electrophoretic values on several
anmal types We found, as have others who have studied amphibia,® that
there are much greater mdividual variations m the total protein values than

Ithy humans

are]?if;%n ile:how?’s representative data on different protemn peaks noted by
electrophoretic study Their position on the paper strip, which has been
labeled arbitrarly, suggests that protemns with mobihities sumilar to those hof
gamma-globuhﬂs are essentially absent in invertebrates, but are present mn the

various vertebrates that have been studied
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TaBLE 4
COMPARATIVE VALUES OF SERUM ELECTROPHORETIC COMPONENTS

The average serum total protemn values on groups of animals of different species are given
Determnations were done by the method of Nessler # The values for different serum pro-
temns are calculated from the percentage of protein measured by paper electrophoresis, using
a Spinco machine®” with a B-3 cam, Bromphenol blue dye, and a blue Corning filter A bar-
biturate buffer at pH 8 6 with an 1omc strength of 0 075 was used

The gamma-globulin peaks represent significant peaks in the vertebrates The values
for crab sera may be technical residues at the point of application It will be noted that an
alpha-globulin peak 1s a large part of the total protemn of crab serum, thus 1s probably the
oxygen-carrying hemocyanin protem of their blood It also will be noted that salmon serum
has a high alpha-globulin peah  These amimals were upstream salmon on the way to spawn-
mg Their serum cholesterol values ranged between 400 and 1200 mg per cent  The frogs,
all males caught 1n their fall migration, had been in hibernation for several months at the
time thev were studied The salamanders were studied at the time of spawning  As indi-
cated 1n the graphic samples of the electrophoretic peaks, there was a difference between
sexes 1 serum protein values 1n salamanders that was not seen in the other species  The con-
siderable vanation in the concentration of serum albumin, shown only as an average, probably
reflects different periods of starvation charactenstic of migrating fish and amphibia

Values in gm %,
Species No Total protein ¥
B2 B1 as ‘ ay Albumin
Crab 19 6 01 22 2301267
Salmon 5 7 57 78 1291 535{122|146 |2 42
Salamander 22 3 53 35 123 66 70 50
Frog 18 2 84 45 70 71 93
Rat 19 5061 52 116| 35 29| 731284
Gumea pig 18 6 43 36 84 139 386
Man 86 767 118 1 qo 76 | 26 | 4 45

Transplantation 1n Amamals

There are numerous zoological reports (TABLE 5) of the use of heterotrans-
plantations® and homotransplantations as a means of studying tissue regenera-
tion,* 65 invertebrate endocrinology,®® & and vertebrate embryology 8 Per-
haps the richest literature on homotransplantation 1s that on limb bud studies,®
neuroanatomy,’® and endocrine transplants in embryo and larval amphibia 7

Many factors promote or suppress homograft success in lower animals The
relatively greater mnnate capacity of invertebrate tissues to regenerate 1s one
factor” Some grafts, however, may regress to relatively undifferentiated tis-
sue before returning to adult tissue forms ? The relation of the graft to other
ussues and to a proper nerve supply 1s s'ill another contributing factor . 6
Even with these built-in aids, adult tissue grafts™ and various forms of parabio-
sis are well tolerated in invertebrates®: ¢ and embryonic amphibia 7 ?

Endocrine homografts have been relatively successful 1n nvertebrates® as
well as 1n vertebrates™ ? Growth stimulation by trophic effects n amphibia
1s well 1llustrated by the fact that placing larval thyroid grafts adjacent to the
pituitary will induce a precocious metamorphosis 1n tadpoles, a change that
1s known to depend on thyroid hormone

It 1s interesting to note that successful endocrine homografts in mammals
although not common, seem to have taken without specific suppression of thé
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GCRAB L&
(QANCER PAGURUS)
609¢gm %
SALMON, upsTREAM
(QNOORHYNOHUS TROHANYTSCHA)
970 gm. %
SALAMANDER
375
R N~ W 1 %

FROG
(RANA PIPIENS) '...“._ 284 gm %

RAT
ARt 5.69gm. %
GUINEA PIG
(GAVIA PORGELLUS)
656 gn %
MAN
750 ¢m %

Figure 1 Comparative serum electrophoretic patterns of different phyla

TABLE 5
SuccessruL HOMOTRANSPLANTATION
Invertebrates

Earthworm (Lumbnadae) Head to body
Caterpillar (Gallersa, Cecropia) Head to body
Legs
Vertebrales
Fish
Amphibia
Embryo Limb bud, eye
Larva Skin, thyroid
Birds
Embryo RE cells
Day-old chick Skin
Mammals
Embryo RE cells
Day-old mouse Cells, skain
Adults =+ Endocrines

mmune system of the recipient ? ™ In mammals, perhaps, endocrine homo-

ts more nearly represent the growth interrelations between graft and other
tissues that prevail generally n mvertebrates and that are recapitulated in
homografts 1n larval amphibia and 1n chimeras created mn mammalian embryos
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Discussion  This review of comparative immunology indicates that, in 1n-
vertebrates that can be homografted, the plasma-cell system 1s absent, and the
capacily to make gamma-type serum globulins 1s vestigial It 1s a provocative
comcidence that vertebrates, which possess both plasma cells and gamma-like
serum globulins, cannot readily be homografted’: 7® except 1n their larval,”. %
embryonic,”® or hypogammaglobulinemic states

The role played by the lymphoid cell 1n homograft rejection 1s a matter for
speculation Invertebrates that can be homografted do not possess non-
phagocytic lymphoid cells like those seen 1n mammals, neither does the granu-
loma due to tubercle bacilli 1n insects develop giant cells, fibrosis, calcification,
and symbiosis of bacilli within phagocytes® as 1t does mn vertebrates On the
other hand, humans with hypogammaglobulinemia can be homografted,? even
though they possess apparently normal lymphoid cells and a normal abihty to
acquire delayed-type allergy 8 It 1s interesting that experiments mm which
lymph node transfer has accelerated homograft rejection® are not successful
when exudate cells are used Perhaps this 1s due to the presence of plasma
cells 1n the former and not 1n the latter material These data suggest that de-
layed-type allergy, if 1t 1s a part of homograft rejection, by 1itself 1s not enough
to cause the rejection of foreign tissue

The role of phagocytic cells in homograft rejection 1s equally difficult to as-
certamn  Cellophane barriers about grafts, which pass serum proteins but not
leukocytes, have been shown to protect homografts# On the other hand,
humoral immunity alone, without local cellular inflammation,: 8% may be re-
sponsible for homograft failure

No doubt there are many reasons for homograft rejection  The purpose of
this report on comparative immunology and homotransplantation 1s to draw
the attention of the student of human transplantation to lower animals as ex-

perimental tools for the analysis of the many factors that condition the success
of homografting procedures
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GENETICS OF FIN TRANSPLANTATION IN
XIPHOPHORIN FISHES*

By Klaus D Kallman and Myron Gordon

Department of Beology, New York Universsly, and the Genetics Laboratory of the
New York Aquarium, New York Zoological Soctely, New York, N ¥

INTRODUCTION

Successful transplantations of fins between members of one highly inbred
strain of platyfish, X1phophorus maculatus, were shown to be feasible by Kall-
man and Gordon (1957)  Since then, a second highly nbred strain of platyfish
was developed 1n our laboratory that has provided the necessary material for
an analysis of the genetic constitution of host and donor in determining whether
a graft will be accepted or rejected

The present concept that the fate of a transplant depends upon histocom-
patibility genes 1s derived largely from experiments with inbred strains of mice
and rats It 1s desirable to determine 1if this genetic concept 1s applicable to
other classes of vertebrates, especially the fishes This paper 1s a report of
some results that we have obtaned thus far from our experiments with the

transplantation of fins among members of two highly inbred strains of platyfish
and therr F; hybrids

MATERIAL AND METHODS

Our two strains of the platyfish X1phophorus maculatus ongmated from a
single random sample of the platyfish population collected 1n 1939 from the
Rio Jamapa in Mexico Stramn 30 has been inbred by brother-sister matings
since 1939 for 25 generations The other, strain 163, denived from the same
sample, has been mbred for only 12 generations These two straimns are quite
distinct now and differ in thewr pigment patterns The F, generation obtained
from crossing members of 30 Q@ and 163 &' bears the pedigree number 784
their F» generation 15 793 All fish were maintaned n laboratory aquara n;
a manner described by Gordon (1950) Water temperature varied between
21°and 27° C

We transplanted anal, caudal, and dorsal fins according to a method de-
scribed by Kallman and Gordon (1957) Furst, the fin, including part of 1ts
suspensorium, 1s dissected from the donor and placed into a dish containing a
modified Ringer’s solution, and then the host fish 1s placed on a piece of wet
cotton in a Syracuse watch glass and held 1n position by another piece of wet
cotton placed over the head region The scales of the host fish near the se-
lected site of implantation are removed and a sht, or pocket, 1s made 1n 1ts
musculature by means of a fine glass needle This ncision succeeds most
easily just above the origin of the anal fin where the musculature 15 well de.-
veloped (FiGUrEs 1 and 2), however, fins have been transplanted on both sides
of the dorsal fin, anterior to the dorsal fin, and m the caudal peduncle near

* The work reported 1n this paper was supported 1 part b
National Cancer Institute, Pubhic Health Service, Bethe]s)g:rx, l\FdGmnt € 297 C-10 from the
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FIGurRe 1 An adult male platyfish of strain 163 into which a caudal fin with part of the

caudt;l peduncle had been transplanted Photograph taken 4 months after the operation
X2

Ficore 2 An adult male platyfish of stramn 163 into which a dorsal fin of a sibling had
been transplanted  Photograph taken 9 months after the operation  X27

the tail fin Subsequently, the fin to be transplanted 1s transferred from the
dish contamng Ringer’s solution to the site of implantation, then the proximal
portion of the donor’s fin 1s squeezed into the sht With some practice the
time required for one complete transplantation operation may be reduced to
less than three munutes Provided the host fish 1s 1n vigorous good health, the
frequency of postoperative mortality 1s below 1 per cent No anesthetic or
antiseptic 15 required  After the operation, to inhibit bacterial infection, the



Kallman & Gordon Genetics of Fin Transplantation 601

fish were maimntamed for 5 days 1 conditioned aquarium water to which 6 gm
of coarse household rock salt per 1000 cc was added

In our experiments a fin graft was judged successful when the transplanted
fin grew and increased 1n size whnle the host lived out 1its normal life span of
2 years or more  Some of these fish were used for further genetic experiments

Resurzs

Inirastrain Grafts (Isografls)

Thirty-three dorsal, anal, or caudal fins were transplanted between members
of mnbred strain 30, and 33 others between members of stramn 163 In each
transplantation experiment the hosts and donors were siblings, their age at the
time of the operation varied from 5 to 81 days All 66 were completely suc-
cessful (TABLE 1)

It was observed that the graft undergoes certain characteristic changes
within the first 2 weeks after a fin 15 transplanted Two to 8 days after the
operation the graft becomes vascularized, and this 15 indicated by the greatly
distended longitudinal artery and the blood vessels of the fin rays This
vascular engorgement persists for 2 to 3 days Next, the distal portion of the
transplanted fin sloughs off by a progressive degeneration of 1ts distal margin
The thin, soft membranes between the fin rays lose their natural resilience, the
pigment cells disintegrate, and then the tissues slough  The fin rays may per-
sist for 1 or 2 days, but ultimately they too disappear The fin tissues at the
base, however, mamntamn their normal appearance A new fin regenerates from
the basal stump within 12 to 25 days after the operation  The sloughing proc-
ess may stop at any level of the fin, but 1t usually proceeds down to the base of
the transplant, leaving only a narrow fringe of normal tissue projecting from
the pocket, 1n some cases no sloughing takes place There 1s no obvious rela-
tionship between the onset of vascularization and the sloughing process  Of-

TaBLE 1
FiN TRANSPLANTS IN THE PLATYFISH XIPHOPHORUS MAGULATUS
Donor Host Agcdoafy};OSt' gaunrgm'ncg Type Success | Failure
30* 30 81 16 Intrastrain 16
30 30 5 17 Intrastrain 17 8
1631 163 35 23 Intrastrain 23 0
163 163 10 10 Intrastram 10 0
30 i 10 31 Py to Fy 31 0
163 Fl 10 30 P] {o F1 30 0
F1 F1 10 22 F1 to F1 22 0
Fl Tl 62 10 F1 to F]_ 10 4]
30 163 10 60 Interstrain 0 60
163 30 10 40 Interstrain 0 40
Ty 30 10 28 Fito P, 0 28
I‘l 163 10 32 F1 to P1 0 32

* Strain 30 was inbred 24 generations by b

y brother-sister matin
1 Strain 163 was mbred 12 generations by brother-sister mutmggss
1Ty = pedigree number 788 30 X 163
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ten, when vascularization 1n the fin begins on the second day after the trans-
plantation and 1s completed on the fourth, a few days may intervene before the
sloughing process sets m and destroys the distal portion of an apparently normal
fin If vascularization 1s late, the sloughing process may proceed simultane-
ously and be accompanied by hemorrhages and capillary leakages at the fin’s
distal margin

Transplants from Parental Strains 30 and 163 to Thesr F,; Hybrids
and Between F; Hybrids 784

Sixty-one dorsal or anal fins were transplanted from donors of stramn 30
or 163 1nto their F; offspring (784), and 32 fins were removed and transplanted
among the F; members All 93 transplants were successful (TABLE 1)

In all transplants made, the hosts and donors mnvolved were first cousins
and of approximately the same age, the fishes were from 10 to 62 days old
The sequence and ncidence of sloughing of these transplanted fins were the
same as 1ndicated for the intrastran grafts

Interstramn Grafls (Homografts)

Prumary grafts  Sixty fin transplants were attempted from strain 30 donors
mto stramn 163 hosts and, mn the reciprocal experiment, 40 transplants were
made from 163 donors mto stramn 30 hosts All 100 grafts were rejected

TABLE 2

STAGES IN THE BREARDOWN OF 38 HoMOGRAFTS FROAM STRAIN 30 DONORS TO
StrRAIN 163 HosT PrLATYFISH

Days after transplantation
Condition of graft
1 2 3 4 5 l 6 \ 7 8 ‘ 9 10 ] 11 )12 |13 ] 14 )15
No change 38(38[34)22714) 9| 5 2 1y 1} 1| 1| o} 0] O
Sloughing 0 0 411314413 8 6 2y 1} o] 0j 0] 0] O
Base left 0 0 0 2 4 7 7N 7 5) 4! 2] 21 o) 0! O
Regenerating 0j 0o} 0}l 0) 0o} 0o} o o|] of of of 0] 0] 0] ©
Degenerating 0 0 0 1 5 6 71 4 6j 4) 2! 1} 1| 11 O
Disintegrated 0 0 0 0 1 3111} 19| 24| 28} 33| 34| 37| 37| 38
TaBLE 3

STAGES IN THE BREARKDOWN OF THIRTY HoOMOGRAFTS FROM STRAIN 163 DONORS
T0 STRAIN 30 HosT PLATYFISH

Days after transplantation

Condition of graft

1 2 3 4 5 6 7 8 9 10 11 12 13 14
e

3030261912} 615] 4 2| 1] 0f 0} 0} O

No chares o| ol 4lu|13|12|8) 2l 1] 0} 0] 0] 0]oO

Base left 0] 0] 0] Of 2§ 415) 5) 4) 1} 1. 1) 030

Rasenerating ol o]0l 6,0l olojojlolojlOfO}ojoO

B ratin ol of of o) 3] 7i8fs]10]10) 3] 2] 1} 0

%mﬁm e ol ot ol o) ol 114l gl13|18})26|27|29] 30
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between the fifth and fifteenth days, but mostly between the seventh and
eleventh days after the operation (TABLES 2 and 3)

The first sign of an immunological reaction was an extensive edema around
the pocket holding the proximal portion of the graft that occurred between
the fifth and tenth days, 1t was sometimes so extreme that the graft was hiter-
ally pushed out of 1ts pocket Next, the soft tissue between the fin rays and
therr pigment cells disintegrated at all levels, and this was followed by a
breakdown of the fin rays close to their bases Once the homograft reaction
set 1n, the fin graft was destroyed within 2 or 3 days

Secondary grafts Twenty-eight days later, a second fin from the same
donor strain was transplanted mnto each host Thirty fins from strain 163
donors were transplanted as secondary grafts into stram 30 hosts In re-
cprocal experiments thirty stram 163 hosts received secondary fins from
stramn 30 donors  All 60 secondary grafts were rejected withmn 2 to 7 days,
the majority between the third and fifth day (taBLES 4 and §) In many
transplants the homograft reaction set m before vasculanzation and, once
begun, the transplant was destroyed within 1 or 2 days (the fate of these 60
secondary interstrain grafts 1s not included m TABLE 1, because it hists primary
grafts only)

Transplants from F; Hybrids to Each of the P; Sirans

Twenty-eight fins were transplanted from the F; members (pedigree 784)
mto stram, 30 P; hosts, and 32 fins mnto stramn 163 P; hosts  Although all
grafts eventually degenerated, a great difference between the survival times
of the individual grafts was observed In the stram 30 hosts one transplant

TABLE 4

STAGES TN THE BREAKDOWN OF THIRTY SECONDARY HOMOGRAFTS FROM STRAIN
30 Dowors T0 STRAIN 163 Host PLAYTFISH

Days after transplantation

Condition of graft
1 2 3 4 5 6 7 8

No change 30 23 13 1 0 0 0
Degenerating 0 6 7 10 2 1 0 0
Disintegrated 0 1 10 19 28 29 0

TABLE 5

STAGES IN THE BREARDOWN OF THIRTY SECONDARY HOMOGRAFTS FROM STRAIN
163 Donors To STrRAIN 30 Host PLATYFISKH

Days after transplantation
Condition of graft
1 2 3 4 ' 5 6 ’ 7
No change 30 24 7
Degencrating 0 6 15 (7] (I) 8 8
Disintegrated 0 0 8 23 29 30 30
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ten, when vascularization 1n the fin begins on the second day after the trans-
plantation and 1s completed on the fourth, a few days may intervene before the
sloughing process sets in and destroys the distal portion of an apparently normal
fin If vascularization 1s late, the sloughing process may proceed simultane-

ously and be accompamed by hemorrhages and capillary leakages at the fin’s
distal margin

Transplants from Parental Strains 30 and 163 to Therr F; Hybnids
and Belween F; Hybrids 784

Sixty-one dorsal or anal fins were transplanted from donors of stramn 30
or 163 nto their F; offspring (784), and 32 fins were removed and transplanted
among the ¥; members  All 93 transplants were successful (TABLE 1)

In all transplants made, the hosts and donors mmvolved were first cousins
and of approuimately the same age, the fishes were from 10 to 62 days old

The sequence and incidence of sloughing of these transplanted fins were the
same as indicated for the intrastrain grafts

Inlerstrain Grafts (Homografts)

Primary grafts  Sixty fin transplants were attempted from strain 30 donors
mto stram 163 hosts and, in the reciprocal expenment, 40 transplants were
made from 163 donors into stram 30 hosts All 100 grafts were rejected

TaBLE 2

Staces N THE BREARDOWN OF 38 HoMOGRAFTS FROM STRAIN 30 DONORS TO
Stramy 163 HosT Pratyrisu

Days after transplantation
Condition of graft
1|2 3,4 s'sl7}s‘9m‘n 1213 a]s
No change 38138134 22114) 9} 5 2! 1§ 1} 1} 1| 0of o} ©
Sloughing 0 0y 4113714113} 8 6] 21 1] o} ol of of O
Base left gt 0§ 0} 241 4 7 T 51 4% 21 27 O O €
Regenerating gf 61 6} o] ol of of 0] of o} O} of O0f Of O
Degenerating gy 6{ O 1 5 61 1 4 6 4 21 1} 1{ 11 O
Disintegrated 0y 0] 0} O 1 3111 193 24 28] 33 34} 37} 37] 38
TaABLE 3
STAGES IN THE BREAKDOWN OF THirTy HoMoGRAFTS FROM STRAIN 163 Donors
10 STRAIN 30 Host PraTvFISH
Days after transplantation
Condition of graft
1 2 3 4 5 6 7 8 9 10 11 12 13 1%
[N N S S SN S S R SN —
30130412619} 12 615 4 2 1 0 0 1} Q
No change ol ol aj11]13|12{8| 2| 1] 0] o] o} oo
ougleitg ol o} o} 0} 2} 4185} 5} 4} 1] 11 1| 0| O
Base ol o] o} o© olal ol of of 0} 0of of o
Regenerating ol ol ol o} 3} 7{s{1tfof10f 3} 2] 1} 0
Degenerating o} ol o} o] of 114} 8]13)18}26}27])29}30
Disintegrated
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between the fifth and fifteenth days, but mostly between the seventh and
eleventh days after the operation (TABLES 2 and 3)

The first sign of an immunological reaction was an extensive edema around
the pocket holding the proxumal portion of the graft that occurred between
the fifth and tenth days, 1t was sometimes so extreme that the graft was hiter-
ally pushed out of its pocket Next, the soft tissue between the fin rays and
therr pigment cells disintegrated at all levels, and this was followed by a
breakdown of the fin rays close to their bases Once the homograft reaction
set mn, the fin graft was destroyed within 2 or 3 days

Secondary grafis Twenty-eight days later, a second fin from the same
donor strain was transplanted into each host Thirty fins from strain 163
donors were transplanted as secondary grafts mnto stramn 30 hosts In re-
cprocal experiments thirty strain 163 hosts received secondary fins from
strain 30 donors  All 60 secondary grafts were rejected withm 2 to 7 days,
the majority between the third and fifth day (raBiES 4 and 5) In many
transplants the homograft reaction set in before vascularization and, once
begun, the transplant was destroyed within 1 or 2 days (the fate of these 60
secondary interstrain grafts is not included 1 TABLE 1, because it lists primary
grafts only)

Transplants from F; Hybrids to Each of the P, Strawns

Twenty-eight fins were transplanted from the F; members (pedigree 784)
mto strain 30 Py hosts, and 32 fins nto stramn 163 P, hosts  Although all
grafts eventually degenerated, a great difference between the survival times
of the ndividual grafts was observed In the strain 30 hosts one transplant

TABLE 4

STAGES IN THE BREAKDOWN OF THIRTY SECONDARY HOMOGRAFTS FROM STRAIN
30 DoNogs To StRAIN 163 HosT PLAYTFISH

Days after transplantation
Condition of graft
1 2 3 4 5 6 7 8
No change 30 23 13 1 0 0 0 0
Degenerating 0 6 7 10 2 1 0 4]
Disintegrated 0 1 10 19 28 29 30 30
TABLE §

STAGES IN THE BREAKDOWN oF THIRTY SECONDARY HoMOGRAFTS FROM STRAIN
163 Doxors To STRAIN 30 HosT PrATYRISH

Days after transplantation
Condition of graft
1 2 3 4 5 6 7
No change 7 |
Degencrating 38 Zé 1.15 (7) (1) 0 :
Disintegrated 4] 0 8 23 29 38 38
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TaBLE 6

STAGES IN THE BREAXDOWN oF TweENTY-E1cET HOMOGRAFTS FROM F; DoONORS
(30 X 163) T0 StrAIN 30 Host Prartyrisu

Days after transplantation
Condition of graft

112131415 16] 71889 10111112113 114115116117 {18 {19 {20 {21 { 22*
No change 28128127121i11] 8| 7| 4] 4 2} 2{ 2{ 2| 2} ;{111 {1y Y1
Sloughing 0 0] 1] 7{14{14{13(11} 1 2{ 0] 0} 0{ O 0] O] 0] 0} O] O] O] O
Base left 0, 0 Of 0 3| 3| 3| 7i16/16|1414(11| 7| 7| 6| 6] 4] 3| 3| 3| 3
Regenerating 01000000 0 00 OO 1 1§ 41422/2]33 333
Degenerating 0, 0] 0] 0] O] 3] 4 5| 4] 5| 7| 6 7| 8 8 6 5/ 3[ 1j 1] 1] O
Disintegrated 0} 0] 0 0 O} Of 1) 11 31 31 41 5! 7{10/11{13]14{17{20/20;20121

* For subsequent fate of homografts see TaBLE 10

TABLE 7

STAGES IN THE BREAKDOWN OF THIRTY-Two FIN Homocrarrs rrom Fy DoNORS
(30 X 163) 0 StrAIN 163 Host PrLATYFISH

Davs after transplantation
Condition of graft

1121314(5, 6789011211314 15161718 {19]20122]24| 28
No change 32132(32{29i27124|15{11} 71 4] 1} 0] 0] 0] 0] 0] 0] O] 0] 0] O} 0] O
Sloughing 0] 0] 0l 31 5] 7111 8 9 8 4] 3 0} 0/ 0] 0} 0, 0] 0} 0! O] O/ O
Base left 0 Ol 0 O} 0 1| 4f 6{10/13|19{19/17|15{12{ 8| 7| 4| 4] 2| 2| 1] 1*
Regenerating 0] 01000 00l 00,0 0] O] of 1| 3| 7} 7 65 5 4 4 4*
Degenerating 0; 0] 0; 0} 0} O] 2y 6/ 6 5| 6 7| 910{10] 9| 9110} 7| 6| 4] 4] O
Disintegrated 0/ 0] 0] O{ 0] O] O] O Of 21 2} 31 6 6 7| 8{10/12116|19{20j23127

* Survived until the 37th, 42nd, 49th, 55th, and 67th day

completely disintegrated by the seventh day, while another survived until
the fifty-seventh day (TABLE 6) In the stram 163 hosts the survival time of
the transplants varied from 10 to 67 days (TABLE 7)

In 10 grafts that survived for 1 or 2 months, regeneration occurred after
the sloughing process, but they too eventually disappeared Their mcom-
patibility was first mamfested only by the general retardation of the growth of
the fin Much later the pigment cells in certain areas of the graft began to
degenerate over a 2-week period, and then the remaining colorless fin dismte-
grated completely withm 1 or 2 days

Secondary grafts Twenty stramn 163 fish and 21 strain 30 fish mn which
the graft from the I donor had completely degenerated on the 28th day
recerved a secondary transplant from strains 30 and 163 donors, respectively
(raBLEs 8 and 9) Agam the majority of the grafts broke down between the
third and fifth days, and within a week all 41 grafts were completely rejected

Finally, the 6 stramn 30 fish 1n which the primary graft from the I'; donors
had not yet broken down by the twenty-eighth day received a secondary

raft from stram 163 donors (TABLE 10) In these expenments host fish
?,0 A did not receive & secondary graft and served as control, and 1t was
determined that 1ts primary T, graft survived until the forty-sixth day In
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TABLE 8

605

STAGES IN THE BREAKDOWN OF TWENTY SECONDARY TN HOMOGRA¥TS
Frst DoNor Fi, SEconp Downor Stramv 30, Host STrAIN 163,

PLATYFISH
Days alter transplantation
Condition of graft
1 2 i 3 4 } 5 4] ‘ 7
No change 20 7 4 1 0 Q 0
Degenerating 0 3 11 6 2 1 0
Disintegrated 0 0 5 13 18 19 20
Tasie 9

STAGES 1N THE BREAKDOWN OF TwEeNTY-ONE SEcONDARY FIN HorMoGRAFTS FmsT DONOR
F;, Seconp Donor StrAIN 163, Host StrAIN 30 PLATYFISH

Condition of graft

Days after transplantation

1 2 3 4 S 6 7
No change 21 19 12 2 0 0 0
Degenerating Q 2 6 1u 5 1 0
Disintegrated 0 0 3 8 16 20 21
TasLE 10

Errect OF SeconparyY GrA¥Ts (DoNOR StrA™N 163) ON THE RATE OF DISINTEGRATION
oF PrivaryY Grarrs (Downor F), PLaTYrISH

Condition of pnmary graft on

Fish 28th day after transplantation

Fate of secondary graft, im
planted 28 days after first graft

Fate of pnmary graft

Graft had sloughed off,
then regeneration, con-
dition good

Na sloughing, fin in per-
fect condition

After sloughing, regener-
ation from  base,
growth ceased around
25th day

Aftersloughing, regenera-
tion from base, grownth
ceased around 25th
dav

L

Only base left, no regen-
eralion, some degenera-
tion of pigment cells

F,G | Only base left, no regen-
cration, some degencra-
tion of pigment cells

None

Degeneration beginmng
on third day and com-
pleted on fifth

Degeneration  begmning
on third day and com-
pleted on fifth

Still in good condition on
fifth day, but com-
pletely disintegrated on
seventh day

Degenerated on  third
day

Degenerated on fifth day

Disintegrated on 46th
day

Degeneration  heginning
on 42nd day and com-
pleted on 50th

Gradual disintegration
from 45th day on,

survived until 57th
day

Survived until 48th day

Degenerated on third
day

Degenerated  on

33rd
day (same dny

as

second-set grafts)
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30 B, while the primary graft was apparently still i perfect condition, its
secondary graft degenerated within 5 days, the primary one survived until
the fifueth day 1In 30 C and D the secondary grafts broke down within a
week, while the primary grafts survived until the forty-eighth and fifty-seventh
day,respectively In30 E, F, and G the pnimary grafts had sloughed off, regen-
eration had not occurred, and only their basal stumps persisted on the
twenty-eighth day  Their secondary graits were rejected within 5 days The
primary grafts of 30 F and G disintegrated on the same day as their second-
ary grafts, the primary graft of 30 E survived until the thirty-eighth day

Grafts from the Parentol (P;) Inbred Strains wnto F; Hybrids

A fin from a strain 30 donor was grafted on the night side of an F, fish (ped:-
gree 793) and a fin from a stramn 163 donor was grafted on its left sside We
have made more than 1000 of these transplants recently and 1t 1s not yet possible
to determine 1n all cases whether a graft 1s successful ornot A final analysis
will be made n a later paper In our prelimnary results it appears that only
approxuimately one third of all transplants have taken, one third of the trans-
planted fins were rejected within 3 weeks after the operation, while another
third gradually degenerated during the next 3 months

Discussion

In view of the uniform acceptance of all intrastrain grafts from and to highly
mbred hnes of fishes, of all grafts from each P; to thewr F; hybnds, and of all
grafts among members of the F; generation, while all the imnterstrain grafts
and grafts from the F; hybnids to each P; were umiformly rejected, the results
clearly ndicate that the genetic constitution of the platyfish 1s of pnme 1m-
portance m determimng the success or failure of the graft, just as 1t 1s i mce
and other mammalian species (Snell, 1953) This can be seen m FIGURE 3
Transplants among members of highly inbred strains take because hosts and
donors are identical genetically In platyfish, transplanted fins from each
parent take m their ¥y hybnids because the F; fish possess one set of chromo-
somes 1n common with the Py fish of inbred stram 30 and another set of chromo-
somes i common with the P; fish of inbred strain 163 The fin from a parent
strain does not mtroduce into the host any “foreign” genes via 1ts chromo-
somes Transplants among the F; hybnds of two inbred strams also succeed,
for the T, fish are all 1dentical genetically

In imnterstrain grafts, however, both host and donor have quite different
genetic constitutions  Thus, a fin from a stram 30 fish transplanted nto a
stramn 163 host introduces some histocompatibility genes that are absent in
the recipient In the host these mcompatible genes provoke a homograft
reaction against the donor’s graft  Similarly, all fin and scale tissue transplants
(with the exception of autotransplants) of Held (1951), Goodrich and Nichols

(1933), Hildemann (1957), and others were rejected because the hosts and
donors used were not of the same highly mmbred strain

A somewhat sumilar situation occurs when fins from the T platyfish hybnds
are transplanted mnto members of each parental strain  In this case only a
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P' 1} 30" Pl l||63||

NO TAKES NO TAKES

F

TAKES

Ficore 3 Diagram illustrating the genetics of fin transplantation The arrows pomnt
from the donors toward the hosts The sohd arrows indicate that a transplant has been suc-
cessful (a) from P, 30 to P, 30, (b) P, 163 to P; 163, (c) Fi to ¥y, (d) P1 30 to Fy, (e) P,
1630 T¥

The blrokcn arrows indicate that a transplant has been rejected (a) from P, 30 to P; 163,
{b) P, 163 to P; 30, (c) T, to P, 30, (d) T, to P, 163

single set of ‘“‘foreign” chromosomes and their genes 1s ntroduced into the
hosts, and this smaller genetic dispanty 1s reflected in the prolonged survivals
of the Iy fin grafts in the parental strains 30 and 163 (FIGURE 4)

In the final analysis, the Fy grafts were actually as effective m inducing an
immunity reaction n the 30 and 163 strains as the imnterstrain grafts, This
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40

] 1 Donor 30%* Host 163%
0o\ la 2nd-set graft Donor 30%*
l  Donar Fi{30%%163" Hest 16372
lla 2nd-set graft Donor 30%*

30

lla

Number of surviving grofts
{e] 20

Ml ey
10 20 30 40 50 67

Days after transplantotion
Ficure 4 Companson of survival times of first-set (prumary) 30* and F, grafts in 163

hosts and second-set (secondary) 30™ grafts in same hosts The superscnipts refer to the
number of mbred generations

15 clearly brought out by comparing the survival times of all secondary mter-
strain grafts Regardless of whether the primary graft had been an mter-
stram or an F; graft, the survival times of their secondary grafts were identical

The prolonged survival times of some of the ¥, grafts may be attnibuted
to the failure of the grafts to elicit a strong homograft reaction 1 the host or
the presence of one set of host-specific histocompatibility genes in each cell
of the transplanted fins may mhibit, temporarly at least, the host’s antag-
omistic reactions We have attempted to clanfy this situation by trans-
planting a secondary stramn 163 fin 1nto strain 30 hosts in which the primary
F, grafts were still present on the twenty-eighth day In all cases, regardless
of whether the first graft was intact or degenerating, the secondary transplant
disintegrated more rapidly, while the speed of the destruction of the primary
graft was apparently not affected  Indeed, some primary grafts survived for
more than twenty days after the secondary ones had disintegrated  Although
our data are relatively few, the results suggest that the grafts’ one set of
host-specific chromosomes protects them i a measured amount of time aganst
the antibodies of the host

With regard to sex, Eichwald e/ a/ (1957) had shown that skin transplants
would not survive in certain mbred strams of rats if the donor was a male and
the recipient a female The failure of their transplants to take may be attnb-
ated to a histocompatibility gene located on the Y chromosome of the male
Trom our expeniments we failled to obtamn any evidence of sex linkage In
our transplants all hosts and donors were chosen completely at random 1In
platyfish sex 1s recognizable by sight only beginning about 90 days after
hatching  Since normally the fish of strams 30 and 163 diferentiate mnto
50 per cent males and 50 per cent females, approximately one fourth of our
transplants must have been from male to male, one fourth from male to female,
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one fourth from female to male, and one fourth from female to female The
uniform success of all our mtrastrain grafts and grafts into the F; hosts pre-
cludes any effect of sex upon the fate of a transplant these strains

With regard to age, tolerance to homografts has been experimentally 1n-
duced 1 muce by Billingbam ef al (1953), 1n rats by Woodruff and Simpson
(1955), and n the chick by Cannon and Longmure (1952) by grafting cells
from the donor 1nto a host at an early developmental stage or within a short
time after hatching or birth  In an earher paper, however, Kallman and Gor-
don (1957) reported that homografts of fins into hosts less than 2 days old were
all rejected within 9 days Recently Humm ef al (1957) used swordtail,
platyfish, and platyfish-swordtail hybrid embryos obtained by cesarean sec-
tion They transplanted bits of melanoma tissue of swordtail-platyfish
hybrids nto the extraembryonic membrane of these hybrids at the develop-
mental stage 20 This 1s the stage equivalent to the eleventh day after first
cleavage of the egg and 11 days before they would normally have been born,
as determined by Tavolga (1949) Humm ef a/ found that in most embryos
the melanoma cells mmtially grew and spread mto the surrounding area, m
some the cells invaded the embryo proper  About 60 per cent of the embryos
died withmn 7 days after recerving the transplant, following a stasis and engorge-
ment of the blood vessels of the yolk sac  This circulatory failure they judged
to be an immunological response of the host toward the graft A small num-
ber of embryos died after the tumor cells had invaded thewr pericardia and
impeded the action of their hearts physically Some of the remainmg em-
bryos retained the transplant for 40 to 70 days, but eventually all the trans-

plants disintegrated Thus, tolerance to homografts was not mduced in these
fish embryos

SuMMARY

(1) In order to study the genetic aspect of transplantation m fish, anal
caudal, and dorsal fins were transplanted among 2 highly mbred strz,un %
Xaphophorus maculalus and their interstrain hybnds 0 e
Ceé:i{)adSmty six intrastrain grafts were made, and all were permanently ac-

(3) One hundred interstrain grafts were made, but all wer

(4) Sixty-one fin grafts obtamned from the parent strains
into thewr I; hybrids were successful
the I, hybrids were also successful
from the F,
all rejected

(5) The survival time of the interstramn
The survival time of the F; grafts which

varied from 7 to 67 days All seconda
7 days v

e rejected

and transplanted
Thirty-two grafts transplanted among

On the other hand, 60 fin
, ]
hybrids and transplanted into members of the parent stra(igza\:iii

grafts vaned from 5 to 15 days
were transplanted into P, hosts
afts were rejected between 2 and

(6) The survival time of rejected grafts

also refle
degree of genetic relationship between donor and hostCtS) " @ measure, the
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GENETICS OF TISSUE SPECIFICITY*

By Allen § Fox
Department of Zoology, Michgan Stale Unwersity, East Lansing, Mach

Introduction

Throughout most of its brief history, immunogenetics has been dominated
by a striking theoretical concept, applying equally well to the genetics of
erythrocyte antigens and to those responsible for transplantation specihaity -2
In both instances, the presence of an antigenic specificity 1s usually domi-
nant over 1ts absence, different antigenic specificities associated with allehic
genes are simultaneously present i the heterozygote, alleles rarely imteract
1n the heterozygote to produce new antigemc specificities, and the antigenic
effect of a given gene seems rarely to be altered by genes at other locx This
combination of circumstances, apparently demonstrating a lack of gemc
mnteraction in the determination of antigenic specificity, has led to a con-
clusion which, for erythrocytic antigens, has been stated by Irwint as follows

“The sequence of events between the genes and the cellular antigens which
are produced appears to be relatively direct That 1s, if there 15 a series of
reactions between the gene and the end product, the cellular antigen, there
are no known mnstances 1 which the cham of reactions may be interrupted,
by another gene or otherwise ”

More generally, Wnght® has suggested that

“The likelihood that the specificity of antigens reflects that of genes more
directly than does any other character makes progress in this field of special
mterest 1n physiological genetics ”

In the field of transplantation genetics the facts summanzed above have
emerged from the piloneering work of Lattle and his associates,® extended by
the brilliant work of Snell and his collaborators,” and from the ymmunological
contributions of Gorer® and, more recently, of Bilingham e al ? Little was
concerned with establishing the Mendelian nature of the genetic influences
determining susceptibility and nonsusceptibility to the growth of transplanted
tissue It 1s of interest io note that even m his most recent publications!®
Little does not refer to the apparent lack of genic interaction in the determina-
tion of antigenic specificity, he restricts himself to the demonstration that
Mendehan genes are 1n Jarge part responsible for transplantation specificity,
and that many such loc are mvolved The 1dea that the genes at each of these
loc1 produce their antigenic effects without interaction grew with espansion of
the work with erythrocytic antigens by the Wisconsin group (Irwin ef af )8 ¢
although 1t apparently was formulated by both Wright® and Haldane® e\’ren

before that time In any event, 1t now seems to be mmplicit 1n the minds of
most transplantation workers

* The work reported 1 this paper was supported 1 part by Grant C-2440 from the N
Cancer Institute, Pubhc Hcalt{l Service, Bethesda, I\Icf)‘:l and grants from the ffgenéligz’ég

Soc /
Umx\cgs,nl:lc\\ York, N Y, and the All-University Research Commttee of Michigan State
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For almost ten years we have been engaged m mvestigations of gene-antigen
relationships 1 Drosophila melonogasier In every case studied to date,
apparent instances of genic interaction have been encountered It 15 the
purpose of this paper to review this work, to present some new evidence, and
to discuss 1ts implications for the genetical theory of transplantation specficity

Genetic Methods

In all of this work strict adherence to the use of coisogenic stocks has been
observed Pertinent details regarding the derivation of these stocks will be
gwen 1n succeeding sections The method 15 not different in principal from
that mvolved 1n the use of mice of inbred and isogenic resistant (IR) stocks,
except that the approach to 1sogenmicity and cosogemcity 1s more reacily
achieved m Drosoplnla than m the mouse The purpose 1s to make available
numerous mdividuals of the same genotype (1sogenic), and stocks differing
only with respect to known, identifiable loci (cowsogemc) Antigemc dif-
ferences among the former would then be attributable to environmental
factors, while antigenic differences among the latter could be attributed
strictly to the gemic substitutions involved Environmental conditions have
not been narrowly controlled in our work, but no systematic search has been
made for environmental effects and none have been observed

Unfortunately, isogemicity 1s an 1deal that can be approached but never
reached m practice In the mouse 1t can be approached only through m-
breeding, which even after many generations does not ehminate residual
varlybihity with certamnty ® ¥ This uncertanty has had 1its occasional
consequences 1n transplantation work * In Drosophila, 1sogenicity can be
approached more rapidly by the use of dominant markers and wnversions
suppressmg crossing-over,'® but even here complete success cannot be as-
sured ¥ Even if complete 1sogenicity were attamable, it would be destroyed
quickly by uncontrollable spontaneous mutations Instances of this sort with
antigenic consequences have been encountered i mouse immunogenetics,'®
and we shall discuss a case that occurred in our own work In spite of these
quabfications the methods that we have used are among the best avalable
for the achievement of 1sogemcity, and there 15 no evidence that possible
fallure to achieve this ideal has tn any way affected our results

Many of the same quahfications apply to the attainment of coisogemcity
Spontaneous mutation in an jsogenic stock 1s the most rehiable source of a
cowsogenic genotype, since the frequency of such mutation 1s sufficiently low
as to render the simultaneous change of two loci improbable Nevertheless,
closely hinked loci (pseudoalleles) sometimes exhibit a tendency to mutate
qimultaneously,® 1° that 1s, to comprise a single mutational umt, and the
uncontrollability of the process makes 1t an impracticable one  As an al-
ternative, mutations may be induced on an 1sogemc background by means of
radiation or some other mutagenic agent The probability of simultaneous
change at two loc1 1s appreciably higher m this nstance thann the case of

simultaneous mutation, but this difficulty can be overcome except for closely
linked loci Insofar as I know this method has not been used I mouse 1m-
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munogenetics, but we have used 1t 1n our work with Drosophila ™ Its ap-
phicability 1s imited by the difficulty of obtamning particular desired mutations
at will A method that accomplishes this aim but 1s less reliable with regard
to coisogenicity 1s that of the insertion of a given gene mto an 1sogenic back-
ground by means of crossing-over This 1s the basis of Snell’s methods for
the derivation of IR stocks The difficulty, as has been noted by Snell* and
treated quantitatively by Fisher®® 1s that a chromosomal segment of un-
controllable length on both sides of the locus 1n question 1s mserted along with
the desired gene The length of this segment can be controlled and reduced
by the use of closely linked markers, a potentiality of which we have availed
ourselves in Drosophla® # Finally, even if complete coisogemcity of two
stacks could be attamed, they would quickly diverge because of spontaneous
mutation Where practicable, we have taken steps to avoid such divergence %

Immunological Methods

As a source of antigens, large numbers of flies of a given genotype are col-
lected from numerous cultures Standard corn meal medium 1s used, enriched
with brewer’s yeast but not seeded with living yeast Flies are collected
only from cultures not visibly contaminated with microorganisms Special
tests have demonstrated that flies grown on bacteriologically sterile medium
possess the same anfigenic speafiaties as those grown without precautions
other than the preceeding® After collection, the flies are starved for 12 to
24 hours to eliminate food from the gut, are quickly frozen at —70° C, and
are lyophilized When antigenic preparations are needed for immumzation
or for serological tests, the lyophilized flies are homogenized with an all-glass
homogemzer m cold saline (085 per cent NaCl + 0005 M phosphate, pH
74), n a ratio of 2 gm of lyophilized flies per 100 ml of saline Such ho-
mogenates contain 1 57 mg total N per ml

The whole homogenate 1s used for the immunization of rabbits via the
intraperitoneal route Experence has proved that this 1s the most effective
means of immunization, the particulate matter m the homogenate probably
serving as a sort of natural adjuvant A total of 22 ml of homogenate 1s
admimistered in 4 doses on alternate days, followed by an additional 8 ml
after 1 week 1f preliminary titration of the serum makes this desirable The
rabbits are exsanguinated 1 week after the last dose This immunization
schedule yields low-titered but hughly specific antisera  One of the difficulties
encountered 1s the differential response of mdividual rabbits to the complex
antigemic preparations, necessilating in some cases the immumzalion of
numerous anmmals with the antigens extracted from fhes of a particular geno-
type  The eustence of all antigemic components to be described has been
confirmed by the use of several to many antisera

Serological tests are performed with the clear supernates obtamed by cen-
trifugation of the homogenates These contamn 0 54 mg of protein N per
mi, precipitable by trichloracetic acid (TCA) Precipitin techniques have
been used exclusively, early work having demonstrated the unsuitabihty of
complement fination with whole homogenates® In early work, a semi-
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quantitative method mnvolving absorption and precipitin-ring techniques was
used for the identification of antigenic components specific to particular
genotypes 7 # % This method was difficult at best, requiring careful control
and capable of demonstrating only a limited number of specific components,
1ts use was therefore restricted to the demonstration of qualitative differences,
that 1s, only those remaining after exhaustive absorption More recently,
agar-diffusion techniques have been used to good advantage 2 2¢ 7

Interaction Belween Nonalleles

Application of the methods described above disclosed interaction between
nonallelic loci 1n the very first case examined ¥ For purposes of the analysis
an 1sogenic wild stock was denved by the use of dominant markers and 1n-
versions Two separate mutations were then induced at widely separated loci
on the X chromosome by means of X rays, one at the vermilion locus (v%)
and one at the ruby locus (r4%*) Each of these was incorporated mto a
mutant stock coisogenic with the wild stock, by replacing all irradiated chromo-
somes except the appropmnate X with chromosomes from the wild stock A
double mutant stock, ruby-vermilion, was then derived by mating the single
mutants with each other and extracting a cross-over X chromosome The
genotypes of the 4 stocks resulting from this derivation are represented dia-
grammatically in TABLE 1  As may be seen, the ruby stock differs from wild
with respect to the rb locus, the vermilion stock with respect to the v locus,
and the double mutant stock with respect to both loct Within the limts
discussed above, the residual genotype 1s the same 1n all four stocks

Analysis of antisera to the antigens extracted from each of the four stocks
was performed by means of reciprocal absorptions and precipitin-ring tests
with the antigenic preparations of all four stocks Thus, for example, un-
absorbed antiwild serum reacted with equal titer with the antigens extracted
from all four stocks, giving evidence of antigenic components common to all
four stocks, presumably the products of loci 1in the residual genotype Ab-
sorption with ruby extract, even 1n the region of great antigen excess, falled
to mhibit the reaction of such antiserum with the extract of wild flies, although
1ts reactivity with the antigens of ruby, vernulion, and ruby-vermiion was
thereby removed It could therefore be concluded that wild possesses an
antigenic component (antlgen 1) not present in any of the three mutant geno-
types, a conclusion that was confirmed by absorptions with vermilion and
ruby-vermilion antigenic preparations In a sumlar manner, a second specific

TABLE 1
Stocks UseDp IN DEMONSTRATION OF NONALLELIC INTERACTION
Stocks Genotypes
rbt ot residual
e riita ot residunl
Ruby b rbt pia residual
%?thi?/l-v%?mxhon rbtss  pia residual
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TABLE 2
DISTRIBUTION OF ANTIGENIC COMPONENTS

Antigenic components
Stocks
1 2 Remdual
Wild + — +
Ruby — - +
Vermilion — +- 4+
Ruby-vermilion — + +

component (antigen 2) could be demonstrated in vermuhion and ruby-vermilion
The distribution of these components 1s summarized 1n TABLE 2

Correlation of the distribution of these antigens with the genotypes rep-
resented m TABLE 1 immediately discloses that antigen 1 1s found only 1n the
presence of both r&+ and v+ If a mutant allele 1s substituted for either of
these wild alleles, or for both, the antigen 1s not produced This antigen
must therefore be considered a product of the interaction of the two wild
alleles Furthermore, since the residual genotypes are the same m all four
stocks, 1t cannot be excluded that other loci are also involved 1n this inter-
acfion

The presence of antigen 2 1n both stocks possessing the mutant allele of
vermilion, regardless of the genotype for the 7b locus, suggests that this antigen
1s the product of v*¢ without interaction with 7b* or 7% As with antigen 1,
however, the involvement of one or more residual loci 1n 1ts production cannot
be excluded

To exclude the remote possibility that undetected mutations at X-chromo-
somal loct other than 70 and v were responsible for the observed antigemic
differences between the stocks, a new series of stocks were derived® by mating
the original ruby-vermilion with the original wild and extracting, by means of
crossing-over, new ruby and vermilion single-mutant stocks These were
then mated and new wild and ruby-vermilion stocks were established, agan
by means of crossing-over The derivation of this new senes of stocks there-
fore provided at least two opportumties for the separation, by crossing-over
of undetected mutations from the established alleles at the 6 and v 10c1,
Antigenic analysis of these stocks disclosed the presence of antigens 1 and 2
n a distribution 1dentical to that exhibited mn the original sertes The dis-
tribution could therefore be attributed, with even greater confidence, to the
effects of genic substitution at the rb and v loci

To elucidate the role of the residual genotype in the production of these
antigens, each of the ornginal coisogenic series of stocks was outcrossed to an
unrelated wild stock, and new wild, ruby, vermilon, and ruby-vermilion
stocks were extracted ® Due to the manner of 1its derivation, each of these
new stocks possessed the same genotype at the #& and » loci as the corres
ongmal stock (wild, rb* v+, ruby, 8% v+, vermilion, rb+ w'Se ruby-vermhon
7b%2 9'%), but on a different genetic background  Upon analysis, 1t was found
that antigen 1 was not present m any of these stocks Since ’the new wild

ponding
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stock possesses the identical rb* and o+ genes as the original, the absence of
antigen 1 must be attnbuted to the change m the residual genotype Thus,
at least one additional locus 1s nvolved, together with #bt and v+, i the
Interaction producing antigen 1  Antigen 2, on the other hand, was present
1n both the new vermilion and ruby-vermulion stocks Its umique association
with #%¢ was thus more firmly established, and no genic nteraction 1n 1ts
formation could be demonstrated

At least three loci, two of which have been identified, are therefore involved
i the production of antigen 1 Two additional circumstances strongly
suggest that the actual number of genes involved 1s larger than three In
the first place, antigen 1 was found to be absent from still another unrelated
wild stock (Oregon R) Even more suggestive was the disappearance of
antigen 1 from the ongmnal wild stock about three years after 1ts derivation
No change of rb* or v+ had occurred duning that period, but if a fairly sizable
number of additional loct were involved 1n the production of antigen 1, muta-
tion of at least one of these could readily occur, resulting 1n the disappearance
of the antigen from the stock

With respect to antigen 2, 1t should be amply evident that the failure to
demonstrate genic interaction does not exclude that possibiity ~The nature
of the methodology of genetic analysis 1s such that a gene can be identified
and 1ts effects demonstrated only if there are available at least two allelic
alternatives 1n the matenal at hand It 1s accordingly possible that ad-
ditional loci are concerned with the production of antigen 2 but were not
detected because they were not changed by substitutions of residual genotype
made 1n the derivation of the last series of stocks To put this possibility 1
another way, the pertinent residual loct may have been the same 1n the onginal
1sogenic stock and mn the unrelated wild stock from which the new genetic
background was derived  Considerations such as these serve the purpose of
demonstrating that while positive evidence for genic interaction 1s methodo-
logically attainable the absence of interaction 1s difficult to estabhsh Rec-
ogntion of this methodological hmitation will be important for our subsequent
evaluation of transplantation immunogenetics

Before the disappearance of antigen 1 from the ongnal 1sogenic stock,
considerable progress was made in 1ts 1solation and characterization *® The
antigen was demonstrably nondialyzable, its absorption spectrum was that of
a typical protein, and 1t was positive for the usual protemn tests It exhibited
anodic electrophoretic mobility at pH 7 0, was water soluble, was mactivated
by NaCl concentrations above 05 M, and was precipitated by 44 4 per cent
ethanol at —5° C, pH 70

While data of this sort do not yield any direct information regarding the
biosynthetic mechanisms by means of which genic interaction 1n the production
of antigens mght be accomplished, the distribution of antigens among the
stochs may be used 1 the construction of a scheme such as that contained n
FIGURE 12 Such a scheme 15 purely formal, of course, and should not be
tahen as literally representing the processes volved 1n the production of the

antigens A number of other schemata fitting the data equalily well might be
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proposed, but all exhibit a common charactenistic  The various steps proposed
n each fall into two general categories a series of prehminary processes leading
to the production of nonspecific precursors, and a second stage during which
final spearficity 1s conferred upon the antigen  Such a point of view regarding
the genetic control of protein synthesis has been of heunistic value m subsequent
immunogenetic work with Drosoplnla (described below), has been strikingly
illustrated 1n separate work on the genetic control of tyrosinase synthesis and
specificity 1 Newurospora,®: ' and resembles very closely the suggestions made
by Haurowitz on the basis of purely immunological and biochemical con-
siderations

Interaciion Between Psendoalleles

Shortly after completion of the work just described, it was demonstrated
by M M Green that certain of the vermilion mutants are pseudoalleles rather
than alleles® Pseudoallelic mutants occupy separable but closely linked
locy, so that their mode of transmission resembles that of nonallelic mutants,
that 15, they exhibit a low order of recombination resulting from crossing-over
Their stmilanty of phenotypic effects and the mteractions they exhibit n
heterozygotes are, however, remmscent of the physiological relationships
charactenstic of true alleles

All of the vermilion mutants 1 Drosopinla produce simlar effects on eye
color, resulting from their mability to support the conversion of tryptophane
mto formylhynuremne, which serves as the precursor of kynurenine mn the
synthesis of brown eye pigment In an elegant experiment, Green® demon-
strated a low frequency of crossing-over between the mutants #* and ©%, thus
disclosing that they are mutants at two closely linked loc: bearmg the following
linkage relationships to the raspberry and minature loci on the X chromosome

ras 02 v 98 3 1 m

Inherent interest i the problems posed by the phenomenon of pseudoallelism
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for the theory of the gene, and our previous work with 14 led us to an in-
vestigation of the immunogenetics of the vermilion pseudoalleles %

The three mutants v, v**/, and v*** were used for this purpose Extensive
genetic tests, mvolving examunation of over 150,000 progeny from critical
matings, disclosed crossing-over between 1% and "% but not between ! and
7% Therefore, v** must be an allele of #, that 1s, another mutant at that
locus The antigenic effects of three alleles at the o' locus could therefore be
observed wild (+41), 7!, and v®** Two alleles at the 1% locus were available
wild (+2%/), and *¥ The pseudoallelism of o' and ** made 1t possible to
study the double mutant #! #*" as well as the single mutants

Coisogenic stocks differing with respect to these mutants were derived by
mserting the vermilion segments of each mnto the X chromosome of an 1sogenic
wild stock (Oregon R) This was accomplished by means of crossing-over
between ras and the o' locus on the left, and between the 1% locus and m on
the nght Each of these stocks possessed the Y chromosome and autosomes
of 1sogenic Oregon R origm  Within the usual qualifications applymg to
coisogenicity, they should differ only with respect to the vermilion loci, except
that their X chromosomes may differ also with respect to a segment no longer
the 0 2 cross-over units to the left and 3 1 umits to the right of the vermlions
The following genotypes were then subjected to antigenic analysis wild
(Oregon R), the three single mutants (v!, ©*¥/, and v*), the double mutant
(v' ¥*¥), and the ¢ts and frans double heterozygotes for t! and v (¢! *¢//+ and
vt/**’)  Complete representation of these genotypes 1s given in TABLE 3

In addition to residual antigens present ahike in all genotypes, methods
similar to those used in the previous case disclosed qualitative differences
with respect to three specific components (TABLE 4), thus demonstrating a
resolution of our old antigen 2 The first observation to be made about these
results 1s one concerned with the peculiarities of pseudoallelism the antigenic
effects of all three mutants are similar, but alleles (1! and v%2) are if anythmg

TABLE 3
GENOTYPES USED IN ANALYSIS OF VERMILION PSEUDOALLELES
Genotypes Complete representation
Oregon R 4-1 38/ residual
ot ol -3¢/ residual
%/ +1 e/ residual
yiss pisa 428/ residual
ol 138/ ot e/ residual
ol 18/
ot VIGI'/J‘- m residual
o! J-3¢s
o/ v residual
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TABLE 4
ANTIGENIC COMPONENTS AFFECTED BY VERMILION PSEUDCALLELES

Antigenic components
Genotypes
V-1 V-2 V-3 Residual

Oregon R - ~ Haptenic +
v‘ + —~ — +
sl + + - +
e + + + +
ot 2%/ + + + +
ot /4 + + ~ +
ot o/ + + - +

less similar in effect than pseudoalleles (%% and %) Beyond this, it 15 of
great interest to note that a change at but one of the two pseudoallelic loc
may result in changes with respect to more than one antigenic specificity
Thus, % 15 associated with two antigemic components (V-1 and V-2), while
e 15 associated with three (V-1, V-2, and V-3) This observation has an
immediate bearing on the nature of the histocompatibility-2 (H-2) locus in
the mouse, each allele of which 15 associated with more than one antigen #
On the supposition that each specificity 1s the product of a different locus, 1t
has been suggested that H-2 1s really a series of pseudoallelic loc1 In the
present case, which 1s one of demonstrated pseudoallelism, alteration of the
individual loar still results in multiple antigemc effects Thus, while the
demonstration of crossing-over between different H-2 alleles would not come
as a surprise, the conclusion that they are pseudoallelic does not necessarily
follow from the complexity of their antigenic effects

The most striking feature of the antigenic effects of the vermihion pseudo-
alleles concerns the distribution of antigen V-3 This antigen 15 present in
¥ and #* #% 1n complete form, that 1s, in a form capable of mducing ant)-
body formation and of umting with the antibody to form wvisible precipitate
In these genotypes 1t 1s nondialyzable, 1s precipitated by protemn precipitants
(TCA and alcohol), and 1s denatured by heat It 1s not present in v}, or ¥%/,
or mn ther double heterozygotes extracts of these genotypes lack the power
of nvoking the formation of the V-3 antibody and of inhibiting 1t upon ab-
sorption of anti-v* or anti-2* +* sera  Thus, the double mutant (! ) 15
capable of producing an antigenic component which 1s not produced by either
of 1ts mutant genes separately (¢! or *¥), but which 1s produced by a different
mutant (v*%) at one of the two loct  In the double mutant the antigen must
be the product of interaction of o and ** Tt therefore represents an ad-
ditional case of genic interaction 1n antigen formation—a case of Interaction
between pseudoalleles

Insight 1nto the mechamsm of this mteraction 1s afforded by the observa-
tion that V-3 1s present in Oregon R 1n what appears to be a baptenic form
Oregon R evtracts are mcapable of mducing the formation of the V-3 anu-
body, but will inhibit 1t upon absorption of anti-#* or anti-g %/ sera without,
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however, the formation of precipitate  In contrast to the physical properties
that 1t exhibits in v* and o ¥*%, V-3 m Oregon R 1s heat stable although non-
dialyzable Gemc substitution at the pseudoallehic vermilion loai therefore
has two distinct effects on V-3, one having to do with the production of the
specificity itself and the other determiming whether the speafiaity 1s present
n haptenic form or associated with protem The congruence of this situation
to the two-stage hypothesis of protein synthesis formulated m the preceeding
section 1s immediately apparent

It would appear that the simplest way of regarding the mechamsms of V-3
synthesis 1s to suppose that the vermilion loc1 interact to produce the specificity-
determiming hapten, while the protemn moety to which it may be coupled 15
produced by other loct m the residual genotype Together with Chovmck
and Lefkowitz, we have elsewhere discussed evidence that indicates that a
whole pseudoallelic segment contamning more than one locus may act as a
unitary physiological agent? In the present instance, the basis of genic
nteraction in the production of V-3 speaificaty would appear to reside i the

mtegrated action of the whole vermilion segment, consisting of two loc, as a
physiological umt

Interachion Between Alleles

A classic case 1n the elucidation of the phenomenon of pseudoallehsm in
Drosoplnla 15 that of the lozenge mutants *® Three closely linked loci on the
X chromosome are mvolved mn this pseudoallelic series, to which are now
assigned the symbols spe, !z, and gly¥ Ther linkage relationships with
respect to the singed (s11) and vermilion (v) loci are as follows

sn67spe 0831z 057 gly53 v

In an nvestigation paralleling the previous one the antigenic effects of
three lozenge mutants were studied spe®s (formerly /z25), Iz*, and gly* (form-
erly 1s°) Cosogenic stocks differing with respect to these mutants were
constructed by methods similar to those used 1n the preceeding case, that 1s,
by the insertion through crossing-over of the lozenge mutants mto the X
chromosome of the isogenic Oregon R stoch  Qualification of coisogemcity
in this case arose from the fact that, aside from differences with respect to
the lozenge loci, the X chromosomes of the stochs may have differed with
respect to a segment no more than 6 7 cross-over umts long to the left and
5 3 units long to the right of the lozenges  The genotypes that were exammed
are given In TABLE 5

Antigenic analysis was performed as in the preceeding cases, and the results
are given 1n TABLE 6 In many respects, these results resemble those obtamned
with the vermihion pseudoalleles The simlanty of the antigemc effects of
pseudoalielic mutants 15 once again displayed, as 1s the association of more
than one antigen with a single gene  Beyond this, the appearance of a dis-
fynctive antigenic component, L-3, in the heterozygous genotypes (spens
146/ + and spens/lz'®) 1s of particular interest Neither of the two mutants
alone, nor their respecuve wild alleles, produce this antigen The anugen
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TABLE S
GENOTYPES USED IN ANALYSIS OF LOZENGE PSEUDOALLELES

Genotypes Complete representation
Oregon R spet It glyt residual
speBs speBS Izt gyt residual
izt0 spet 740 glyt  residual
gy spet Izt gyt residual

speBS  Istd gyt
spet Izt gyt
speBS Igt gyt
spet Iz gly*

speBs g1t/ 4

residual

5peBS [0

residual

TABLE 6
ANTIGENIC COMPONENTS AFFECTED BY LOZENGE PSEUDOALLELES

Antigenic components

Genotypes
L-1 L-2 L-3 Residual
Oregon R - - — +
spesd + + - +
It + + - +
gyt + - - +
spcPS 159/ + ~ - + +
SpeBS f]48 - - + +

must be the product of interaction between spess and 1ts wild allele (spet), or
between /5% and its wild allele (lz*), or both  As such, 1t represents a third

case of genic mnteraction 1n the production of antigens, this time a case of
Interallelic interaction

Autigenic Effects of Changes 1n Chromosome Balance

The most recent case studied has concerned 1itself with antigenic differences
between males and females and the role of the X and Y chromosomes 1n their
determmation  Since normal males and females differ both with respect to
the presence (in males) and absence (in females) of the Y chromosome and
with respect to number of X chromosomes (one 1n males, two 1n females), a
special series of stocks 1s necessary for elucidation of the role of each ® ’

Two coisogenic stocks have been used for this purpose (TABLL 7) OQne of
these 1s the 1sogenic Oregon R stock used in previous studies Oregon R
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however, the formation of precipitate  In contrast to the physical properties
that it exhibits in o5 and #* +*¥, V-3 1 Oregon R 1s heat stable although non-
dialyzable Gemic substitution at the pseudoallelic vermmhon loct therefore
has two distinct effects on V-3, one having to do with the production of the
specificity itself and the other determining whether the specificity 1s present
1 haptemc form or associated with protemn  The congruence of this situation
to the two-stage hypothesis of protein synthesis formulated in the preceeding
sectron 1s immediately apparent

It would appear that the simplest way of regarding the mechanmsms of V-3
synthess 1s to suppose that the vermmlion loci interact to produce the specificity-
determining hapten, while the protemn moety to which it may be coupled 15
produced by other locr mn the residual genotype Together with Chovnich
and Leflowitz, we have elsewhere discussed evidence that indicates that a
whole pseudoallelic segment contamning more than one locus may act as a
unitary physiological agent? In the present wnstance, the basis of genic
mteraction in the production of V-3 spectficity would appear to reside mn the
mtegrated action of the whole vermilion segment, consisting of two locy, as a
phystological umt

Interaction Between Allcles

A classic case 1n the elucidation of the phenomenon of pseudoallellsm in
Drosoplila 1s that of the lozenge mutants *® Three closely hinked loc on the
X chromosome are mvolved i thus pseudoallelic series, to which are now
assigned the symbols spe, Iz, and gly¥ Ther hinkage relationships with
respect to the singed (sn) and vermilion (o) loci are as follows

sn 67 spe 0831z 057 gly 53 v

In an investigation paraliehng the previous one,? the antigenic effects of
three lozenge mutants were studied spess (formerly 1258), Is%, and gly! (form-
etly 15} Coisogenic stochs differing with respect to these mutants were
constructed by methods similar to those used in the preceeding case, that 1s,
by the insertion through crossing-over of the lozenge mutants mnto the X
chromosome of the 1sogenic Oregon R stoch  Qualification of coisogenicity
mn this case arose from the fact that, aside from differences with respect to
the lozenge loc, the X chromosomes of the stochs may have differed with
respect to a segment no more than 6 7 cross-over units long to the left and
5 3 umits long to the nght of the lozenges  The genotypes that were examined
are given in TABLE 5

Antigenic analysis was performed as i the preceeding cases, and the results
are given m TABLE 6 In many respects, these results resemble those abtamned
with the vermilion pseudoalleles The simiarity of the antigemc effects of
pseudoallehc mutants 1s once agamn displayed, as 1s the association of more
than one antigen with a single gene  Beyond this, the appearance of a dis-
tinctive antigenic componcent, 1-3, m the heterozygous genotypes (spe?s
I#¢/+ and spess/ls*) 15 of particular mterest  Neither of the two mutants
alone, nor their respeclive wild alleles, produce this antigen  The antigen
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The Ouchterlony techmque discloses a mimimum of 7 antigenic components
n all 4 genotypes (residual), 2 components specific to Oregon R and YA fe-
males (?-1 and 2-2), and 2 components specific to Oregon R and YA males
(-1 and §*-2) 8 Each component 1s represented by a distinct line of pre-
apitate 1 the agar of the Ouchterlony plates By means of the Bjorklund
techmque the lines representing residual components are inhibited by antigen
extracts of all 4 genotypes The 2 female-specific components are mhibited
by extracts of either female genotype but neither male genotype The 2
male-specific components are inhibited by extracts of either male genotype
but neither female genotype The failure of antigenic extracts to inhibit 1s
observed even when their concentration is increased fiftyfold to one-hundred-
fold by dialysis and lyophilization, and 1t may be demonstrated also by ab-
sorption of the antisera prior to performance of the Ouchterlony tests The
differences between males and females are therefore qualitative in nature

Since these differences are not associated with the presence or absence of
the Y chromosome they must be attrbuted to the difference between the 2
types of males and the 2 types of females with respect to X-chromosomal
dosage In the presence of two X chromosomes the female components are
produced, while the male components are produced 1 the presence of one X
chromosome This 1s the first case of which we are aware 1mn which a change
in gene dosage has been observed to result in a qualitative shift 1n antigenic
specificity It 1s not unlikely that the mechanism responsible for this shift
mvolves the balance of X chromosomes with respect to autosomes, as mn sex
determmation In any event, the hypothesis of dominant histocompatibility
genes producing thewr effects without interaction cannot account for such a
shift, genic mnteraction must be mvoked

These observations are particularly pertinent for the interpretation of the
discovery by Eichwald and Silmser® that male transplants are rejected by
female hosts 1n certain inbred lines of mice  Since females lack a Y chromo-
some, 1t has been suggested that Y-borne histocompatibihty genes are re-
sponsible for this phenomenon ™ 4 This suggestion, however, follows only
from the assumption that all histocompatibility genes are dommnant and
produce their antigenic effects without teraction  Antigens such as our -1
and §'-2 could account for the observation of Eichwald and Silmser The
clear distinction between Y-chromosomal effect and X-chromosomal dosage

effect requires an examination of XXV females or XO males, neither of which
are available 1n mice

Antigenic Effects of the Y Clromosome

An additional antigemc difference has been disclosed by the foregoing anal-
yss, serving to distinguish between the Oregon R stock on the one hand and
the YA stock on the other” The antigen mvolved has been named V-1
Antisera to the antigenic extracts of any of the four genotypes hsted in TABLE 7
contam the antibody that serves to identify this antigen 1n Ouchterlony tests
The corresponding precipitate hne 1s formed, however, only upon reaction of
the antibody with the antigenic extracts of Oregon R males or females, no
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TABLE 7

MATING SysTEM Usebp 18 MAmNTAINING OREGON R AND YA STOCKS

Oregon R Y4
l —

X/X a:d X/Y x}y x XX/Y and X/Y
i

X/X a:d X/Y X}Y x XX/Y and X/Y
1 I

X/X and X/Y X/Y x XX/Y and X/Y

X

females have two X chromosomes (X/X), while Oregon R males have one
X and 2 Y (X/Y) The other stock 1s called YA Its males are X/Y, and
are genotypically identical with Oregon R males YA females, on the other
hand, possess attached X chromosomes, and consequently have a Y chromo-

some 1 addition to their two X chromosomes (XX/Y) In each generation
the YA stock 1s mamtained by mating YA females with Oregon R males,
thus preventing genotypic divergence of the two stocks Since the stocks are
coisogenic, antigenic differences distinguishing the two types of females from
the two types of males are to be attributed to the difference mn X-chromosome
dosage (two 1 females, one mn males) Antigenic differences distinguishing
Oregon R females on the one hand from Oregon R males, YA females, and
YA males on the other would be attnbutable to the presence of the Y chromo-
some 1n the latter genotypes and 1its absence 1n the former

In this case, antigenic analysis has been performed by means of the agar-
diffusion technique of Ouchterlony and the inhibition techmque of Bjorklund
Details are provided elsewhere ® ¥ The results are summarnzed mn TABLL 8

TaBLE 8
ANTIGENIC COMPONENTS IN OREGON R AND YA StOCKS
Oregon R YA
Antigenic Comp ts
A/X AY XXy Y
9-1 + - + -
Q-2 + - + -
-1 - + - +
a-2 - + = +
r1 Complete Complete Incomplcte Incomplete
Residual + +
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TaABLE 9
Matmve SysTEM Usep 10 REMOVE Y CHROMOSOME FROM YA CYTOPLASM
XX/Y x X Y/0

XX/0 x X Y/0

XX/0 and X Y/0

must be concluded that the form of the antigen depends upon the presence or
absence of the Y chromosome m the oocyte of the female that produces the
mdividuals being examined

For purposes of clanty, it would be well to restate this conclusion It 1s
not the presence or absence of the Y chromosome mn the genotype of an in-
dividual that determines whether 1t will possess 1ncomplete or complete Y-1
Rather, the presence or absence of the Y 1 the oocyte of a female determines
whether her offspring will have incomplete or complete Y-1  Apparently the
presence of a Y chromosome 1 an oocyte so affects the mtranuclear or cyto-
plasmic, nonchromosomal constituents of the oocyte that the individual
ultimately developing from the ovum produced by that oocyte possesses an
incomplete Y-1, regardless of whether he (or she) himself possesses a ¥ chromo-
some m his genotype If a Y chromosome 1s not present in an oocyte, the
progeny produced possesses complete Y-1

Since the antigenic specificity of complete and mcomplete Y-1 1s the same,
the difference would appear to reside in the gross physical attributes of the
molecule to which the speafiaty 1s attached The Y chromosome 1s hetero-
chromatin, and Schultz2 has demonstrated that the presence of a Y chromo-
some 1n an oocyte causes the production of ribonucleic acid (RNA) of different
base constitution than is produced in 1ts absence It 1s tempting to suggest
that heterochromatin 1n general 1s concerned with the production of RNA,
which 1n turn influences the grosser aspects of protemn synthesis In terms of
the two-stage hypothesis of protein synthesis outlined above, this would
involve events during the first stage

The specificity of Y-1, on the other hand, 1s most probably a reflection of
smaller chemical groupings not affected by the grosser physical differences
between the complete and incomplete forms (see Pressman®) While the
present analysis tells us only that there are no genotypic differences between
Oregon R and YA 1n this respect, 1t 1s probable that the specaficity of Y-1 15
the product of one or more euchromatic loct on the X chromosome or auto-
somes  Perhaps euchromatic loci, which in general are noted for therr specific
effects, are concerned with the production of a different type of RNA. con-
trolling those aspects of protem synthesis mvolving the determination (’)f the
chemucal groupings responsible for antigenic or enzymatic specificity In

terms of our two-stage hypothesis, such events would probably occur during
the second stage
In any event, the production of Y

-1 mvolves genic interact
ons of a mos
complex sort, in many w \

ays reminscent of the interactions observed 1n the
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precipitate 1s ever observed with antigens of YA males or females In spite
of this, the antigenic extracts of all four genotypes mmhibit formation of the
precipitate when the Bjorklund techmique 1s apphed From these observa-
tions 1t 15 concluded that the Y-1 specificity 1s represented in the Oregon R
stock by an antigen capable of inducing antibody formation and capable of
uniting to form visible precipitate, that s, a complete antigen (TABLES) In
the YA stock, on the other hand, the Y-1 speaficity 1s represented by an
antigen of different immunological properties 1t 1s capable of inducing antibody
formation and will umite with antibody to produce inhibition without the
formation of precipitate  To describe these properties we use the term “in-
complete’ antigen (TABLE 8)

The physical basis for the differences in the immunological properties of
complete and incomplete Y-1 1s not yet clear Both forms of the antigen are
nondialyzable, but there may be a difference mn therr solubiity 1n 085 per
cent NaCl A physical difference 1s evident from the observation that the
complete form resists dialysis against water and lyophilization, while the
incomplete form 1s frequently mactivated by these procedures It should be
stressed, however, that the specificity of the two forms 1s the same

The specificity 1s obviously associated with nerther the number of X chromo-
somes, nor with the presence or absence of the Y chromosome It must be
attributed to some part of the genotype that 1s the same n both stocks We
shall later suggest what this 1s The difference 1n the form of the antigen,
complete or mcomplete, likewise cannot be attributed to either the number of
X chromosomes or the presence or absence of Y chromosome It 1s a difference
that 18 charactenstic of the stocks, but not of the individual genotypes com-

prising those stochs (X/X and X/Y m Oregon R, XX/Y and X/Y in YA)

The difference between the two stocks 1s maternal Oregon R females are
the mothers of Oregon R flies and YA females are the mothers of YA flies
The two types of females differ in two respects (1) therr cytoplasms, and
consequently the cytoplasms transmitted to their offspring, are different, and
(2) they differ with respect to the presence or absence of the Y chromosome
m their genotype, which could also affect their progeny The stock di-
ference mn the form of Y-1 could therefore be attributed to either of two causes
(1) 1t could represent a case of cytoplasmic inheritance, that 1s, nvolving a
self-perpetuating cytoplasmic system, or (2) 1t could result from an effect of
the Y chromosome in the oocy te of the mother on her offspring

To distinguish between these two possibilities, we have derived a new stock
in which the females possess YA cytoplasm but lach a Y chromosome (TABLE
9) This was done by making use of an attached X-Y chromosome (X Y),*
mserted mto the 1sogenic Oregon R bachground By mating YA females
EX/Y) with X Y males XX/O females were obtained, possessing YA cyto-
plasm (transmitted by therr mothers) but lacking a Y Matmgs of these
with X Y males produce XX/0 females and X Y/O males, which serve as a

urce of antigenic extract The Y-1 antuigen 15 still present, but in complete
?0 I 1ts form was the result of cytoplasmic inhenitance we should expect
lgr::; be incomplete, since the cytoplasm of these fhes 1s YA mongin It
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Tasre 10
CONVENTIONAL HyPoTHESTS NONALLELES
Inbred Strain A Inbred Strain B

AABBcc aabbCC
Antigens 1 and 2 Antigen 3

627

F

AaBbCc
Antigens 1, 2, and 3
Fa A BC

27/64 A-B-C- Antigens 1, 2, and 3 1/2 A-B-Cc Antigens 1, 2, and 3
9/64 A-B-cc Antigens 1 and 2 1/2 A-B-cc Antigens 1 and 2
9/64 A-bbC- Antigens 1 and 3 B BC

9/64 aaB-C- Antigens 2 and 3
3/64 A-bbcc Antigen 1 1/4 AaBbC-Antigens 1, 2, and 3
1/4 AabbC-Antigens 1 and 3

3/64 aaB-cc Antigen 2
3/64 aabbC- Antigen 3 1/4 aaBbC- Antigens 2 and 3
1/4 aabbC- Antigen 3

1/64 aabbcc None

Tasie i1
INTERACTION HyPOTHESIS NONALLELES
Inbred Strain A Inbred Strain B

AABBcc aabbCC
Antigen 1 Antigen 2
O
AaBbCc
Antigens 1 and 2
F, A BC

27/64 A-B-C- Antigens 1 and 2
9/64 A-B-cc Antigen 1
9/64 A-bbC- Antigen 2
9/64 aaB-C- Antigen 2
3/64 aabbC- Antigen 2

1/2 A-B-Cc Antigens 1 and 2
1/2 A-B-cc Antigen 1

B BC

3/64 A-bbcc Nether
3/64 aaB-cc Neither
1/64 aabbce Neither

1/4 AaBbC- Antigens 1 and 2
1/4 AabbC- Antigen 2
1/4 aaBbC- Antigen 2
1/4 aabbC- Antigen 2

antigen (antigen 1), and that C produces an antigen (antigen 2) without inter-
action with either of the two other loct The distribution of genotypes 1n
succeeding generations would be the same as in the preceeding case, but only
two 1nstead of three antigens would be mvolved (TABLE 11)

If, now, we consider the transplantation results that would be expected on
the basis of each of the hypotheses, a striking observation emerges (TABLE 12)
In both cases, 1sotransplants would be accepted (4), homotransplants between
the mbred hines would be rejected (—), transplants of tissue from either
parental strain would be rejected by Iy amimals, transplants of tissue from
cither parental strain into Fs or backeross ammals would be accepted by the
same fraction of hosts, and tissue from the Fy would be accepted by all F,
ammals, rejected by either parental strain, and accepted by the same fraction
of Fo and BC animals  In both cases, tissue from an amimal of the F. or later
hybrl,d generations would be accepted by all Fy ammals  In other words
Snell’s “laws of transplantation” would be obeyed in both cases, and the
results would not serve to distinguish between the two alternative hypotheses
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case of the vermilion pseudoalleles These cases serve to illustrate the com-
plexities mvolved 1n gene-antigen relationships

The Methodology of Transplaniation Eapertments

We may now return to the original question Why are gene-antigen re-
lationships so complex i Drosophila, but apparently so simple 1n transplanta-
tion mmmunogenetics? Either there is a difference m principle between the
genetic control of antigens in Drosoplila and the genetic control of the antigens
responsible for transplantation specificity, or the difference is only apparent
and 1s attributable to a difference mm methodology Incidentally, the same
problem arises in connection with the immunogenetics of erythrocytic anti-
gens ¥ %  As I shall demonstrate elsewhere, the answer is 1 principle ap-
parently the same m both cases

It 1s possible that there 1s a real difference mn the genetic control of trans-
plantation antigens on the one hand and of our Drosophtla antigens on the
other Billingham e/ al* have suggested that the transplantation antigens
are desoxynbonucleoprotems (DNA proteins) of nuclear ongin, while our
antigens are most probably of cytoplasmic onigin  If transplantation antigens
are DNA protemns, they are either the genes themselves or primary gene
products, and 1t would be expected that their production would not involve
genic mteraction However, Makinodan e/ al report, elsewhere in this mono-
graph, that the antigens nvolved m bone-marrow transplantation are of
diverse nature, some being associated with the microsomal fraction  Further-
more, while not decisive, the concept of the umty of biological phenomena
would make 1t very surprising if such a fundamental difference eusted 1n
gene-antigen relationships in the two cases We are led, therefore, to a
cntical examination of the methodology of transplantation experniments

In a typical transplantation experniment, reciprocal transplantations are
made between members of two wmbred stramns and therr F,, Fp, and back-
cross progeny The results are scored m terms of the acceptance or rejection
by the host of the transplanted tissue, and have been summanzed by Snell
m the form of six “laws ”  The point that I wish to demonstrate 1s that these
laws are consistent both with the conventional hypothesis of dominant histo-
compatibiity genes producing the effects without nteraction, and with the
hypothesis of gemc interaction To do so, we shall consider two specific
cases, one dealing with nonalleles and one dealing with alleles

In the first case, let us suppose that we are dealing with two inbred strains
differing with respect to three nonlinhed loai determining the production of
tissue antigens, such that stram A 1s 4ABBcc n genotype and stramn B s
2abbCC  According to the conventional hypothesis 4, B, and C should each

roduce an antigen without interaction (antigens 1, 2, and 3 respectively)

The distribution of genotypes and antigens in succeeding generations that
would be expected on the basis of the conventional hypothesis 15 given
TAZLfléfgrent situation would obtam, however, if gemic interaction prevailed
On the basis of our experience with Drosophila 1t would be rcasogablc o cox;‘;
aider the possibility, for example, that 4 and B interact to produce a sing
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Tasre 10
CoNVENTIONAL HyroTHESTS NONALLELES

Inbred Stramn A Inbred Stramn B
AABBce aabbCC
Antigens 1 and 2 Antigen 3
¥y
AaBbCc
Antigens 1, 2, and 3
Fq A BC
27/64 A-B-C- Antigens 1, 2, and 3 1/2 A-B-Cc Antigens 1, 2, and 3
9/64 A-B-cc Antigens 1 and 2 1/2 A-B-cc Antigens 1 and 2
9/64 A-bbC- Antigens 1 and 3 B BC
9/64 aaB-C- Antigens 2 and 3
3/64 A-bbce Antigen 1 1/4 AaBbC-Antigens 1, 2, and 3
3/64 aaB-cc Antigen 2 1/4 AabbC-Antigens 1 and 3

3/64 aabbC- Antigen 3

1/4 aaBbC- Antagens 2 and 3
1/64 aabbcc None

1/4 aabbC- Antigen 3

TasLe 11
INTERACTION HyroTHESIS NONALLELES
Inbred Stramn A Inbred Strain B

AABBcc aabbCC
Antigen 1 Antigen 2

F

AaBbCc
Antigens 1 and 2

Fo

27/64 A-B-C- Antigens 1 and 2
9/64 A-B-cc Antigen 1
9/64 A-bbC- Antigen 2
9/64 aaB-C- Antigen 2
3/64 aabbC- Antigen 2
3/64 A-bbce Nether
3/64 aaB-cc Neither
1/64 aabbce Nerther

A BC

A-B-Cc Antigens 1 and 2
A-B-cc Antigen 1

B BC
1/4 AaBbC- Antigens 1 and 2
1/4 AabbC- Antigen 2
1/4 aaBbC- Antigen 2
1/4 aabbC- Antigen 2

1/2
1/2

antigen (antigen 1), and that C produces an antigen (antigen 2) without inter-
action with either of the two other loct The distribution of genotypes mn
succeeding generations would be the same as 1n the preceeding case, but only
two mstead of three antigens would be involved (TABLE 11)

If, now, we consider the transplantation results that would be expected on
the basis of each of the hypotheses, a striking observation emerges (TaBLE 12)
In both cases, 1sotransplants would be accepted (+), homotransplants between
the inbred lines would be rejected (—), transplants of tissue from either
parental stramn would be rejected by I, amimals, transplants of tissue from
either parental strain mto F: or backcross ammals would be accepted by the
same fraction of hosts, and tissue from the Ty would be accepted by all I
animals, rejected by either parental strain, and accepted by the same fractlori
of F2 and BC ammals  In both cases, tissue from an animal of the F, or later
hybrid generations would be accepted by all F; ammals In other word
Snell’s “laws of transplantation” would be obeyed 1n both cases an\dorthsé
results would not serve to distingwish between the two alternative h)’rpothese,s
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Tasre 12
PREDICTED TRANSPLANTATION RESULTS NONALLELES

Transplanted tissue
Host
A B Fy

A + - -
B ~ -+ —
Fy + + =+
Fa 9/16 + 3/4 4 27/64 +

7/16 — 1/4 — 37/64 —
A BC + 1/2 + 1/2 +

1/2 — 1/2 —

B BC 3/4 ~ 4 3/4 —

1/4 + 1/4 +

TasiLe 13
CoNVENTIONAL HYPOTHESIS ALLELES
Isogemic stran IR stram
H=H>» HrHY
Antigen 1 Antigen 2
Ty
HsH®

Antigens 1 and 2

A BC Fa B BC

1/2 B=H* Antigen 1

1/4 HsH* Antigen 1
1/2 H*H® Antigens 1 and 2

2/4 HaH® Antigens 1 and 2
1/4 H*Hb Antigen 2

1/2 HYHP Antigen 2
1/2 H*HY Antigens 1 and 2

When we come to consider the effects of alleles, a typical case would be
that of an 1sogenic strain of the genotype H°H® and an IR stran of genotype
H*H* In accordance with the situation obtaining in the case of H-2 alleles
1n the mouse,*® the conventional view of gene-antigen relationships would
propose that each allele produces 1ts antigenic effect without interaction with
the other (TaBLE 13) On the basis of our experience with Drosoplila, and
on the basis of a case of mterallelic nteraction m pigeons,*® it might be pro-
posed as an alternative that the two alleles interact 1n the heterozygote to
produce an interaction antigen (antigen 3) as well as the antigens that they
cach produce mn the respective homozygotes (antigens 1 and 2) Tanrr 14
summanzes this hypothesis  As in the previous case, the predicted dis-
tnibution of genotypes 1n succeeding generations 1s the same for both hy-

otheses, but the distnbution of antigens s different

Regardless of this fact, the predicted results of transplantation eaperi-

ents 15 the same n both cases (tab1£ 15)  Such results, therefore, would
l:)nnce agamn fail to disnguish between the two hypotheses The situation
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TasLE 14
INTERACTION HYPOTHESIS ALLELES

Isogenic strain IR stran
HaH» HbHb
Antigen 1 Antigen 2
¥
H*HP
Antigens 1, 2, and 3
A BC F. B BC
1/2 HaH» Aptigen 1 1/4 H*H= Antigen 1 1/2 HH? Antigen 2
1/2 H*Hb Antigens 1,2,and 3 2/4 H°HP Antigens 1,2,and 3 1/2H"HP Antigens 1,2, and3
1/4 HbHP Antigen 2
TaBLe 15
PREDICTED TRANSPLANTATION RESULTS ALLELES
‘Trangplanted tissue
Host

Tsogenic IR Fi1

Isogenic + - —

IR — + —

F + + 4
T 3/4 + 3/4 4 1/2 +
1/4 — 1/4 — 1/2 —
A BC + 1/2 + 1/2 +
1/2 — 1/2 —
B BC 1/2 + + 1/2 +
1/2 — 1/2 —

would not be altered if, as in the case of the H-2 alleles,* each allele produced
more than one antigenic effect

While the two cases we have just exammed are specific, they serve the
purpose of illustrating the more general conclusion that the classic methods
of transplantation immunogenetics are incapable of excluding the hypothesis
of genic mteraction 1n antigen production This incapability 1s attributable
largely to the fact that the results are restricted to a binary system of ob-
servations, acceptance or rejection  Such observations yield information that
may be used to calculate the number of histocompatibility loci with respect
to which two inbred lines differ, but they cannot reveal the number of antigens
involved nor the mode of their genetic determination

More recently Snell has developed a seres of new methods designed to
denufy particular lustocompatibihty loct and to disclose allelic differences at
those loc1? * 47 4 These methods have brilhantly fulfilled their purpose
but the very fact that they were designed for the study of the antigenic eﬂ’ect;
of particular loci prevents them from disclosing genic nteraction The use of
IR (coisogenic) strains, for example, facihitates the elucidation of the antigenic
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effects of genic substitution at a smgle locus, but since the residual genotype
1s the same 1n an 1sogemc strain and 1ts IR derivative, no mmformation 1s ob-
tained regarding the possibility of interaction between the locus in question
and residual loaa  Similarly, the “linkage test,” the “F; test,” and the “im-
munization test” are admirably suited for the identification of allehc dif-
ferences at particular histocompatibility loc, but they do not yield informa-
tion regarding the possible imteractions of these alleles with genes at other
loct or with each other These comments are not meant as criticisms of
these beautiful methods, for they accomphsh their aims mm an admirable
fashion, but simply as an evaluation of their hmitations

In recent years, transplantation methodology has also been supplemented
by direct antigenic analysis, made possible by the development of methods
using red-cell or white-cell agglutinins 4% * These methods are potentially
capable of detecting interaction antigens Their use, however, has so far
been largely restricted to antisera obtamed by the moculation of tissue -
digenous to an 1sogenic strain nto its IR counterpart and vice versa ® The
hmtations of the IR method are therefore 1mposed on the results that may be
obtained

Discusston

From the considerations of the preceeding section 1t may be concluded that
the failure of transplantation experiments to demonstrate genic mteraction 1n
antigen production 15 probably methodological mn source This conclusion,
however, does not establish the occurrence of gemic mteraction It therefore
becomes important to consider mstances which may mvolve such a phe-
nomenon, and to propose methods capable of demonstrating 1t

One of the consequences of the hypothesis of gemc interaction 15 that a
given histocompatabihty gene should produce different antigenic effects on
different genetic backgrounds, provided that these backgounds differ with
respect to the residual locr with which the histocompatability gene in question
mteracts It might therefore be proposed that studies be performed in which
histocompatability genes are transferred from theirr original genetic back-
grounds to a series of different ones by crosses between unrelated strains

In a sense, some such studies have already been performed It may be that
some of the difficulties encountered with the “weak” histocompatabiity genes
(H-1and H-3 1n the mouse) are attributable to genic interaction In these cases,
grafts sometimes survive evenw hendonorand host possessdifferent alleles 7 4 8t
Some of these unespected acceptances mav be attnbutable to changed anti-
geniaity due to mteraction of the histocompatability gene with other genes, al-
though other factors are certamly also mvolved

The most exltensive evidence of this sort, however, comes from studies of the
H-2 locus and, at first sight, this 1s not favorable for the hypothesis of gene
\nteraction  Snell hsts the H-2 alleles present 1in 19 different isogenic strains

of the mouse? In some cases the same H-2 allele 15 present in several (as
many as 6) different strains, and apparently produces the same antigens in all
Closer examination reveals, however, that these strans are frequently related,
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and this may be the case not only with respect to the H-2 locus, but also
with respect to residual loc1 with which 1t might interact In other words,
1t 15 quite possible that the residual genotypes of the stramns that have been
exammed have not differed with respect to pertmnent loct The probability
that this mught occur would be large if only a few mteracting loci are involved
Beyond this, the H-2 locus may be similar 1n 1ts antigenic effects to the vermil-
10n loc1 1n Drosophila  The latter, 1t will be recalled, produce antigenic effects
apparently without mteraction, but also participate i the production of m-
teraction antigens Indeed, the pecuhar “strength” of the H-2 locus suggests
that 1t may be atypical, rather than representative of the majonty of histo-
compatability genes

A phenomenon that almost certainly mvolves genic mteraction, particularly
mn view of our studies of the effects of X-chromosome dosage in Drosophila, 15
that of antigenic simplification of tumors # Hauschka ef a/ have demonstrated
that such changes m the specificity of tumors are accompanied by aneuploid
increases in chromosome number, that 1s, by changes mchromosomebalance -5
Translocations (that 1s, exchanges between chromosomes) are apparently fre-
quent % In view of these findings, deletion of chromosome segments involved
i antigen determination, position effects on antigen differentiation, or impair-
ment of antigen synthesis by over-all chromosome mmbalance have been sug-
gested as possible mechanisms of antigenic simplhfication  The last of these
suggestions 1s documented by the antigenic effects of changes of X-chromosome
dosage m Drosoplrla The possibihity that position effects resulting from
chromosome rearrangement might be involved also could mean disturbances of
genic mteractions Information concerning position effects on antigens in Dro-
sophila should be forthcomng from a seres of studies i which we are currently
engaged

It 1s of particular interest to note that aneuploid increases in chromosome
number have been demonstrated to be accompanied by the disappearance of
some, but not all, of the antigens governed by the H-2 locus ¥ 8 If the
suggestion made above regarding the manner in which the H-2 locus produces
its effects were correct, such a partial loss could readily occur if the effects of
nteracting locr were changed In any event, 1t would seem very much worth-
while to pursue studies of antigenic simplification as a source of mnformation
regarding genic mnteraction mn antigen production

Another phenomenon that ments further attention was first described by
Barrett and Deringer % This 1s a stable change either m the direction of
decreased or mncreased specificity displayed by certain tumors after a single
passage through an Fy hybrid produced by crossing the indigenous stramn with
a resistant strain © % The change 15 due to a host-induced adaptation 1n n-
dividual tumor cells, the inducing agents being humoral factors of the F; host &
The possibility that the inducing agents are antibodies should be considered,
even though attempts to induce mutations in other orgamisms by means of
::rg}:ﬁgéz thgfv% faxledlﬁﬁ‘“ (%)n the other hand, the whole phenomenon 1s
\ramsfor of genetiftserm transformation or transduction and may involve the

pecificity by means of desoxymbonucleic acid (DNA) from
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F; host to tumor cells  Since the tumor cells can acquire antigemic specificities
present in neither of the two parents of the F;, 1t would also have to be supposed
that the introduced DNA 1nteracts with genes already present in the trans-
formed cells to produce new antigenic products

The most direct way of demonstrating gemc interaction in the determination
of tissue specificity would be to mvestigate the antigens of F; tissues This
could be done either with tissue extracts, using techmiques similar to those we
have applied to Drosophila, or with cells, using the techmiques of Gorer and
Mikulska* or of Amos % It would be necessary, however, to immunize unre-
lated ammals, possibly rabbits, and to subject the resulting antisera to absorp-
tion If an antiserum absorbed with the antigens of both parental strains still
was capable of reacting with F; antigens, evidence of genic mteraction would
be obtained

Haldane, who has also considered the possibility of genic interaction m anti-
gen production, has suggested another approach ® Making use of the phenom-
enon of acquired tolerance® he suggests that animals of one inbred stram of
mice be pretreated to mduce tolerance to the antigens of a second inbred strain
F; tissue, from animals produced by crossing the two strains, would then be
transplanted on the pretreated animals The rejection of such grafts would
be evidence of the presence of mnteraction antigens m the F;

Stil another approach would be to take advantage of the so-called “runt
disease” described in this monograph by Billingham  When new-born mice of
the A stramn are wmoculated with C57 spleen cells they frequently develop the
symptoms of this syndrome, presumably because of the response of the intro-
duced spleen cells to host antigens  C37 ammals could be rendered tolerant
to A antigens by pretreatment If spleen cells from such tolerant amimals n-
duced runt disease in the F; hybrids produced by crossing C57 with A, evidence
would be obtained for the presence of interaction antigens in the Fy *

I urge mterested mvestigators to explore some of these possibihtes The
questions mvolved are sufficiently important to ment attention

Stmmary

On the basis of transplantation experiments, tissue specaficities have been
attributed 1n the past to the production by single genes of their domnant ef-
fects without nteraction, a process that would result i a simple relationship
between gene and speafiaty  The vahdity of this view 1s examined i the
hght of results of investigations of the genetic control of the speafiaty of tassue
antigens m Drosplilia melanogasler  Cases mvolving interaction of nonalleles
(ruby and vermilion), pseudoalleles (vermilion mutants), and alleles (lozenge)
are reviewed New evidence pertamng to quahtative effects on antigenic
specificity of X chromosomal dosage and to the role of the Y chromosome
(heterochromatm) and cytoplasm 1s presented  Possible mechamsms of genic
synteraction n protein synthests, and the implications of these findings for the

genetics of tissue specifiaity are discussed  Reasons for the failure of trans-

* The author 18 indebted to Seymour Abrabamson for important elements of this sugges-
tion
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plantation expeniments to disclose more complex relationships between gene
and specificity are suggested, and possible mstances of such relationships are
ated Methods capable of demonstrating gemc nteraction i the determna-
tion of transplantation antigens are presented, and interested mvestigators are
urged to perform such studies

Bow-1 Gt RN
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INDUCED IMMUNITY TO CANCER CELL
HOMOGRAFTS IN MAN*

By Chester M Southam and Alice E Moore
Sloan-Ketlersng Institute for Cancer Research, New York, N. ¥

Introduction

The term nduced immunity 15 used to designate a heightened capacity of
an mdividual for reaction agamst a foreign material that follows and 1s the
result of prior exposure to that specific material ~The term 1s used in contra-
distinction to natural immumty or natural resistance, which may be defined
as the sum of those defense mechanisms that are available to an individual
upon first exposure to a foreign material

Tt has been previously reported 2 that human volunteer recipients show a
marked difference in therr natural resistance to subcutaneously homotrans-
planted cancer cells according to whether they are normal healthy adults or
patients with advanced debilitating neoplastic disease In bref, normal
recipients responded to implanted human cancer cells with a marked local
mnflammatory reaction and rapid complete regression of the implants within
a maxmmum period of 3 to 4 weeks This 1s the response that one would
predict for any homologous tissue transplant In striking contrast, however,
those recipients that had advanced cancer showed hittle or no acute inflamma-
tory response, the implanted cancer cells grew progressively for a period of 3
weeks or more before regression started, and some individuals failed to reject
mplanted cancer cells over periods of observation between 6 weeks and 6
months  When regression did occur 1t was accompanied by a predominantly
round-cell infiltrate, without acute inflammatory changes

Methods

All cancer cells were established ines mamtained for at least 3 years and as
long as 8 years 1n serial passage m tissue culture or in heterologous hosts
(chick embryos or cortisone-treated rats or hamsters) or in various alternating
combinations of these Normal cells were grown mn tissue culture for only 1,
2, or 3 transplant generations (total periods of 3 days to 1 month) All mm-
plants used for the study of induced immunity were prepared from tissue
cultures by trypsmizing the cells to remove them from the glass, washing twice
1n balanced salt solution to remove the trypsin and protein nutrients, counting
mn a hemocytometer, and adjusting volume to yield the desired cell concentra-
tions  The number of cells inoculated at each site was kept constant between
1 and 3 million 1na volume of 0 5 ml of Gey’s salt solution or Eagle’s synthetic
medium

Tissue culture was on glass, without plasma or other supporting medium
The nutrnient medium most commonly used was Eagle’s synthetic medium 80

* The work reported 1 this paper was supported in part by

. h grants from the
National Cancer Institute, Public Health Service, Bethesda Mdres&]arc H ¢
Tund, Philadelplua, Pa , and the Ford Toundation, New York, N ¥ Phocbe Waterman
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per cent and human serum 20 per cent, but at various times other media have
been substituted involving use of Gey’s salt solution, chick embryo extract,
human ascitic fluid, and horse serum

‘The cell types used for the testing of induced immumty were HEp 2 and
HEp 3?® These are both human epidermoid carcinoma cells from primary
epidermoid cancers of larynx and buccal mucosa, respectively  The following
additional cancer cell types were used mn pnmary moculations HEp 1, HS 1,
J 111, Deac 6, and HeLa 1+ 2

Some of the primary implants utihized cells propagated 1n heterologous hosts
mstead of tissue cultures Individuals recerving such implants have not been
presented separately in the present study, because they showed no difference
from recipients who were mjected with tissue-cultured cells of the same type
and because, 1n a study of their primary responses, 1t was established that the
characteristics of the cell ine were not affected by the site of cultivation

Human ammon cells were obtained from placentas from normal deliveries
Normal human embryonic fibroblasts were cultivated from human embryos
of various ages obtamed following therapeutic abortions from sources outside
this institute and with detailed medical histories unknown to us

All 1mplants were subcutaneous, on either the flexor surface of the forearm
or the anterior surface of the thigh At least 2 and sometimes as many as 4
implants of the same or different cell types were made on an idividual simul-
taneously Previous experience has shown no apparent difference in the
growth of transplants related to the number of types of cells mnoculated at
any one time Whenever repeat mmplants were being made, simultaneous
moculation using aliquots of the same cell suspension were made in previously
unminoculated individuals so that comparison could be made with simultaneous
controls m addition to comparison with previous reactions i the same mdi-
vidual Nodule diameters were measured through the skin with an ordinary
centimeter ruler Maximum and mimmum diameters were recorded to the
closest millimeter In FIGURES 1 to 7 the number of implants upon which
mean nodule diameters are computed at each time interval 1s indicated by the
adjacent numeral When an mdividual recipient received 2 implants of a
given cell type, one was usually removed for biopsy before day 14, while the
other was left until at least day 14 for observation of size  Consequently, the
number of nodules indicated at 14 days usually indicates the number of mdi-
vidual recipients upon which each curve 1s based

Biopsies were performed by excision under local procaine anesthesia  Histo-
logical sections with hematoxalym-eosin stain were made from all biopsies and,
unless the excised nodule was less than 0 5 cm 1n diameter, one half was minced
and planted m tissue culture 1 an attempt to reisolate the transplanted cell
When cells of the transplanted type grew out in culture, their 1dentity was
confirmed by transplantation mto cortisone-treated rats and by subsequent
study of the tumors so produced
ue culture tests for presence of cytotoxic antibodies, the test sera
nt medium to yield final serum diutions of 1 12 or 1 30
he routine medium 1n established tube cultures of 5 lines

histological

In the tiss
were added to nutrie
and substituted for t
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of human cells The hiving cultures were examined microscopically daily for
evidence of cell damage as compared with parallel control cultures

Additional studies of cytotoxic activity agamnst HEp 3 cells were also carried
out by Helene Toolan In her techmque the sera were muxed with a mance
of HEp 3 cells grown in rats to give a final serum dilution of 1 5 This mixture
was mcubated at 37° C for 1 hour and then moculated subcutaneously mto
cortisone-treated rats  In this fechmque cytotoxiaity 1s mdicated by retarda-
tion or failure of growth of this mmplant

Standard methods were used for the 2 vifro serologic tests  The complement
fisation test utilized two 100 per cent hemolysis units of complement, with 4-
hour or overmght incubation at 4° C  The antigens were tissue-cultured
HEp 2 cells after storage 1 a solid CO; box and disrupted by a mechanical
guide or by ultrasonic rradiation  Studies with the Ouchterlony agar-diffusion
techmque were done by Leonhard Korngold, using aqueous extracts of tissue-
cultured HEp 2 and J 111 cells as antigens

Resulls

In studying the phenomenon of induced immumty 1t has been necessary,
because of the marked difference 1n response to primary implants in the 2 groups
of recipients, to study normal volunteer recipients and cancer palient volun-
teers as separate groups  Primary implants are compared with repeat implants
(moculated 2 to 5 months later) on the basis of nodule size and persistence,
histology, and recovery of the implanted cells by tissue culture Present

evidence of induced 1mmunity rests on these observations Limited serologic
studies are also presented

Nodule Size Dala

Normal Reciprents FIGURE 1 illustrates nodule size and persistence in the
same group of normal volunteers inoculated with the same cell type (HEp 3
or HEp 2 or HEp 1) on 3 different occasions (these nodules consist of inflam-
matory tissue in addition to the cancer cells if any see histological data below)
The nodules that appeared at moculation sites after primary implantation
increased progressively mn size for 2 weeks, regressed during the third week
and disappeared completely durmg the fourth week On repeat nnplantatlor;
the nodules did not differ sigmficantly m size through day 7, but thereafter
there was no further increase and usually there was defimte regression by day 14

These two charactenstics of the nodules that appeared at sites of repeat 1m-
plantation of the same cell type i normal recipients (that s, failure to merease
mn size after day 7, and the consequent smaller maximum size) were observed
n every study and n every individual so tested Such acceleration of nodule
regression seems analogous to the second-set reaction 1n skin grafting

The repeat implants were usually made on the opposite arm from the prima
mmplant. Thus, the accelerated rejection cannot be attributed to local tlssz
changes resulting from the first implant, but must be a systemic change The
f(iw recipients who took both primary and repeat implants i the same arm
also showed the accelerated regression, but the data are msufficient to permit
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MEAN DIAMETER OF SUB CUTANEQUS NODULES (CM)

L
(0] 7 19 21 28
DAYS AFTER IMPLANTATION

O INITIAL IMPLANT
@ REPEAT IMPLANT-SAME CELL TYPE
—- Ist REPEAT ---2nd REPEAT

Ficure 1 Nodule size curves 1n a group of normal volunteers who received repeat
implants of the same cell lne used for primary implants (HEp 1, HEp 2, or HEp 3) Note
smaller maximum size and rapid regression of repeat implants

quantitative companson of nodule size in 1psilateral versus contralateral
implants
FicUrE 2 llustrates similar results from a study in which previously umnocu-
lated volunteers and others who had received previous implants of the same
cell type were moculated simultaneously, using a single preparation of either
HEp 3 or HEp 2 cells  Since the same results were obtamned using either the
same recipients at dufferent times or the identical moculum n different mndr-
viduals, 1t follows that the differences cannot be attributed either to mdividual
variation or to differences in the cell preparation, but must result from a change
1n host receptivity induced by the previous moculation of the cells
Ficure 3 presents combined data from three studies of induced immunity
that have been completed to date  HEp 1 1s omitted from this and subsequent
charts because the only study with this cell type 1s presented 1n FIGURE 1
In this and m all other presentations of combimed data the primary implant
data are from individuals who were 1noculated at the same time and with the
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Ficure 2 Nodule size curves in groups of normal volunteers inoculated stmultaneously
with 1dentical cell preparations Contrast rapid regression of implants 1n group previously
noculated with the same cell ine (HEp 2 or HEp 3) with the slower evolution of the primary
implants

same moculum as the individuals who received repeat implants The same
evidence of accelerated rejection 1s seen in these combined data as in the indi-
vidual studies presented in FIGURES 1 and 2.

The third curve m FIGURE 3 ilustrates the behavior of implants of the
HEp 3 or HEp 2 cells in normal individuals who were never previously exposed
to this particular type of cell, but who had received previous implants of other
types of cancer cells This group likewise showed accelerated rejection as
compared to the primary implant group The other cell types used m the
prumary mmplants were HEp 1, Hela, and HS 1  Separate analysis for each
of the cell types used for the primary implants showed that the accelerated
rejection occurred with each type, although with both HEp 3 and HEp 2 the
rate of rejection of second mmplants was fastest when the previous implant
was of the same cell type

We nterpret this accelerated rejection of second mplants as an mdication
of nduced immumty If this be correct 1t follows that the mduced mmunity
1s ot specific for a single cell type, but shows at least a partial cross-over to
the other types of cancer cells that have been studied This suggests that the
cancer cells, although not antigemically identical, contamn some antigens 1n
common

It becomes of mterest then to compare the response of recipients who pre-
viously have been injected with only normal human cells (FIGURE 4) The
difficulty of obtaining large quantities of normal human cells has restricted
the number of such studies, but n the limited experience to date (4 mdividuals)
the behavior of the secondary cancer cell implants has been of the primary
type rather than the accelerated rejection that we associate with a second-
Implant ymmune yesponse The normal cells were human embryonic fibro-
blasts or amnion celis 1n early tissue culture passage It would appear that
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Ficure 3 Combined nodule size data from all repeat implant studies 1 norma
teers and the simultaneous tﬁrlmiu'y lmﬁlants Note that rejection was most rapid when the

primary ymplants were of the same cell hne, but accelerated rejection 1s also seen following
primary mplants of other cancer cells

these normal cells do not contain antigens of the type or in the quantity that
ymmumnzed agamst subsequent 1mplants of cancer cells 1
The implantation of HEp 2 or HEp 3 cells that had been killed by a fernate
freezing and thawing or by incubation at 56° C for 10 mun did nC}']t elicit an
nflammatory reaction or nodule formation, as was also true for the normal
{ls However, these killed cancer cells did mduce an ymmune-tyPe réaction
mejlar 1 degree to that mduced by the lving cell (proure 5)
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Ficure 4 Normal volunteers previously implanted with normal human fibroblasts or
amnion cells reacted to subsequent cancer cell (HEp 2 or HEp 3) implants in the same way

as simultaneous reapients of primary cancer cell implants Compare YIGURE 3, which illus-
trates accelerated rejection when previous implants were cancer cells
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FIGURE 5  Accelerated rejection of cancer cell homotranspl
t
previously injected with hilled cells of same line (HEp 2 or HEppsain ® n normal volunteers
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FIGuRE 6 Accelerated rejection by cancer patients of repeat implants of cancer cells
(HEp 2) as judged by companson with the tgnmary mmplants mn the same reapients or 1n
simultaneous primary controls Note that the repeat implants were rejected as promptly
by these cancer patients as by normal recpients (FIGurEs 1, 2, and 3), although rejection of
primary 1mplants m cancer patients was very slow

Cancer patients Since natural immunity to transplanted cancer cells 1s so
markedly impaired 1n patients with advanced cancer it was of interest to
determine whether, after an implant had eventually been rejected, these
patients would show induced immumty Our experience with this group of
recipients 1s small, because only patients with very brief life expectancy were
accepted for homotransplantation studies and because of the prolonged period
of growth of the primary mmplants It 1s further hmted to patients whose
first implant was HEp 2 cells because those who had a primary inoculation of
the more aggressive HEp 3 cell have not, i our experience to date, rejected
the implant

Ficure 6 indicates that repeat implants of HEp 2 cells were rejected
promptly by subjects who had previously had HEp 2 implants In this figure
there are 2 primary mmplant control curves the same patients who later received
repeat 1mplants, and the simultaneous controls for the repeat implant studies
The rapid regression of the repeat implants 1s m sharp contrast to the longer
persistence and growth of the pnmary implants of the same cell type

Frcure 7 ilustrates the behavior of HEp 3 cell implantations mn patients
who had previously rejected HEp 2 cell implants Here, too, the implants
started to regress i the third week and disappeared completely by 5 weeks,
whereas the simultaneous primary controls showed progressive growth well

beyond this time
There was no gro
cancer patients

ss inflammatory reaction to the repeat implants 1n the
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Ficure 7 Accelerated rejection by cancer patients of implants of HEp 3 cells following
primary implants of a different (HEp 2) cancer cell line

Hustological Dala

Since measurements of nodule size are only an indirect reflection of the
propagation of the mmplanted cells, results have also been evaluated on the
basis of histological composition of biopsied material The two categories
of recipients are considered separately because of the marked difference m their
reaction to the implants

Normal reciprents 'The nodules that appeared at the sites of cancer cell
homotransplants 1 normal recipients consisted principally of acute mflam-
matory reaction Mononuclear cell mnfiltration tended to be more prominent
mn day-14 biopsies, but even here the acute inflammatory picture was pre-
domimmant When cancer cells were present they were scattered or in small
sheets, but never made up as much as one half of the nodule mass No qualita-
tive difference was apparent 1 the histological composition of nodules excised
from primary or repeat implants However, when biopsies of primary and
repeat implants were available from the same individual at the same mterval
after inoculation, 1t appeared that in repeat implants cancer cells were fre-
quently absent and in smaller numbers when present FIGURES 8 to 10
illustrate 3 such paired biopsies

Total biopsy data on HEp 3 and HEp 2 implants 1n normal recipients are
mdicated graphically m FIGURE 11, using an arbitrary system of grading to
permit crude but objective summation of the stological findings A nodule
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Figore 11 Graphic comparson of histological findings m biopsies of cancer cell implants
m normal volunteers Open circles indicate primary 1mplants  Black dots indicate repeat
tmplants i persons previously moculated with same cell ne Crosses indicate repeat
tmplants m persons previously mnjected with different cancer cell limes  Scheme for grading
cancer cell growth 1s explained 1n text and illustrated m FIGURES 8, 9, and 10

21

in which none of the transplanted cancer cells can be found 1s graded as 0
Such nodules contained nothing but inflammatory tissue, or sometimes mcluded
areas of completely necrotic cells, which probably represented the moculum
If scattered cells or small nests of cells of the type moculated could be identified
the biopsy was graded as 4-, even if the cells showed defimite degenerative
changes If cancer cells were readily identified in considerable numbers
(usually in small nests and sheets), but with mflammatory reactive tissue
making up the major portion of the nodule, the grade was ---- (The grades
+-+- and +4-+- are used for lesions consisting almost entirely of cancer
cells, and with no acute mflammatory reaction  Such lesions were never seen
n the normal recipients ) The biopsies of HEp 3 cells 7 days after primary
mmplantation all contained considerable numbers of the implanted cancer cells
(grade ++) whereas 2 of the 4 biopsies taken 7 days after a second mplant
of HEp 3 cells showed no cancer cells  The biopsies of HEp 3 implants given
after previous implants of other cancer cell types generally contamed onl

scattered cancer cells (grade +) and sometimes none At 14 days two thn:d};
of the primary HEp 3 implants still contained the umplanted cancer cells (grade
4 or<+-+4) The two nodules biopsied 14 days after a second mplant of HEp 3
cells did not contain cancer cells, nor did the two biopsies of HEp 3 m lagts
that followed implants of other cancer cell types The biopsy data from II-)IEp 2
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implants reflect the lower growth potential of the cell on homotransplantation
by both the lower frequency of positive biopsies and the smaller total number
of biopsies, but 1 gencral show the same pattern as the HEp 3 biopsies

These histological data are consistent with the conclusion that normal
persons who have received and rejected one cancer cell implant acquire the
capacity for accelerated rejection of subsequent implants of the same cell type
and probably other cancer cells of the types under study

Cancer patrents Histological companson of simultaneously moculated and
simultaneously biopsied material was possible m only one study of induced
mmunity i the cancer patients This 1s illustrated i F1IGURE 12, which shows
apparent rejection of the HEp 3 implant 1 a recipient previously moculated
with HEp 2 and unopposed growth of the simultaneous primary HEp 3 im-
plant

Tassue Culiure Dala

The recoveries of the implanted cancer cells m tissue culture (confirmed by
implantation into conditioned rats) from biopsies of primary and repeat 1m-
plants 1 normal recipients are presented mn TABLE 1 The frequency of
reisolation from day-7 biopsies 1s essentially 1dentical for primary and repeat
implants of all cell types except HEp 3 Even with HEp 3 the less frequent
recovery of cancer cells from the repeat implants (8 of 13) as compared with

TABLE 1
Re1sonaTIoN IN Tissuk CourTurE OF CANCER CELLS FROM BIOPSIES OF HOMOTRANSPLANTS

Each entry refers to one biopsy specimen Fractions indicate number positive for cancer
cells over total number cultured

Repeat implants

Cell type Primary jmplants
Same cell Dufferent
previously | cell previously
Day-7 Biopsies
HEp 1 1/3 2/3 1/1
%gp % 6/6 1/1 3;3
D 6/7 0/1 8/12
Hela 3/4 1/1 —
HS 1 2/3 2/2 —
}T\‘ 1111t1 1/1 0/1 —
ypes 19/24
Percentage 7/9 66/79 127/516
Day-14 Biopsies

HEp 1 4/6 —_—

HEp 2 3/1 — 0/2
HEp 3 6/10 — 0/1
Hela 1/5 0/1

HS 1 3/4 —
Jiut — — _
All types /1 Y
Percentage 175/\'332 06 ' 0(/)3
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capable of producing specific antibodies to hve-virusantigens in what appears to
be a normal rate and quantity

Stmmary

It has been demonstrated that inoculation and rejection of an implant of
cultivated human neoplastic cells produce 1n the recipient a subsequent state
of induced immumty to the same and certain other cultivated lines of neoplastic
cells, as judged by the size, persistence, and histological composition of the
nodules that develop following such mmplantation. This immunity was induced
by killed cancer cells as well as by hiving ones It was not mduced by normal
fibroblasts or amnion cells 1n the limited studies that have been performed to
date This immumty was systemic and not himited to the site of previous
implantation It follows that the neoplastic cells thus far studied are antigemc
i a homologous host and that they contamn some antigenic components in
common, but are apparently different from the antigenic components of normal
cells In wiro serologic studies have not yet given any convincing evidence of
the production of circulating antibodies agamst the homotransplanted cancer
cells

Cancer patients developed an induced immune reaction to these cancer cell
implants, even though delayed rejection of the primary implants indicated
marked impairment of their natural defense mechanisms
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Drscusston of the Paper

James T GRACE, Jr, (Roswell Park Memorial Institule, Buffalo, N. V)
We have followed these studies of Southam and Moore with great nterest

Their mmitial report! raised several fundamental questions  First, could one
relate growth of the tumor cells 1n the cancer patients wholly to depressed
homograft defenses in these patients, or might properties inherent in mahgnant
cells, but absent 1 normal cells, play a role? The failure of tumor cells to
grow in normal volunteers suggested the former, while the failure of normal
fibroblasts to grow i cancer patients suggested the latter Second, what
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primary mmplants (6 of 7) cannot be accepted as a significant difference At
14 days cancer cells were not recovered from any of the 4 repeat implants that
were cultivated, whereas one half of the primary implants were positive  Little
weight can be attached to these data because of the small number of repeat
biopsies, but nevertheless 1t 1s of interest that the results are consistent with
those obtamed by nodule size and histological criteria

Correlation of these tissue culture and histological data reveals a 71 per cent
concurrence of results (accepting both + and - histological grades as posi-
tive) Fourteen of the 83 biopsies studied by both techniques contained cancer
cells on histological examination, but failed to yield the cancer cells in culture
Ten showed the reverse discrepancy, that 1s, cancer cells 1solated in culture but
not present in the histological sections

Antibody Studires

Complement fixation studies were negative using a HEp 2 cell antigen and
serial specimens from 20 recipients (18 normals and 2 cancer patients) who had
received one or more implants of HEp 2 cells No conclusion is possible,
however, because without a known positive antiserum there 1s no proof that
the antigen was adequate

The Ouchterlony agar-diffusion technique (studies by Leonhard Korngold)
likewise gave negative results with HEp 2 and HEp 3 antigens and serial serum
specimens from 6 normal recipients

Senal serum specimens from 13 recipients (10 normals and 3 cancer patients)
were tested for mhibitory effect agamnst HEp 3 by Helene Toolan, using
miro incubation and conditioned rats as test host ~Although several sera were
mhibitory for HEp 3 by this techmque, there were apparent inconsistencies 1n
the time of appearance of cytotoxicity, and cytotoxicity sometimes appeared
m recipients whose only implants were cell types other than HEp 3 Thus no
conclusion was possible from these studies concerning the production of serum
cytotoxins

The search for antibodylike cytotoxic activity using tissue cultures was only
shghtly more encouraging Serial serum specimens, collected from 12 normal
recipients from just before until 7 weeks after implantation, were tested against
5 hmes of normal and neoplastic human cells Several recipients showed a
progressive development of cytotoxicily aganst one or another cell types that
rght be consistent with production of antibody This effect, however, was
not specific for the cell type moculated, but frequently affected other cell types
as well The frequency with which cytotoxnic effects (presumably nonspecific)
were seen even 1n premoculation control sera makes 1t impossible to be certan
from the amount of data now available that the appearance of cytotoxicity
after moculation was not due to pure chance  The results are somewhat sug-

gestive, however, and ment further mnvestigation in future studies where 1t may
be p0551b1e to control better the collection of sera so as to avoid nonspecific
to}ﬁzitn};ugh no convincing demonstration of anticancer-cell antibodies h:ls yet
been possible, 1t has been repeatedly demonstrated that these patients are



Southam & Moore Induced Immunity to Cancer Cells 653

was related to rejection of the stromal elements and that, since the tumor and
skin had the same stromal elements, parallelsm of rejection was anticipated
This assumption 1s not completely warranted, since we know that experimental
tumors carried m conditioned heterologous or homologous hosts may be trans-
planted successfully back to the stramn of origm  In such cases the stromal
elements from the foreign hosts obwviously do not persist, yet the tumor cells
survive and form new stroma

1 congratulate Southam and Moore on thewr important and stimulating work

Reference

1 Soutmaym,C M, A E Moore & C P RuoADs

1957 Homotransplantation of human
cell hnes Science 126 158-160
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effect did propagation in tissue culture or heterologous hosts have on the growth
potential of these cells? In other words, might one expect this type of aggres-
sive behavior with homografts of any human tumor? This could be funda-
mentally important to our understanding of the malignant process in man
In order to mmvestigate some of these factors we elected to do simultaneous
direct grafts of both malignant tumor and normal skin from the same donor
The recipients were volunteer patients with advanced malignant disease It
was reasoned that, if host factors were largely responsible for growth or rejec-
tion of the homografts, one might expect persistence of the normal skin to
parallel growth of the tumor However, if properties peculiar to the tumor
were 1nvolved 1n 1ts growth, earlier rejection of the skin should be observed
Fresh tumors were used to compare the growth of such cells with the serially
propagated lines of Southam and Moore These included malignant mel-
anoma, Hodgkin’s disease, carcinomas of the breast, ovary, stomach, colon,
and urinary bladder All were implanted as 1- to 2-mm fragments subcutane-
ously
All tumor and skin grafts showed imtial clinical takes Histological control
was utilized for confirmation The tumor nodules increased in size steadily
as long as the skin grafts remained healthy @When the skin showed early
rejection changes the tumor nodules stopped growing When total skin re-
jection occurred the tumor nodules softened and regressed In no instance
did a tumor nodule continue to grow after total rejection of the skin graft In
only one instance did the tumor nodule regress while the skin graft remaimed
healthy
In 20 studies the skin grafts persisted for an average of 16 days, this was
almost exactly paralleled by the tumor implants In one subsequent study a
skin graft persisted for 60 days The corresponding tumor nodule started
regressing at 24 days and was no longer palpable at 35 days
In 2 cases second grafts of skin and tumor from the oniginal donors were done,
and accelerated rejection of both repeat grafts was observed In 4 cases tumor
implantation was done S days prior to skin grafting, and 1 all cases rejection
of the skin of the tumor donor preceded that of a control skin graft from an
unrelated donor
Thus, under the conditions of this experiment, persistence of normal skin
closely paralleled growth of the malignant tumors Since the skin persisted
somewhat longer than would be expected in normal persons, 1t appears that
some depression of homograft defenses 1s present in these patients The
second-set responses and eventual rejection of all homografts attest to the quan-
titative nature of this depression
The failure of the fresh tumor implants to show the aggressive patterns of
growth observed with the cell lines of Southam and Moore suggests that serial
ropagation either enhanced the virulence of their cells, or the fact that the
b ils could be serially carried showed 1ncreased virulence of the original cells,
((:)E; both It would be most mteresting to compare the antigenic properties of

¢ cells with the antigenic properties of the original cells
th?[tpézsse:ugg%ted that rejection of the fresh tumor implants in our experiments
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Ficure 1 Design of a typical experiment

Two of these, A/Jax and CBA/Jax, differ by at least 15 mndependently segre-
gating genes (Barnes and Krohn, 1957) whereas the others, CS7BL/10 and
C57BL/10 D2, are virtually coisogenic except for alleles at the single locus
H-2 (Snell and Borges, 1953) For convemence, these latter strams will here
be designated B and D, respectively

The techmque of skin grafting was 1dentical with that of Billingham and
Medawar (1951) Methods for the evaluation of graft survivial, the deter-
mination of median survival times, and the regional immunization of mice have
all been fully described elsewhere (Billingham ef al, 1954a, Billingham et ol ,
1954b) and will therefore be mentioned only in the briefest detail

The median survival times (MST) of “first-set” skin homografts in the strain
combinations used by us were CBA — A 10 days, A — CBA 11 days, B «
D 9days Unless transplanted to mice previously immunized either by skin
grafts or antigemic extracts, the test grafts never showed even the shightest
epithehal destruction when examined histologically on the sixth day after
transplantation On the other hand, grafts on recipient mice that had pre-
viously been mjected with antigenic extracts of donor-strain ongin as a rule
displayed unmistakable signs of epithelial breakdown, the extent of which may
be accepted as a measure of the relative strength of the antigenic potency of
the extract (see Billingham ef al , 1956)  This biological test was therefore used
m order to compare the antigenicity of homologous tissue extracts before and
after contact with lymphoid cells removed from erther specifically immune or
normal mice

The “immune lymph node” donors were immunized by the transplantation
of a skin homograft to each side of the chest, thus permitting 2 maximal harvest



CELL-BOUND ANTIBODIES IN TRANSPLANTATION IMMUNITY*

By J H Berrianf and L Brent}
Calsforma Instunte of Technology, Pasadena, Calsf

Introduction

Although there 1s no convincing evidence that serum antibodies cause the
destruction of sohd tissue homografts such as transplanted skin, there can be
little doubt of the crucial role played by host cells For example, Mitchison
(1953, 1954) as well as Billingham ef @/ (1954a), have shown that the regional
lymph nodes and spleens of specifically immunized mice are capable of trans-
ferring immumty to normal mice This phenomenon 1s known as “adoptive
immunity”’ because 1t has been demonstrated that it depended upon the transfer
of sensitized cells capable of survival and continued reactivity mn the hosts
rather than on the transfer of preformed antibodies Nevertheless, these
experiments do not entirely rule out the possibility that, at the time of transfer,
the cells already had spectfic reactive sites within them or on their surfaces
The recent findings of Billingham ef a! (1956) that homologous transplantation
antigens can be extracted n solution from mouse tissues has made 1t possible
to mvestigate this problem by direct z vifro experiments

The design of a typical experiment was as follows (F1GUrRE 1) Antigenic
extract was prepared from normal spleens of the donor strain (for example,
strain X) Immune cells were obtaned from the lymphoid tissues of recipient
strain (for example, stram Y) mice that had reacted against X-skin homografts
Normal (nomimmune) cells were sumply prepared from the lymphoid tissues of
normal Y-strain mice  Following its exposure to either normal or immune cells
the extract was tested for antigenicity by mnjection into normal Y recipients
A third group of Y muce received an equal volume of X extract that had not
been exposed to either immune or nommmune cells All three groups of re-
cipients were subsequently challenged with X-skin homografts, if the immunity
elicited by the extract treated with immune cells was appreciably feebler than
that elicited by the others, then this was taken as evidence that the cells had
been mstrumental 1 removing or mactivating some or all of the antigenic
molecules origmally present It will be shown that these essentially s vtéro
experiments reveal a clear-cut difference 1n the behavior of immune and normal
cells—a difference that 1s compatible with the concept of the existence of cell-
bound antibodies in transplantation immunity

Materials and Methods

The mce used 1n these experiments belonged to 4 highly inbred strains ob-
tamed from the Roscoe B Jackson Memorial Laboratory, Bar Harbor, Me

* ons or assertions contamed in this paper are those of the writers and are not
to bél‘ ;;;)@Lnéd as official, or as reflecting the views of the Navy Department or of the naval

service at large Naval Medical Research Institute, Bethesda, Md

}giﬁ:ﬁt idd({drreesss Department of Zoology, Umwversity College, London, England
654
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centrifugation (2500 rpm for 10 minutes), and the clear supernatant was then
ready for use The temperature of the antigenic extracts was kept at about °
5° C throughout the experiments

Preparation of the Cell Suspensions

Both immune and normal cell suspensions, obtaned from lymph nodes and
spleens, were prepared as follows The tissues were expressed nto normal
atrate saline (NCS) composed of 9 parts 0 15 M NaCl and 1 part 0 15 M sodium
atrate, and the cells were dispersed by very gentle pipetting Large cell
clumps were allowed to settle out and were excluded In some experiments
the number of cells per ml was established by a cell count, so that the same
pumber of normal and immune cells could be used for the absorption of equal
volumes of the antigenic extract, i others, this was achieved rather less ac-
curately by adjusting the volumes of the sedimented cells However, n either
case all cell suspensions were washed once and, 1n order not to add appreciably
to the volume of the matter to be injected, the sedimented cells were immedi-
ately suspended in the corresponding antigenic extracts The cells were
chilled throughout the experiment

Conduct of Exnperrments

The design of the experiments (FIGURE 1), although relatively simple, had
certamn practical imitations, the most mmportant of which concerned the
amount of tissue required for the preparation of extracts and cell suspensions

On the average, 214 spleens provided an extract of sufficient strength to
immunize a single mouse recipient and, for the absorption of such a dose, the
cells from 12 lymph nodes and 3 spleens were used This heavy demand on
valuable inbred stocks explains the rather small number of mice involved 1n
the individual experiments

Antigenic extracts and cell suspensions were usually prepared simultaneously
so that the materials could be used in as fresh a state as possible The extract
was divided mnto 3 equal parts the first was added to the sedimented 1mmune
cells, the second to the nonimmune cells, and the third was reserved as a straight
control without cellular absorption  The cells were suspended 1n the extracts
by careful and gentle pipetting and exposed to the extract for 90 minutes at
5° C, all 3 tubes being gently agitated with the aid of a mechamical shaker
The cells were spun down at 3500 rpm for 10 minutes and the clear supernatants
carefully removed Centrifugation was repeated to ensure that these were
entirely cell free, but 1t 1s perhaps relevant to point out that, even if cellular con-
tamination had occurred on any scale, this would have weighed the experiment
against our hypothesis insofar as the immune (and not the normal) cells might
haveimmunized their hostsadoptively ~ Finally, the antigenic extracts of each
Category were injected intraperitoneally, in equal amounts, into the homologous
iimp}llelgts Each thus received an equal volume of extract, no matter whether

belesn zeaiignatrzllted with 1immune or nonimmune cells or whether 1t had not

Three to 5 days after mjection, test grafts from mice of the antigen donor
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of 4 regional nodes per mouse The nodes were removed 10 days after skin
grafting, that 1s, on or very near to the median survival time (MST) of the
immumzing grafts  The test grafts of mice injected with the antigenic eatracts
were mvarably mspected 6 days after their transplantation and careful note
was taken of such features as soundness of healing, vascularization, and obvious
outward signs of epidermal destruction They were then removed 1 fofo and
prepared for microscopic exammation The system of scoring (discussed by
Billingham ef al, 1954a) was based on the degree of survival of the epithehal
components of the graft Degrees of survival (in per cent) were classified 1n
the following way
100 Complete survival

75 Breahdown 1n progress
50 Breakdown 1 progress

25 Breakdown m progress
0 Breakdown complete
<0 Breakdown complete, with maximal immumnty

The last category, <0, suggesting a minus quantity of survival, was mn-
tended to single out a grouping of grafts in which breakdown must have been
long complete, as revealed by the almost complete absence of vascularization,
the extreme weakness of attachment to the host beds, and the death and dis-
ruption of the dermal as well as the epidermal components The sigmificance
of this additional category will emerge from the discussion

Preparation of Antigenic Ertracls

Aqueous antigenic extracts were prepared by the method previously described
by Bilingham ef al (1956) Spleens were excised from their normal donors,
weighed, and pressed through a tissue sieve mto a buffered normal salme
(BNS), composed of 9 parts 015 NaCl and 1 part 01 M sodium phosphate
buffer, pH 74 The cell suspension was washed once, and the sediment was
resuspended 1n normal saline to which were then added 3 volumes of water
The rather swollen cell mass was agan spun downand thesupernatant discarded
The sediment was then dispersed 1n water by prolonged and vigorous pipetting,
the volume of distilled water depending both upon the desired concentration of
the final antigenic extract and the number of mouse recipients mvolved (in
practice, the volume was always hmited to a maximum of 2 ml per recipient)

The resulting suspension was homogenized either by exposure to the ultra-
somc vibration of a 20 kc /sec magnetostriction transducer,* or by blending
with a Virtis 45 homogenizer at top speed (45,000 rpm) for 3 minutes The
time of exposure to ultrasound varied somewhat because of unpredictable
vanability mn the power output of the instrument, the average bemng about 120
seconds The end pont was judged from the clanty of the matenal and the
number of mtact cell nuclel present 1n samples withdrawn at regular intervals
The homogenate was spun at 2500 rpm and the salt content of the supernatant
restored to 015 M The precipitate that formed promptly was removed by

* We thank A Ells of the California Institute of Technology for permitting us to usc an

s own construction

apparatus of Cihe Vartis Co , Yonhers, N VY

i Product o
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a finite number of cells being capable of reacting with only a finite number of
antigenic umits  From what 1s known of the relationship between antigenic
dose and immune response 1n transplantation mmmumty (Medawar, 1944,
Bullingham ef al , 1957), 1t seemed likely thata considerable proportion of anti-
genc molecules had 1n fact been mactivated in these experiments  The follow-
ing rather hmited experiment was designed to test this interpretation

Untreated antigenic extracts were prepared from the spleens of 24 donor mice
and injected mto 12 homologous ammals at 3 different dosage levels The
scores of the test grafts 6 days after transplantation were as follows

266 mg spleen extract per mouse, scores <0, <0, <0, <0
200 mg spleen extract per mouse, scores 0, 0, 0, —
133 mg spleen extract per mouse, scores 25, 25, 0, 0

One ammal (—) failed to recover from anesthesia when skin-grafted The
difference between the <0 grafts on the one hand, and those scoring 0 and 25
on the other, was striking Whereas the former were largely unattached to
their beds, the latter had healed 1n with tolerable irmness However, the point
of special interest 1s here that halving of the antigemc dose led to a reduction
of immumty almost exactly comparable with that brought about by the im-
mune cells in experiments Sand 6  Consequently, 1t seemed more than proba-
ble that, the low survival scores notwithstanding, the immune cells had ab-
sorbed at least half of the antigenic molecules ornginally present in the extracts
Furthermore, 1n experiment 4, 3 additional mice (not listed in the table) were
mjected with one half the standard antigenic dose for that experiment, their
graft scores were very similar to those of the mice injected with extract absorbed
with immune cells Again there was an mdication that less than one half of
the antigenic activity remained after exposure to the immune cells

Vanability 1n the performance of the ultrasonic equipment unquestionably
contributed to the differences 1in antigemc efficacy of various extracts, mdeed,
1t was not surprising to produce extracts entirely devoid of antigenic activity
In such nstances all test grafts showed complete survival at the usual time of
biopsy, and the experiments were, of course, mvalidated Varability m the
efliciency with which different cell suspensions appeared to mactivate the ex-
tracts might have depended partly upon this very same factor, that 1s, the
strength of the extract to begin with, but 1t may be necessary to take into
account also the varying degrees of damage sustained by the cells in the course
of preparation, especially since the cells may have been rather susceptible to
mjury 1n the absence of calcium and magnesium 10ns

It may be mentioned m passing that two experiments were set up to deter-
mine the ability of immune cells to transfer immumty adoptively after reaction

with homologous antigemc extracts They were found to be fully capable of
doing so

Dascussion

The experiments show clearl
y that, when a state of immumty 1s set
response to the transplantation of skin homografts, cells of the rg’gmnal 1;71111)11;E
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TasLE 1
SorvivaL Scores OF SKIN HomoGRAFTS Six DAYS AFTER TRANSPLANTATION TO MICE

PREVIOUSLY INJECTED WITHE ANTIGENIC EXTRACTS, EITHER UNTREATED OR TREATED
WITH NORMAL OR IMMUNE LyMprOID CELLS

Survival scores (%)
Antigen (wet wt.
Expeniment No  [Cells (vol , ml /dose) spl;%, mg /dose) (1) Antigen Treated with cells
contro.
(2) Nonimmune; (3) Immune

1 D B —_
( 25) (240) — 25 75
0 75
2 B D 25 50 100
( 15) (215) 0 0 100
3 B D 0 25 100
(3) (270) 0 0 75
4 CBA A 75 25 100
( 25) (225) 25 25 100
0 0 25
5 B D <0 <0 25
( 15) (260) <0 <0 25
<0 <0 0
<0 <0 0
0 B D <0 <0 50
( 15) (250) <0 <0 25

stramn were transplanted to all recipients Six days later the grafts were -
spected, biopsied for histological examination, and eventually assigned a score
ndicating their degree of epithelial survival

Results

TABLE 1 summarizes the 6 experiments A comparison of graft survival
scores m columns 1 and 2 makes plamn that the treatment of extracts with
nonimmune cells did not significantly impair therr antigenicity ~ Furthermore,
the combined data of these 2 categories show that, in general, the extracts were
capable of inducing a very high degree of immumity m the hosts Only 2 of
the 28 grafts (2/28) displayed even a moderately high degree of survival
(scores 50, 75), and 20 of 28 (20/28) were without epithelial survival of any
degree

%ry contrast, prior treatment of the extracts with immune cells appreciably
lowered their antigenic activity ~ Five of 15 grafts (5/15) gave no hint what-
ever of an immune state, of the remamng 10, 7 (7/15) had significantly
higher scores than their controls, and only 3 (3/15) revealed an immunity which
was mndistinguishable from that of their corresponding controls (experiment 4,
score 25, expermment 5, scores 0, 0)

Special signmificance 15 attached to the results of experiments 5 and 6 Both
the untreated extracts and those “absorbed” with nonimmune cells elicited an
ymmunity of the extreme kind denoted by the score <0 It therefore seemed
very probable that what appears to be eatremely feeble and unsatisfactory

absorption by the immune cells was here due to a considerable antigen excess,
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unlikely that, once m the graft, the antibodies are released locally, the host
round cells m a graft undergoing destruction certainly do not all come into
close physical contact with the graft epithehal cells, although they all undergo
necrosis It might be mentioned 1n passing that i the present 1 viira experi-
ments the appearance of the immune cells did not change after reaction with
antigenic extract, nor was there evidence of cellular agglutination ~ This aspect
1s still being studied

Relevant to these considerations may be the finding that the cell-bound anti-
bodies either do not retain their activity or are unable to intervene effectively
if their cellular vehicles are disrupted by ultrasomic methods Oneofus (L B,
unpubhshed) has attempted to curtail the survival times of skin homografts
through the agency of cell-free homogenates of immune lymph node and spleen
cells Repeated ntraperitoneal njections of large doses had no discernible
effect on the immunological response of the homologous hosts  Although it
might be argued that the antibodies were simply unable to withstand exposure
to ultrasound, 1t seems rather more likely that their ineffectiveness under these
conditions was due to the fact that they were never given an opportumty of
reaching the graft site

The hypothesis most attractive to us, one that, moreover, receives considera-
ble support from our present findings, 1s that the process of active immuniza-
tion entails the formation of antibodylike reactive sites either on the surface of
cells of regional lymphoid tissue or within them, and that 1t 1s these reactive
sites that play the dommant role in the destruction of the transplant The
question of circulating serum antibodies has recently been adequately discussed
(Billingham and Brent, 1956, also see the reviews of Gorer, 1956, Medawar,
1944, and Brent, 1958) Although 1t cannot be stated categonically that cir-
culating serum antibodies such as hemagglutinins take no part whatever in the
process, 1t does seem that, at least m the case of normal tissue grafts, their

action (if any) can be only auxihary  The role of complement in the destruc-
tion of homografts 1s equally in doubt
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nodes and the spleen acquire the ability to react 1 vifro with the antigens re-
sponsible for the induction of immunity  Tlus ability 1s evidently not possessed
by normal, nommmune lymphoid cells Tt must be presumed that antibodylike
reactive sites are created on or within the lymphowd cells and, in view of the
general corpus of evidence agamst the existence of protective serum antibodies
in this particular system (sce below), these may be considered to be “cell-bound
antibodies ”  Other and perhaps more circumstantial evidence in favor of the
evstence of this type of antibody n transplantation immumty can be drawn
from previous mvestigations, which leaves hittle doubt as to 1ts activaty 1 wvrvo

TFor example, there 1s convincing evidence that the fountainhead of the im-
mune response to first-set tissue homografis 1s chiefly confined to the regional
lymph nodes and, to a lesser extent, the spleen (Mitchison, 1933, 1954, Billing-
ham ef al , 1954a) The more distantly located lymphoid tissue (for example,
the contralateral lymph nodes) 1s relatively meflective in transferring immunity
adoptively  Morphological studies have also shown that distant lymph nodes
receive, at best, only a fecble antigenic stimulus from a tissue homograft
(Scothorne and McGregor, 1935, Scothorne, 1957) It would therefore appear
that the antigens issuing from the graft are caught and ncutrahized fairly effi-
ciently by the regional lymphoid tissue  This localization of antigens 11 71w0
can be envisaged as the result of mtervention by locally produced antibodies
which, 1 the absence of circulating protective antibodies, are presumably fixed
to the cells  Very recent work on the guinea pig has also revealed an antigen-
immune cell reaction shown by a delayed type of cutaneous lesion (Brent ef al ,
unpubhshed data) Here immune (regional) lymph node cells, when 1njected
intradermally into the donor whose skin grafts had been used for the immuniza-
tion, produced local inflammatory wheals Agamn 1t may be presumed that
antibodies associated with the cells reacted with the antigens of the surrounding
host cells, and that since serum failed to react hkewise, the antibodies remained
cell bound

It 1s of some 1mportance to consider briefly the possible relationship of the
cell-bound reactive sites to those “antibodies” that implicitly overcome tissue
homografts 2 vive  Our own data indicate that reactive cells are present n
the regional lymphoid centers, but they do not prove that they appear at the
graft site during the process of tissue destruction Do these cells or their
descendants actually find their way into the homograft?

Perhaps the best evidence for the necessity of cellular invasion as a prereq-
wsite for graft rejection comes from the observations involving diffusion cham-
bers (Algire ef al, 1954, Weaver el al, 1955) It has been firmly established
that homografts are not destroyed, even within immune hosts, so long as they
are phy51cally protected from invasion by host cells On the other hand,
washed mmmune spleen cells included within the chambers bring about rapid
destruction of the target cells even when the hosts are 1sologous with the latter
Tt can be concluded from experiments of this kind that the cell-bound antibodies
are not released mto the general circulation in operative concentrations, but
n on or within the cells until they combine with their corresponding anti-

1
;ZT::‘- within the graft Although this must remain pure conjecture 1t 1s not



HISTOCOMPATIBILITY IN INBRED STRAINS OF GUINEA PIGS

By Joseph A Bauer, Jr

Laboratory of Immunology, Naisonal Instiiute of Allergy and Infectrous Diseases,
Public Health Serwnice, Bethesda, Md

INTRODUCTION

The desirability of employing inbred strains of animals with a high degree of
genetic identity for studies of tissue transplantation 1s well recogmzed The
goal of achieving genetic Wdentity to the degree of complete hstocompatibility
has been realized only m several stramns of mice and, to a lesser exient, m rats
The gunea pig has been used comparatively nfrequently m transplantation
studies, and the available studies suffer considerably from the lack of adequately
inbred stramns and consequent inconsistent experimental results 2 Although
accastonal allusions to mbred strains of guinea pigs appear in the hiterature,
no evidence of histocompatibility has been presented 3 Consequently, it ap-
peared desirable to evaluate the degree of histocompatibiity within (as well as
between) each of the two strains of inbred guinea pigs available to us

Eaperimental Anvmals

The pedigree of our guinea pigs can be traced back to 1906 when Wright!
mitiated a genetic investigation of the effects of prolonged, strict brother-
sister inbreeding on such quahties as vigor, fertility, and growth of the result-
ing lines of animals  Starting with 35 pairs of guinea pigs, the surviving breed-
ing Imes dimimished over the enswing years for a number of reasons and,
1917, all but 5 of the remaming 12 strains were destroyed. Of these 5 lines,
2 strawns, namely Stramn 2 and Stramn 13, have survived to the present, per-
petuated through approximately 50 generations of strict brother-sister matings

The progress of inbreeding in guinea pigs, from heterogenous stock to genetic
homogeneity, can profitably be ascertamed through the studies of Loeb® with
these same strams of animals In a series of experiments m 1927, and again
m 1931, Loeb evaluated the degree of histocompatibility through the use of a
vanety of subcutaneously implanted organ fragments  After 17 to 25 genera-
tions of consecutive brother-sister matings, nearly autogenous compatibility
was observed within Stram 2, while Strain 13 showed shghtly less favorable
compatibiity, with greatly delayed graft destruction Thus, even though
genetic identity had not been attained followng about 20 generations of sibling
nbreeding, genetic homogeneity, as judged by histocompatibihty, was evidently
closely approached It will be shown below that both strams of gumnea pigs
have now attained complete mtrastrain histocompatibility, but 1t 1s mnteresting
to note that the multicolored coats of these ammals (whte, black, and brown)
show no uniformity 1n pattern nor distribution of coloration within either stram,

but duffer widely among individuals despite the h
geneity s pt e high degree of genetic homo-
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All grafts were uniformly cut at a thickness of 20/1000 of an mch (508 p),
which corresponds to about one third skm-thickness grafts (FIGURE 1b) Al
graft beds were cut to a depth of 40 to 50/1000 of an inch (1016 to 1270 u)
This depth closely approximates full thickness of skin under the conditions of
these experiments  Smce guinea pigs do not undergo skin cycles with the con-
comitant cychic fluctuations of sk thickness, complete skin excision 1s rehably
attamnable 1f the size, age, and anatomical skin area of the anmmals are held
constant The combination of a split-thickness graft on a full skin-depth bed
was selected m an attempt to provide optimal conditions for graft takes while
still obtaming a satisfactory fur-bearing graft

Although grafts as large as 12 X 16 cm can be easily taken from and trans-
planted onto mature gumnea pigs, 4 X 6 cm grafts were used for the present
experiments It 1s considered important to allow an overlapping graft margin
around the entire circumference of the graft to project beyond the edge of the
bed onto which the graft 1s laxd This precaution seals off raw surfaces most
rapidly, effectively prevents extraneous infection, and facilitates the healing of
edges with minimal scar formation  To this end, grafts cut to a size of 4 X 6
cm were laxd onto beds measuring 3 X Sem  The umformity of all dimensions
of both graft and bed, achieved with this technique employing a dermatome,
yields highly reproducible results and allows meamngful comparison of 1dentical
grafts under otherwise varied experimental conditions

All donor and recipient guinea pigs were between 2 and 4 months old at the
first grafting and weighed between 250 to 400 gm  Preparatory to grafting,
the animals were anesthetized by an mtraperitoneal mjection of pentobarbital
sodium (Nembutal) m the amount of 25 to 30 mg /kg  The fur was chpped
over both lateral thoracoabdominal aspects, and the remaining hair stubbles
were removed by a 2 to 3 min apphcation of depilatory lotion (Nair*), followed
by thorough rinsing with water Asepsis was maintamed by scrubbing the
skin with pHisoHex{ and aqueous Zephirant and steam sterilization of all
nstruments and implements used 1n the operative field  The skin was sponged
with ether, and rubber cement was then applied 1o an area of the desired di-
mensions  After cutting the graft the tissue was removed from the dermatome
drum by grasping 1its periphery only It was then placed in 1 or 2 m! of stenle
salime 1n a Petr1 dish until such time (not exceeding 30 min ) as 1t was applied
to its recsprent bed  If 10 to 15 min are allowed to elapse between preparation
of the bed and application of the graft, all capillary oozing ceases and the par-
tially dried bed, sponged free of clotted blood, favors the adhesion of the graft
to its bed  If firm but gentle pressure 1s then applied for a few seconds. no
sutures or other means of fastening the graft were necessary, as the coagula,tmg
plasma exudate rapidly fixes the graft mnto place Finally, dry sterile gauze
was laid over the graft and a circumferential adhesive tape dressing was applied
loosely for protection from external trauma The dressing was removed 5 to

6 days after grafting, and further dressing 15 not required as th
adhered and sealed around the edges 4 ¢ graft 1s well

* Contans calcrum thioglycollate  Carter Products, T .
* Winthrop Laboratories, New York, N Y » Inc, New York, N ¥
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TFicure 1  (a) Section through normal guinea pig shin, showing the depth to which shin
15 excised 1n the preparation of graft beds The dermatome setting 1s 45/1000 inch (1140 p)
%18 (b) Section through normal guinea pig shin, showing depth of shin excision 1n the grepo
aration of grafts of one third shan thickness  The dermatome setting 1s 20/1000 inch (508 u)
%18 (c) Skin 1sograft (4 X 6 cm) n Stran 2 gumea pig 16 wecks after grafting The
graft was turned at grafting so that the direction of hair growth 1s opposite to that of the
surrounding host shin  (d) Section through the junctional area of 1sograit and recipient shin
in a Strain 2 gunea pig 30 days after grafting  Note that the normal-appeanng graft (left)
1s distingmshable from adjorning host shin (nght) by the difference in the direction of the hawr
follicles  X26

Grafting Technique

Split-thickness skin grafts cut with a Padgett-Hood Dermatome*® were
used as test transplants Great umformuty of grafts can be obtained with
this instrument with relative ease and rapidity, as the skin can be cut at an ac-
curately predetermmed thickness and surface area In addition to the usual
use of the dermatome for preparing skin grafts,” we also found the dermatome
most effective for preparing umform graft beds (recipient sites for grafts) of a
standardized depth and sze In this manner virtually complete excision of
the dermis was obtamed, with exposure of the panniculus carnosus and the
overlying mtact vascular bundles (FIGURE 1a)

* Manufactured by Kansas City Assemblage Co, Kansas City, Mo
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Ficure 2 (a) Compostte shin 1sograft in Strain 13 guinea pig with fur chpped, 16 week
after grafting  The left half of the graft 1s tan shun and the right half 1s white skin, both are
grafted onto a patch of black host shin  Note the conspicuous spread of black pigment nto
both grafts from the surrounding host shin  (b) Skin 1sograft (3 X 5 cm) m a Stran 13
guinea pig 16 weeks after grafting Note that the graft bears a full coat of bar, and that
the direction of hair growth 1s opposite from that of the surrounding host shin (c) Section
through the junction of an 1sograft and the host skin 1n a Stramn 13 guinea pig 24 days after
grafting  Note that the cifference m the direction of the hair follicles of the graft (left)

and the host skin (right) 1s evident  X26 (d) Homograft ina Strain 2 gunea pig 2 days
after grafting  X26

fore be considered together Biopsies taken at 2 days postgrafting (¥F1GURE 2d)
show as yet unaltered donor skin mcompletely healed onto 1ts bed and held
there by organizing fibrin clots At 5 days a prominent, newly formed fibrous
tissue fusion of graft and bed has developed (#1GURE 3a), and the graft edges
have become sealed completely by the junction of the graft and host epidermis,
with sequestration of the dry, overlapping graft margins (rIGURE 3b) At
this time also, marked hyperplastic proliferation of the epidermal elements and
abundant mitotic cells are conspicuous Many distended vascular channels
(probably lymphatics) are found throughout the graft dermus, densely packed
with mononuclear lymphoid cells (v16URE 3c) By 6 days after grafting there
1s a further thickening and maipient foamy appearance of the upper layers of
the epidermis, and a diffuse mononuclear invasion of the graft dermis (FIGURE
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TABLF 1
SKIN AUTOGRAFT AND ISOGRAFT SURVIVAL

No of grafts
Ty pe of ghin graft Donor strain  {Recipient strun ngp?icﬁndq Gm“(fé’?m)‘ time
surviving

Autologous 2 2 16 >20 weeks
13 13 18 > 20 weeks
Isologous 2 2 14 >20 weeks
13 13 14 > 18 weeks

RrsuLTs

Autografis

Following the described technique, consistently successful autograft takes
were obtained, no shrinkage or scarring was observed, and the grafts are phable
and of good texture Within 2 to 4 weeks a full coat of hair was grown that
displayed the color and growth direction of the donor skin and not that of the
recipient site

Isografts (Intrasirain Homografls)

Stramn 2 Fourteen grafts exchanged between members of Strain 2 resulted
m 14 takes and graft survivals of more than 20 weels at the time of this wnting
(raBrLE 1)  The grafts are fur-bearing, show no signs of adverse reactions or
breakdown (FIGURE 1c), and are grossly as well as listologically indistinguish-
able from autografts Biopsies taken one month after grafting show normal
skin structure, viable epidermal cells with normal staining characteristics (he-
matoxylin and eosin), and no leukocyte mnvasion Moreover, the graft 1s dis-
tinguishable from surrounding recipient skin only by the direction of the hair
folicles (¥1GURE 1d) and differences in pigmentation, if such be present
Where 1sograft and surrounding recipient shin were of different pigmentation,
conspicuous pigment spread from dark to light skin occurred (FIGURE 2a) as
described 1n guinea pig autografts by Billingham and Medawar 8

Strain 13 Fourteen grafts exchanged between members of Strain 13 also
resulted 1n uniformly successful takes and survivals to 18 weeks at the time of
this writing (FIGURE 2b)  Asin Strain 2, the grafts are grossly and histologi-
cally indistingwishable from autografts (FIGURE 2c)

Although 1ncompatibility ascribable to differences in sex of donor and re-
cipient was not specifically studied, no adverse reactions were noted 1n grafts
from male to female amimals mn either stramn during the time span of these
experiments (maximum 20 weeks)

Homografts (Interstraun Homografis)

“Farst Sel” reacton Fourteen grafts transplanted from Stram 13 donors
onto Stramn 2 recipients, as well as the reciprocal relationship of an equal num-
ber of Strain 2 grafts onto Strain 13 recipients, all ran a strikingly similar time
course and pattern of graft rejection 1n both strains (TABLE 2) and will there-
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Ficure 2 (a) Composite shin sograft in Strain 13 gmnea pig with fur chipped, 16 weel
after grafting  The left half of the graft 1s tan skin and the right half 1s white skin, both are
grafted onto a patch of black host skin Note the conspicuous spread of black pigment into
both grafts from the surrounding host skin  (b) Shin 1sograft (3 X S$ ecm) mn a Stramn 13
gunea pig 16 weeks after grafting Note that the graft bears a full coat of halr(, and that

the direction of hair growth 15 opposite from that of the surrounding host skin  (c) Section
through the junction of an 1sograft and the host skin 1n a Strain 13 gumea pig 24 days after
grafting  Note that the difference 1n the direction of the hair follicles of the graft (left)

and the host slin (nght) 15 evident  X26 (d) Homograft ina Stramn 2 guinea pig 2 days
after grafting X 26

fore be considered together  Biopsies taken at 2 days postgrafting (FIGure 24)
show as yet unaltered donor skin incompletely healed onto its bed and held
there by organizing fibrin clots At 5 days a prominent, newly formed fibrous
tissue fusion of graft and bed has developed (FIGURE 3a), and the graft edges
have become sealed completely by the junction of the graft and host epriderms,
with sequestration of the dry, overlapping graft margins (FIGURE 3b) At
this time also, marked hyperplastic proliferation of the epidermal elements and
abundant mitotic cells are conspicuous Many distended vascular channels
(probably lymphatics) are found throughout the graft dermus, densely packed
with mononuclear lymphoid cells (FIGURE 3¢) By 6 days after grafting there
18 a further thickening and mcipient foamy appearance of the upper layers of
the epidermis, and a diffuse mononuclear 1nvasion of the graft dermis (¥1GURE
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- TABLE 2
y { SwIN HOMOGRAFT SURVIVAL
ere] No of grafts stoughed
on respective
No of postegrafting days
Donor | Recipient
T, { gha ft fts M ft rval t
yYpc ol shan gra stramn strain nfi',;rg“cd DnyB can gralt survivat time
S{6} 7|8 9
Homologous
“First Set” 13 2 14 5181 7 7 (£0 3) days
2 13 14 419011 7 8 (20 3) days
“Second Set” 13 2 10 * 0
2 13 6 * 0
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a) Homograft 1n a Strain 2 guinea pig 5 days after grafting  X26 (b)

Holr?nlggrl;}f;t :i)f a( S?tra.ln Zgr nea pig 5 days after gr&fftmg showing junction of graft (left)

d host skin  X26 (c Lymphatic vessels pached with mononuclear lymphoid cells

anhomogra,ft of @ Stramn 2 guinea pig 5 days after grafung X180 (d) Homograft 1n a
gtram 13 guinea pig 6 days after grafting <20
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3d). At no time during the graft destruction was a preponderantly polymor-
phonuclear invasion observed Seven days postoperatively the bright pink
color of the graft, prevalent from the second to the fifth or sixth day, begins to
darken to deep red, occasional petechial hemorrhages appear and, on the eighth
day, a frankly hemorrhagic, dark brown, crusted appearance sets in  Begin-
ning about the fifth day the progressive induration and swelling lead to a very
striking thickening of the entire graft (as much as tenfold), and the graft 1s
conspicuously raised above the level of the surrounding host skin (¥IGURE 4a)

Microscopically, 7-day grafts reveal patchy breakdown of the germinative layer,
with foamy cytoplasm and nuclear pyknosis, marked thickening and spongy
hyalinization of the entire epidermus, loss of structural detail of the collagen
fibers of the dermis, and abundant invasion by mononuclear leukocytes (FIGUREL
4b) A most characteristic feature 1s the massive displacement of graft dermal
elements by the fingerhke downgrowth of proliferative epidermal projections

By the eighth day, structural detail 1s diffusely obscured, and the epidermal
germinative layer has completely disintegrated except for some viable-appearing

FIGurRe 4  (a) Section through a markedly thichened homograft {nght

normal host skin of a Stran 13 guinea pig 7 days after %raftmg X58 ) ?ll)l)dlflli:;sgg]g?tlr:g
(c

a Stramn 13 guinea pig 7 days after grafting X 20 Homograft
Pig 8 days after grafung  X20  (d) “Second-set” homograft in grStr:nlg g gsutxl;?é: p113g dg}ez:

after grafting  Note the necrotic, avascular graft and {he © "
without fusion, of the graft and 1ts bed X%‘:'Z ©"black hne” that marks the contact,
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R TABLE 2
N SKIN HOMOGRAFT SURVIVAL
1 ‘l No of grafts sloughed
on respective
. postgrafting days
Type of shan graft TDonor | Recipient 1{\:1:1{?: Mecan graft survival time
strain strain applicd Days
5167 8 9
Homologous
“First Set” 13 2 14 51811 7 7 (40 3) days
2 13 14 41911 7 8 (£0 3) days
“Second Set” 13 2 10 * 0 -
2 13 (] * 0

Ficure 3 (a) Homograft m a Stramn 2 gmnea pig 5 days after grafting <26 (bg
Homograft of a Strain 2 gunea pig 5 days after grafting, showing junction of graft (left
and host skin  X26 (c) Lymphatic vessels packed with mononuclear lymphoid cells 1n
a homo%ra.ft of a Strain 2 guinea pig 5 days after grafing X180 (d) Homograft mn a

Strain 13 guinea pig 6 days after grafting X 20
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3d). At no time during the graft destruction was a preponderantly polymor-
phonuclear invasion observed Seven days postoperatively the bright pink
color of the graft, prevalent from the second to the fifth or sixth day, begins to
darken to deep red, occasional petechial hemorrhages appear and, on the eighth
day, a frankly hemorrhagic, dark brown, crusted appearance sets in  Begin-
ning about the fifth day the progressive induration and swelling lead to a very
striking thickeming of the entire graft (as much as tenfold), and the graft 1s
conspicuously raised above the level of the surrounding host skin (FIGURE 4a)
Microscopically, 7-day grafts reveal patchy breakdown of the germinative layer,
with foamy cytoplasm and nuclear pyknosis, marked thickening and spongy
hyahnization of the entire epidermus, loss of structural detail of the collagen
fibers of the dermis, and abundant invasion by mononuclear leukocytes (FIGURE
4b) A most characteristic feature 1s the massive displacement of graft dermal
elements by the fingerlike downgrowth of proliferative epidermal projections
By the eighth day, structural detail 1s diffusely obscured, and the epidermal
germinative layer has completely disintegrated except for some viable-appearing
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Fi6ure 4  (a) Section through a markedly thickened homograft h
t
nogmal host shin of a Strain 13 gumea pig 7 days after ftmir >(<r§g8 ) ?ﬂl)dgiﬁf JO;?:?E
glggﬁgyﬁafgtmnea f;ag 7 dgzgoafterd grafting  X20 (c) Homograft m a Stramn 13gr nea
er graftin, “ -set”
e %Irote ﬂfe R (d) “Second-set” homograft mn a Stramm 2 gumea pig 7 days

without fusion, of the graft and & T:JL\I;::;(sicula)r< %rzaft and the “black hne” that marks the contact,
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deep perifollicular cells, and subepithehal hemorrhages are frequent (FIGURE 4c)
The complete separation of the crusted, friable, weeping graft follows during
the next day or two  Mean homograft survival times, judged by the end point
of histological necrosis of the major extent of the epithehal germinative layer,
were 77 (20 33) days and 7 8 (20 31) days for Stramn 2 and Strain 13 re-
cipients, respectively, no graft persisted longer than 9 days

“Second-set” reaction  Ten Stramn 2 ammmals, having previously rejected
Strain 13 homografts, were grafted a second time, 10 to 12 weeks after their
first eaperience with Stramn 13 skin grafts, onto the opposite thoracoabdominal
area  On removing the dressing 5 days after grafting every graft was found to
be pale white and totally avascular Necrotic decomposition was noted, with
epithehal dehiscence but no edema or induration  The grafts were undermned
by blebs of clear serous exudate, complete nonunion of graft and bed allowed
easy dislodgment of the dead grafts The graft beds were hined by abundant
dark red granulation tissue and there was no evidence of gross infection His-
tologically, at 5 and 7 days after grafting a totally devitalized graft devord
of wiable appearing epithehal cells was seen lymg on 1ts bed with areas of
dehiscence therefrom A prominent basophilic line (“black Iine’”) composed of
a dense network of mononuclear spindle-shaped cells (fibroblasts?) marked the
line of contact (but not fusion) of graft and bed (ricure 4d) Similar cells 1n
large numbers filled the interstices of the host dermal collagen fibers, and eryth-
rocyte etravasations were frequent Iacept for occasional pyknotic nucley,
the graft stamned diffusely eosinophilic (hematoxylin and eosin), fragmentation
of the graft collagen fibers was evident, but no host cell invasion had occurred
No evidence of graft vascularization or primary healing into place was detected

Six Stram 13 amimals, having rejected Stramn 2 homografts 10 weeks pre-
viously, similarly showed a complete lack of primary healing and nonvasculari-
zation of the second homograft Agan, nore of the grafts mamfested any of
the characteristic color changes, 1ndurat10n,~ or swelling described for first-set
homografts As a control measure, these same 6 Strain 13 amimals, having
shown the ‘“‘white” graft second-set reaction, were isografted with skin from
Strain 13 donors 10 days later and responded with primary takes and survival
of every 1sograft not unlike those in animals never previously grafted

DiscussionN

The unmiformly rapid time course and violent rejection reaction of first-set
grafts observed m these studies 1implies a high sensitivity to this type of 1m-
munological stimulation, an impression that gams further support from the
response pattern to second-set grafts The avascular white graft second-set
reaction 1s mnterpreted as a manifestation of a high level of tissue immunity and
1s a graft rejection phenomenon qualitatively distinct from a first graft rejec-
tion, as well as quite unlike the usual findings in other ammals (for example,
in the mouse) under the same conditions  The induction of levels of hyper-
sensitivity sufficiently high to result in white graft reactions apparently requires,
in other animal Species, repeated or prolonged and much more powerful anti-
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genic stimulation, such as results from incorporating the antigen (for example,
spleen cells) into Mycobacterium-paraffin o1l adjuvants, as described by Stetson
and Demopoulos elsewhere i this monograph This striking dissumlanty
between first- and second-set reactions (if confirmed with the same umformity
1 larger numbers of animals) should prove these guinea pigs to be most suited
for 1dentification of the “homograft antigens” mvolved by testing putatively
antigenic cell fractions® These potential applications emerge from the clear
distinction between the two reaction patterns, and also from the apparently
high degree of reactivity these amimals show to homograft antigen stimulation
The marked sensitivity-reactivity response to this type of antigenic stimulation
might reasonably be expected to affect the ease of induction of “acuively ac-
quired tolerance,” as well as the completeness of the resultant tolerance and
1ts refractoriness to subsequent test grafting  Although presently 1t 1s possible
only to speculate about the ease of induction of homograft tolerance in guinea
pigs (relative to other animal species such as mice' and rats"), an attempt to
mduce “specific inhibition” of tuberculin sensitization in guinea pigs resulted
in partial ihibition (“tolerance”) only, reversible by BCG challenge of the
adult ammals

The guinea pig, presently the largest anmimal available of adequate inbreed-
ing to display histocompatibility, mvites the possibility of confirming, by trans-
plantation of major organs, some of the findings so far almost exclusively based
on skin grafts However, aside from these considerations, the guinea pig offers
additional and possibly umique advantages mn tissue transplantation studies,
two of which are of special interest  Tirst, as the homograft rejection 1s gen-
erally recogmzed to be an immune reaction of the delayed, tuberculin type, the
guinea pig, as the experimental ammal of choice for the study of tuberculin
type immune reactions, provides an excellent opportunity for the comparative
investigation of both of these phenomena 1n the same individual as well as i
the same species  Second, all known cytotoxic reactions require the presence of
serum complement  Since the reactions of guinea pig complement are by far
the most thoroughly studied and understood, the opportunity arises to eluci-
date the exact role of complement and 1ts components n the homograft re-
jection reaction In view of the recent weighty implication of serum com-
plement as one essential factor m ehciting the tissue injury associated with
an 1 weo immune reaction of the ymmediate type by Osler ef ol B 3t would
appear most profitable to investigate the participation of complement 1n 2 2190

immune tissue njuries of the delayed type, more specifically, m homotrans-
plant mjury

SuMMARY

(1) The application of the Padgett-Hood Dermatome to split-thickness skin
transplantation i gumea pigs 1s presented  This techmque yields both grafts
and graft beds of umiform, accurately predetermined dimensions

(2) Data are presented to show compl
piete mtrastramn histocompat
within each of 2 strains of inbred guinea pigs patibibty
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(3) First-set nterstramn skin homografts between the 2 stramns of mbred
guinea pigs undergo a violent graft rejection, culminating umformly on the
eighth day after grafting These rejections are described sequentially

(4) Second-set mterstrain skin homografts result in characteristic nonvas-
cularized white grafts that are qualitatively distinct from first-set rejection

(5) The imphcations of the observed histocompatibihity, the high homograft
reactivity and other characteristics pecubar to gumea pigs that are advan-
tageous 1n transplantation studies are discussed
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LYMPHATIC REPAIR AND THE GENESIS OF
HOMOGRAFT IMMUNITY

By R J Scothorne
Depariment of Anatomy, Unersity of Glasgow, Glasgow, Scotland

If 1t 15 accepted that the rejection of tissue homografts 1s an immune response
on the part of the host, a satisfactory anatomical analysis of the phenomenon
must answer the following questions, among others (1) What 1s the nature of
the antigens mvolved and what 1s their specific cellular locus? (2) Which cells
of the host are mvolved n the genesis of the immune response? (3) How do
these cells (or their products) reach the graft to effect the immune reaction?

Insofar as skin homografts are concerned, partial answers to these questions
are already available As for the first, the work of Bilingham et o/, 1956,
indicates that the antigens are probably within the nucler of epidermal cells
As for the second, the response of the host to an orthotopic skin homograft
occurs principally in the first regional lymph node draining the graft and mani-
fests 1tself m the appearance of “large lymphoid cells” (see Scothorne, 1957)
As for the third, the graft will survive when the cells of the graft are protected
from contact with host cells as, for example, 1n a naturally avascular tissue such
as cornea and cartilage or, fortuitously, in nonvasculanzed grafts in the anterior
chamber of the eye or when the graft 1s msulated by a milhpore membrane
(Algire et al, 1957, Woodruff, 1957) It seems likely, therefore, that host cells
are responsible for the destruction of the graft and that they reach 1t by way of
the blood stream

A fourth problem, namely, how the antigens reach the antibody-forming
apparatus of the host, has been less intensively studied than the other three
It 1s clear that they are transported to the regional lymph node by host lym-
phatics rather than by the blood stream (Scothorne, 1957), but it 1s not
certamnly known 1f graft antigens enter the host lymphatics in the graft bed
directly or if they must await the repair of the lymphatic pathways within the
graft

The question 15 of both special and general interest If the antigens of a
skin homograft are sequestered until the lymphatic vessels within the graft are
repaired, experimental mterference with lymphatic repair might prolong the
survival of the graft by reducing its effective antigenicity More generally,
the prolonged survival of tissues naturally lacking in mtrinsic lymphatics
(cornea and cartilage) or experimentally denied them (tissues mn mitlipore
chambers) might be due as much to the resulting low effective antigenicity as to
any of the customary explanations

Earher studies of lymphatic repair 1n grafted skin in rabbits have given con-
ficting results Cavalli, 1935, using mjected specimens, reported that the
lymphatic dramnage of skin autografts 1s fully restored by the fourth or fifth
found a1 sutogtatts of dthe neutoraton o pE L dileren techmque,
usually delayed ; Caon o ymphatic dramage was

y delayed until the sixth day, while skin homografts underwent destruc-

673
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TABLE 1
INyEcTED LyMpuatics IN GRAFT

Autograft Homograft
Day 3 —_ _——
Day 3% - A
Day 4 —_——— —_——
Day 5 Fttt ottt —— ++++
Day 6 +++- +4
Day 7 ++++
Day 9 ++44
Day 13 44

Each symbol represents a single graft — = no njection of graft lymphatics, + = m-
jection of graft lymphatics

tion without ever showing the re-establishment of lymphatic drainage  Egdahl
and Varco, 1956, on the other hand, found that intradermally injected fluores-
cein was removed as rapidly and fully from a fifth-day homograft as from normal
skin, and they interpret this as mdicating full restoration of lymphatic dranage
by that time

In the present experiments guinea pigs have been used TFull-thickness auto-
grafts or homografts were made to the ears and, at intervals after grafting, the
ammals were sacrificed and the lymphatics of the ear mnjected with India mk
Since the 1njections were made mto the lymphatics of the host, lymphatics
within the graft were filled by retrograde flow, and filling of the graft lymphatics
provided unequivocal evidence of continuity between graft and host lymphatics
TaBLE 1 summarizes the results obtamned

The following conclusions may be drawn from these results

(1) The techmque 1s a rehiable one  Among 15 cases on the sixth and sub-
sequent days there was no failure to mject graft lymphatics

(2) There 1s no lymphatic repair by the fourth day Universal negatives
are always difficult to establish, but 1t seems unlikely, to say the least, that a
techmque that 1s almost mvariably successful on the fifth and followmng days
should be mvanably unsuccessful before the fifth day

(3) Lymphatic repair occurs at the same time 1 autografts and homografts

(4) The restoration of lymphatic dramage of skin grafts occurs by anastomo-
s1s of host vessels lying i the graft bed with surviving ntrmsic vessels within
the graft The evidence for this view 1s as follows (a) up to 4 days no lym-
phatics were mjected n the graft but, at the fifth day, the graft lymphatics
were 1 many cases fully filled One would not get a clear-cut demarcation like
this if regenerating host lymphatics were gradually penetrating the graft from
the graft bed, (b) the pattern of injected lymphatics was fully mature, that 1s,
the same as m normal skin, at the fifth day, and did not change on subsequent
days

All the injections were carried out under direct visual control, using the
binocular microscope In nearly all cases filling of the graft lymphatics took
place by retrograde flow of nk from deep vessels of the graft bed Rarely was
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there any continuity between the superficial subepidermal plexuses of host
and graft

Having established the normal anatomical pattern of lymphatic repair, the
next problem was to relate the time of repair to the onset of homograft destruc-
tion Here the results, though very suggestive, are not absolutely conclusive.
As n the lymphatic mnjection experiment, homografts were made to the ears
of a stock brown and white strain, using albino ammals as donors  The length
of survival was very varable and, m some cases, the epidermus was still alive,
although extensively nfiltrated by lymphocytes, on the fifteenth day after
grafting  With such extended survival one cannot exclude the possibility that
immunization of the host did not begin until after the fifth day, when lymphatic
repair 15 complete  The mterval between S and 15 days would seem to allow
ample time for the development and expression of the immune response

Less equivocal results are given by those animals i wlich graft breakdown
occurred earhest Histologically, 3 eighth-day grafts showed breakdown of
long standing, while 3 at the seventh day and 1 at the sixth day showed exten-
stve lymphocytic mfiltration of the epidermus  In view of the earhier results 1t
may be assumed that n these animals the intrinsic lymphatic dramage of the
graft was not restored until the fifth day It seems unlikely that the interval
between this event and the early signs of graft breakdown was long enough for
the development and expression of the immune response A more reasonable
conclusion would be that immumzation of the host had already begun before
the fifth day, that 1s, before restoration of the intrinsic lymphatic drainage of
the graft

Although not finally proved, it seems bkely that the antigens of the graft
reach the antibody-forming apparatus of host directly via the host lymphatics
1n the graft bed, and that immunization of the host can occur mn the absence of
an mtrinsic lymphatic dramnage of the graft A similar conclusion was reached
by McGregor and Conway, 1956, using a different species and a different
method

Summary In guinea pigs the lymphatic dranage of homografts and auto-
grafts of ear skin 1s restored on the fifth day after grafting by the anastomosis of

host lymphatics i the graft bed with pre-existing mntrinsic lymphatics of the
graft
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STUDIES OF TRANSPLANATION IMMUNITY IN HAMSTERS*

By R E Billingham
The Wastar Institule of Anatomy and Brology, Pliladelplua, Pa

W H Hildemann
Department of Infectrous Diseases, Unwersity of Caltfornia Medrcal Cenler, Los Angeles, Calif

Introduction

Unlike all other common laboratory mammals, Synan hamsters (Meso-
cricelus auratus) appear to be unique in that they will often accept homografts
of malignant tissues and, on occasion, even heterografts of both normal and
malignant tissues (Toolan, 1955, Foley and Handler, 1957, Pierce, Verney, and
Dixon, 1957) A detailed study has therefore been undertaken to determine
whether the Syrman hamster’s response to skin homografts also differs from
that of other animals The adult Syrian hamsters employed were obtained
from four different closed colonies 1n Britain, each of these was known to have
been completely 1solated for an extended period, although none of them had
been deliberately inbred by successive brother-to-sister matings (TABLE 1)
Male animals were used for most of this work

In all of the experiments to be described, two full-thickness skin grafts about
7 or 8 mm 1n diameter, from which all adherent fascial tissue had been re-
moved, were transplanted to beds of the appropriate size prepared 1n the skin
of the chest of the recipient Primary mspection of the grafts was carred
out on the eighth postoperative day, and subsequent spections were made
at 2- or 3-day intervals for the first 3 weeks and less frequently thereafter
Animmals whose grafts survived were kept under observation for at least 100
days The survival times of the homografts were assessed on the basis of
their outward appearance (Billingham and Medawar, 1951), and confirmed as
required by the histological examination of biopsy specimens

The fale of wniracolony homografts The majority of the homografts ex-
changed between hamsters derived from the same colony were accepted by their
hosts and regenerated perfectly normal hair crops just as if they were auto-
grafts These grafts remamed in perfect condition until the esperiments
were terminated after 100 days or longer The numbers of animals that fully
accepted their intracolony homografts are given in Ficure 1  However, the
grafts on some of the animals did become inflamed and edematous and were
mfiltrated by lymphocytes, their complete destruction followed within a few
days of the onset of these typical symptoms of mcompatibility =~ The break-
down of the grafts on all except one of the animals that rejected its homo-
grafts was complete within 3 weeks In the exceptional amimal of the CB
colony whose grafts survived for about 35 days, and m other recipients 1n later
experiments to be described below, the onset of the reaction was delayed and
was of the mild, chromic type  There was a prolonged weak nflammation of
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TaBLE 1
CorLoNtEs oF HAMSTERS EMPLOYED
Colony designation Phenoty pe No years closed
MHA Albino 3
MH Agout1 26
LSH Agouty 5
CB Agouth 11
92%14]

67%6]
MH
181100% (but following rejection)
[e) of C B homografis only 60%
=99 days)

[18] 17%(m.s t =105 days)

[21100% 67%[2]
- [710%(m s 1=88 days)
LSH_ - CB
[7] 0%(m.st=112 days)

Ficure 1 Summary of fates of skin homografts exchanged between 4 different closed
colontes of Syrian hamsters, MHA, MH, CB, and LSH, in different donor-recipient combina-
fions  The closed carcuits mdicate intracolony homografts, all the straight arrows indicate
intercolony homografts In all cases the percentage of the homografts that lived for at least

100 days 1s given, with the number n parentheses indicating the number of animals tested

In cases where most or all of the grafts were rejected, the median survival time (mst) 1s
given also

the graft dermis, progressive loss of hair, and weakening of the attachment
of the superficial epidermss, accompanied by contracture of the graft as a
whole The end pomts of these chronic homograft reactions could not be
assessed with much precision

The fate of wniercolony homografis  Since the high proportion of surviving
homografts might have resulted from mbreeding 1n the various colonies tested,
skin homografts were reciprocally exchanged between hamsters derived from
different colomies, as illustrated 1n FIGURE 1, 1n an attempt to broaden the
genetic disparity, and therefore the antigemic disparity, between donors and
hosts  Using hamsters from 3 colonues, all of the 6 possible intercolony com-
bimnations were tested

With the combimation of LSH — MHA every recipient accepted 1ts homo-
grafts for well over 100 days without the shghtest indication of a reaction It
1s of some interest to note that this group mcluded 3 females that failed to react
aganst graits from male donors, since 1t has been established with all mbred
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strains of mice thus far investigated that 1sologous skin grafts from male do-
nors do not survive permanently if they are transplanted to female recipients,
although 1sologous female grafts are normally acceptable to males (Eichwald
ef al , 1957)  Successful intercolony homografts are illustrated 1n FIGURES 2
and 3

The existence of 1soantigenic differences reflected 1n graft rejections became
evident from an early stage with the reciprocal combination, NMHA — LSH
Only 7 of 17 of the recipients still bore surviving homografts by day 100, and
weak chronic reactions were then 1n progress 1n the grafts on 2 of these ammals
In 5 of the 10 amimals that rejected their grafts, breakdown was complete
within 14 days These results are indicative of antigenic and, therefore,
genetic, diversity 1 one or both of the NIHA and LSH colonies that was not
apparent from the intracolony grafting tests (FIGURE 1)

With the combination MHA — CB all animals destroyed their homografts,
16 of them within 22 days The median survival time was 99 (85 to 11 6)
days The grafts on the exceptional amimal survived until day 27 after a
rather prolonged reaction The fact that this amimal was pregnant at the
time of operation may have been responsible for extending the life of 1ts homo-
grafts Heslop, Krohn, and Sparrow (1954) have shown that pregnancy n the
rabbit may prolong the hife of homografts, probably as a consequence of n-
creased corticosteroid secretion, since the admimstration of cortisone 1s known
to prolong the survival of homografts i this species (Billingham, Xrohn, and
Medawar, 1951)

With the CB — MHA combination 13 of the 18 recipients destroyed their
homografts within 2 weeks, but 3 of the remainder had failed to reject their
grafts after 100 days Nevertheless, a median survival time of 10 5 days with
confidence hmits 9 5 to 11 5 days for 19 20 probability was estimated for this
combination (Litchfield, 1949)

Finally, with the colony combination LSH — CB and vice versa, all animals
dismussed their homografts within 3 weeks, the median survival times being
112 (89 to 14 1) days and 8 8 (7 6 to 10 2) days, respectively

Nine of the recipients from the combinations MHA — CB and CB — MHA
that had rejected thewr homografts were agamn grafted with skin from therr
orniginal donors 3 weeks after the first operation These second-set grafts
healed in very weakly and underwent the typical accelerated rejection charac-
teristic of homografts transplanted to previously sensitized recipients in other
species These various findings show that Syrian hamsters given the proper
stimulus are just as capable of reacting agamst homografts as other mammals

Specificity lests The specificity of a Syrian hamster’s capacity to accept or
reject skin homografts was investigated by 3 different experiments

(1) Six LSH animals that had promptly rejected grafts from MHA donors
were each given subsequent homografts from one or more different MHA do-
nors Three of these animals fully accepted the homografts from at least one
new MHA donor for the duration of the expenment

(2) Eleven of the 13 MHA hamsters that had destroyed homografts from
CB donors within 14 days were given subsequent homografts from LSH donors
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about 40 days after the imtial grafting operation  Although none of these an-
imals would have been expected to reject 1ts LSH homografts on the basis of
the original mtercolony tests described above, 1t was found that following ther
mtial exposure to CB skin, which they destroyed, 6 of these animals did 1n fact
eventually destroy their subsequent LSH homografts after chromc reactions
From this finding 1t was inferred that prior graiting with CB skin must have
sensitized these animals to certain weak histocompatibihty antigens present in
the grafts from the LSH donors

(3) Sixteen MHA hamsters that had all borne homografts from LSH donors
m perfect condition for upward of 55 days were challenged with homografts
from CB donors The CB grafts survived for 2 weeks or longer on 7 of the
11 MHA hosts (64 per cent) that rejected their grafts whereas, when CB homo-
grafts were transplanted to MHA hosts that had #nof previously recerved LSH
grafts, the grafts on only one of the 14 rejectors (7 per cent) survived for longer
than 12 days The median survival times of 193 (13 7 to 27 2) days and 10 5
(95 to 11 5) days, respectively, for these 2 groups of CB homografts on MHA
hosts reveal that a significant prolongation of survival resulted if CB homo-
grafts were transplanted to MHA hosts already bearing LSH homografts

Although the actual proportion of MHA hosts that ultimately rejected their
CB homografts was similar 1 both groups, none of the MHA amimals reacted
aganst 1ts established LSH graft as a consequence of 1ts rejection of the sub-
sequent CB homograft This finding 1s rather puzzling since 1t has been shown,
mn (2), above, that the survival of LSH grafts 1s curtailed if they are trans-
planted to MHA hosts already sensitized to CB skin

Influence of cortisone on skin graft survival The fact that all recipients de-
stroyed their homografts promptly in the combinations MHA — CB and CB
— LSH enabled us to mmvestigate the influence of cortisone on the survival
times of skin homografts in the Syrian hamster A strong hint that this hor-
mone would be effective came, not only from our own observation that preg-
nancy seemed to have resulted in prolongation of homograft survival (see the
section on 1ntercolony homografts, above), but also from numerous reports
that this hormone will enable even heterografts of some neoplastic tissues to
grow 1n this species (Toolan, 1955)

We have found with both combinations MHA — CB and CB — LSH that
the subcutaneous administration of 3 mg or even 10 mg of cortisone acetate
every third day, commencing on the day of operation, increased the survival
times of the skin homografts by a factor of 2 or more in 8 of the 14 animals
tested  Unfortunately, this hormone had a debilitating effect on the animals
Besides delaying the healing-in and vasculanzation of the grafts, cortisone
caused a very serious loss of weight m the hosts, so that 1t was necessary to
discontinue 1ts admimstration after about the twentieth day Nevertheless
;ll(:n lz)zlrlgsfttzrsoiegnimed t?eg1 weight anddnc;rmal condition very slowly, and thé
succumbing to ch?fn};coreact?m e by Several weeks before eventually

ons Slow absorption of the deposits of cortisone
under the skin, which were still visible for many days after 1ts admimnistration
had been discontinued, may have been responsible for these long-term effects
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These results show that the sensitivity of the homograft reaction to cortisone
m this species 1s comparable to that of the rabbit

The successful propagation of various heterologous tumors, mainly of human
origin, 1n the cheek pouches of cortisone-treated or X-irradiated hamsters led
us to determine whether cortisone would enable heterologous skin grafts from
the Chinese hamster (Cricetulus griseus) to survive on Syrian hamsters This
particular donor species was selected since, from a purely taxonomic viewpoint,
1t 1s a much closer relative of the Syrian hamster than the donor species that
have been employed i tumor heterografting experiments In contrast with
the results obtained with heterologous tumors, cortisone was completely mnef-
fective 1n prolonging the survival of the skin heterografts As with their con-
trol grafts on untreated amimals, the healing-in of these grafts of Chinese ham-
ster skin was very feeble, and the grafts remamed quite indolent None was
viable beyond the sixth day

The complete effectiveness of cortisone in allowing the survival of ortho-
topic skin heterografts, on the one hand, and 1its apparent effectiveness in pro-
longing the survival of some malignant heterografts, on the other, 1s rather
provocative It 1s possible that the cheek pouch to which most investigators
have transplanted heterologous malignant tissues may be an immunologically
privileged environment, where the grafts either fail to elicit a maximal response
or are to some extent exempt from its consequences Some support for this
view, which 1s at present being investigated, may be derived from Foley and
Handler’s (1957) recent demonstration that cells from normal heterologous tis-
sues will grow and proliferate for at least a short period n the cheek pouch,
even without cortisone admimstration

The response of Clunese hamsters to skin homografts ~ Although, apart from
the Syrian hamster, many species of hamsters are known, the only species that
has been domesticated and 1s available for study 1s the Chinese hamster It 1s
rather small and weighs about 35 gm when full grown

To determine whether the anomalous behavior of Syrian hamsters toward
skin homografts also obtains in Chinese hamsters, we studied the fate of skin
homografts i animals from a closed but noninbred colony  Of 21 animals that
recerved skin homografts, all but 3 destroyed their grafts within 12 days Two
ammals of the latter that had exchanged grafts reciprocally were peculiar mn
that their grafts survived for 35 and 55 days, respectively, suggesting that just
by chance they were of similar antigemc constitution ~The median survival
time of all the homografts in this series was 8 8 (7 8 to 10 0) days The individ-
ual survival scores and other details of varnous experiments are given in full
elsewhere (Billingham and Hildemann, 1958)

Discussion

The high degree of compatibiity of skin homografts exchanged between
members of the same Syrian hamster colonies 1s 1 complete accord with the
findings of other workers that most spontaneous or carcinogen-mduced tumors
in this species survive transplantation to other adult hamsters of the same
origin as the tnmor donor, or even mto hamsters of unrelated stocks This
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anomalous survival of both skin and tumor homografts mn nonminbred ammals
differentiates Syrian hamsters from all other mammals thus far mvestigated

However, there are no grounds for postulating any deficiency mn the immuno-
logical machinery of this species to account for these results This follows
from the fact that, with 4 of the 6 intercolony combinations we have tested,
nearly all of the ammals rejected their homografts after typical acute inflam-
matory reactions, and the median survival times of these grafts (that 1s, 8 8 to
11 2 days) fell within the range charactenstic of skin homografts transplanted
between individuals of distant genetic relationship i other mammahan species
(Billingham et al , 1954)

The recent observations of Adams e/ al (1956) that both “intrastrain”
and “interstrain’ skin homografts between American-bred Syrian hamsters
from commerical stocks normally survived for as long as one year are consistent
with our own findings mn certain colony combinations  Our present knowledge
of the fate of homografts mn this species suggests that in all stocks so far m-
vestigated there are only a few “strong” histocompatibility genes (antigens)
segregating Thus, the finding that all MHA hosts accepted LSH grafs,
whereas the majority of LSH animals rejected MHA homografts could be ex-
plamed by the segregation of one important antigen in MHA animals that was
absent from LSH individuals The situation 1s complicated by the fact that
while all previously ungrafted MHA ammals accepted LSH skin homografts,
following their exposure to CB donors, no less than 60 per cent of the MHA
hamsters rejected subsequent LSH grafts This probably indicates that most
CB and LSH animals share one or more “weak” histocompatibility antigens
not found in MHA hamsters This weak antigen (or antigens) was not only
incapable of bringing about the rejection of LSH grafts on previously ungrafted
MHA hosts, but 1t also failed to elicit an 1mmune reaction against estabhished
LSH homografts when the hosts were subsequently grafted with CB skin against
which they reacted vigorously  The recent work of Counce ef al (1956) on the
role of strong and weak histocompatibility genes in the rejection of homografts
n mice lends some support to this interpretation  Billingham ef al (1956a)
have suggested that a weak level of transplantation immunity that develops
slowly while a homograft 15 1n residence may be ncapable of damagmg that
graft, although 1t may effect the destruction of a subsequent homograft of the
same genetic constitution during 1ts more vulnerable healing-in phase

Most difficult to interpret 1s the finding that the hife expectancy of CB skin
homografts may be prolonged if they are transplanted to MHA hosts bearing
successful LSH homografts Such grafts had a median survival time of 19 3
(137 to 27 2) days, while the control CB — MHA grafts showed a median
survival time of only 10 5 (95 to 11 5) days  The graft survival was therefore
prolonged by a factor of about 2, although 5 of 16 and 3 of 18 grafts, respec-
tively, revealed no incompatibility even after 100 or more days W:a arep In-
clined to suspect that most of the animals 1n both of the donor colones possess
one or more common, weak, cellular antigens that are capable of ehciting serum
antibodies  Although such antibodies appear incapable of d
homografts (Billingham et al , 1954, Billingh 3 amaging skin

) : gham and Brent, 1956), they would
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nevertheless have a specific affinity for the cells that evoked their formation
In the present mstance this may have resulted in an afferent or efferent inter-
ference with the immune reactions of an MHA host previously grafted with
LSH skin  Simular or alternative hypotheses have been suggested to account
for the phenomenon of “enhancement” in mice (see Billingham et al, 1956b,
Snell, 1956, Kahss, 1957)

The apparent paucity of ‘“‘strong” transplantation antigens in Syrian ham-
sters distingwishes them from all other mammals thus far studied One might
well suspect that this difference 1s the result of an unusual stability of the his-
tocompatibihty genes Even if the individuals comprising the original family
discovered 1n Syria i 1930 had been largely homozygous for histocompatibihity
genes, widespread breeding of the species during the last 20 years has provided
ample opportunity for mutations to appear In contrast, minor cosmetic 1m-
perfections of immunological orngin have been observed in skin homografts
transplanted between sublines of highly inbred strains of mice only 8 to 13
generations apart (Billingham ef al , 1954) It 1s also possible that some of the
hamster homograft compatibility 1s a result of naturally acquired tolerance
If fetal-to-fetal or maternal-to-fetal exchanges of blood cells are found to occur
with any considerable frequency, one would then expect a proportion of homo-
grafts between closely related, or even unrelated, animals to be accepted for
long periods or permanently There 1s mounting evidence that such trans-
placental exchanges of cells do occur 1n various mammals under appropriate
conditions (Owen, 1956, Stormont ef al , 1953, Levine, 1958)

To what extent homograft compatibilities in the Syrian hamster may be n-
fluenced by the imteraction or penetrance of the genes responsible for 1soanti-
gens remams to be determmed Indeed, the vanous 1soantigens discovered in
the present study have yet to be serologically and genetically defined Closely
mbred hines would, of course, be desirable for future studies
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Discussion of the paper

MEeRrRRILL W CHASE (The Rockefeller Instiute for Medical Research, New
York, N Y ) With reference to the very interesting work described by Billing-
ham and Hildemann, the thought anses that the strikingly high degree of homo-
graft tolerance among hamsters may rest on the practical absence of granuloma-
tous responses given by this species It 1s known that tubercle formation and
progressive disease are hardly to be encountered among hamsters when infection
1s undertaken with living mycobacteria  Saenz! found that 7 hamsters of 44
treated with BCG, were capable of forming granulomas with multinucleate gli
ant cells The observation 1s the more interesting when 1t 1s recalled that a
granulomatous response and the production of a delayed type allergy often
appear 1n association and that one current line of reasoning concerning homo-
graft rejection invokes the 1dea of a delayed type of allergy The differences
among Saenz’s anmimals probably rest on a genetic basis

The question arises whether 1t would be possible to estimate, 1n advance of
grafting, the chances for tissue incompatibihity when grafts taken from ham-
sters of a particular colony are placed on hamsters of another closed colony
Billingham’s data pomt to the idea that genetic segregation between these
“closed colonies” 1s a reason for the observed mstances of mcompatibility We
deem 1t possible to devise some appropriale challenge that could provide a clue
to the ability of hamsters to react to tissue homografts with the production of
a granulomatous type of response The thought offered here 1s based upon
the 1dea that hamsters may remain rather mert to the presence of tissues pos-
sessing tissue antigens differing mn “individuality’” unless they possess i ade-
quate measure the capacity to respond to such antigens with a granulomatous
reaction  Perhaps ascertaming the histological reaction to an intracutaneous
Injection of paraffin o1l alone, or even to paraffin o1l containing a suspension of
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killed mycobacteria, might reveal, between members of the hamster colony,
differences of such nature that individuals most prone to form granulomas and
to give other manifestations of delayed-type allergy might be ascertained be-
before the time arises to use the animals either as recipients or donors of tis-
sues
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III. Antibodies and Antigens in Tissue Transplantation

REACTIONS OF SKIN HOMOGRAFTS WITH
SPECIFIC IMMUNE SERA

By Chandler A Stetson, Jr, and Rita Demopoulos
New York Umversity College of Medicine, New York, N ¥

In each of the monographs on tissue homotransplantation sponsored by this
Academy'- % and in various other communications on this subject, much exper-
mmental evidence has been presented indicating that the various reactions to
tissue homografts have an 1mmunological basis  Some of this evidence has
more specifically implicated antibodies of the conventional type in these reac-
tions Circulating antibodies arising as a consequence of homografting have
been demonstrated by Amos ef al > Amos and Day,* Mitchison,® and others,
and the biological activity of these antibodies, 1n certain cases at least, has
been amply demonstrated The histological studies of Scothorne,® Darcy,’
and others have revealed 1n the graft bed and regional lymph nodes the presence
of an abundance of cells of the type known to be active i the production of
antibody, and Darcy® has shown a nice correlation between the number and
time of appearance of these cells and the rejection of first-set and second-set
homografts The prolonged survival of homografts in ammals treated by
means known to suppress antibody formation and the long survival of homo-
grafts m patients with agammaglobulimerma both suggest that conventional
antibody 1s necessary if not sufficient for homograft rejection

If these considerations were remnforced by the ability of immune sera pas-
sively to transfer specific homograft immunity, there would be little difhculty
in bringing the whole body of transplantation phenomena into the realm of
classic immunology However, while such transfer has, in fact, been abun-
dantly demonstrated in the case of certain tumor grafts? the results of stmilar
experiments with skin-graft immunity have usually been negative While
Voisin and Maurer? obtained suggestive results in some guinea pigs, the general
experience of Billingham ef al® and others has been that serum from skin-
graft-immune ammals does not passively transfer the state of immunity

Our working hypothesis, based chiefly on histological considerations, 1s out-
lined 1n FIGDRE 1 As the time of homograft rejection approaches, large num-
bers of plasma cells can be distinguished m the graft bed® and in the regional
lymph nodes ® If one assumes that these cells are engaged m producing anti-
bodies to graft antigens, then 1t follows that the concentration of these anti-
bodies would be higher at the site of their production than elsewhere 1n the
host (in the blood stream, for example) Much of the antibody that reaches
the graft and 1s there bound to graft antigens might arrive by diffusion through
tissue spaces 1n the graft bed rather than by the returning circulation

Attempts at reproduction of this situation by passive transfer of serum might
then fail for simply quantitative reasons, whereas the local mjection of a high-

tléered serum around a graft might more closely simulate the actual state of
affairs

Vdelsd
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Ficure 1 Schematic representation of local antigraft antibody formation by plasma
cells in the graft bed and regional lymph nodes The black dots represent hypothetical
relative antibody concentrations and indicate that the amount of antibody fixed to graft
antigens may be large compared to the amount 1 serum

Most passive-transfer experiments in the past have been done with animals
made putatively immune by the application of skin homografts, a procedure
that would not necessarily be expected to be the most effective means of 1m-
munization Medawar has shown that transplantation immumty can be
mduced effectively by the mjection of suspensions of leukocytes or spleen cells,
and this finding has suggested the possibility that more potent antisera might
be obtained by mcorporating such cell suspensions 1n the well-known Freund’s
adjuvant mixture

Hybrid rabbits, immunized against normal rabbit spleen with adjuvants,
have been found uniformly to develop individual-specific “white-graft” im-
munity within two weeks, that 1s, homografts from the donor of the spleen
cells fail to be vascularized and eventually dry up, while control homografts
from other rabbits are vasculanzed and rejected in the normal fashion Sim-
jlar results were obtained in A/ Jax mice immunized against BALB/c spleens, 1n
this case the white-graft immumty being strain specific rather than individual
specific  In both rabbits and mice this white-graft immumty has been readily
transferred with serum, that 1s, when serum from an immunized animal bear-
mg a white graft 1s mjected mnto a normal animal, the subsequent application
of a skin homograft from the spleen-cell donor 1s followed by a white-grait
reaction An lustration of such a passive white-graft reaction 1s given m
FIGURE 2 Both mice had received homografts 8 days previously, and the
mouse at the bottom had simultaneously received intravenously 04 ml pooled
serum from specifically immunized mice  The homograft in the control mouse
has vascularzed and 1s now exhibiting the characteristic hemorrhagic rejection
reaction, while the passively immumzed mouse shows a typical white graft

Such grafts are nonvascularized, as judged by varous criteria, mncluding

failure to bleed when pricked or shced  They may persist as soft mntact grafts
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FicurE 2 Passive transfer of ‘““white-graft” immunity

The grafts were apphed 8
days previously, and the top (control) homograft shows beginming hemorrhagic necrosis
The mouse below had received 04 ml pooled immune serum at the time of grafting, the
graft 1s not healed and 1s nonvascularized

for several days beyond the eapected rejection date before finally drying up
and sloughing

It might be well at this point to suggest that the white graft has perhaps been
underemphasized in transplantation hiterature  There seem to be good reasons
for regarding 1t as the expression of a higher degree of transplantation immunity
than the usual second-set response For mstance, in the latter response the
accelerated rejection 1s 1n fact preceded by an mmtial period of acceptance and
vascularization, while the white graft 1s not tolerated to this extent 1 Hetero-
grafts of guinea pig or mouse skin to rabbits typically become white grafts
and this reaction 15 commonly regarded as intolerance of some higher orde;
than that shown to homografts ~Second-set homografts applied at the height
of the reaction to first-set grafts are also likely to become white grafts, but if
one waits for 2 weeks or more, until the reaction to the first-set graft h,as sub-
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sided, the second-set graft usually will be accepted temporarnly and then re-
jected 1n an accelerated fashion 2
, From what 1s known of the antibody response to homografts, and from the
results of the experiments just reported, it would appear that the white-graft
type of reaction results from the application of a homograft at a time when the
serum contamns a sufficiently high titer of specific antigraft antibodies It
may be that under these circumstances the failure of the graft to become vascu-
lanzed 1s the result of the destruction of ingrowing capillary sprouts by
Arthushike reactions as they carry circulating antibody into intimate contact
with the graft Another possibility, of course, 1s that the graft may be quickly
and directly damaged by cytotoxic antibody, as in the experiments of Billing-
ham?!3 with epidermal cells and of Mitchison and Dube! with homologous tumor
cells

If the white-graft reaction 1s an expression of the immune state 1itself, then
the accelerated or second-set reaction may be hkened to the “secondary re-
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Specific homograft rejection produced by local mjection of immune serum
PthIGUI;Ehsof h%mografts from unrelated rabbits on the sixth day after grafting and 48
o °’§rﬁ§r the local mtradermal 1njection of pooled immune serum produced agamst spleen
h:ﬁlsrsof the donor of the homograft on the nght The control graft 1s 1 good condition,
c

while the test graft has been rejected
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sponse” of classic immunology ~ The mmtial acceptance and vascularization of
the second-set graft may well be occurring in the virtual absence of circulating
antibody, with the subsequent rejection resulting from rapid and copious local
formation of antibody If this interpretation 1s correct, then attempts pas-
swvely to transfer this kind of reactivity with serum would be expected to be
negative, as the capacity of an amimal to exhibit a secondary response cannot,
of course, be transferred mn this manner However, one might expect to be
able to produce accelerated rejection 1n a vascularized homograft by supplying
antibody m sufficient amount We have attempted this, using individual-
specific sera 1n rabbits and stran-specific sera i mice, as described earher A
typical experiment consists of the application of a test and a control homograft
to the ears of a normal rabbit  After 2 to 4 days have elapsed to permit vascu-
larization, immune serum 1s mjected 1n small quantities in multiple sites around
each graft  On occasion, typical hemorrhagic necrotic rejection reactions have
occurred 1 the test homografts (FIGURE 3)  In spite of a considerable amount
of work, 1t has not been possible thus far to develop a method for reproducibly
ehciting this phenomenon, and only 10 serum pools of approaimately 150 have
been active However, the reaction appears usually within 24 hours after the
serum 1njection, and sometimes within 6 hours, and the reactions have always
been specific, that 1s, the control homografts have never been demonstrably
affected

Our conclusions from these experiments are that vigorous immunization of
rabbits or mice against homologous spleen cells results in the development of
specific transplantation immumty of the white-graft type, that this immunity
can be transferred passively with serum from these immunized animals, and
that such sera, upon local mjection, can also cause accelerated rejection of
specific homografts

The significance of these observations with respect to the classic homograft
reaction must remain m doubt, since demonstations that antisera can cause
homograft rejection are by no means proof that this 1s the mechamsm actually
mn operation Final clarification of this point may well await a better under-

standing of the nature of the antigens and antibodies mvolved n these phe-
nomena
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Discussion of the Paper

MEeRRILL W CHASE (The Rockefeller Institute for Medical Research, New
York, N YV ) I should like to ask Stetson, in connection with his very 1n-
teresting work, first whether he has any particular knowledge concerning
the 10 active serum pools of the total of 150 pools that he mentioned? Sec-
ond, are these special pools consistently active? Finally, has he gamed
further knowledge of, or has he the expectation of investigating, the antibody
content within the circulation of animals that have rejected homografts? If
his theory of a particularly high local production of antibody mn the immediate
vicinity of migrating white cells at the base of the graft 1s correct as the chief
cause for homograft rejection, then spillover of this antibody or antibodies
mto the general circulation should result 1n a detectable concentration in the
serum following normal homograft rejections

CHANDLER A STETSON, JR We know very little about the antibody content
of our active sera  This, of course, 1s due to the fact that the nature of the
tissue antigens mvolved m homograft immumity 1s not clear at present Per-
haps the hemagglutinins described by Gorer! and others 1n the sera of grafted
animals are responsible for the antigraft reactions that we have been studying
We certamnly intend to pursue this aspect of the problem further
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THE VASCULARIZATION OF SKIN HOMOGRAFTS
AND TRANSPLANTATION IMMUNITY*

By John Marqus Converse, Donald L Ballantyne, Jr, and John Woiskyt

Institule of Reconstruciwe Plastic Surgery, New York Umversity-Bellevuc Medical Cenler, and
the Department of Surgery, New York Untversily College of Medicine, New York, N Y

The properties of the homograft-rejection reaction show close similarities to
the events observed m the secondary responses of orthodox immunological
systems  After rejection of a homograft from one donor the host has acquired
a sensitivity directed specifically against further applications of tissues from
that donor If a second homograft from this same donor 1s now applied, 1t 1s
destroyed 1n an accelerated fashion (the second-set phenomenon) !+ 2 Whereas
the first-set homograft 1s rejected within 7 to 10 days after application, second-
set grafts seldom survive beyond the fourth or fifth postoperative day Ad-
ditional repeat-set homografts show no further shortening of the recipient’s
rejection time, but are destroyed at the same rate as the second-set grafts 3. 4

A peculiar type of secondary response occurs when a second-set homograft
1s transplanted within seven days after the rejection of a first-set homograft
The vascularization of the graft 1s defective, and the transplant retamns a white
color This “white-graft” reaction, observed in man* and confirmed m the
rabbit by Stetson and Demopoulos elsewhere mn this monograph, 1s attributed
to an mability of the host vessels to connect with the graft vessels and to pene-
trate the graft during the period of the maximum response of the host to the
first-set homograft

This report deals with another aspect of the homograft reaction, namely,
how soon after transplantation of a skin homograft does transplantation im-
munity develop? How advanced must the graft-host connection be before
the antigenic stimulus reaches the host?

In the early stages after transplantation during the so-called period of
“plasmatic circulation” there are indications of uptake by the graft of flmd
and cells, as suggested by early color changes and increase in weight of mam-
malian skin grafts placed on the choroallantols of the chick embryo® It 1s
generally assumed that exchanges between the graft and host do not occur until
a period of approximately forty-eight hours has elapsed, that 1s, after the estab-
lishment of the first connections between blood and lymphatic vessels of the
graft with those of the host The development of systemic specific sensitivity
to a skin homograft, therefore, might be expected to occur only after this time
mnterval of approximately forty-eight hours The experiments described in
this report were designed to confirm this assumption

The second-set phenomenon, the accelerated rejection of a second homograft
from the same donor, 1s at present the only mndicator of the development of
transplantation immumity

The expenmental protocol employed first- and second-set homografts placed

* The work reported i this
paper was supported m part by Grant No RG-4788 f
National Institutes of Health, Public Health Service, Bethes a, Md rom the

T Present address Hopital Das Chmicas, Sio Paulo, Brazil
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on the auricle of the rabbit  After varying time intervals of from two to nine
days, the first-set homograft was excised from the host by amputation of the
recipient auricle A smmlar principle was applied by Freund and Lipton,®
who excised the site of an intracutaneous mjection of spinal cord suspension
1 water-in-oi1l emulsion contamning killed tubercle bacilli one hour after the
injection They noted that the excision did not prevent either the development
of allergic encephalomyelitis or sensitization to tuberculin, as a portion of the
mjected material reached the regional lymph nodes within one hour

Methods and Techniques

All ammals used were female rabbits weighing from 25 to 30 kg  They
were grouped 1nto 5 consecutive series of 10 to 12 rabbits per donor Each
donor was obtained from a different source 1n order to avoid the possibility of
genetic stmilanty to the recipients  One half of each group of recipients was
sensitized by a first-set skin homograft placed on the right auricle, the other
half of each group recewved the first-set homograft on the left auricle (FIGURE
1) At varymng time intervals after transplantation of the first-set homografts
the auricle containing the homograft was amputated A second-set homograft
from the same donor was then placed on the homolateral auricle (FIGURE 1)
The criterion of the development of transplantation immunity mn the host was
the occurrence of a second-set phenomenon in the second-set homograft In
order to avoid a white-graft reaction, a time interval of 17 days was allowed
between the first- and second-set grafts

After time ntervals of 2, 3, 5, 7, and 9 days for each senes, the auricle con-
taming the first-set graft was amputated Seventeen days after transplanta-
tion of the first-set homograft, the recipients recerved their second-set homograft
on the homolateral auricle In all cases the same donor supphed the first- and
second-set skin grafts

The auricles of both recipient and donor were chipped (not shaved) and

i

N - ™~

' d-set graft
First-set fomograft  £xcision of ouricle  Secon
containing first- on other ouricle
on one auricle A /%

FiGure 1
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washed with 70 per cent alcohol immediately before surgery The auricle of
the donor rabbit was amputated at the junction of the medial and the distal
thirds, the resected auricular segment served to supply 12 skin grafts After
trimming the margins of the resected segment of auricle the skin on the ventral
aspect was carefully removed from the perichondrium to provide the skin
grafts The dermal surface of the skin was then spread over a moistened sterile
paper towel With the paper towel as a backing, the skin was cut into 12
pieces of 15 X 10 mm 1n dimensions A rectangular area 10 X 15 mm was
outlined and 1ncised i the ventral surface of the recipient auricle The skin
was removed from the perichondnal bed with httle attendant bleeding If
bleeding persisted, 1t was controlled by light compression with moistened gauze

All controls received only one set of skin homografts In a number of series
of grafts the experiment was repeated with additional 10 to 12 recipients and
one donor to verify the orgial findings

Daily observations of the second-set grafts were made through a film of
mineral o1l under a stereo-microscope, * following the techmque of Taylor and
Lehrfeld 7 The tume of skin rejection was determined when complete vascular
disruption was observed in the homografts

Results

As 1llustrated in TABLE 1, the controls and the groups of 5 consecutive series
of rabbits were assigned Roman numerals as following Group I (controls),
Group I (2-day mterval), Group III (3-day interval), Group IV (5-day inter-
val), Group V (7-day mterval), and Group VI (9-day interval)

* Product of Bausch & Lomb Optical Co, New York, N Y
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It 1s of interest to note that the time of onset of the homograft rejection
period 1n the rabbuts of Group II (2-day interval) comncides closely with that of
Group I (controls) The data in TABLE 1 show that the mean survival times
of the homografts m the Group I (controls) and Group II (2-day interval) were
7 9 and 7 6 days, respectively ~ There was a considerable decrease in the homo-
graft rejection period, with a mean survival time of 59 days 1n the Group 11X
(3-day mterval) This indicates that the earhest development of transplanta-
tion mmumty as mdicated by the second-set phenomenon occurs after the
time interval of 48 hours

TABLE 1 and FIGURE 2 show that there 1s a progressive decrease in the time
of onset of the second-set homograft rejection period with the increasing time
mntervals Data illustrated in TABLE 1 show that the mean survival times of
the second-set homografts m the following series are 55, 52, and 4 4 days in
Group IV (5-day nterval), Group V (7-day mterval), and Group VI (9-day
interval), respectively

The second-set homografts of Group VI (TABLE 1) seem o survive somewhat
longer during the winter than during the summer

Postoperative observations showed that a few of the second-set homografts
1n all series had active hemal flow in the blood vessels by the second day This
was not observed 1n the controls receiving only one homograft (Group I)

Conclusions

The establishment of vascularnization of a skin homograft is required for the
development of transplantation immunity and the hypersensitive state  The
presence of the skin homograft in the host bed for a period of at least forty-
eight hours 1s required  The degree of hypersensitivity developed by the host
1s progressive, Increasing as the vascular connections become better established
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HOST-GRAFT INTERRELATIONSHIP AND THE EFFECTS OF
INJECTIONS OF ORGAN HOMOGENATES AND OF CELLS
UPON THE TESTES OF EXPERIMENTAL ANIMALS*

By Seymour Katsht
Department of Embryology, Carnegie Inststutton of Washinglon, Baltumore, Md
INTRODUCTION

Since 1945, problems concerned with the host-graft mnterrelationship have
occupled my attention and, 1n a series of publications,’5 I have described ex-
permments 1n which a vanety of transplants of organs were made to the seminal
vesicle 1n rats This work demonstrated that autografts of adrenal cortex
and homografts of ovary and corpus luteum were maintained sufficiently well
m turn to stimulate the secretory epithelium of the seminal vesicle of the cas-
trated host, indicating that andromimetic substances were secreted by the
grafts Testicular autografts and homografts also were capable of sustaining
the epithelium of the seminal vesicle, but the germinal portions of these grafts
gradually degenerated, presumably because of the intra-abdominal hyperthermic
environment Thyroid autografts in the seminal vesicle continued to secrete
hormone, judging by the cytology of the follicular epithelium and the presence
of colloid, but these grafts did not stimulate the vesicular epithelhum  Other
organs (for example, the pancreas and the salivary glands) became atrophic

It was noted also that successful grafts of tissues, such as the adrenal, ovary,
and testis, were essentially free of lymphocytes, macrophages, or other cells
known to be associated with antibody formation or transport or with antigen
sequestration  Similarly, the seminal vesicles were also devoid of these cells,
which hereafter will be referred to as the “cells of the antibody series ”’ Since
the semuinal vesicles normally are free of cells of the antibody series, 1t seemed
that this organ should receive attention as a preferred site for transplantation

As an outgrowth of these experiments 1t was of interest to determine whether
grafts could induce organ-specific damage in hosts m which the target organ
was not removed  In the background was the thought that each organ, during
differentiation and maturation, acquired unique molecular properties that
normally conditioned 1ts own size and function and that, as a result of damage
such as mjury or infection, caused self-destruction or overgrowth Would 1t
be possible, then, to induce overgrowth or destruction of a specific organ by
presenting the host with the appropriate substrate m the form of a transplant?
To examine this possibility, 1t was decided to devote attention to one organ,
the testis, because antigens to 1t had been known for some time (see Smith®
and Katsh? for partial reviews) to be present in testis or sperm A series of
experiments was undertaken during the next several years to examine the pos-
sibihity of affecting selectively the testes of rats by autologous and homologous
grafts of testes Since problems associated with transplants of endocrine tis-

* The work reported 1n this paper was supported 1n part by funds provided by The Pop-

chefeller Institute for Medical Research, New York, N Y
u]a?cl)’r;ecs::x:ltn gléz'l?e}slg Rﬁlepa.rtment of Pharmacology, University of Colorado Medical Center,

Denver, Colo 698
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sues were recognized, a variety of experimental conditions, such as X wrradia-
tion, vitamin imbalance, and hypothermia, was employed The experiments
were mconclusive, and the mtended goal was not attained, but other data®*
obtained during these studies are of continuing mterest and may be related to
the problem at hand in future studies

Although these efforts failed to test the possibility of mducing organ-specific
effects 1n hosts by means of homologous organ transplants, enthusiasm for the
line of investigation did not wane ~ With specific reference to the testis, there
was evidence m the literature®® M mdicating that injections of sperm or testis
could induce spermatogenic degeneration It seemed worthwhile, therefore, to
gam an appreciation of the reasons why njections of material were effective
and transplants were not, and 1t was decided to examine the problem from the
former aspect n order to gain information pertinent to transplantation studies
The remander of this presentation 1s concerned with the experiments using
mnjections of testicular materials

One set of data 1s concerned with the effects of homologous testicular and
brain and heterologous testicular homogenates 1 adjuvant in the guinea pig
It was observed that homologous testicular material was more efficient than
homologous brain or heterologous testis 1n inducing aspermatogenesis The
order of efficiency 1s presumably related to the degree of cross-reactivity of the
mjected material with the testicles of the host and, therefore, similarnty or dis-
similarity of the injected antigen to the native antigen Another mmportant
part of the experiments permitted the conclusion that the native antigen was
localized solely 1n the spermatogenic tissue and was not present 1n the nongame-
togemic portions of the testes Other experiments employing a varety of
tissues as antigens and experimental anmimals as hosts!® indicated that the rat
and rabbit were not as sensitive as the guinea pig mn responsiveness to the organ
or cell injections It was decided, therefore, to concentrate on the guinea pig
as the test ammmal and to examine as many as possible of the reactions of the
ammal to mjections of sperm and testis

The reactions of the female guinea pig to njections of homologous testis or
sperm with and without adjuvant were exammed The female, rather than
the male, was used in order to remove the possiblity that endogenous antigen
would lead to equivocal findings  In this set of expermments”™ 7 the injections,
whether 1n adjuvant or 1n saline, induced a hypersensitive state of the ana-
phylactoid type as measured by the responses of 1solated uter1 and ilea to ho-
mologous and heterologous sperm 1 wmiro The term anaphylactoid rather
than anaphylactic 1s used for reasons stated elsewhere” and because several
njections of sperm or testis in saling’- 1 5.1 did not cause anaphylaxis,
whereas even a single mjection of egg albumin nto the immunized guinea pig
results m true anaphylaxis® Freund ef ol 1® demonstrated that by chemical
extraction of testicular tissue an antigen was obtamed which, upon 1njection
nto the gunea pig, induced anaphylactic systemic and skin reactions as well
as true anaphylaxis The same workers reported, however, that systemic

anaphylaxis or skin reaction was not demonstrable by the use
ofs -
lar suspensions y perm or testicu
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As a result of the demonstration of the anaphylactogenicity of sperm, 1t was
necessary to examine the possibility that aspermatogenesis might be induced
by an anaphylactoid response of the vas deferens A closure of the lumen of
the vas deferens, preventing the progress of spermatozoa, might result in de-
struction of the spermatogenic tissue If this was the mechanism of the n-
duction of aspermatogenesis, the concept of organ damage by homologous-
organ antigen would be rudely jolted This possibility was examined 1n the
next series of experiments?® The studies 2 miro performed on the organs of
guinea pigs 1njected with homologous testis, sperm, and ovalbumm demon-
strated that, whereas the 1solated deum and uterus always responded to specific
antigen 2 wtro, the vas deferens and seminal vesicle did not The reason for
the mnsensitivity of the vas deferens and seminal vesicle 1s related to the absence
n these organs of cells of the antibody series Because the vas deferens failed
to show anaphylactoid response, the possibility that the mechamsm of asper-
matogenesis could be attributed to this phenomenon seemed remote The
situation » mvo, however, may be quite different from that 2 »fro because, 1n
the former case, cells of the antibody series probably course through the organ
continuously 1n the blood vessels Nevertheless, the literature pertaiming to
the effects of ligation of the vas deferens imndicates that spermatogenic tissue 1s
affected only shghtly, if at all This, together with the evidence presented
above and elsewhere,'® permits the deduction that the damage observed m the
testes of the guinea pigs following 1njections of sperm or testicular cells 1s re-
lated to an 1mmune phenomenon, leaving the concept unviolated

The evidence that the seminal vesicles are devoid of cells of the antibody
series supports the suggestion that the seminal vesicle (like the anterior chamber
of the eye and the bramn*) may be a preferred site for transplantation In
contrast, the ileum, uterus, and skin, mn which lymphoid elements and macro-
phages are found normally 1n great numbers, are prepared to reject grafts and
to show organ anaphylaxis promptly = This will be considered later 1n the pres-
entation of a unified hypothesis that integrates information gained in experi-
ments on transplantation, anaphylaxis, and such 1soallergic disease states as
uveits,? neuritis,?® and encephalomyelitis,? as well as aspermatogenesis

Now a series of experiments relating to the 1soallergic diseases must be dis-
cussed

The experiments concerned with the contribution of the bacterial component
of adjuvant that conditions the sensitization of the animal and 1ts organs will
be mentioned only briefly here because of their extensive nature The full
report will appear subsequently

Tt will be recalled that many injections of sperm or testis suspensions 1n
saline are mefficient’ 18 by comparison with a single injection of such materials
i complete adjuvant (paraffin oil, Arlacel A, and Mycobacterium butyricum)
in the induction of aspermatogenesis * 15 Similarly, one or more mnjections of
sperm or testis 1n mcomplete adjuvant (paraffin o1l and Arlacel A, but no bac-
teria) have no pronounced effect upon the testes of guinea pigs !* Appar-
ently, then, the bacteria m adjuvant are important in the mediation of hthg

syndrome Moreover, because 1t appeared that only ac1d-f(zl15ft bacterlaf 1?]
been employed successfully 1 adjuvants, 1t seemed that acid-fastness ol the
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bacteria must receive attention Therefore, adjuvants prepared with acid-
fast and with nonacid-fast bacteria were emulsified with homologous testis
and mjected mto male gumnea pigs  The testes were examined histologically,
and the organs were tested i wiro as before The testes of ammals -
jected with the acid-fast bacterial preparation were aspermatogenic, and
these amimals also had ilea that responded strongly to antigen 11z vfro In
ammals 1njected with the nonacid-fast bacterial mixtures, only mild, if any,
testicular damage was observed, and the 1solated ilea reacted weakly (mn
duration of contraction, not as regards /eigh! of contraction) Another ex-
periment related acid-fastnesss and ability to induce aspermatogenesis when,
used 1n the above manner, M fuberculosis from which acid-fast stamability
was removed was completely ineffective 1n mducing aspermatogenesis and
ileal sensitivity A further series of eaperiments disclosed that hpopolysac-
charides extracted from virulent strains of M tuberculosis were extremely
effective 1n inducing aspermatogenesis and 1ileal responstvity when mcorporated
into adjuvant and njected in the manner described above Lapopolysaccha-
rides from nonacid-fast bacteria were considerably less potent in these respects

The working hypothesis can now be presented 1n outline form and a detailed

elaboration supported by the appropriate evidence attained to date will be
presented m future publications

Host, TiSSUE, AND ORGAN RESPONSES IN ANAPHYLAXIS, TRANSPLANTATION,
AND OTHER INDUCED OR ACQUIRED HYPERSENSITIVE STATES IN WHICH
ORGAN-SPECIFIC OR CELL-SPECIFIC DAMAGE IS PRODUCED

Anaphylasis

Portals of eniry of anirigen and host response lo 1he sensiizng dose of antrigen
When the sensitizing exposure to antigen 1s mtracutaneous (by way of injec-
tion, cutaneous damage, or infection), macrophages, lymphocytes, and other
white blood cells accumulate at the site  The macrophages transport antigen
to other foc1 of lymphoid tissue, synthesis of antibody 1s promoted thus, not
only 1n the skin, but also elsewhere 1n the body ’

A similar response occurs 1f other portals of entry that contain macrophages
and lymphocytes, such as the respiratory passages and alimentary tract, are
origmally mvolved The net result 1s that the tissue itself, as well as o,ther
organs containing lymphoid tissue, may become sensitized

An mterval of time subsequent to the exposure to the sensitizing dose 1s re-
quired for antigen transport to the individual organs that contain foci of
lymphoid tissue and antibody synthesis in them After this time (up to 3
weeks), little or no detectable antibody may be present in the circulating blood
because the major concentration of antibody-contamning cells remains 1n the
individual organs Consequently, the blood levels of antibody reflect onl
the amount of circulating lymphocytes as they are released from the lymphoé
centers At this time and later, however, a provoking dose of antigen will
elicit the following responses, depending upon the organ, the route of adminis-
tration, the amount of antigen, and other factors, such as the rapidity of ant
gen administration and the vehicle used PIGHY of antr

The skin A challenging dose of antigen 1n the skin elicits a cutaneous re-
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sponse by virtue of the interaction of the antigen with the lymphocytes and
plasma cells (cells of the antibody series) During this interaction there 15
liberated a factor that is responsible for the local wheal and flare reaction

If the amount of antigen or the rapidity of its admimistration during the
challenging phase 1s such that all the units of antigen can be “neutralized”
(that 1s, reacted with) by the lymphocytes in the skin, free antigen will not be
available to react elsewhere Conversely, 1f the amount or rapidity of antigen
admimistered exceeds the available number of cells of the antibody series at
the site, excess antigen will pass to other organs of the body

Similar reactions occur if the portals of entry of the challenging antigen are
the respiratory passages or gut

Organs contarmng smooth muscle and lymphod lissue, such as the ileum, the
ulerus, and the respiratory passages As a result of a sufficient sensitizing ex-
posure, antigen 1s carried to other organs of the body There are discrete
lymphoid follicles in the ileum and respiratory passages, and the uterne mucosa
1s nfiltrated with lymphocytes Antigen brought to these organs stimulates
the production of antibodies in the lymphocytes therem The admimstration
of a challenging dose of antigen to these organs results in antigen interaction
with the lymphocytic cells This interaction 1s followed by the release of a
factor that stimulates the contraction of the smooth musculature of these
organs The contraction of the smooth musculature may be brief or prolonged,
depending upon the number of lymphocyte-antigen interactions If the num-
ber of antigen units 1s large and all available antibody-contaming cells have an
opportunity to react, the amount of factor released 1s large and the contracture
1s of long duration After this, the organ 1s desensitized and will not respond
to further antigen If the amount of antigen 1s small, but the number of anti-
body-contamng cells 1s greater, the organ will not be desensitized, and further
exposures to antigen wil mduce contractions until all antibody-contamning
cells are exhausted

It can be seen, therefore, that a challengimg dose of antigen that must escape
neutralization at the portal of entry may have delayed effects on other organs
elsewhere Indeed, the amount of sensitizing antigen that escapes to the
various organs dictates the degree of sensitization of that organ, and the amount
of challenging antigen that escapes to the organ dictates the degree of response
By intravenous 1njection of an adequate amount of the challenging antigen,
the antigen 1s presented to all sensitized organs rapidly, so that death may
ensue

Organs conlarmng smooth muscle, but no lymphord tissue the vas deferens and
the seminal vesicle In organs such as the vas deferens and seminal vesicle
that contain smooth muscle, but no accumulation of cells of the antibody series,
the sensitizing antigen has no effect in the absence of lymphocytes Therefore,
exposure of these organs to the challenging antigen does not provoke contrac-
ture unless lymphocytes happen to be coursing through the vessels in the organ
Tn the latter 1nstance, the response of the musculature 1s related to the number
of antibody cells present at a given time that react with the antigen In actual
experimentation, three instances (out of more than one hundred trials) of minute
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responses to antigen 2 miro were observed. The three mstances of response
can be attributed to lymphocytes present 1n the vessels of the segment 7
miro Mast cells were not mvolved 1 the responses of the seminal vesicles or
vas deferens It 1s suggested, therefore, that the factor liberated during anti-
gen-antibody cell mteraction 1s not histamine, even though release of histamine
may be a concomitant feature of such reactions

Organs contavmng nether smooth muscle nor lymphord tissue siriated muscle
Striated muscle 1s apparently unresponsive to the factor released during anti-
gen-antibody mteraction Moreover, because of the relative lack of macro-
phages and lymphoid elements, mjection mto this tissue precludes the attain-
ment of levels of antibody sensitization 1n other organs comparable, for example,
to that after intracutaneous injection  This may be due to a partial destruc-
tion of antigen before sufficient amounts escape to antibody-forming centers
elsewhere and, 1 part, to a slow release of antigen from the sequestered area in
the muscle.

As will be seen, the above remarks are applicable to the discussion that fol-
lows It 1s helpful to state here that, whereas other explanations for anaphy-
lactic or transplantation reactions have invoked “tissue antibodies,” we con-
sider the mechanism to be nothing more mysterious than the reaction of the

lymphocytes and other antibody-contaiming cells present in the respective
tissues with specific antigen

Transplantation

Having presented the background in some detail above, I shall consider this
topic only briefly Transplantation ‘“‘takes” or rejections depend, among
other elements, upon the antigenic potency of the graft and the presence or
absence of macrophages and lymphoid elements in the graft and at the locus
of the transplant Organs such as the adrenal and ovary are relatively non-
antigenic, when placed 1n a site such as the semmal vesicle, which 1s poor m
macrophages and lymphoidal elements, such grafts are sustained for some time
An organ such as the testis, when grafted to the seminal vesicle, 1s also main-
tamed partly because of the same reason and, in part, because the antigemc
portion of the graft, namely, the spermatogenic tissue, 1s destroyed by the
higher abdominal temperature, leaving the nonantigenic portion

Further remarks relating the concept to problems in transplantation are
superfluous 1n view of the material presented by Medawar2 Lawrence,28
Rapaport and Converse,” and Favour® However, I am not yet convinced
that the tuberculin type of hypersensitivity 1s the one to which transplantation
reactions are most closely related

With regard to acquired tolerance, I concur in the views expressed by Bil-
lngham?® to the effect that antigen presented before imtiation of antibody
production (in ontogeny) or before remitiation of antibody synthesis (that 1s
after adequate lymphocytolytic treatment, X irradiation, cortisone) 1s ac:
cepted as “native’” material by the host With less than adequate lymphoid

depletion, response to antigens or homografts returns to the degree that anti-
body-forming tissue regenerates
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Other Induced or Acquared Hypersensitive States 1n Winch
Organ-Specific or Cell-Specific Damage 1s Produced

Expenmentally, as mentioned before, a single injection of homologous sperm
in adjuvant 1s sufficient to cause aspermatogenesis in guinea pigs Similar
situations obtain 1n such conditions as uveitis,? neuritis,?® and encephalomye-
litis,?* among others In order to apply the. concept as described above, 1t 1s
necessary to recall that these conditions are induced with relative success only
when adjuvant 1s employed and that a factor in adjuvant that facilitates the
reaction 1s contributed by bacteria Thus, upon injecting the antigen m
adjuvant intracutaneously, the antigen 1s 1n effect mncubated i a depot of ol
in the skin  During this incubation a great number of white blood cells, 1n-
cluding macrophages and lymphocytes, 1s called to the area (Freund®) The
number of the cells elicited by this method far exceeds that prompted by a
salime vehicle Consequently, the great number of macrophages can account
for a greater uptake of antigen at the site  This may be one factor that 1s re-
sponsible for a heightened antibody formation, because 1t accordingly means
that a greater number of antigenic umts can be brought to the other organs of
the body  Another factor that can promote antigen pick-up by macrophages
may be that the oil in which the antigen 1s present facilitates penetration of the
antigen mto the macrophages Moreover, the presence of bacteria and, more
precisely, the polysaccharide therefrom, may simulate an infectious condition,
in which case the defense mechanism of the host 1s mobilized to a greater degree
than otherwise During the incubation period the antigen and polysaccharide
mught complex to form a more potent antigen These factors—intracutaneous
mnjection, ol vehicle, and bactenal component-antigen complex—must be con-
sidered 1n the host response  In any event, the antigen 1s transported through-
out the body, and the organs that have depots of lymphoid tissue are stimulated
to synthesize antibody The responses of many of the organs already have
been considered

In such organsas the testes the possibility exists that the antigen brought to
the testis reacts with lymphocytes mn that organ Release of a toxic factor
could lead to destruction The destruction can be self perpetuating because
of the presence of endogenous antigen 1n the testis that can react with lympho-
cytes as these are brought to the organ via the circulation and draimng lymph
nodes As n the case of anaphylaxis, the more antibody cells that are brought
m contact with the specific antigen present in the germinal cells, the greater
the number of nteractions that will occur  Consequently, the reaction may
go to completion and all antigen-bearing spermatogenic cells will be elimmated

The concept 1s applicable to the diseases mentioned previously and to other
1soallergic syndromes It can also serve to explan how these disorders may
occur spontaneously, as a result of such factors as damage or infection, an 1imtial
release of antigen from the organ simulates autoantibody production against

that organ It must not be overlooked that the 1soallergic dlSOI‘dC;’S are m.,:.’
variably associated with infections (see, for example, Woods® and Wintrobe,

relating respectlvely to uveitis and thrombocytopenia) Accordmgiy, dthe ob-
servations regarding the contribution of the bacterial component of adjuvant
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assume great significance When the hypothesis 1s applied the following pic-
ture emerges during bacterial infection, damage to any antigenic organ with
concorutant release of antigen permits complexing of antigen with the bacte-
rial component  The complex now becomes a unit against which antibody re-
sponse 1s exacerbated because the antigen-lipopolysaccharide complex (1)
represents a more formidable agent than the antigen alone, and (2) because the
lipopolysaccharide component may facilitate penetration of the cells in the
organ

It can be seen from the above presentation that the basic phenomena associ-
ated with a wide variety of immunological states are considered to be funda-
mentally similar to those involved in transplantation “‘takes” or rejects The
proceedings of the Second Tissue Homotransplantation Conierence® reveal
that such thoughts are not alien to others mn the field The advantage of the
detailed presentation 1s that it permits experimental analyses of each postulate
For example, now that it has been demonstrated that gamma-globulin 1s
formed in the germinal centers of lymphatic nodules,® 1t should be possible to
detect the synthesis of antibody 1n the lymphoid tissue of such organs as the
leum  Also, if the findings are correct relative to the release of a factor (not
histamine) that, during organ anaphylaxis, stimulates smooth muscle to con-
tract tn itro, 1t should be possible to 1solate and 1dentify the factor
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SOME REACTIONS OF H-2 ANTIBODIES IN VITRO
AND IN VIVO

By P A Gorer
Department of Pathology, Guy's Hospslal, London, England

The mportance of the histocompatibility-2 (H-2) system of antigens in
homograft reactions m mice 1s now umversally recognized This 1s not the
place to discuss the genetic basis of this system, but a few general comments
may be pertinent The H-2 antigens are widely distributed among the normal
tissues of mice The components that have been described until now have
been detected by hemagglutination techmques -5 However, there are certainly
a number of very important components that are either absent from the erythro-
cytes or present upon them m very small quantity, and some of these have been
dentified by cytotoxic techmiques These mnclude a very potent antigen m
H-2k and an allelomorph of antigen K m H-2b called K* 1t 15 therefore
preferable to refer to the antibodies as H-2 antibodies rather than as hemag-
glutinins

Until recently doubts have been expressed as to the importance of H-2
antibodies 1n homograft reactions Three mamn objections have been put
forward

(1) It appeared at first as if the hemagglutinating antibodies were very
capricious 1 their appearance and transient in the circulations Since the
adoption of the human serum dextran technique® this objection has been shown
to be groundless Antibodies are regularly formed following homograft rejec-
tion The time during which they persist 1s somewhat vanable but, following
a strong primary stimulus, 1t varies between 3 and 13 months

(2) Matchison and Dube’ published evidence suggesting that antibody was
formed relatively late in the homograft reaction and was therefore not impor-
tant This finding 1s contrary to that of Kaliss® and to our own data  There
can be httle doubt that the indings of Mitchison and Dube were due to the
dextran they used We made direct comparison of their dextran with our own
Not infrequently our dextran would give titers of over 1000, while theirs gave
negative results However, we did find that the time of appearance of anti-
bodies was extremely wregular Sometimes they could be detected on the
fifth day, while on other occasions they might not be recognizable until much
later It seemed possible that the antibody formed early might sometimes
be incomplete, and we have done 2 number of experiments to test this hypoth-
ests  The method 1s somewhat complicated, and a brief description of 1t has
been published elsewhere ® Fuller details will appear shortly We studied
an A-strain mammary carcinoma (AMT 1), a C57BL leukosis (EL 4), and the
C3H ascites sarcoma BP 8 The results with all of these are in complete
agreement with those of Kaliss® with the A-stran sarcoma 1 (Sa 1) Anti-
body may sometimes be detected on the third day and with regulanty on the
foul;ihhda_v Visible signs of the homograft reaction have not been apparent
;Jrléceée: fl}fg;day with any of these tumors, and the appearance of antibody
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(3) A great deal of stress has been laid upon the alleged lack of cytotoxic
activity of H-2 antibodies I have never been impressed by these arguments
A pumber of nstances are known mn which antibodies not lethal 1 wiro are
highly effective i wwo, the Rh antibodies are an example However, this
pomt would not have ansen 1if the H-2 system had been discovered in rats,
since the serum of these ammals has good complementary activity Mouse
serum shows complementary activity 7z mwvo since Amos (personal communica-
tion) has shown that homologous leukemic cells may be destroyed in diffusion
chambers, and Algire ef al 1% have found the same with HeLa cells However,
such activity 1s rarely to be shown 2 mfro  Ritz! thought mouse serum lacked
end piece, while Brown' claimed that C'2 was lacking McGhee?® found it
possible to demonstrate complementing of antibodies against sheep red cells
by the employment of very light cell suspensions My co-workers and I have
performed a large number of experiments on this point  In our experience 1t 18
very rarely possible to demonstrate complementary activity with mouse sera,
and often such sera are strongly anticomplementary However, occasionally
complementary activity 1s qute strong in hemolytic systems, and we have
demonstrated cytotovic activity with 1soantibodies against BP 8 and E.L 4
The reasons for this pecuhar property of mouse sera are unknown, but 1t 18
obvious that complement from some other species must be used to test the
cytotoxic activity of mouse antibodies We found that either gumnea pig or
rat complement was suitable * We used the entry of eosin or trypan blue into
the cell as index of cell death Here I propose to summarize the results orgi-
nally reported, together with some new data  Cells from normal spleen, lymph
nodes, and bone marrow* are highly susceptible =~ We have now tested three
CS7BL leukoses and two BALB/c leukoses All may be classified as sus-
ceptible, although there appear to be differences 1n sensitivity between them
that require more precise investigation The ascites sarcoma B P 8 1s of a
lower order of susceptibility ~ Under optimal conditions from 25 to 30 per cent
of cells remamn apparently undamaged The cells of the A-stran sarcoma 1
are probably completely resistant 2z mfro  Qur results with leukotic cells are
very sunilar to those obtained by Schrek and Preston with a rat leukemia,'s: 18
and our results with spleen and lymph node cells have been confirmed by Klem
el alV

I have called attention to the fact that there are at least three histological
varieties of homograft response i mice ® ®* In Type 1 (the classic type) the
graft 1s supplied with a fibrovascular stroma by the host Graft destruction
15 intimately associated with infiltration by lymphocytes and plasma cells
The early work of Russell'® showed that in actively immunized mice no stroma
was provided, and the growth persisted as a small, thin-walled cyst for some
da’)I{‘she Type 2 response has been found with ascites sarcomata We had an
A-stramn sarcoma that we converted to an ascites tumor The solid tumor gave
a typrcal Type 1 reaction, while the converted tumor gave a Type 2 response

bout 40 per
. T experience has shown that most samples of hone marrow contain a p
tr?rég?_: tﬁgt appear undamaged 1 t2tro - However, the lethal cffects of antibody on
gf)x:no(l)ogous marrow in irradiated mice has been confirmed
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BP $and Sa 1 each gave a Type 2 response  If grown under the skin or 1n
the gastrocnemius muscle, ascites sarcomata do not evoke a fibrovascular
stromal reaction  As the tumor grows, host capillaries open up and the tumor
virtually vascularizes 1tself ~When growing as a homograft 1 mouse strains
A, BALB/c, or C57BL the picture 1s much the same mn each  Itis also essen-
tially simular both as a subcutaneous or intramuscular homograft except that
the reactions are considerably more rapid at the latter site  The subcutaneous
graft 1s much the better for studying the vascular reactions FIGURE la shows
B P 8 as 7-day old subcutaneous homograft in BALB/c  Only one giant cell
1s shown, and the frequency of these bodies 1s somewhat vanable The essen-
tial feature of the Type 2 reaction 1s a local proliferation of histiocytes that
invade the tumor from the periphery and surround the malignant cells, which
then die With subcutaneous homografts the first sign of the hstiocytic
reaction may be seen to begin on the fifth day and to become functional on
the seventh or eighth day TFicure 15 shows a well-developed histiocytic re-
sponse on the mnth day ~ On mmtramuscular implantation the reactions seem to
occur about 48 hours sooner than in subcutaneous implantation, and the host
appears more strongly sensitized The histiocytes do not appear to be much
damaged by contact with the target cells m subcutaneous grafts, although they
ultimately become engorged with cellular debris and disintegrate However,
with mtramuscular grafts, both histiocytes and target cells may disintegrate
shortly after contact

With cell doses of up to 4 mullion cells, regression of a subcutaneous graft
of B P 81s usually complete at about 14 days With doses 3 to 4 times higher,
the graft may persist for more than 3 weeks In such cases one may often see
penvascular areas of necrosis from the ninth day onwards These very hikely
represent a direct action of antibody I have never seen plasma cells 1n the
region of a Type 2 homograft Lymphocytes are sometimes present mn con-
siderable numbers near the graft, but they do not invade 1t

The secondary response 1s essentially a violent recapitulation of the primary
response, except that circulating monocytes seem to play a part Histiocytes
and target cells are both rapidly killed Sometimes no traces of living cells
are to be found after the third day  Occasionally the cellular response seems
to die away on the fourth day The remaimnder of the graft persists in an
indolent state, with some peripheral cells dying without cellular invasion per-
haps killed by antibody The process 1s finally brought to a close abou,t the
seventh day when infarction occurs Medawar!® was the first to draw atten-
tion to the importance of vascular occlusion with skin homografts, while
Algire®® demonstrated the phenomenon with a mammary tumor homog’raft

Potter and Findlay® were the first to demonstrate the Type 3 reaction
although they did not so name 1t The conspicuous feature of leukotic homo:
grafts 1s exudation of plasma This may be visible as a slight edema on the
fifth day with subcutaneous homografts of our C57BL leukosis EL 4 By the
sixth or seventh day the whole flank 1s intensely edematous  FIGurEs 2a z}lrnd b
%IXI‘Y Btl/le exudative reaction of sixth- and seventh-day homografts of ETL 4 1n

o 1c mice At first the reaction 1s confined to the deepest part of the

gratt, later, however, areas of necrosis occur throughout Proliferation of
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Ficure 1 (@) BT 8 ascites sarcoma growing as a seventh-day homograft mm BALB/c
mouse Hematoxylin and eosin X90 () The Type 2 homograft response BP 8
ascites sarcoma mnth-day homograft in BALB/c mouse Well-developed histiocytic re-

sponse  X90
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Figure 2 (a) Early Type 3 homograft reaction EL 4 leuhosis growmg as sixth-
day homograft in BALB/c mouse Note exudation in lower part of the graft X90 (b)

Well-developed Type 3 homograft response E L 4 leukosis as seventh-day homograft 1n
BALB/c mouse

Note very extensive exudation and extensive destruction of malgnant
cells %90
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host cells 1n the graft bed does not being until the eighth or ninth day Inva-
sion of the graft by histiocytes may be seen on the tenth day These act
very largely as scavengers, but they are quite capable of destroying the leukotic
cells We have not studied the secondary response, but it seems to be a very
rapid recapitulation of the pnimary response
The first demonstration of cytotoxic or cytostatic effects of antibody  wivo
was done with 1sografts®? In this case antibody produced m CS7BL mice
and A-stramn leukemic cells were mixed 41 wtro and then noculated subcutane-
ously mto A-strain mice Usually growth was temporarly arrested, but
occasionally 1t was accelerated, an A-strain sarcoma was strongly accelerated
This techmque we now call the “neutralization” technmque, and it has been
successfully used by others Billingham and Sparrow? were able to demon-
strate a cytostatic effect 1n this way using homografts of dissociated epidermal
cells 1n rabbits  If target cell and antibody meet for the first time 2 m1v0 we
now refer to a “passive-immunity techmque ”’ In general, neutralization and
passive immunity give similar results, but the former 1s the more sensitive
The successful demonstration of passive immumty to leukemic cells has
already been reported 2#: 25 Only a few points need stressing here The effect-
wveness of antibody 1n the suppression of homografts 1s what might have been
anticipated from results obtained 2 vitro (in pont of fact passive immuniza-
tion was observed first) However, we also found an antibody that will give
some protection 1n the 1sologous stramn ~ We called the corresponding antibody
anti-X  Unfortunately ant1i-X gives no cytotoxic effect 2 wiéro Nathan
Kaliss and I performed a number of experiments on the effects of serum dosage
on the behavior of homografts of the C57BL leukosis EL 4, the C3H sarcoma
BP 8, and the A-stramn Sa 1, full details of which will be published All
three gave different results EL 4 gave the type of result that might have
been anticipated with bactera or viruses  With small doses one got no effect,
some protection with intermediate dosesand, finally, complete protection We
had previously reported? that passively protected mice were completely sus-
ceptible to a second challenge Both of these observations differ from those
made with BP 8
E A Boyse and 1 are now engaged in a series of experiments to test the
activity of antibodies on bone marrow and spleen A-strain mice that have
recerved a fatal dose of X rays (900 r) are given good temporary protection
by 3 milhon C3H marrow cells Prior admimistration of 02 ml of a potent
serum produced n A-strain mice against B P 8 completely abolished the protec-
tive effect Tositive results have also been obtamned with spleen, but the
results are less clear-cut, since we got very poor protection of A-stramn muce
with C3H spleen
Nathan Kaliss and I shall describe details of “‘passive immunity” experiments
by BP 8 elsewhere A number of varables influence the result  With high
doses of serum one may get almost complete suppression of the growth  With
lower doses one occasionally gets an imtal inmbition followed by permanent
homografts On other occastons the tumors may grow at about the same rate
as m controls, but they regress more slowly or persist ]SU{)[)I'CSSIOnf of }thc
growth and an mmtial delay can occur with intramuscular homografts, but
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enhancement 1s more easily demonstrated Sometimes the growth rate is so
greatly accelerated at this site that the host seems to be overwhelmed

There have been suggestions that enhancement might be due to the fact that
antigen combined with antibody was an mefficient stimulus **-26:* If this
15 the case 1t would appear that the onset of the homograft response should be
delayed, 1f not suppressed I have done a number of experiments to test this
hypothesis, a few of them have been described *  1n most of these, three groups
of mice were used a control group given no serum and two groups given the
same dose of serum  The controls and members of the first serum group were
sacrificed at different times, while the second serum group was left ahve to
determine the fate of the tumor

In controls the first macroscopic sign of the homograft reaction response 1s a
general vasodilation and edema that 1s usually apparent on the fifth day We
refer to this as “the flare ” Shortly afterward an area of intense congestion,
referred to as the halo, appears around the graft The flare and halo usually
fade about the ninth or tenth day, even though the graft may contam hving
cells for a considerably longer period

In some experiments the tumor was so strongly mhibited by antibody that
it was scarcely palpable on the sixth day and the growths appeared almost
completely necrotic, some no larger than those in controls at 24 hours How-
ever, some showed a well-developed flare  Histological exammation showed a
small shell of living cells Even where there was no flare or halo there was a
very marked histiocytic response  That shown n FIGURE 3 1s far better devel-
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oped than in a 6-day control In this experiment the second serum group, re-
challenged 1 month after the first inoculation, showed evidence of active 1m-
munization—a result that differs markedly from that obtained with EL 4

Good enhancement 1s difficult to obtain 1 A-strain mice under any condi-
tions but faurly easy in BALB/c mice If delay 1n the onset of the homograft
reaction 1s of vital importance in enhancement this should be particularly
obvious 1n those cases 1 which strong imitial mhibition 1s followed by a per-
manent growth On the fifth day such tumors look exactly like the perman-
ently suppressed growths, however, they often show a very advanced flare
and halo The histological appearance 1s very interesting  FIGURE 4a shows
that a great deal of the tumor 1s reduced to a cyst with a wall one cell thick,
and there are signs of a cellular reaction n the graft bed This shows a re-
markable resemblance to the illustration of the old carcinoma 27 ilustrated as
a fourth-day graft in an actively immunized mouse in FIGURE 4b taken from
Russell’s classic paper published m 1908 Ficure 5S¢ taken from the same
paper, shows the Jensen carcinoma as a sixth-day graft in an immune mouse

Similarly, there are several mitotic figures 1n the fifth-day graft of BP 8
shown m FIGURE 50 However, there 1s considerable mfiltration by host cells
and, 1n some parts, a good histiocytic response may be shown This has never
been seen so early with subcutaneous controls By the seventh day the in-
hibitory effect of antibody was beginning to wane, and the growths were well
established by the ninth day in spite of a persistant histiocytic response

All the tumors mn the second serum group persisted, and some metastasized
In other cases m which the control and experimental tumors are mtially of
about the same size there is no visible difference in the homograft response
macroscopically or microscopically In the experimental group the histiocytic
reaction 18 obviously functional for a time, but 1t ultimately fades away on the
tenth day or later The only time 1n which the homograft reaction 1s mmtially
suppressed 15 if the growth rate 1s violently stimulated from the beginning, by
comparison with control growth

Sarcoma 1 gives a very different picture, since growth 1s enhanced over
a very wide range of antibody concentration and no indication of mhibition
was observed

Borges (quoted by Kaliss®) noted histiocytic proliferation m homograits
of Sa 1, but he did not follow the process to completion, without prior knowl-
edge gammed from other tumors 1t would be extremely difficult to do so The
distinctive cells of B P 8 are easy to differentiate from histiocytes even when
dead, while those of Sa 1 are not, at least in section However, careful search
will show that the histiocytic responses are essentially the same mn both In
the case of B P 8 the histiocytes are not immedately damaged on contact, but
seem to become engorged with cellular debris and then to disintegrate  In the
case of Sa 1, disintegration seems to be very rapid, and one usually sees an area
of necrosis separating histiocytes and tumor  There 1s a suggestion that the
violence of this reaction 1s somew hat diminished late 1n the homograft reaction
when the titer of antibodies 1s rising rapidly ¢

In the case of serum-treated animals our observations agrce] with t}l}loic n?
Borges with actively enhanced mice. There 1s no sign of any delay 1n the time
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FicuRe 5 (@) Drawing by Russells of another caranoma in an actively immunized
mouse  This shows mtotic arrest  (b) Mitotic arrest brought about m BALB/c mouse
by 05 ml of BALB/c anti-B P 8 ascites sarcoma given 2 hours pnor to noculation of tumor
Same growth as HNustrated in FIGURE 4a  The result of this partial arrest 15 to mcrease the
pumber of heteroploid cells 1n the tumor X180

o

of onset of the homograft response In our expermments the explosive histio-
tic reaction Was first observed on the seventh day 1 controls In serum-

treated anmimals 1t falled to mature  Ints place there was a violent 1ncrease 1

activity 1 the tumor
mlﬁ)téf,es not ts}t’aem perm1551b1e to discuss enhanced homograft survival 1o 1sola-
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tion from homograft reactions as a whole At least insofar as H-2 antagomsm
1s concerned we must now abandon the 1dea that H-2 antibodies are nonexistent
or ummportant  The results of passive administration of antibody depend to
a large extent upon the composition of the target-cell population At one
extreme we have the highly susceptible EL 4 So far the only effect observed
has been mhibition At the other extreme we have Sa 1 Here the only
direct effect of antibody to be observed upon the neoplastic cells has been the
stimulation of mitosis Enhancement 1s very easy to obtain with a wide range
of antihody concentration ~ One suspects that B P 8 1s more representative of
the bulk of neoplastic homografts A very important variable 1s the concentra-
tion of serum  With certain serum doses very little may happen, while striking
results may be obtained 1n the same experiment with larger or smaller doses
One wonders how many nteresting observations have been missed owing to
this type of complication
When we use serum doses capable of causing marked inhibition of BP 8,
sensitization of the host may be accelerated up to a point Under optimal
conditions the tumor 1s so efficiently arrested by antibody that the cellular
defenses of the host become fully mobilized before the tumor can recover and
the animal 15 actively immunized In effect, we have produced a subclinical
attack of the disease
If conditions are made more favorable for the tumor 1t may recover although
the host has been sensitized to some extent We know that B P 8 1s a hetero-
geneous population of cells so far as sensitivity to antibody 1s concerned It
seems reasonable to suppose that selection will have increased the proportion
of antibody-resistant cells, however, this need not be the only effect We have
shown that antibody may have a colchicinelike effect on the mitotic apparatus
Sometimes the cells die 1n mutosis, at other times they may complete abnormal
mtosis giving nise to large heteroploid cells as shown 1n FIGURE 62 1t would
appear that such cells may be very resistant to the action of histiocytes since
they often engulf large numbers of them as shown in FIGURE 6b
If conditions are sufficiently favorable to the tumor we may get simple
stimulation of mitosis without any sign of damage to the cells We appear to
have two satisfactory factors to account for enhanced growth of BP 8§ If
antibody 1s present 1n subeffective amounts we may produce a highly resistant
tumor, or the tumor may be so violently stimulated by subeffective doses of
antibody that the host 1s overwhelmed Clearly, both factors could act
synergistically
It 1s very likely that both factors play their partsunder certain circumstances
l’}t}l]te they (il]o not seem to give a really satisfactory account of all phenomena.’
y can hardly account for the prolongation of ovarian? or skin homografts?t
produced by treatments simlar to those effective with tumors It 1s possible
that enhancement of normal homografts 1s brought about by a different mecha-
mism, 1ndeed 1t has yet to be shown that passively admimstered antibod
enhance normal homografts This 1s not a ve ¢ One
ry satisfying argument One
may doubt whether the factors mentioned 1n connection with B P 8 are opera-
Live in quite the same way with Sa 1 It seems unlikely that antibody should
have any selective effect on Sa 1, whichsresistantalready  The stimulation of
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Ficure 6 (a) Large heteroploid cells in homograft of B P 8 ascites sarcoma mn BALB/c
mouse pretreated with 0 5 ml of serum There 1s a very precocious mnfiltration by histiocytes
as compared with controls, however, they do not appear to be fully functional at this time
X450 () A seventh-day homograft of B P 8 ascites sarcoma 1n BALB/c mouse receiving
05 ml of serum The growth 1s beginning to recover from the inhibitory effects of antibody
Altbough the istiocytic response 1s now apparently functiomng well, some cells appear to
be resistant to histiocytic action The large heteroploid cell shown has engulfed many

ustiocytes X450
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mutosis observable on the seventh day 1s certainly detrimental to the host, but
1t does not seem very satisfactory as an explanation of the persistence of the
growth

If we exclude overwhelmingly stimulated growths, the one factor that 1s
common to enhancement of both BP 8 and Sa 1 1s the apparent normal
commencement of 2 homograft response that fades prematurely An 1dentical
appearance may be seen with the so-called nonspecific tumors that grow as
homogtrafts without any pretreatment An assumption here has been that the
tumor 1tself has paralyzed the host in some way This may be so, but there
15 an mteresting possibility that antibody may play an important part m the
fade-out

During the evolution of the homograft reaction we may observe an increasing
sensitivity m the host’s cells as revealed by phenomena such as the flard and halo
and an creasing titer of antibody  The vascular reactions and other cellular
responses are presumably elicited by antigenic material derived from the
graft Some of this material may combine with antibody and thus reduce the
amount reaching the sensitized cells Usually this 1s probably unimportant,
sice the level of sensitivity appears to rise as the titer of antibody rises We
have seen that the time of onset of the homograft reaction 1s not necessarily
delayed if enhancement 1s to occur, and the host will produce antibody 1itself,
therefore we may be establishing an amount of antibody that 1s excessive for
the degree of cellular sensitivity attained at a given time  The violence of the
histiocytic reaction agamnst Sa 1 suggests that a very high level of sensitivity
1s essential 1f the graft 15 to be destroyed Antibody 1s apparently entirely
mnocuous to this growth and, apart from stimulating mitosis, 1t may mnterfere
with the violence of the cellular response by reducing the amount of antigen
reaching the histiocytes I have referred to this as the anergic hypothesis ¢

Summary and Conclusions

(1) Isoantibodies reacting with F-2 antigens are regularly present from the
third or fourth day in mice recerving homografts They may persist for as
much as a year following a single challenge

(2) Three histologically distinct types of homograft response are described
n the text

(3) In the presence of complement, such antibodies are cytotoxic # vifro
to normal cells from spleen, lymph nodes, and bone marrow * Cells from 5
cases of leukemia were found to be susceptible The C3H ascites sarcoma B P
8 contamns about 25 per cent of cells that are resistant to cytotoxic action  The
cells of the A-stramn sarcoma 1 appear to be completely resistant

(4) In fatally wrrachated mice the protective action of homologous marrow
may be abolished by pror injection of H-2 antibodies  Destruction of splenic
cells was also demonstrated

(5) Homografts of leukemic cells may be inhibited by antibodies Passive
Immunity to 1sografts has also been demonstrated The antigens and anti-

* See footnote, page 708
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bodies concerned m this type of reaction have been termed X and anti-X,
respectively Ammals protected by H-2 antibodies or by anti-X are fully
susceptible to further challenge

(6) Large doses of antibody may cause permanent arrest of homografts of
BP 8 Notall the cells are killed by antibody  The survivors are destroyed
by host histiocytes and the animals are actively immumzed

(7) Smaller doses of antibody may cause temporary inhibition of BP 8
The tumor that finally emerges frequently kills the host in spite of an early,
well-developed homograft response

(8) The growth rate of B P 8 may be greally accelerated by small doses of
antibody 1if the homografts are intramuscular

(9) Sarcoma 1 shows enhancement with all doses of antibody studied

(10) Delay 1n the time of onset of the homograft response does not seem to
be important in enhancement by antibody In the case of B P 8 the host may
be overwhelmed by a greatly accelerated tumor TUnder other conditions
immmunoselection may be operative, and new polyploid cell types may be pro-
duced through interference with mitosis by sublethal doses of antibody

In the case of Sa 1, antibody does not delay the time of onset of the homo-
graft response but appears to interfere with its proper functiomng It 18
suggested that excess of antibody may desensitize by reducing the amount of
antigen reaching the histiocytes
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OBSERVATIONS ON THE GENETIC RELATIONSHIPS AFFECTING
THE TRANSPLANTABILITY OF SKIN IN INBRED MICE*

By Alvar A Werder, Creighton A Hardin, and Perry Morgan

Depariments of Medical Microbiology and Surgery, Universily of Kansas
School of Medscine, Kansas Cily, Kansas

Knowledge concerning the susceptibility and resistance to homologous
tumor transplants 1s more extensive than that pertaining to the transplant-
ability of normal tissues

In a recent review Law! formulated the following three generalities governing
the growth of transplantable tumors transplantable tumors studied in mice
(1) usually grow in all members of the strain of ongin, (2) very likely do not
grow progressively mn unrelated strains of mice, and (3) grow 1n all of the Fy
progeny when one of the parents 1s from the strain of origin of the tumor One
can postulate that normal tissues will demonstrate the same growth patterns
as tumors Counce e/ al? showed that the determinants of resistance and
susceptibility of normal and abnormal tissues may be simlar However, the
growth potential and the complexity of antigenic components in the transplant,
as well as the influence of hormones and unknown factors, may confuse the
picture sufficiently to warrant caution in comparing the observations of trans-
plantability of tumors and normal tissues

In a series of experiments utilizing inbred strains of mice, some with known
histocompatible genes, the authors studies the growth characteristics of full-
thickness 1sologous and homologous skin grafts ~ Full-thickness skin grafts 1sq
cm 1n diameter were taken from the donor ammmal and transferred to a pat-
terned surgical mterscapular defect in the recipient Fixation was done with
mterrupted 5-0 black silk sutures Full-thickness skin grafts, rather than
split-thickness grafts, were used mn all of our experiments because acceptance
of the former graft requires more favorable local conditions for growth than the
latter Infection, surgical techmque, nutrition, and revasculanzation are some
of the factors that are of importance for the viability of a skin graft The
authors feel that observations on the viability of full-thickness skin grafts are,
therefore, more valid because the conditions affecting acceptance are more
stringent

Prelimmnary results were obtamned using 4 mnbred strains procured from
John Bittner, Umversity of Minnesota, Minneapolis, Mimnn , and bred 1n our
laboratories In a previous report? dealing with these strains 1t was shown
that hair color was a determining factor for the growth of homologous skin
Tasre 1 includes the results of this experiment and extended studies The
histocompatible genes at the H-2 locus are known for 3 of the strams H™*
for C3H and CBA, and H™? for C57  As can be seen from these data, skin
from C muce grew readily mn C, CBA, and C57 strains and, to a lesser extent, 1n

C3H mice In all mstances homologous skin grafts were rejected by the C

ted 1n this paper was supported 1n part by Research Grant No C-1827
fro;]Tt]ﬁg gg.&oxrlilioéancer Institute, Public Health Service, Bethesda, Md
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TasiE 1
TRANSPLANTABILITY OF SKIN GRAFTS AMONG VARIOUS INBRED STRAINS OF MICE

Recipient strains
Donor straimn and hair color
Cc ‘ C:H CBA ’ Cs7
C (Wh 20/27* (74%) | 6/15 (409,) | 22/30 (739%,) | 9/13 (69%)
A (Btfgwn) 049 go%‘;) 13718 (129%) | 7/18 (30%) | 0719 éo%f
CBA (Brown) 0/13  (0%) | 6/11 (85%,) | 17/22 577 2) | 0/18 (0%)
C57 (Black) 0/22 (0%) { 0/15 (0%) 0/14 (0%) | 14/14 (100%)

* Numerator = number of viable shin grafts 30 or more days after grafting, denommator =
total number of recipients

stram Homologous skin was transferred successfully between the C3H and
the CBA stramms The other strains rejected transplants from these mice
Homologous C57 skin was rejected imn all 3 recipient strains From these
results 1t can be seen that homologous skin from the white stram grew readily
and that skin from the stramn with a black coat color was rejected n each
instance  The acceptance of skin from the 2 mouse stramns with a brown coat
color was 1 an intermediate position If the histocompatible genes at the
H-2 locus were of primary importance for acceptance of homologous skin
graits, one might expect that reciprocal transfer of homologous skin between
the C3H and CBA mice would be successful However, the acceptance of C
skin by C3H, CBA, and C57 strams 1s an indication of a similarity among all
4 stramns which, as yet, cannot be explained by the existence of known histo-
compatible genes  In addition, the rejection of homologous skin from the C3H
and CBA and the acceptance from the C mice by the C57 stram could not be
explained only by the presence of the H~? allele unless 1t 1s assumed that this
allele produces an environment that 1s not antagomstic to C skin  Another
possibihity seems feasible, namely, the antigenicity of the pigments? involved
may be more directly concerned with the acceptance or rejection of these
homografts Thus, if it were assumed that the lack of pigment 1n the albino
stram would ehminate the mvolvement of an antigenic pigment and that the
differently pigmented coat colors of the other strams would serve as anfigenic
bases for rejection, 1t could be predicted that acceptance of homologous skin
would occur only 1n these donor-recipient combmations C to C3H, CBA, and
C57, C3H to CBA, and CBA to C3H

In a second experiment, only stramns with known histocompatible genes at
the H-2 locus were employed The results, shown 1 TABLE 2, demonstrate
nearly complete rejection of homologous skin grafts Homografts were ac-
cepted 1 only 4 donor-recipient combinations and then m but a very small
number of animals  There 1s no obvious correlation between coat color and
the fate of the homografts, nor does 1t appear that the histocompatible genes
were responsible for the results  Perhaps genetic and/or antigemic factors other
than those known to be responsible for acceptance of tumors may be exerting
an nfluence on the growth of homologous skin grafts

F1, Fa, and backcross progeny of the strains presented in TABLE 2 are being
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TABLE 2

TRANSPLANTABILITY OF SKIN GRAFTS AMONG MOUSE STRAINS WITH KNOWN
HistocoMpATIBLE GENES

Donor strains, Recipient strains
histocompatible
genes, and hair

color C57BR/cd C57BL/6 BALB/c DBA/1 DBA/2 A/Jax

nglgls/cd 6/9* (67%)| 0/10 (0%)| 0/10 (0%) | 0/10 (0%,) | 0/22 (0%) | 0/10 (0%)
(Brown)
0517{1_321;/6 0/10 (0%) | 7/10 (0%)| 0/10 (0%) | 0/10 (0%) | 0/10 (0%) | 0/10 (0%)
(Black)
BA]_:%_? c 0/9 (0%) | 0/25 (0%)| 7/10 (70%)| 0/27 (0%) { 0/10 (0%) | 4/29 (14%)
(Whate)
D];.ﬁ!/} 2/18 (119%)| 0/10 (0%)| 0/10 (0%) | 8/9 (88%) | 0/9 (0%) | 0/10 (0%)
(Brown)
D]}Bizﬂél 0/10 (0%) | 0/10 (0%)| 0/22 (0%) | 1/19 (5%) | 9/10 (90%)| 0/9 (0%)
(Brown)
A/&giwn 2/17 (12%)| 0/10 (0%)| 0/10 (0%) | 0/10 (0%) | 0/9 (0%) | 7/10 (70%)
(Whate)

* Numerator = number of viable shin grafts 30 or more days after grafting, denom-
mator = number of recipients

studied 1n order to determine the distribution and the number of these histo-
compatible factors At the present time sufficient data have been accumulated
to discuss the disposition of some of the F; progeny Studies evaluating the
influence of sex and the distribution of coat color and antigenic components
in the nuclel, mitochondra, and microsomes of the progeny are in progress

It was expected that the 1sologous skin grafts among the F; progeny would

TABLE 3
TRANSPLANTABILITY OF ISOoroGous SKIN Grarrs Amonc F; PROGENY

Proportions of viable transplants
Parent strains
Male donors Female donors
and recipients and recipients
A/Jax  CS7BL/6 5/12* 429 0/8 0%
CS57BL/6 DBA/2 11/16 699, Not done
BALB/c C57BL/6 17/36 479, 4/21 19%
C57BL/6 DBA/1 8/20 407 2712 1719
DBA/1 BALB/c 16/20 809 4/11 36%,
A/Jax BALB/c 7714 50 0/3
DBA/2 A/Jax 6/10 609 2/5
DBA/2 BALB/c 13/16 819, 5/5
DBA/1 CS7BR/cd 2/16 129, 0/7

* Numerator = number of viable shin grafts at 30 or more days after grafting, denom-
inator = total number of recipients
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be accepted 1n the same proportion of the recipients as was observed among the
parent strains (from 66 to 90 per cent of cases) However, the proportions of
acceptances, as seen 1 TABLE 3, varied from 12 to 80 per cent among males and
from O to 36 per cent among the females Percentages were used with small
numbers only for comparative purposes, 1n some nstances 1t seemed 1nadvis-
able to convert the proportions to percentages

Attempts were made to correlate the results obtained among the F; progeny
with certain characteristics of the parent strains  In no instance was any one
parent strain responsible for either progeny with consistently high proportions
of acceptances or progeny with consistently low proportions of rejections  The
same lack of correlation was evident when the coat colors of the parent strains
were considered Finally, there were no consistent correlations between the
fate of the 1sologous skin grafts and the histocompatible genotypes of the parent
strains The preceding statements refer to the results obtamed with male
donors and recipients, a larger number of females would be necessary for exten-
sive comparisons It appears, however, that among the F; progeny a larger
proportion of 1sologous skin grafts was accepted among males than females
These results indicate the possibility of sex-linked factors and the heterozygous
nature of the parents with regard to histocompatibility when using full-thick-
ness skin grafts Further studies are needed to determune the number and
nature of these factors A more extensive study 1s 1n progress to determine the
relationship of histocompatibility, distribution of coat colors, and distribution
of antigemic components 1n various tissue fractions among F» and backcross
progeny

In summary, the fate of homologous full-thickness skin grafts in certan
inbred mice appears to be determined by a number of factors that may not be
related to the histocompatible genes at the H-2 locus that are known to occur
m these stramms Antigenic components of the pigments characterizing the
coat colors of the mice might have an influence on the acceptance and rejection
of the homografts The vanability of the fate of 1sologous skin grafts among

the I, progeny indicates heterozygous parents with regard to factors that
affect the acceptance of the transplants
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THE NATURE OF TISSULAR ANTIGENS, WITH PARTICULAR
REFERENCE TO AUTOSENSITIZATION AND
TRANSPLANTATION IMMUNITY*

By Guy A Vowisin, F Toullet, and P Maurer
Centre d’ Inmmuno-Pathologie,t Hépital Samnt-Antoine, Paris, France

INTRODUCTION

Having studied autosensitization for ten years and homografts for five, we
feel that 1t 1s time to define the possible relationships between them These
two problems have long been considered unrelated, but we believe that they
have many relationships as well as highly sigmificant differences We also
feel that consideration of these factors may throw some light on both of these
problems The principal relationships are three. First, the two kinds of
antigens (autoantigens and homograft antigens) mnvolved m these phenomena
are cellular or tissular antigens that give nise to mtracellular or extracellular
substances thatactas “cytotoxic” antibodies  Second, there are three sites from
which one can undoubtedly extract autoantigens. the white substances of the
brain, the lens, and the testes These are precisely the three sites at which
1t 15 possible to perform successful homografts the brain,! the anterior chamber
of the eye, and the testes? This relationship must have some significance
Third, the phenomenon of specific acquired tolerance concerns both of these
kinds of antigens It mnvolves the phenomenon by which homograft antigens
cease to be antigenic in the experimentally prepared animals and also the
phenomenon by which “autosubstances” that do not come mto contact with
the rest of the organism during embryonic life subsequently acquire the proper-
ties of autoantigens

We now confront the problems presented by the relations between these
two kinds of antigen thewr similarties, their differences, and the significance
of these relations It 1s 1n an attempt to clanfy these questions that we
summarize our work on autosensitization and the immunology of homografts,
especially the phases of either problem that seem to be of interest in under-
standing the other

Some Characteristics of Autoantigens and Autoantibodies

QOur studies principally concerned testes and spermatozoa It 1s now well
known that one can mduce testicular lesions mn guinea pigs by injecting them
with homogenates of testes, from the same or another gumnea pig, mixed with
adjuvants When we first described this phenomenon mn 19512 we did not
think that we were justified 1 ascribing it to the action of autoantibodies,
prmcipally for the reason that similar lesions can be induced 1n nonspecific
ways, although usually less frequently and less sigmificantly 4 5 Subsequently

we sought other tests of autosensitization to testis and spermatozoa, that 1s

rted 1n this paper was supported by the Association Claude Bernard des
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immobilization of autospermatozoa and 1sospermatozoa by autologous or
homologous antiserum, general anaphylaxis, microprecipitation (ring) tests,
and passive cutaneous anaphylaxis (PCA)

MATERIALS AND METHODS

Ammals

For these experiments we used more than 1000 guinea pigs (injected for
sensitization, used for preparing extracts of testis, kidney, and spermatozoa,
or for PCA tests) We also used rabbuts, rats, and mice either for immuniza-
tion or for challenging procedures

Immunazalrion

This was effected by means of organ homogenate preparations Insofar as
posstble, organs were deprived of blood and of connective capsules and blood
vessels They were usually ground 1n a mortar with an equal amount of saline
and then filtered through gauze, after which they were incorporated in a water-
-0l emulsion with regular Freund’s adjuvants (1 part for 2 parts of homog-
enate) or added to alumimmum hydroxide (1 part for 8 parts of homogenate)
Occasionally we used a suspension of spermatozoa (about 5 X 10° per cc)
mstead of organ homogenate Ammals were usually mjected by the intra-
dermal route, but at other times subcutaneously or intraperitoneally, with 0 5
cc of the preparation The mjections were repeated weekly as many as 4 to
10 times In addition to testes and spermatozoa, control organs used were
kidney, hiver, heart, brain, lens, and cornea A slightly greater number of
animals were used as controls

Pathological Examinations

These tests were done by the usual techmques, but because of the difficulties

mherent 1n the specificity of the observed lesions such tests were not used
systematically

Challenging Tests

This group included spermatozoa-immobihization tests, general anaphylaxis,
PCA, and microprecipitation (ring) tests

Spermatogoa-immobrlizaton test With this test also, we often observed a
nonspecific phenomenon, that 1s, the immobilization of spermatozoa by fresh
sera from gumea pigs either ummnjected or mjected with unrelated organs
However, this difficulty may be avoided n either of two ways The first of
these makes use of the fact that after several weeks of storageat 4° C the non-
specific cytotoxicity disappears, while the presumed immune cytotoxicity
persists  As for the second method, we observed that the nonspecific cyto-
toxicity, as well as the presumed immune one, disappeared after heating for
one hour at 56° C  However, on adding progressive doses of complement to
the heated sera, we noted that the presumed immune toxicity returned when a
smaller dose of complement was used than did the nonspecific ones ‘The
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suspension of spermatozoa under study was then added in small quantities to
the sera, which were treated as first described above, and samples were taken
every minute for microscopic exammation The proportion of surviving sper-
matozoa and the survival time of the remainder were evaluated

General anaphylaass test  We have already described in detail the techmque
that we used,® which consisted, 1n brief, of injecting saline extracts of organs or
spermatozoa to experimental or control animals mtravenously

Passve cutaneons anaphylasrs (PCA) test  We used this test, described by
Ovary,” with shght modifications One carefully shaves the back of young
white guinea pigs weighing between 250 and 300 gm  On the next day from 4
to 6 intradermal 1njections were done on the backs of these animals on either
side of the spme and about 15 mm from 1t These mjections were done with
140 cc of the various sera under study After 16 hours (6 hours n the first
experiments) these animals were mjected mtravenously with a mixture made
of Evans blue dye (06 cc of a 5 per cent solution) and organ extract (1 cc
saline) This organ extract was about 5 times more diduted than when used
for general anaphylaxis Frequently extracts or, on occasion, suspensions of
spermatozoa, were used, the concentration corresponded (very roughly) to
10 spermatozoa per cubic centimeter The ammals were then sacrificed 15
mimn after intravenous mnjection, their skin was removed, and the results were
read from the undersurface of the skin Whenever an antigen-antibody
reaction occurred on the site of an intradermal injection Evans blue dye was
allowed to pass through the dermal tissue, where 1t formed a blue spot Such
skins can be kept mtact for a period of years

Macroprecipitation (ring) fests  Small tubes (30 mm 1n length and 25 to
3 mm 1n mnside diameter) were used Sera were placed 1n the bottom of the
tubes with micropipettes, and the organ extracts chosen as antigens were
placed very gently on the superior part of the tubes Interfacial precipitation
was checked hourly, the best results were seen after 2 or 3 hours Since 1t 1s
important that the sera as well as the organ extracts be completely clear, they
they were centrifuged for 1 hour at 10,000 g  The use of polyvinylpyrrolidone
at the final concentration of 2 5 per cent may sensitize the reaction, provide
1t 15 first added to each of the reagents and the reagents are centrifuged at the
same time and speed before being allowed to react. We sometimes complete
the reaction by testing the possibility of absorbing antibodies by the corres-
ponding antigens  The organ suspension used for that purpose 1s 10 times more
concentrated than that used for the test, the latter was 50 times as diluted as
the homogenate used for sensitization  After 1 hour of incubation at 37°C
the mixture of serum and antigen was centrifuged for 1 hour at 10,000 g, and
the supernatant was used as absorbed serum These tests were not always
used siumultaneously but, except in one mstance, PCA and ring tests were

always used
REesuLts

By 1njecting guinea pigs with guinea pig testis homogenate or guinea pig

spermatozoa muixed with Freund’s adjuvants one can induce testicular lesions,
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~ ANTIORGAN ISOSENSITIZATION

A st Step: Intradermal injections : serum Yo'

. PR A a3
Sera from guinea pigs - v
injected with: fn . Ll
“ oy e W&
Homologous testis (1T) &, ., ¢ & m
7 ;
oy
Homologous kidney (IR) % ; e

gnd Step: Intravenous injections of:
(46 hours later) EVANS blue + antigen

Antigen = guinea pig spermatozoa extract

Ficure 1 Passive cutaneous anaphylaxis (PCA) Sera (IT) from guinea pigs injected
with guinea pig testis (1soantigens) contain antibodies that can react with isoantigens from
the same organ (extract of gunea pig spermatozoa) Sera (IR) from gunea pigs injected
with homologous kidney unable to react with extracts of guinea pig spermatozoa  Note that

testes are used for sensitization and extracts of spermatozoa for testing only for reasons of
technical convemence

as shown previously by ourselves® and by Freund ef a/® Furthermore, one can
show sensitization and antibodies against extracts of guinea pig testis or sper-
matozoa by specific immohilization of the spermatozoa, by general anaphylaxs,
by PCA (r1GURrE 1), and by the microprecipitation test Freund’s adjuvants
are not required for anaphylactic sensitization, as observed by ourselves® and
by Freund ef ¢/ ®* In our expeniments the ring test showed that these antibodies
are specifically absorbed by extracts of guinea pig testss or spermatozoa  How-
ever, this indicates only the possibility of inducing antitestis and antispermato-
zoa 1soantibodies by using 1soantigens

One can go further and consider the case of true autoantibodies, that 1s to
say, antiboches that react with substances orgimating m the same orgamsm
that elaborated them We were able to induce such antibodies by njecting
guinea pigs with autotestis, 1sotestis, or heterotestis

Auloantigens from the ammal’s own testes are capable of ehating the
formation of autoantibodies, capable of reacting with the testes of the same
gunea pig  We were able to demonstrate this by testicular lesions, immo-

bibzation of spermatozoa, general anaphylaxis, the PCA test (FIGURE 2), and
the microprecipitation test
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ORGAN SPECIFICITY OF SPERMATOZOA AUTOANTIGENS
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. Sera from guinea pigs injected with:
Autologous testis (A)
Homologous testis (1T)
. Homologous ktdney(\R) | s
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i 2 Stee : Intravenous mjection of EVANS blue + antigen
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FiGUre 2 Passive cutaneous anaphylaxis (PCA) A serum (A) from a gumea pig -
jected with cells from 1ts own testes (autoantigen) contains an antibody that reacts with an
autoantigen from the same organ (an extract of the spermatozoa of the same gunea pig)
Sera from a nomnjected guinea pig (serum N) or from a guinea pig mnjected with homologous
kidney (serum IR) are not able to react with extracts of guinea pig spermatozoa  The reac-
tion obtained with serum IT has the same meaning as 1n Ficure 1  The difference 1 size
and mtensity of the two reactions does not bear any general meamng, for 1t was not found
1n other similar mstances

Isoantigens from the testes of other guinea pigs can elicit the formation of
autoantibodies We demonstrated this by testicular lesions, the PCA test, and
the microprecipitation test

Heleroantigens from testes from ammals of other species (that 1s, from rab-
bits, rats, and mice, alternately injected into the same guinea pigs) are able to
elicit the formation of autoantibodies We showed this by the PCA test
(r1cURE 3) and the microprecipitation test, with specific absorption, mn the case
of the ring test, of those antibodies by extracts of guinea pig spermatozoa o1
testes However, we must mention that mn this case, and for technical con-
vemence, we did not usually use autotestis but isotestis as the challenging
anggilelatwely, an amimal mjected with its own testis (that 1s, with autoanti-
gens), will produce antibodies We have found that these antibodies react with
autotestis, 1sotestis, and heterotestis, 1n other words, they act as follows

As guioaniibodies, as shown 1n FIGURE 2 tcenct
As 1soanibodies, jmmobilizing spermatozoa from other guinea pigs and react-
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ORGAN SPECIFICITY OF ANTISPERMATOZOA ANTIBODIES
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FIGURE 3 Passive cutaneous anaphylaxis (PCA) Right sera from gumnea pigs n-
jected with rabbit, rat, and mouse testis (heteroantigens) contain antibodies that react with
1soantigens from the same organ (extracts of gumnea pig spermatozoa) They also reacted
with autoantigens (extracts of the spermatozoa of the same guinea pigs that had elaborated
the antlbodles% Left sera from gunea pigs injected with rabbit, rat, and mouse (heterolo-
gous) kidney do not react with extracts of gunea pig spermatozoa

mg with extracts of other gumnea pig spermatozoa and testes in the PCA
(r1cURE 4) and ring tests, and

As heteroantibodies, simce such sera react to the PCA test (FIGURE S5) when
challenged by an extract of rabbit spermatozoa However, we were unable
to obtain positive results with the spermatozoa of rats and mice, but 1t 1s pos-
sible that we had too few amimals to make sufficiently concentrated extracts
We also found that sera from 1soommunized guinea pigs reacted to the PCA
test (FIGURE 5) agamst an extract of a rabbit’s spermatozoa
yet used tests other than PCA 1n this case

It thus becomes obvious that the autoantigen-autoantibody system with
which we are concerned here 1s strictly organ specific, and that this organ speci-
ficity 1s completely mdependent of individual specificity and even, to a certamn
extent, independent of species specificity Reciprocally, these experniments
show that an organ-specific antigen, mdependently of its mndividual specificity,
can ehicit the formation of an autoantibody

Several points should be noted before we begin any consideration of homo-
grafts Among 16 control sera from gumea pigs mjected with homologous
kidney, 4 reacted with homologous kidney extracts m the ring test This
ability to react was specifically absorbed by incubation with kidney extracts
and, of course, was not exhibited by any of the sera onginating 1n testes-lm—,
munized guinea pigs  Furthermore, among 10 guinea pigs injected with homol-

We have not
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FIGURE 4 Passive cutaneous anaphylaxis (PCA) Right sera from gumea pigs m-
jected with theirr own testes (autoantigens) contamn antibodies that react with isoantigens
from the same organ (extracts of guinea pig spermatozoa) Left sera from guinea pigs 1n-
jected with gumea pig hidney do not react with extracts of gmnea pig spermatozoa.

ogous kidney homogenate plus Freund’s adjuvants, 4 exhibited anaphylactic
shocks when challenged against homologous kidney extract in salme The
controls were negative (testis extracts mjected mtravenously to 3 kidney-
sensitized gumea pigs, and kidney extracts injected intravenously to 7 testis-
sensitized guinea pigs) Among 18 guinea pigs each mnjected with one of 1its
own kidneys plus Freund’s adjuvants, then challenged with 1sokidney extract
mn saline, 2 exhibited a fatal anaphylactic shock and 2 others exhibited moderate
anaphylactic shock, m 17 controls injected intravenously with the same extract
no shock was observed The preceding results are the only positive ones that
we have obtained thus far m the course of numerous experiments performed n
order to confirm and extend the mvestigations of the Caveltis 1012

When using gumnea pigs (or sera from guinea pigs) injected for sensitization
with adjuvants plus organ homogenates such as heart, brain, lens, skin, and
cornea the results were always negative when the sera were challenged against
the corresponding organ extracts wmn saline or by PCA and ring tests Some
positive results were obtained with skin and brain by general anaphylaxs ©

Some Aspects of the Immunology of Homografts

The experiments were conducted on the following bases  Since 1t 15 known
that spermatozoa have strong organ spectficity, we considered 1t of interest
to learn whether such cells also possess the individual specificity mvolved 1n
homograft rejection We also recognized the mmportance of extending our
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FIGURE 5 Passive cutaneous anaphylaxis (PCA) Sera from either a gwumnea pig n-
jected with its own testis (autoantigen A), middle right and lower left at a dilution of 1 20,
or from a guinea pig mjected with testes of another gunea pig (1soantigen IT) contan ant1-
bodies that react with rabbit spermatozoa extract (heteroantigen) Sera from either a non-

mjected guinea pig (N) or from a guinea pig injected with homologous kidney (IR) do not
react with rabbit spermatozoa extract

knowledge of the kinds of tissues and cells that are able to induce i1mmunity or
tolerance to homografts TFor these reasons the prospective graft recipients
(rabbits) were injected with spermatozoa or leukocytes from the prospective
skin donor or from an unrelated amimal They were skin-grafted after a short
period of time, and the evolution of the grafts was observed

First SERIES OF EXPERIMENTS

Materials and Methods

Seventeen rabbits of a nomnbred but close stramn called Fauves de Bourgogne
were used Fourteen ammals served as skin recipients, of which 12 were
premjected with cells (leukocytes or spermatozoa) from 1 of 2 donors
Next, the recipient amimals were grafted with skin from two donors, one of
which was a cell donor, the other being a new ammal

The leukocytes (principally polymorphonuclears) from the 2 cell donors were
obtaned from peritoneal exudates that were formed after the mtraperitoneal
njection of sterile broth 2 and 4 hours previously The cellular suspensions
were centrifuged (5 minutes at 1000 rpm), washed 1 40 cc Hanks’ solution
recentrifuged, resuspended i Hanks’ solution and counted ,
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The spermatozoa were obtained by the surgical removal and perfusion of
epididymis and vas deferens after excision of the blood vessels They were
washed in saline, perfused with Hanks’ solution, and then treated in the same
way as were the leukocytes

Twelve recipient amimals were each immediately njected intradermally with
ten milhon lhving cells, as follows three received leukocytes from one of the
two future skin donors, three received spermatozoa from the same amimal, three
recerved leukocytes from another donor, and three received spermatozoa from
the same amimal that had donated the leukocytes to the preceding three ani-
mals Two prospective recipients, used as controls, received nothing

Six days later each of the 14 preceding rabbits recewved 2 skin grafts the
first from the first cell donor, the second from a new and unrelated donor The
technique used for these suprapannicular grafts on subpannicular beds has been
described elsewhere *

Observations of the grafts were made by palpation and by the naked eye,
and the general aspect of the graft, color, temperature, consistency, and state
of fixation to the graft bed at the periphery was noted Such exammation
gives sufficient gross information concerning the state of the epithelum, the
degree of vasculanization and thrombosis, and the general vitality of the graft
With the technique utilized here a first-set graft becomes dry and necrotic 1n
about 12 days, a second-set graft in about 8 days Nevertheless, the exact end
pomt 1s difficult to determine and, after thousands of grafts, we have found it
best carefully to examine the grafts on the ninth day postgraft At that time a
first-set graft 1s still alive, and a second-set graft 15 dead On that day the
grafts are examined without knowing whence they come or what treatment
the recipient received They are then rated according to thewr appearance
as follows 4- or Excellent, pmk 1n totahty, supple, and indistinguishable
from an excellent autograft, 3+ or Good, but with some desquamation and/or
a shight degree of cyanosis, 24 or Medium, that 1s, with cyanosis, extensive
desquamation, and/or brown appearance of part of the graft, an aspect de-
noting thrombosis in most of the vessels, 14 or Poor, dry and brown for most
of the graft, only a few points apparently remaining alive, and 0 or completely
dead, necrotic, dry, and brown or black

Results

Exammation of the grafts on day 9 gave the following results (average
aspect) control grafts (4 grafts) all 3+, after specific leucocytes (3 grafts)
1, 3+, after nonspecific leukocytes (9 grafts) 2, 2+, after specific spermatozoa
(2 grafts) 2, 5+, and after nonspecific spermatozoa (4 grafts) 2, 54

This shows that specific leukocytes, but not specific spermatozoa, confer

* An unfortunate error occurred 1n our contribution to the Second Tsssue H omotransplania-
110 Conference ® Concerning the techmque of collecting the cells used for trans&arrmg passive
{or “gdoptive”’) hypersensitivity to the graft, on page 1064, hne 19, instead of “The l}’r’mpho-

es were collected by dissociation of (fangha 1n the spleen of the first guinea pig host” read
“The lymphocytes were collected by dissociation of lymph nodes (ganglrons in French) and

yg} the first gunea pig hosts 7 We must add that the lymph no,c}es that drain the
letl: e:,lfs the graft were always included, and that the word “lymphocytes™ 1s used with the

meaning of “lymph node cells ”
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immunity to the graft donor However, another mteresting finding was that
9 female rabbits that had recerved spermatozoa exhibited 1+ grafts on the
ninth day, regardless of the specificity or nonspecificity with respect to the
donor of skin and spermatozoa This raised the question of the influence of
the spermatozoa as immunizing agents n females agamnst male grafts The
following set of experiments was undertaken to settle this question

SECOND SERIES OF EXPERIMENTS

General Procedure

The general procedure for such experiments 15 divided mto 2 stages (FIGURE
6) The first step consists of sensitization, 1 donor rabbit gives leukocytes to
2 recipients (1 male and 1 female) and spermatozoa to 2 recipients (also 1
male and 1 female) Two prospective skin recipients (1 male and 1 female)
do not recerve cells The second step consists of grafting  All of the 6 pre-
ceding rabbits receive 3 grafts, 1 from the cell donor, 1 from another nonrelated
male rabbit, and 1 from a female rabbit The grafts are examined on days
7,9, and 11 and rated on day 9 Six such experiments were performed

Techmaque

The procedure was essentially the same as in the preceding set of experiments
The differences are as follows

Sensitization 1s done intradermally m 3 stages The first time half of the
cells (iving) are mnjected The second half 1s kept frozen (—20° C) and 1s
mnjected 1n 2 equal doses, 1 on the fourth day and 1 on the sixth day  Grafting
1s done on the eighth day after the first mjection

The number of spermatozoa and leukocytes was the same 1n each set or n
each half of a set (one half each of both males and females) This number

varied from 6 million to 65 million except i one nstance 1 which 250 million
spermatozoa were injected

Results

The general results are expressed m FIGURE 7 One must pomt out that mn
some groups the results are fairly homogeneous, while i other groups they are
not  This indicates the need for considerable caution about their interpreta-
tion. Nevertheless, there are 3 pomts that seem to be consistent Furst
specific leukocytes (that 1s, those from the same donor as the graft) 1mmumzed’
males and females against the graft, while nonspecific leukocytes did not, a
fact already known™ Second, neither specific (FIGURE 8) nor nonspec;ﬁc
spermatozoa seemed to immunize males against the graft Fmally, an un-
expected but parallel result 1s that female grafts on males had shorter survival
times than did male grafts on females Of less consistency seem to be the 3
following pomts (1) spermatozoa appeared to sensitize females to male skin
grafts 1n some istances, such as those shown n FIGURE 8, there bemg no
difference m this respect between specific and nonspecific spermatozoa, (2)

females seemed to be better reci
pients (2, 84) than males (2, 1
males seemed to be better donors (2, 6-) than females (1, 9—{(—) s but )
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FiGure 7 Gra{)h showing the results of the preceding experiments The appearance
of the grafts 1s evaluated from 0 to 4+ according to the procedure described 1n the text

DiscussioN

In order to appreciate the significance of the results obtained, it 1s necessary
first to appreciate the value of the techmiques utilized

Criteria for Autosensitization

Pathological test® ® We have noted above that nonspecific lesions of the
aspermatogenetic type could be induced by nonspecific aggression,! this may
happen even when Freund’s adjuvants are used alone ® This does not mean
that 1t 15 1mpossible to induce lesions of the same significance 1n testes as 1n the
case of allergic encephalomyelitis A portion of the observed testicular lesions
noted after injections of homologous testis 1s certammly due to such a
phenomenon, especially when perivascular infiltrations are promment  Never-
theless, 1t appears that the pathological test should be interpreted very
cautiously, and 1t 1s highly desirable to supplement such observations with
other tests of autosensitization to testis and spermatozoa.

Immobilizatrion of spermatozoa  In this case also one frequently may observe
the immobilization of spermatozoa by fresh normal homologous sera It 1s
thus impossible to rely upon the immobihzation iest unless one uses one of the
two techmques described above 1n order to elimimate nonspecific spermotoxicity
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Ficure 8 Appearance of shin grafts 9 days after grafting in one of the experiments
The 3 upper grafts were made on male hosts, the three lower ones on female hosts Shin
grafts were taken from a unique male donor whose spermatozoa previously had been njected
into the 2 prospective hosts (left pair) and whose leuhocytes had been 1njected mto 2 other
prospective hosts (nght pair)  Two other hosts (mmddle pair) received no previous mjection
The grafts i hosts previously mnjected with speafic leuhocytes are dead (upper nght) or
cyanotic and dry (lower night) All of the grafts in hosts previously njected with specific
spermatozoa (left pair) are good, even the graft on the female host m this particular case

General anaphyloxis® This 1s a good test for autosensitization, provided
the animals are healthy and sufficiently sensitized, and provided the extract
injected ntravenously 1s not too concentrated The general anaphylaxis
test 1s particularly reliable 1n the case of autosensitization to testis or sperma-
tozoa

Passive cutaneons anaphylaxis This technique appears to be the most
satisfactory that we have used thus far because of its high sensitivity and
specificity and because 1t permits one to make semiquantitative tests and
several controls on the same reactive ammal The tests can be kept in a book
and compared to other tests performed months or years later

Ring test Thisisa good technique, provided the reagents (sera and organ
or cell extracts) are clanified by high-speed centrmfugation Nevertheless,
the nng test seems to be of lower sensitivity than the PCA test, which does not
require precipitations On the other hand, the ring-test techmque allows

experuments on specific absorption by organ extracts, which would be difficult
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1 PCA tests because centrifugation does not remove nonprecipitated antigen-
antibody complexes and because organ extracts are usually promnflammatory,
which might produce nonspecific reactions Tinally, 1t 15 advisable systemati-
cally to associate the PCA and ning tests, either alone or together with other
tests, principally 1n order to confirm the latter

Techmques Utilized for Homografls

The techmque of grafting described here has proved satisfactory mn rabbits
and gumea pigs, as indicated by numerous autografts and by the constant
vasculanzation of first-set homografts 3

The techmque of evaluation of the grafts, however, must be considered some-
what more carefully The end-pomnt technique does not seem satisfactory
because of the difficulty of making a clear-cut evaluation of the survival time
Even when using more precise methods, either histological or stereomuicro-
scopic, this end pomnt 1s difficult to estabhish precisely because thrombosis can
occur 1n some points and not 1n others, and several days can elapse between
the thrombosis first observed and general thrombosis of the graft A careful
gross examination seems to provide at least as valuable mformation concerning
vascularization, thrombosis, and general vitahity of the graft asa whole While
useful, the end-point technique 1s exceeded n accuracy by examination of the
graft on a day chosen when a first-set homograft 1s almost always alive and
when a second-set one 15 almost always dead In our experience this day 1s
the mnth  Using this techmique, one may rate grafts from O to 4-} according
to thewr appearance The observer must know nothing of the nature of either
the donor or the recipient This procedure seemed to us to be more accurate
than the end-point techmque, since 1t does not prevent one from following the
fate of the graft and estimating the apparent survival time In any case, this
difficulty 15 not the principal one, which 1s mherent m the vanabihity of the
grafts

Varability 1 aspects and survival times of grafls  This variability sometimes
mmpairs the homogeneity of the results, but 1t seems unavoidable 1n strains that
are not highly mbred Tt probably arses both from the variable vitahty of
grafts origmating m different animals and from the variable susceptibility of
different recipients toward the same donor It 1s not 1mpossible that phenom-
ena such as the hair cycle desciibed 1n rats by Ballantyne and Converse's
mfluence this variability in some way On the other hand, the question of
sex seems to be significant for both donors and recipients, as described above
Fmally, 1t appears necessary always to use cross controls for the donors as well

as for the recipients and to observe the utmost caution m Interpreting the
results,

Srgmficance of the Results

Several problems are mnvolved i these experiments
concentrate here on the results that are related to the
designed to clanfy namely,
homograft antigens

Nevertheless, we shall
problem that they were
the relationship between autoantigens and
Three pomnts deserve consideration mn this respect
The first pownt 15 that autoantigens are organ specific and that the organ
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spectficity of an antigen and 1ts ability to be autoantigemc seem to be very
strongly linked This relationship seems to have been established in the case
of spermatozoa Is there such a hnkage in other known autoantigen-auto-
antibody systems? This appears to be the case although, to our knowledge,
no systematic experiments 1n this direction have been attempted In the case
of the white matter of the central nervous system 1t 1s known that allergic
encephalomyelitis, which 1s thought to be due to a challenge of the autoantibody
type, regardless of whether those antibodies are serum antibodies or the so-
called intracellular antibodies, can be induced by injections of autoantigens,!6 of
1soantigens (as In numerous experiments), or of heteroantigens - 1In the
case of lens cells 1t has been demonstrated that the organ specificity of their
antigens, which are able to induce autosensitization, 1s broadly independent
of species specificity!® and overlaps from dogs to cattle, for example It also
has been shown that antibodies elicited by 1solenses can react against extracts
of lenses from other species 2 1 other words, they are able to act as hetero-
antibodies One of the implications of these facts 1s as follows# The abiity
of a given antibody formed against a heteroantigen or an 1soantigen to react
agamst a substance origmating n the organmism producing that antibody (that
18, if this antibody 1s really organ specific), indicates that this substance pos-
sesses the same 1mmunological determinant as the heteroantigen or 1soantigen
m question From this it follows that the original substance may be or can
become autoantigenic and induce the formation of an autoantibody that,
being organ spectfic, will be able to act as an autoantibody, as an isoantibody,
or as a heteroantibody

The second poimnt concerns the individual spectficity of homograft antigens

The third 1s that spermatozoa possess organ specificity and do not seem to
possess mdividual specificity  Let us consider the wmplications of these facts
i view of the nature of the two types of antigens and their interrelationship

Autoantrgens  Since they are organ specific (in a broad sense¥), their sites
of action are limited to an organ, a tissue, a functional system, or a definite
category of cells and do not extend to other tissues or cells of the body In
turn, these autoantigens are shared by all of the individuals of the same species,
and even of some other species (1n male amimals, for example, this would be
true of spermatozoa) Therefore they seem probably linked to substances
related to a special functional activity that does not consist of the general
process of synthesis of specific protemns, but of intermediate metabolisms
The same organ (or, rather, functional system) of any individual 1n one strain,
one species, or even In several species) 1s able to perform the same function
apparently without remarkable differences between individuals  Furthermore,
1t does not seem mmportant, as far as autoantigenicity 1s concerned, whether
the tissues of cells are alive, dead, or extracted What 1s the chemical nature
of these substances? One theoretical point must be emphasized the desoxy-
nbonucleic acid-ribonucleic acid (DNA-RNA) system, which depends directly
upon the chromosomal constitution of the cell and 1s thus strictlyand completely
determmed by the genetic constitution of 1ts parental ovum and spermatozoon,
will not normally build protens foreign to the orgamism It seems difficult

* Tt would be even better to speah of function specificity
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to admit that this synthesizing mechanism can build protems that in turn,
can mduce the same mechamism to build antibodies agamst them Conse-
quently 1t 1s unlikely that normal “standard” protemns can be autoantigemc
regardless of any question of specific “naturally acquired” tolerance, and that
autoantigens can either denve from ‘nonstandard” proteins (for example,
protemns modified by denaturation or by the presence of a prosthetic group)
from nonprotemn material This appears to be the case for autoantigens to
spermatozoa We have localized the organ specificity of spermatozoa n a
fraction that 1s soluble m trichloracetic acid, heat stable (1 hour at 100° C) and
nondialyzable This agrees with the finding of Freund ef al of aspermatogenetic
actity 1n a somewhat comparable fraction of homologous testis extracts ®

Homograft antigens Contrary to the situation with autoantigens, homo-
graft antigens are not shared by different individuals of one species On the
other hand, mn a given individual they are shared by most of the cells that have
been tested thus far, at least this 1s the case with cells that can actively syn-
thesize protemns and can reproduce themselves These substances are not re-
lated to any particular functional aspect of any organ, but they seem to derve
from the mtimate structure of the protemn-synthesizing mechamisms  Further-
more, homograft antigens have not been found outside hving cells which alone
induce homograft tolerance and/or homograft immunity or, at least, outside of
substances related to the protem-synthesizing mechamisms that can induce
mmumity  Therefore, without taking a position as advanced as that of
Medawar? one can nfer that homograft antigens are related mn some way to
the protein-synthetizing mechamsms, and that nucleoproteins thus represent
merely the most evident part of them

The relationshup belween autoantigens and homograft antigens The individual
specificity that results i homograft antigenicity seems to be precisely the
factor that prevents an antigen from being autoantigenic # On the other hand,
organ specificity, which seems to be linked to autoantigemcity, does not imduce
immunity aganst a given mndividual, and therefore 1t cannot induce homograft
immumity The relationship between organ specificity and individual specific-
1ty can best be studied through spermatozoa, for these possess the 1deal prop-
erty of being organ specific without having (or at least without seeming to
have) indrvidual specificity Why should this be the case? Why are sperma-
tozoa organ specific and why should they not be individual specific? Let us
offer a tentative explanation the organ specficity of spermatozoa may be
due to a substance linked to the special function of motility possessed by these
cells In support of this hypothesis, we have obtained some positive results
with 1solated tails of spermatozoa  As for individual specificity, 1t might well
be that individual-specific antigens, whatever they are, appear only when the
mdividual itself appears, that 1s, after fertilization of the ovum by the sperma-
tozoon and the reconstitution of ‘the normal diploidy of the somatic cells at
;lIle time when the specific synthesizing mechamsms suddenly begin to function

evertheless, one must not be overly systematic, and 1t would be well to add
some considerations concerning the antigens that are mvolved m the rejection
of homografts The individual-specific antigens that elicit homograft im-
munity may not be the only ones mvolved, especially 1n some experimental
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cases For instance, we have previously reported®® the rejection of autografts
in two nstances first, in rabbits injected with rabbit skin plus adjuvants and
exhibiting a dermatosis attributed to organ (skin) sensitization and, second, 1n
gumea pigs mjected with rabbit antisera agamnst guinea pig skin  These
rejections mdicate that organ-specific sensitization and species-specific anti-
bodies can mfluence the rejection of a graft in some way However, such
situations are highly artificial, and the antibodies (either serum antibodies or
so-called mtracellular antibodies, whatever they may be) that seem to cause
the rejection of the graft are not at all specifically directed against the graft
but rather agaimnst the entire skin of the ammal However, such antibodies
are more harmful at the graft site because the grafting procedure 1tself handi-
caps survival of the graft? Another case in which an mdividual-specific
antigen would not be mvolved 1s that of sex specificity and Y chromosome *
However, our consideration of the questions arising from differences in the
behavior of males and females as donors or recipients of skin and the possibility
of sensitization of females to male skin by spermatozoa must be brief, for two
reasons first, the results were not sufficiently consistent and, second, 1t would
be wise to consider the possibility of hormonal mechanmsms before speaking
of “sex-specificity”’ 1n that connection In any case, it appears that the term
individual-specificity has, as faras homograft antigens are concerned, a relative
meaning 1n relation to the individual differences between the donor and the
recipient, more precisely, the antigens present in the donor and absent from
the recipient

CONCLTSION

The results of these experiments lead us to the following two conclusions

(1) Autoantigens are 1n a broad sense organ specific, they are related to a
functional activity, they are shared by every individual of a given species and,
eventually, of other species, finally, they are not likely to be holoproteins

(2) Autoantigens and homograft antigens are mutually incompatible,
that 1s to say, a homograft antigen cannot be autoantigenic, conversely, an
autoantigen cannot be “homograft-antigenic ”’

SUMMARY

(1) Experimentally mduced immobihsins, precipitins, and anaphylactic
(active general anaphylaxis and passive local anaphylaxis) autoantibodies have
been induced and demonstrated in guinea pigs by means of autologous or
homologous extracts or homogenates of testes or spermatozoa

(2) Organ-specific antibodies against autologous or homologous kidney,
homologous bran, and skin have been induced and demonstrated 1n several
mstances

(3) Autoantigens are organ specific that 1s, they have no individual specific-
ity and, to a certam extent, they are ndependent of species specificity, as
demonstrated by the fact that they can induce antibodies that act as auto-
antibodies, 1soantibodies, or heteroantibodies Conversely, antibodies that
act as autoantibodies can be induced by autoantigens, 1soantigens, or hetero-

antigens
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(4) Spermatozoa from a donor were unable to mnduce an accelerated rejec-

tion of a subsequent skin homograft from the same donor, contrary to our
experience with leukocytes

(5) The results are discussed m view of the nature of autoantigens and

homograft antigens and their relationship
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EFFECTS OF PROTEIN DEFICIENCY AND MASSIVE INTERNAL
IRRADIATION OF THE RETICULOENDOTHELIAL SYSTEM ON
ANTIBODY REACTIONS IN KIDNEY HOMOTRAN SPLANTATION*

By P F Hahn, Willard S Holt, Jr, David A Danley, and Primus J Mootry
Cancer Research Laboratories, Meharry Medical College, Naslmlle, Tenn

The production of hemoglobin occupies a high priority 1n the body economy
of protemn metabohsm, this pigment 1s manufactured even at the expense of
plasma protein under most circumstances  Inability to form hemoglobin due to
lack of sufficient protem mtake 1s encountered climcally m the so-called “per-
nicious anemia of pregnancy,” a condition relatively rare 1n all parts of the
world except the Orient However, 1t has been possible to demonstrate the
limutation of hemoglobmn formation m dogs by restriction of dietary protemn
upon which 1s superimposed the “forced production” of this pigment?® This
latter has been accomphshed by mantaimng these experimental animals 1 a
chronic state of anemia by means of repeated bleeding, thus stimulating the
bone marrow to a proliferative state and, at the same time, admimistering by
vein an amount of 1ron 1n excess of that removed by the equivalent amount of
hemoglobin  Under such conditions there were also found, along with the
depletion of body reserve protein, reflected lowered plasma protein levels, with
consequent marked alteration in the electrophoretic configuration of the latter 2
Modification of the anaphylactic response following sensitization of such dogs
to horse serum was shown,? even though 1t 1s to be assumed that antibody for-
mation 1s also likely to possess a high degree of priority i the body economy
This suggested the possible application of the effect of marked protein deple-
tion upon the production of antibodies and the relationship of such a state to
the problem of homotransplantation The simplest procedure that could be
studied seemed to be the application of skin homografts, and this has been n-
vestigated briefly ® Survivals of skin homografts were of even shorter dura-
tion m the protein-depleted animals than 1n the normal control animals How-
ever, we do not think this should necessanily be attributed to the factors
involved in antibody production  As 1s well known, the normal early main-
tenance of skin homografts 1s accomphished by nutntion of the graft through
imbibition until the time when adequate vasculanization of the graft may be
developed through collateral circulation In the dogs studied under these
conditions of protein depletion, there was deposited a deep layer of subcutane-
ous fat of low melting point m spite of the high degree of emaciation present 1n
most of these amimals It was thus felt that, mn their early stages, the homo-
grafts were deprived of the required nutriment necessary for their temporary
estabishment  For this reason we feel that the skin homograft techmque 1s
not hkely to provide us with the desired mnformation concerning the donor-
host antibody relationships under the experimental conditions used

Protem-depleted dogs maintained under simlar conditions were subjected

* The work rep

Biology and Moy orted 1n this paper was carried out under a contract with the Division of

cine, Umted States Atomic Energy Commission, Washington, D C
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to kidney homotransplants In some cases only the recipient was a protem-
depleted animal, in others both donor and recipient were protein depleted
According to the views of Dempster? and of Simonsen,® not only does the host
react against the organ, but the latter reacts against the host It was to cover
such an exigency that we included groups of experimental dogs in which the
donor was subjected to protein depletion or wrradiation

It 1s felt vanously by investigators that (1) the reticuloendothelial cells,
(2) the plasma cells, or (3) the lymphocytes are mainly responsible for the for-
mation of antibodies  An interesting brief discussion of the roles that various
types of cells (for example, macrophages, plasma cells, and lymphocytes) play
m the formation of antibody, and the evidence for each, has recently been
offered by Wissler ef al® On the other hand, these investigators, as well as
some others, beheve that the primitive reticular cell, which 1s generally not
considered phagocytic, 1s probably, of all cells, the most hkely to be implicated
1n antibody formation

It has been shown by Tahaferro and Tahaferro that whole-body irradiation
with X rays resulted in the depression of antibody formation? When radio-
active gold colloids are administered by vein they are selectively taken up by
the reticuloendothehial system (RES) and thus permit very intensive irradiation
of that system If antibodies are formed largely by RE cells, then 1t might
be expected that such irradiation would produce alterations within the scope
of experimental observation® Furthermore, if plasma cells are derived from
the reticuloendothehal tissue, massive wrradiation of the latter might be ex-
pected to result in the reduction of the number of plasma cells formed and
there would be a hmitation of antibody production Finally, the induction
of lymphopenia following irradiation 1n general and massive wrracdiation of the
RES, including the hematopoletic system, has been very commonly observed
by us ® Therefore, 1t might reasonably be predicted that such massive nter-
nal irradiation of the RES would affect the production of antibodies

Methods

Dogs were mantamned on a diet, described elsewhere,! that consisted largely
of bananas, the proten contribution of which represented 7 5 per cent of the
total caloric intake The ammals were initially rendered anemic by the re-
moval of one quarter of the estimated total blood volume (72 ml /kg) on 3
successive days and an additional one quarter on the fifth day = Subsequently,
such bleeding was effected as to maimntamn the hematocrit level at from one
third to one half of normal Tollowing each phlebotomy, won* was admims-
tered 1travenously 1n such an amount that 1 mg of wron was admmistered
for each mulliliter of erythrocytes removed In the normal ammal this could
constitute a rough balance and, in the anemic animal, this actually represents
a surplus of iron admnistered, because of hypochromia

Radioactive colloidal goldf was admimistered by vem or artery n undiluted

form
* Saccharated won (Profernn) was provided by Merck Sharp & Dohme, Philadelpha,

Pa‘t Radiwactive gold colloid was obtained from Abbott Lahoratones, Oak Ridge, Tenn
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Homotransplants of kidneys were all carried out to the neck of the recipient *

Following induction of anesthesia, using sodum pentobarbital, the donor
animal was hepanmzed by the mntravenous admimstration of 10 mg of heparin
Tn those mstances i which the donor had recerved massive amounts of inter-
nal irradiation and where 1t was planned subsequently to use the second kidney
from the same ammal, postnephrectomy bleeding due to the heparmn levels 1n
the blood was counteracted by the admumstration of 10 mg of protamne
sulfate

In those ammals m which radioactive material was to be mjected in the
carotid vessels following transplantation of the kidney, a near closure of the
overlying skin was made prior to the injection n order to mmmize exposure
subsequent to the mjection This necessitated leaving only a small part of
the arterial supply to the transplanted kidney approachable, a step requiring
only a few sutures after administration of the gold

In recipient ammals that had recently received large doses of internal racha-
tion the hepatic and splemc areas were shmelded with leaded-rubber protective
pads to mimimize exposure to operators

Daily observation as to urine formation and the presence or absence of
hemoglobinuria was made When anuna was encountered, the kidney was
removed and histological sections were taken

Eaperimental Observations

Functioning time 1 days represented the period from operation until the
transplanted kidney became anuric This condition was ordinarily heralded
by hemoglobinuria perhaps one or two days preceding renal shut-down

Very often, the polyethylene tubing used as a ureteral catheter was
“scratched out” or otherwise dislocated by the amimal, but remnsertion was
usually possible Its chief purpose was for observation of secretory flow rate
When the catheter could not be replaced, the stab wound through which 1t led
usually retained patency, so that function was maintained

TABLE 1 shows the times of functional survival of a group of control ani-
mals The survivals, ranging from 3 to 6 days, are 1n keeping with the results
of other mvestigators TABLE 2 shows survivals of the transplants in the
protemn-depleted reciplents and amimals 1 which both donor and recipient
were depleted The first 4 recipients, dogs No 56-162 to No 56-165, were
htter mates The donors, as well as the recipients (dogs No 56-171 to No
56-175) were litter mates Donor No 56-198 and recipients No 56-197 to
No 56-201 were also litter mates In the protem-depleted group the survivals
are not sufficiently greater than in the control group to warrant speculation

Use of ntravenous radioactive colloids enables the mvestigator selectively
to wrradiate the reticuloendothehal system at himitlessly high ranges  In some
instances the prospective donor amimals were 1njected with amounts of radio-
gold that were sufficient to result in death by acute radiation withm 10 days,}?
the kidneys were usually removed for transplantation m one week or less 1;1

* The authors are indebted to Earl Wilhamson, Frank Taylor
,and R T
Department of Surgery, Veterans Admimstration ’Hospltal, I\)T,a.shvxlle, Tenn ,C faorl!S ggegit}gz

upon the first four dogs 1n order to establish the techmque employed in these expenments
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TABLE 1
HoMOTRANSPLANTATION OF NORMAL DoNoOR KIDNEYS INTC NORMAIL RECIPIENTS

Au®
Donor Recipient Functioning Remarks
time (days)
57-25 57-23 éF ) 5
57-58 57-59 (F) 4
57-57 57-56 3
57-90 (F) 57-91 5
57-95 (M) 57-94 6 Hepanmzed with 30 mg of heparnn
58-5 (F) 58-6 (F) 5 Transplanted kidney very nodular, exten-
sively covered with perirenal fat, whte,
ghstening scarlike tissue on lateral surface
Hepannized with 30 mg of hepann
TABLE 2
PROTEIN-DEPLETED ANIMALS
Function-
Donor Recipient g time Remarks
(days)
VAH-157 | 56-164* (M) 3 Donor kidney was not heparinized
VAH-257 | 56-163* (F) 6 On second day wound was found open, 1t was then

closed with 2 umnterrupted sutures

VAH-357 56-162* (F) 15 On sixth day wound was found open, 1t was then
closed with 2 uninterrupted sutures On the twelfth
day polyethylene tubing was remnserted On the
fourteenth day 2 more sutures were used 1n clos-
g wound

VAH-457 | 56-165* (M) 11 |Donor transfused during nephrectomy with whole
blood On postoperative day 6, 2 uninterrupted
sutures were employed for wound closure On
postoperative day 10, the amimal attempted to
scratch out the transplant, transplant showed evi-
dence of hemoglobinuria On the eleventh post-
operative day the transplant was damaged by
scratching

56-171* | 56-174* (F)
56-175* | 56-172* (F)
56-198* | 56-197* (F)
57-09 56-200* (F)
57-44 56-201*

NER T R TCN

* Protein-depleted

another group of animals only the recipient received mnjection nto the afferent
artery immediately following transplantation of the kidney

Equivalent roentgen dosages were estimated from the formula of Marmell:
¢l al 9 assuming that the liver represented 2 4 per cent of the body weight and
that 90 per cent of the colloid was taken up by this organ

In the course of other studies on the production of cirrhosts and ascites in
10-12 following massive amounts of nternal irradiation of the RES we
lated a considerable amount of hematological data We should
¢ these radiation levels are 10 or more times those used in

dogs?
have accumu
like to siress tha
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TaBLE 3

Donor PREVIOUSLY INJECTED WITH MASSIVE AMOUNTS OF Ayl
via JUGULAR VEIN

Autes Function-
Donor Ag;utllﬁl;' Recipient ’f‘nnge Remarhks
(mc ) (days)
57-37 92 | 57-39 3 Right nephrectomy was performed on donor 6 days
after adminmistration of Au
57-64) 57-48 9 Seven days after injection of Au, left nephrectomy
142 performed
57-64} 57-53 3 Raght nephrectomy performed 9 days after Au injec-
tion 1nto donor
57-73 57-77 7 Left nephrectomy 6 days after Aunjection into donor
181
57-73} 57-78 5 Right nephrectomy 6 days after Au injection 1nto
donor
57-51 57-46 19 Left nephrectomy 9 days after Auinjection into donor
Reapient showed signs of anorexia on thirteenth
150 day (500 cc of 5%, glucose sol ) and 500 mg of terra-
mycn was administered on sixteenth day Same
on eighteenth day Died on nineteenth day
57-51 57-62 4 Right nephrectomy on minth day after Au injection
into donor
5742 56-177* 8
150
57-42 56-178* 4 | Abnormal anatomc finding 2 renal artenes to nght
ladney  Anastomosis took 234 hours

* Protemn-depleted

therapy by the mtravenous route in human disease These larger single ex-
perimental doses (150 mc ) usually result in death in 1 to 2 weeks 1n young
dogs, but are better tolerated in adult dogs The degree of lymphopenia 1s
often quite marked, but 1s transient The temporary anemia has never been
explamed satisfactorily since, m view of the lifespan of the red blood cells,
interference with formation of the erythrocyte may probably be excluded, since
1ts results would not become apparent at such an early stage

Of the series 1n which the donor was subjected to massive wrradiation previ-
ous to nephrectomy (TABLE 3) only one recipient tolerated the transplant for
any extended period This dog, No 57-46, died on the nineteenth postopera-
tive day before the kidney became anuric

In TABLE 4 1t can be seen that there were no notable increases 1n functional
survival where the kidney was injected by the arteral route immediately after
transplantation  This route was used mn order to allow maximal uptake of
colloid by the RE cells of the kidney However, less than 0 1 per cent of the
mnjected material was found resident 1n that organ on several occasions, the
effective wrradiation bemng confined to the RES of the recipient

Since histological studies are mncomplete at this time, incidence of retrograde
pyelonephritis and other sequellae such as degree of edema and necrosis of
the transplant will be described elsewhere

'The most stnking difference noted 1 animals that had received arterial m-
Jection of radiocolloids to the transplant, as contrasted with the normal and
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TABLE 4

NormaL MoNGREL DoGs WiTH KIDNEY HOMOTRANSPLANT IRRADIATED WITH
Au® viaA CAROTID ARTERY

Auiss Functioning
Donor Recipient AA?;] time Remarks
(mc.) (days)

57-38 57-17 (M) 50 5 Polyethylene tubing scratched out on first and
second days after transplant, replaced on both
occasions

57-28 57-36 EF) 50 7

57-15 57-6 (F) 50 8 Unne remained clear after tubing replacement
On fourth day polyethylene tubing scratched
and replaced

56-185 | 57-20 (F) 80 3 On lt:md day ammal scratched out entire trans-

nt

5749 57-50 (F) 54 7 P

57-47 57-65 (F) 48 6

57-75 57-72 (F) 52 7

57-76 57-74 (F) 46 4

57-80 57-79 (F) 159 5

57-84 57-83 (F) 150 7

57-88 57-86 150 7 Polyethylene tubing scratched out on fifth day

the protein-depleted dogs, was the comparative absence of edema of the kidney
For this we have no explanation at this time

Discussion

The lack of increase 1n survival of the transplanted kidney mn the proten-
depleted amimals was surprising m view of the fact that earlier 1t had been
possible to alter significantly the anaphylactic response 1n such experimental
dogs It should be noted that, just as mn the same type of ammal 1n the
anaphylaxis experiments,? the electrophoretic patterns of the plasma proteins
showed increases in the combined beta;- and betas,- globulins and increases
rather than expected decreases in the gamma-globulin components The al-
bumin values were markedly lowered 1n all cases as, of course, were the albu-
min-globulin (A/G) ratios

In the amimals i which artemnal mjection of the transplanted kidney was
made following operation one can hardly be surprised at the lack of effect of
the radiation on the kidney  The renal tissue contains a relatively small frac-
tion of the total body reticuloendothehal cells, and a kidney takes up less than
01 per cent of the total amount injected even by this route These ammals
show little if any additional concentration of the 1sotope over and above what
would be eapected by intravenous admimistiration of the matenal at some far
removed site  Therefore, n effect, one 1s essentially delivering a single rela-
tively large dose of wrradiation to the RES, chiefly the hiver and spleen, of the
recipient .

A posstbly vahd ob]ec'tlon to the procedure in which the arterial system of
the homotransplanted Lidney 1s mjected might be based upon the fact that

the antigenmic response might be imtiated immediately following operation and
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preceding the injection of the radioactive matenal, even though the time lag
represented only a matter of a few minutes We cannot account logically at
present for the lack of edema 1n the kidney transplants of these animals

Some prelmmary experiments have been carried out mn which the intended
recipient 1s mjected with amounts of colloidal gold to provide massive irradia-
tion of the RES for 1 or 2 days prior to transplantation of a donor kidney
There are 2 disadvantages to this procedure  First, if the amount of radiation
delivered 1s much more than 10,000 rads, the recipient would be expected to
survive for only 9 to 11 days Therefore, we are limited as to the length of
time such wrradiation can be allowed to proceed before homotransplantation
n order that the survival of the recipient will be sufficiently longer than that
of the transplanted kidney to allow for such evaluation The second objection
to this approach lies 1n the fact that the homotransplantation must be carried
out m a relatively high radiation field even 1n spite of attempts to shield the
hepatic and splemic areas

Other experiments are in progress mn collaboration with J H Muller of the
Umversity of Zurich, Switzerland, to circumvent the inabihity to concentrate
the radiation effect mn such transplanted kidneys Here, instead of making
use of the phagocytic properties of the RES, we rely upon the filtration of large
particles by the artenal capillary system n the injected organ as first suggested
by the work of Muller and Rossier ¥ In this approach carbon particles of
about 1000 times the size of the colloidal gold (that 1s, 1n the neighborhood of
50 u) are used  Gold chlonde 1s adsorbed onto the carbon, after which 1t 1s
reduced to metallic gold The matenal 1s then wrradiated with thermal neu-
trons It 1s then suspended mn a solution of dextran and injected into the
carotid artery supplymg the homotransplanted kidney The latter studies
are 1n their prelimmary stages and will be discussed elsewhere at a later date

The massive wradiation of the RES 1n the ammals intended as donors
1s directed at a generalized attack upon the RES on the assumption either
that the cells of this system are directly mvolved mn the antigen-antibody
reaction or that indirectly the plasma cells derived from such tissue or the
decrease mn lymphocytes resulting from irradiation of the hematopoietic sys-
tem might mirror some changes in the immune response  Such donor ammals
do not survive more than a few days after the nephrectomy and are, of course,
considered expendable

What mterest may attach to the studies described above will hardly be of
a practical nature, since the amounts of radiation mvolved are such as to pre-
clude their use 1n humans  The lowest dose of radiocolloidal gold admimstered
n the cases of arterial injection of new homotransplants 1s of the order of 10
times those used by us, on a per-kilogram body-weight basis, m successful
treatment of chromic leukemias in humans

Our findings m this and other work mvolving the massive wrradiation of the
reticuloendothehal system (RES) are certamly not mn accord with the state-
ment of Gabriell™ to the effect that “the RES 1s one of the most radiosensitive
tissues of the body ” This statement would be independent of whether anti-
bodues are mvolved 1n their formation by the RES  Before irreversible histo-
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logical and functional changes 1 the tissues (that is, hiver and spleen) are
involved, {remendous amounts of irradiation are well tolerated

Summary

Nine dogs were grossly depleted of their storage and circulating plasma
proteins 1n an attempt to restrict antibody formation Kidney homotrans-
plants were made using such depleted dogs as donors and recipients or as
recipients only In general, 1t was found that no sigmificant increase m
survival of physiological functioning of the kidney was obtained

In a group of 9 dogs, the intended donor was given a massive single dose of
Au'®® colloid by jugular vemn approaimately one week prior to use This was
a quantity often sufficient to result in the death of such an animal 1n from 9
to 11 days due to an estimated total delivery of 30,000 to 40,000 equivalent
roentgens to the reticuloendothehal system When transplanted to the neck
of normal recipients the kidneys of such grossly irradiated anmmals did not
mamtamn their secretory function appreciably longer than the 3 to 6 days
found 1n the untreated animals

In a group of 11 dogs, kidney homotransplants were carried out from normal
mongrel donors to normal mongrel recipients, following which an artenal n-
jection of radioactive colloidal gold was made into the transplanted kidney
In such ammals there was no consistent increase of the kidney functioming

capacity, although there was decidedly less reaction of edema than encountered
m untreated ammals
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SPECIFIC DESENSITIZATION OF GUINEA PIGS WITH DELAYED
HYPERSENSITIVITY TO PROTEIN ANTIGENS*

By Jonathan W Uhr
Departmeni of Microbiology, New York Umwversaty College of Medicine, New York, N Y

A general method for the experimental induction 1n guinea pigs and 1n man
of the delayed hypersensitive state directed against protem antigens has been
described previously 12 Sensitization follows within a few days after a single
intradermal 1njection of a small amount of antigen 1n the form of an immune
precipitate  Provided that the speaific precipitation 1s carried out in the region
of antibody excess, active antibody production 1s suppressed, and no antibody
can be detected m the circulation for at least two weeks after the delayed type
of skin reactivity has appeared The degree of sensitivity 1s enhanced 1if the
sensitizing dose 1s incorporated m an adjuvant that contams killed myco-
bactera

In the present study, guimnea pigs were sensitized to protemn antigens usmg
specific complexes suspended in complete adjuvant  One to two weeks later,
when the animals had become highly sensitive, they were injected by various
routes with the corresponding antigen The effect of this parenteral mjection
upon subsequent skin reactivity was then observed Provided the dose was
sufficient, desensitization was specific and complete

Specrfiarty of desensihzation  Groups of ammals were sensitized simultane-
ously to 2 immunologically distinct antigens TABLE 1 shows the results of a
typical experiment 1n which 6 guinea pigs were sensitized to both ovalbumin
and diphtheria toxoid Seven days after the sensitizing injections, 3 animals
recerved 4 2 mg ovalbumin intraperntoneally, and the other 3 recerved 4 2 mg
toxord Seven hours later all of the ammals were skin-tested for the first
time with both ovalbumin and toxoid As can be seen from TABLE 1, none of
the amimals showed skin reactions to the antigen that had been used for de-
sensitization, but all reacted strongly to the second antigen agamnst which
they had been sensitized Even as much as 300 pg ovalbumin failed to elicat
skin reactions in 2 gwinea pigs after they had been desensitized with 4 2 mg
ovalbumin  Strictly analogous results were obtammed in a smilar type of
eaperiment 1 which 6 guinea pigs were sensitized to both ovalbumin and horse
gamma-globulin

None of the experimental animals showed signs of distress at any time after
receving a desensitizing dose of specific antigen In particular, they showed
no sign of acute or protracted anaphylactic shock after intravenous or intra-
pentoneal challenge, nor were there signs suggestive of the type of delayed
shock seen in tuberculous guinea pigs njected with a relatively large amount

of tuberculin
The delayed skin reaction 1s the most sensitive and, at present, the only
rehable criterion available for detecting the delayed hypersensitive state 1n
¥ The work reported in this paper was supported 1n part by Senior R'es

8-C from the Public Health Service and by a grant from the Nat 1 carch Fellowship
Infectious Disease, Public Health Serwce,yBetghes da, Md ational Institute of Allergy and
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TaBLE 1
SpECIFICITY OF DESENSITIZATION

Skin reactions 1n mm
Desensitizing dose
3 ug toxod 3 ug ovalbumin
4 2 mg ovalbumin 24 X 26 0*
16 X 14 0*
20 X 12 0
42 mg toxoid 0 20 X 16
0 17 X 12
0 19 X 16

All aumals were sensitized to both ovalbumin and diphthernia toxin 7 days prior to desensi-
tization They were shin-tested with both ovalbumin and toxoid 7 hours after desensitiza-
tion

* These ammals were also shin-tested with 300 ug ovalbumin at the same time, and no
skin reactions were elicited

the guinea pig The experiments described above show that, according to
this criterion, guinea pigs sensitized to protemn antigens can be specifically and
completely desensitized by a single mjection of the corresponding antigen
The ease with which these experimentally sensitized amimals could be desensi-
tized contrasts with the difficulties encountered by investigators who have
attempted to desensitize tuberculous gumnea pigs to tuberculin

Amount of antigen required for desensitizalion Twenty-five amimals were
sensitized to ovalbumin Nine days later, groups of animals were mjected
with decreasing amounts of ovalbumin  After a further 12 hours all the ani-
mals were skin-tested for the first time with 5 ug of ovalbummn  Three sensl-
tized control animals showed delayed skin reactions averaging 41 mm 1n diam-
eter Seven of 8 ammals that received 1 8 or more mg ovalbumin parenterally
showed no skin reactions on subsequent intradermal challenge The remaining
anmmal showed a 7 X 12 mm reaction When smaller amounts of ovalbumin
were used desensitization was progressively less complete However, as little
as 18 pg of ovalbumin appeared to decrease the diameter of the “expected”
skin reactions The ntravenous, intraperitoneal, and intradermal routes were
used for desensitization and appeared to be equally effective

Duratron of the desensitized state In order to determine how long desensl-
tized amimals remained nonreactive to specific intradermal challenge, desensi-
tized ammals were skin-tested at mntervals following the mitial negative skin
test The duration of the nonreactive period was longer when larger amounts
of antigen were used mn the desensitizing njections Thus, when 18 mg of
ovalbumin was administered the desensitized animals showed no skin reactivity
for 3 days, if 675 mg was used, the amimals were nonreactive for at least 1
week Along with or immediately following the return of skin reactivity,
small amounts of antibody were detectable in the sera of the animals by passive
cutaneous anaphylaxis Reactions of the Arthus type usually could be elicited

wing da

ong}zfmfgﬁgmmgz wflh specific compleres  In these experiments ammals were
censitized to diphtheria toxin using toxin—rabbit antitoxin compleses From
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TABLE 2
DESENSITIZATION BEFORE AND AFTER SKIN TESTING

-~ hin reactions in mm
No of animals ’Ic;ﬁ‘}t%fr(zfﬁ;n:i:;zﬁgs%?ngcxﬁ)?ogrs) S 1{15 ;g ml.'a‘;bummm
3 Not desensitized 42 X 40, 55 X 40, 70 X 50
3 -5 0,0,0
3 0 0, 0, 0
4 +1 0,0, 0,8X6
2 45 24 X 18, 17 X 19

All anpimals w ere sensitized to ovalbumin 9 days prior to desensitization with 3 5 mg of
ovalbumin adminstered intravenously

8 to 12 days later the amimals were 1njected mtravenously with specific com-
plexes formed with horse antitoxm and were skin-tested with 3 pg of toxod
several hours later Four guinea pigs received 15 Lf or 40 pg of diphthena
toxin, which was mixed with horse antitoxin in shght excess and then 1mmedi-
ately mjected mtravenously before visible aggregation had taken place The
average diameter of the skin reactions was 9 mm compared to an average of
29 mm 1n 5 sensitized control ammals Desensitization was complete when
560 Lf (14 mg) of diphtheria toxoid complexed to excess antitoxin was in-
jected mto 4 gumnea pigs Consequently, 1t would appear that combmation
of antigen with shght excess homologous antibody does not alter appreciably
1ts capacity to bring about desensitization

Desensitization before and afler skin lesting In the experiments described
thus far, the desensitizing dose of antigen was always adminstered several
hours before skin testing  Fifteen guinea pigs were sensitized to ovalbummn
Nine days later, 12 animals received 3 5 mg ovalbumin mtravenously  Groups
of these animals were skin-tested with 5 ug ovalbumm at intervals extending
from $ hours prior to the desensitizing dose to 5 hours thereafter As shown
I TABLE 2, the intravenous injection of ovalbumin prevented the appearance
of skin reactions 1n 3 of 4 ammals even when given 1 hour after the skin test
In fact, even when the desensitizing dose was admmstered as late as 5 hours
after skin tests, at a time when delayed reactions were just begmning to ap-
pear, the lesions that developed were much smaller than those seen 1n the con-
trol amimals

These results help to give some concept of the speed of the immunological
events occurring 1 the delayed skin reaction Up to 1 hour (even longer n
other expenments) after the intradermal mtroduction of the antigen, the inter-
action between the mjected antigen and antigen-specific factor n the tissues
has progressed so slowly that 1ts mnterruption at this time may still prevent
the appearance of any macroscopic inflammation

Summary

(1) Guinea pigs with delayed hypersensitivity to protein antigens can be

specifically and completely desensitized by a single mjection contaming a suffi-
cient amount of the corresponding antigen
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(2) Desensitization can be accomplished with the antigen-antibody complex,

as well as by ‘“free” antigen
(3) The appearance of the delayed skin reaction can be prevented in fully
sensitized animals even when a desensitizing dose 1s given 1 hour or more

after skin testing
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ANTIGENS RESPONSIBLE FOR BONE MARROW
TRANSPLANTATION IMMUNITY

By T Makimodan, N Gengozan, and J F Albrght*
Buology Diviston, Oak Ridge National Laboratory, Oak Ridge, Tenn

It 1s now established that transplantation of foreign bone marrow can take
place in X-rradiated recipients,'? and that X-raciation death can be prevented
by treatment with 1sologous,} homologous, or closely related heterologous bone
marrow 32 However, lethally X-rradiated mice receiving foreign bone mar-
row show, m general, a charactenistic delayed reaction culmmnating mn a high
percentage of death 30 to 60 days after the treatment ? 1>  QOur conclusion,
based on morphologic, electrophoretic, and immunologic changes,? 1520 was
that the “foreign bone marrow reaction” 1s caused by an 11 mwo reaction be-
tween antigen and antibody We further deduced that this reaction mvolved
the host-immune mechanism, which was recovering from the radiation effect,
and the antigens of the proliferating foreign bone marrow transplant Ob-
viously, if the host were sensitized to the foreign bone marrow antigens prior
to the radiation and bone marrow treatment, an earlier and greater percentage
of death would be expected This has been found to be the case ®

Billingham ef al have demonstrated that the antigenic matenals responsible
for skin homograft immumty n mice are labile desoxynbonucleoproteinlike
substances 2 Since radiation-induced bone marrow chimeras can also accept
skin grafts of genetic constitution comparable to the bone marrow,2-25 1t would
be nteresting to characterize the antigens responsible for bone marrow trans-

plantation 1mmumty This report describes the localization and nature of
such antigens

Malterwals and Methods

Ammals  Normal (C3H X 101) F; male and female mice were used as
hosts m the following experiments They were caged m groups of 5 to 10 and
allowed free access to food and water Normal male and female Sprague-
Dawley rats weighing 150 to 200 gm were used as donors

Anhigens At 6 or 10 weeks of age mice were sensitized by the intravenous
or intraperitoneal route with various antigens Bone marrow cells (BMC)
from rat femurs were suspended m Tyrode’s solution The red blood cell
(RBC) suspension was prepared by centrifuging whole blood, carefully remov-
ing the buffy layer, and washing the RBC 3 times with 50 volumes of 0 15 M
NaCl  White blood cells (WBC) were separated from the RBC m a 6 per
cent fibrinogen solution, an RBC-agglomerating agent 26 ¥ They were washed
lce:’é?;ll)llégdlieﬁiah Service Research Fellow, National Cancer Institute, Pubhic Health Serv-

1 Operated by Union Carb < y
Commssion, wismﬁg?on ’a§) 1dé: Corp , New York, N Y, for the Umted States Atomic Energy

1 Isologous denotes members of the same strain within a speaes,

homologous d
members of gous denotes
Seacs different strains within a species, and heterologous denotes members of different
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3 times and suspended as above The concentration of these antigens and of
the liver nucle1 (see next paragraph) was 1 X 108 per ml

For the nuclear, mitochondral, and microsomal fractions, liver brer was
subjected to a density-gradient centrifugation according to the Albright-Ander-
son method # The liver bre1 supernatant fraction was prepared according to
the method of Anderson,” and desoxyribonucleoprotemn (DNA protem) was
prepared from liver nucler as described by Mirsky and Pollister ¥ Whole rat
serum (RS) was obtained from a pool of normal rat sera The concentration
of these antigens, except RS, was 2 mg of Kjeldahl mtrogen per ml

Crystalline desoxymbonuclease (DNase), ribonuclease (RNase), trypsmn,*
and papain powder, kindly prepared by D G Doherty of this laboratory, were
used in the treatment of some of these antigens The enzyme concentration
was 01 mg /ml of antigen solution Incubation was carried out at room
temperature for 30 minutes Phase microscopic observation was made of
antigens before and after the enzyme treatment

X rradiation A constant-potential Phillips X-ray machine was used as
the source, with the followng conditions 250 kv , 15 mAmp , 160 r/mmn at
60 cm , mherent filtration, 10 mm of Al, added filtration, 10 mm of Al,
and HVL, 05 mm of Cu At 12 weeks of age the mice were placed mn a cir-
cular, perforated Lucite container attached to a revolving turntable and given
a single dose of 950 r of X radiation

Bone marrow lreatment  Within 4 hours after irradiation each mouse, except
the radiation control mice, recerved mntravenously 140 X 106 nucleated BMC
obtained from fresh rat femurs

The mice were mspected daily throughout the investigation No deaths
occurred within the first 3 days after the 950 r and BMC treatment (950
r-RBM), mdicating that there was no immediate fatal anaphylaxs

Results

Locahzation of sensiizang antigens The dose per mouse of RBC, WBC,
BMC, and nucler was 1 X 10°, of DNA-protemn, mitochondria, microsomes,
supernatant, and RS, 0 6 mg of mtrogen Fifteen per cent of the nonsensl-
tized mice died by the fifteenth day after 950 r-RBM, and 22 per cent were
dead by the thirtieth day  Death patterns of mice sensitized to RBC, RS, or
supernatant were comparable to those of the nonsensitized mice  All animals
sensitized to WBC or BMC died within 15 days after 950 r-RBM = Mortality
of mice sensitized to nucler was 68 per cent 15 days after 950 r-RBM and was
70 per cent by the thirtieth day Mortality was also high among mice sensi-
t1zed to mitochondral and microsomal antigens, the 15- and 30- day mortality
of those sensitized to mitochondna was 80 and 85 per cent, respectively, and
of those sensitized to microsomes, 65 and 85 per cent, respectively ~These
results are shown m TABLE 1

Dose effect  That the sensitizing effect of these antigens 15 dose dependent
1s evident from results shown 1n TABLE 2 Increasing the dose of nuclel from
1 X 10°to1 X 108 to 2 X 10° per mouse mncreased the mortality proportion-

* Obtained from the Worthington Biological Sales Co , New York, N Y
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, TaBLE 1
T:0CALIZATION OF TRANSPLANTATION ANTIGENS IN Rat CELLs

Mortahty after 950 r-RBM (%)
Sensitizing antigens® No of mice
15 days 30 days

27 15 22

g%rg 30 13 27

BMC 30 100 —

WBC 10 100 —
Taver cell fractions

Nucler 40 68 70

DNA-protemn 20 75 75

Mitochondna 20 30 85

Microsomes 20 65 85

Supernatant 20 10 20

Serum 20 5 15

* Dose per mouse of RBC, BMC, WBC, and nucler was 1 X 10¢, and of DNA-protein,
mitochondria, microsomes, supernatant, and whole serum 0 6 mg of mtrogen

TABLE 2
Dose EFFECT OF TRANSPLANTATION ANTIGENS
Mortahty
after 950 r-RBM (%)
Sensitizing antigens Dose per mouse No of mice

15 days 30 days

BMC 1 X 108 10 50 80

1 X 108 30 100 4 —

WBC 1 X 108 10 40 60

1 X 108 10 100 —

Laver nuclex 1 X 108 40 12 15

1 X 10¢ 40 68 70

2 X 108 20 100 —_

Liver supernatant 06mg of N 20 15 30

30mg of N 16 69 81

Whole serum 06 mg of N 20 5 15

65mg of N 20 10 25

ately from 12 to 68 to 90 per cent 15 days after 950 -RBM  The mortality
curve for mice sensitized to BMC and WBC was similarly dose dependent
A supernatant dose of 3 0 mg of mtrogen/ml has a sensitizing effect, but no
antigenic activity was detected with a dose of 0 6 mg of nmitrogen per mouse
Presensitizing activity was not detected i RS 1 spite of a tenfold increase n
the antigen concentration to 6 5 mg of mtrogen per mouse

Enzyme treatmeni  The dose of nucler was 1 X 108, 1 X 108, or 2 X 108 per
mouse, the dose of mitochondra, microsomes, and supernatant was 0 6 mg
of mtrogen Phase microscopic observations were made of nucle: before and
after enzyme treatment After trypsin and papain treatments, the nucler
were severely damaged, with only a few 1dentifiable nuclear “gho’sts 7 After
DNase treatment the nucler still maintained their discrete spherical envelopes
but chromatin precipitation was evident and the nucleoh were poorly deﬁlll)ed’
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Ficure 1 Phase contrast photomicrograph of normal untreated nucleus X 1000

After RNase treatment the nuclear envelopes were wrinkled, and there were
numerous foci of precipitated chromatin within the nuclei Representative
findings are shown in FIGURES 1, 2, and 3

The results of these experiments are tabulated 1n TaBLE 3 Survival data
of sensitized 950 r-RBM mice show that the mitochondria and microsomes
mamtained their sensitizing effect even after treatment with the nucleases and
proteases The supernatant fraction at this dose level had no sensitizing
effect regardless of the enzyme treatment RNase or papan treatment did
not decrease the sensitizing effect of nuclel, but trypsin treatment caused a
shght decrease The antigenicity of DNase-treated nuclei, however, was vari-
able In one experiment, where the dose was 2 X 10° nuclel per mouse, treat-
ment with DNase did not decrease the antigemcity In the second ex-
periment, where the dose was 1 X 108 nucler per mouse, a shght but defimte
decrease mn the antigenicity was seen after the DNase treatment
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Ficure 2 Phase contrast pbotomicrograph of nucleus after treatment with papain
X 1000

Dhscussion

The results presented here confirm and extend our preliminary findings #
The antigens responsible for bone marrow transplantation immunity were
shown to reside m nucleated cells and to be absent from RBC and serum
To ensure a reasonably “clean” preparation of cell fractions, a freshly perfused
liver was used nstead of bone marrow, thymus, spleen, or lymph node Fur-
thermore, the newly developed, rapid density gradient centnfugation method
of Albnght and Anderson® was adopted Antigens were localized not only m
the nuclear fraction, but also m the mitochondnal and microsomal fractions in
a reasonable concentration, and m the supernatant in a relatively low concen-
tration  Whether the antigens of the supernatant normally exist in the soluble
phase of the cell cannot be ascertained at present These antigens could have
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Ficure 1 Phase contrast photomicrograph of normal untreated nucleus X 1000

After RNase treatment the nuclear envelopes were wrinkled, and there were
numerous foci of precipitated chromatin within the nuclei Representative
findings are shown in FIGURES 1, 2, and 3

The results of these experiments are tabulated in TABLE 3  Survival data
of sensitized 950 r-RBM mice show that the mitochondria and microsomes
mamntamned their sensitizing effect even after treatment with the nucleases and
proteases The supernatant fraction at this dose level had no sensitizing
effect regardless of the enzyme treatment RNase or papamn treatment did
not decrease the sensitizing effect of nuclei, but trypsin treatment caused a
slight decrease The antigenicity of DNase-treated nuclei, however, was vari-
able In one experiment, where the dose was 2 X 10° nucler per mouse, treat-
ment with DNase did not decrease the antigenicity In the second ex-
where the dose was 1 X 106 nucler per mouse, a shght but defimte

penment,
the antigemcity was seen after the DNase treatment

decrease 1n
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TaBLE 3
EnzvAE TREATMENT OF TRANSPLANTATION ANTIGENS

Mortality after

050 r-RBM (%)

Sensitizing antigens Dose per mouse Enzyme No of mice
15 days | 30 days

fN None 20 10 20

Supernatant 06mg o D 2 0 %5
RNase 20 S 15

e | 2| g

mg of N None

Microsomes 06 mg Some o % 100
RNase 20 05 65

Nop 2% &

06mg of N None

Mtochondra g RNase 20 60 80
Trypsin 20 65 85

Nucler 1 X 108 None 40 12 15
DNase 20 25 25

Nuclex 1 X 108 . None 40 68 70
DNase 20 20 40

Nuclea 2 X 10¢ None 20 100 —_
DNase 20 95 95

RNase 20 90 95

Papain 19 100 —

Trypsin 19 63 84

after DNase treatment was vanable One preparation of nucler was shghtly
susceptible to DNase treatment, another was resistant The DNA-protemn
materials fractionated from the third preparation of nucler were also active
n therr sensitizing effect  These results suggest that the antigens residing m
the nucleus are labile DN A-proteinlike materials  Billingham ef al 2 suggested
that the antigenic materials responsible for skin homograft immunity 1 mice
are also labile DNA-protemnlike substances

Much work must be done before the nature of these antigens for heterologous
bone marrow transplantation immunity can be elucidated Furthermore, 1t
1s not yet known whether these antigens function in the homologous bone mar-

row transplantation ymmunity system Such studies are now bemng under-
taken in this laboratory

Summary

(1) The antigens responsible for the bone marrow transplantation immumty
were determined by sensitizing the mice 2 or 6 weeks prior to the 950 r and rat
bone marrow transplantation (950 r-RBM) Indicative of the sensitizing
antigens was the increased mortality 15 and 30 days after 950 r-RBM m com-
parison to the nonsensitized 950 r-RBM mice

(2) Sensitizing antigens were absent 1 the serum and red blood cells, but
present 1n nucleated cells They were localized m the nucleus, mltochon,drla,

and microsomes 1n a reasonable concentration and 1n the supernatant fraction
m a relatively low concentration
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9 Il“ac(;)gRE 3 Phase contrast photomicrograph of nucleus after treatment with DNase

“leaked” from the mitochondral and microsomal bodies during the homogen:-
zation

Our results, obtained after various enzyme treatments of cell fractions, mdi-
cate the presence of no fewer than two classes of antigens responstble for bone
marrow transplantation immunity One class of antigens 1s localized 1n the
mitochondrial and microsomal fractions, which were resistant to nuclease and
protease treatment  These findings suggest that the antigens are either simple
or complex polysaccharidelike materials or nucleoprotemlike or proteinlike ma-
terials encased 1n a substance resistant to protease and nuclease treatment
When the dose of antigens used 1s taken mto account, however, the former
possibility seems more likely, that 1s, the antigens are simple or complex poly-
sacchandelike materials Past eaperiences have establhished the fact that a
single 1njection of antigens 1n saline m concentration of only 0 6 mg of mtrogen
1s not adequate 1f the antigens are protemns® or nucleoprotemns #* If the
antigens are polysaccharidelike materials, however, such a concentration 1s
considered adequate *

The second class of antigens 1s localized 1n the nucleus and 1s resistant to
RNase and papan, but 15 shghtly susceptible to trypsin  The antigenicity
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Discussion of the Paper

Jorn J TreEnTIN (Baylor Umwversity College of Medicine, Houston, Texas)
The early mortality observed in presensitized mice given lethal wradiation
followed by rat bone marrow would appear to be consistent also with primary
failure of successful heterotransplantation of rat marrow as a result of pre-
formed antibodies Does it necessarily follow, therefore, that the late mortal-
1ty 1n nonpresensitized mice protected against lethal wrradiation with rat mar-
row 15 also the result of an immunological reaction of host against graft? If
so, how can one rationalize such an explanation with the absence of secondary
hematopotetic depression i mice dead of characteristic late mortality, and
with the occurrence of such mortality m some combinations of F; hybrid mice
protected with parent strain marrow where the host, by genetic determination,
has no capacity to reject tissue grafts from the homologous marrow donor?

T MaxmNopaN There are several known phenomena that are not consistent
with your assumptions First, an assumption that rat bone marrow trans-
plantation fails as a result of preformed antibodies 1s not correct There 1s
direct evidence for the establishment and persistence of the transplant, both 1n
the presensitized mouse-rat bone marrow experiments and m mice presensitized
to homologous liver fractions and subsequently treated with radiation and
homologous bone marrow (Owen et al , unpublished data) Second, the specific
secondary antibody response 1s charactenstically quicker and more extreme,
and one would therefore expect the premmumzed host’s reaction to occur
earlier and more wvigorously Tt 1s dufficult to concerve a similar effect of host
preimmunization on the graft you postulate  Third, 1t has been reported that
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(3) The antigens of the mitochondria and microsomes were resistant to
nuclease and protease treatment The nuclear antigens were resistant to ribo-
nuclease and papain treatment, and shghtly susceptible to trypsin The
antigenicity of desoxyribonuclease-treated nucler was vanable
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THE ERYTHROCYTE-BORNE ANTIGEN IN TUMOR IMMUNITY

By Morns K Barrett
Natronal Cancer Institute, Public Health Service, Bethesda, A d

Tn 1908 Bashford et al reported! that resistance to a graft of transplantable
tumor could be 1nduced by a prior moculation of neoplastic or normal tissue
Defibrinated blood was one of the normal tissues used by these mvestigators
During the past fifty years this observation has been confirmed many times,
and several bits of additional information have been discovered by contributors
too numerous for mention here, references to their work can be found in recent
reviews 24

Although there 15 not complete accord, the generally held view has been
that this antigeic* property 1s widely distributed, 1f not ubiquitous, among
living cells  Recent findings have forced some modification of the requirement
that the cells must be living or intact 8 ® It 1s important to know whether the
erythrocyte shares this property because, if such antigemicity 1s an attribute
of the red cell membrane, opportunities seem to exist for obtaining a relatively
simple starting matenal for further work, and there may be important theoreti-
cal imphcations regarding not only transplantation immunity but also the
cellular mnteractions 1 differentiation and growth  The 1dea involved 1s simi-
lar to Weiss’s concept of “molecular ecology,”” but we are thinking of a possible
“cellular ecology” that may or may not be limited to the molecular level

Previous data® ® supported the behef that the red cell membrane does, n-
deed, carry such an antigen and suggested some tentative ideas regarding its
nature In the following paragraphs the evidence 1s briefly reviewed mn a
manner giving prominence to certain pomts not previously emphasized, and
new evidence 15 added

Using a stramm DBA/2 sarcoma that grows progressively m 90 per cent of
stram BALB/c mice, we found that a high degree of resistance could be mn-
duced 1n BALB/c hosts by a prior injection of defibrinated blood from strain
DBA/2 Experiments mvolving separation of serum and cells showed that
the antigen was 1n the cells and not in the serum, as Bashford had also observed
Separation of red cells from white cells and use of each as antigen mdicated
that both fractions were antigemc, as expected, however, when the dose was
expressed 1n terms of the original volume of blood represented, the red cell
fraction was more potent than the white cell fraction, probably because
of numercal relations TaBLE 1 shows aggregated data from three such
experiments  One feature of these data should be noted particularly All
the white cells that could be recovered (by the method used) from 02 cc
of blood produced resistance at about the 50 per cent level Although the
experiments might have been more refined, this figure can be taken as a useful
approvimation n relation to data to be given later An mvestigation of the
effect of dosage, always eapressed as equivalent blood volume, was made using

* The term ymmumt

¥ 15 used here to refer to a host’s resistance to the implantation of a
graft The term antigen refers to any substance that will induce such mmunity

767



766 Annals New York Academy of Sciences

the histological changes observed at intervals after wrradiation-foreign bone
marrow treatment are qualitatively comparable and differ only quantitatively
between early deaths and late deaths Since the kinetic aspects of these reac-
tions are different, one cannot expect comparable quantitative histology at the
time of death between mice dying 30 to 60 days after treatment and those
dymng within 30 days Finally, the possibility that the one dominant gene-one
antigen concept need not be correct 1n the irradiation-bone marrow study 1s dis-
cussed by Fox 1n thismonograph and, on other grounds, by Owen independently *
Therefore, to assume that the F; host has no capacity to react against parental
marrow 1s not necessarily valid
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In 1908 Bashford ef al reported! that resistance to a graft of transplantable
tumor could be induced by a prior moculation of neoplastic or normal tissue
Defibrinated blood was one of the normal tissues used by these mvestigators
During the past fifty years this observation has been confirmed many times,
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reviews -4
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that this antigenic* property 1s widely distributed, 1f not ubiquitous, among
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that the cells must be living or mtact ® ¢ It 1simportant to know whether the
erythrocyte shares this property because, i such antigemicity 1s an attribute
of the red cell membrane, opportunities seem to exist for obtaning a relatively
simple starting matenal for further work, and there may be important theoreti-
cal mplications regarding not only transplantation mmmumty but also the
cellular mteractions 1n differentiation and growth  The 1dea mvolved 1s sim1-
lar to Weiss’s concept of “molecular ecology,”” but we are thinking of a possible
“cellular ecology” that may or may not be himited to the molecular level

Previous data® ® supported the behef that the red cell membrane does, n-
deed, carry such an antigen and suggested some tentative ideas regarding 1ts
nature In the following paragraphs the evidence 1s briefly reviewed m a
manner giving prominence to certamn pomnts not previously emphasized, and
new evidence 1s added

Using a stram DBA/2 sarcoma that grows progressively i 90 per cent of
strain BALB/c mice, we found that a high degree of resistance could be n-
duced 1n BALB/c hosts by a prior injection of defibrinated blood from strain
DBA/2 Expeniments mvolving separation of serum and cells showed that
the antigen was 1n the cells and not 1n the serum, as Bashford had also observed
Separation of red cells from whte cells and use of each as antigen indicated
that both fractions were antigenic, as expected, however, when the dose was
expressed i terms of the onginal volume of blood represented, the red cell
fraction was more potent than the whte cell fraction, probably because
of numencal relations TABLE 1 shows aggregated data from three such
expeniments  One feature of these data should be noted particularly Al
the white cells that could be recovered (by the method used) from 02 cc
of blood produced resistance at about the 50 per cent level Although the

experiments might have been more refined, this figure can be taken as a useful
approvimation 1n relation to data to be given later

effect of dosage, always expressed as equivalent blood

* The term immunity 15 used here to refer to a host’
graft The term antigen refers to any substance that
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TaBLE 1
Inocula Defib blood RBC WBC Serum
Per cent 84 78 52 15
Total hosts (57) (50) (52) (50)

Degree of resistance to implantation of tumor induced in strain BALB/c hosts by a pnor
moculation of a fraction of strain DBA/2 blood All doses were equivalent to 02 cc of
defibrinated blood Results are shown as percentage of hosts immune Number of hosts
1s shown 1n parentheses

both defibrimated blood and washed cell suspensions The expected graded
effect of dose was seen, and 1t was indicated that a response at the 50 per cent
level would be expected with doses of between 0003 and 0 006 cc, or about
140 of the previous dose  For most subsequent experiments we selected a dose
of 002 cc that produces a strong but not maximal effect It should be noted
that this dose 1s 1o of that used for white cells At this dose washed cells or
stromata 1mmunized about 80 per cent of hosts, that 1s, 20 per cent had tu-
mors, as shown 1n TABLE 2

When the relative numbers of cells present in the mocula are considered, the
data of TABLES 1 and 2 suggest that, in equal numbers, the white cells are
probably a more potent antigen than the red cells, but that 1s not the pomnt
under consideration Qur experiments were directed at the question, “Is the
erythrocyte stroma antigenic?” At present we are not seeking 1ts relative
potency

The data of TABLE 2 are based on a dose of 002 cc  In many experiments
mvolving various cell preparations we have observed this degree of response
to this dose despite the fact that the proportion of white cells contamed 1n the
mocula varied widely Several regular chamber counts on our preparations
mdicated that defibrination reduced the white count by about 14, multiple
washing reduced 1t to about 14, sometimes 1{y Sometimes a few white cells
were seen In the various preparations of stromata, but in others none were
found Yet defibrinated blood, washed cells, and stromata all produced simi-
lar degrees of resistance, that 1s, about 20 per cent tumors 1n immune animals
compared with 90 per cent 1n controls In the same mocula the red cell count
remained high, varymg from 75 to 100 per cent of that in defibrinated blood,
and depending on the amount of handling involved

TABLE 2
Antigen Mice Tumors Per cent immune

None 60 56 7
Washed RBC 158 30 81
Stromata prepared with

Saline 129 26 80

Citrate 30 4 g;

Antiserum 60 7

to implantation of strain DBA tumor 1n strain BALB/c mice after immuniza-
tlorlf f;s tRa]gEe or strgma.ta from strain DBA blood  All doses were equivalent to 002 cc of

bloed
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Thus 1t appears that the immune response varies with the dose of blood,
but for a given dose of blood the effect does not vary significantly with a de-
creasing content of white cells 1f the red cell count remans high  We thought
that this was sufficient evidence to justify a belief that i our work the ob-
served effect depended upon some attribute of the red cell and not upon the
few white cells contammnating some of our mocula For that reason these
pomnts were mentioned only briefly in previous discussions

However, the pomt has agamn been raised by Billingham ef al®'® Their
work concerns transplantation of skin, whereas ours concerns transplantation
of tumors This distinction may be cnitical, although there are other differ-
ences 1n technique  If this distinction 1s critical, 1t would be new as a generah-
zation and quite important However, these investigators, like most workers
in this field, link resistance to grafts of normal tissue with that to grafts of
tumor under the general term “transplantation immumty ” We therefore
adopted one of theirr techmques for carrying our observations a little farther
Glass wool filters were prepared n the manner described by Billingham? and
used to remove white cells from cell suspensions  Thrice-washed cell suspen-
sions were prepared as before and, following filtration, were used to imnduce
tumor resistance & ¢ Two experiments were done, mm each a white cell count
was done on unfiltered washed cells In the first the count was 350 and n
the second, 440/mm & representing about 14 of the count on defibrinated blood
m this stram  Each cell suspension was then filtered thrice successively
through each of 3 filters (1 more than was used by Billingham) Chamber
counts and stained smears were made for each suspension, no white cells
were found 1n either smear, but among 4 chambers (2 for each suspension) a
single white cell was seen in 1 chamber (representing 25/mm 3, by our technique,
for 1 suspension and none for the other) Both suspensions were strongly
antigemc mn doses of 002 cc, as shown n TaBLE 3 (last 2 Lines)

Recalling again that whte cells from 10 tumes this much blood did not m-
duce this degree of immumty (TABLE 1), but that the same degree persisted
when the white count was progressively reduced by more than tenfold, it
seems that one must conclude that the antigen with which we are working 1s
present 1n the red cell fracion This 15 not to say that the white cell does
not also carry an antigen, that 1s another matter

Turning to the question of whether some of the discordances 1n this field
are dependent upon differences between normal and neoplastic tissues we have
made some preliminary observations on the power of red cell suspensions to
induce immunity to normal tissue It 1s generally recogmzed that tumors are
more easly transplanted than are normal tissues, and that some varnance
B:wei?n tcﬂiz}slertvaf‘c1onsh depends upon this difference  We have adopted the
bm\an quantxfa t,wzr the tpresent, it 18 better to look upon such differences as
the cstablishmont ;;1 nat ure . The point 1s mportant because, m our opinion,
and neoplastic tlssuecrvl 31;. bor a dtlruly qualitative difference between normal

Merwin has ro orteZlob ¢ a discovery of the first magmtude
homologous graftz e sn Z«}arHvatmns on immunity reactions in nonvasculanzed

ardenian gland *  Such grafts will survive indefi-

nitely mn nommmune homologous hosts, but they dismtegrate 1f the hosts are
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TaBiE 3
E Number of cells Number of | P
v
Inocula doglelfl cc u}rll:)ste; ° lgnfgllé

RBC WBC
Defib blood 02 1,400, 000,000 600, 000 50 04
Defib blood 0 025 175,000, 0600 75,000 40 92
Defib blood 0 003 21,000,000 9,000 25 40
Defib blood 0 002 14,000, 000 6,000 24 34*
Washed cells 02 1,200,000, 000 60,000 54 94
Washed cells 002 120,000,000 | 10-20,000 158 81
Isolated cells 02 1,400, 000,000 few 50 78t
Isolated cells 02 few 600, 000 52 52t
Stromata 0 02 120, 000, 000 O-very few 219 83
Thltered cells 002 120,000,000 0 30 97
Filtered cells 0 02 120,000, 000 500 (?; 49 78

Comparison of degree of resistance induced by various fractions and doses of blood with
particular reference to the relative numbers of red cells and white cells contained 1n the 1n-
ocula Cell numbers are approximate and calculated from standard chamber counts on
varied preparations and from the doses used Data are taken from various pubhshed and
unpubhshed experiments Equvalent doses refer to volume of defibrinated blood repre-
sented by 1nocula

* Data from R T Prehn (personal communication)

T Procedure 1nvolved prolonged handhng, and cells were probably damaged to a minor
degree  The difference between this pair 1s%ughly significant (P = 0 008)

immunized by another graft 1In cooperation with her we have experiments
1n progress to ascertain the effect of inoculation of homologous red cell suspen-
sions upon established nonvascularized grafts of homologous Harderian glands
Im mice

Filtered blood was prepared as before, and the filtrate was examied for
white cells For unexplained reasons filtration was not quite as effective as
before, even so, the proportion of white cells was always quite small, sometimes
only 1 cell in 300 high-power fields of a stained smear Cell suspensions were
used 1n doses of either 0 2 or 002 cc equivalence of defibrinated blood, mnocu-
lated subcutaneously remote from the graft Immunity (that 1s, graft de-
struction) was observed after both doses The majonty of grafts broke down
after the larger dose and, judged on the basis of Merwin’s previous experience,™
the effect appeared to be stronger than could be accounted for by the small
number of white cells present These must be viewed as prehminary results
and subject to revision, but they seem to indicate that the antigen borne by
the erythrocyte 1s capable of inducing resistance against normal homologous
Hardenan gland 1t 1s expected that more evidence on this point will emerge
from future experiments

Elsewhere I have mentioned Breyere’s observation that the survival time
of skin homografts on pen-bred rats was shortened when the recipient had
recerved a prior moculation of the donor’s blood * The results were similar
n mbred rats, but they were more uniform because of the employment of
mbred amimals  In this case 1t 1s difficult 1o evaluate the relative influence of
white cells 1n the absence of data on graded doses, but one 1s encouraged to
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look further for a possible mfluence of the red cell Here, too, more work
needs to be done before reaching conclusions

In summation, the data related to tumor immunity seem to powmt clearly
to the conclusion that there 1s an effective antigen on the erythrocyte stroma
In our case 1t 15 not controlled by the histocompatibility-2 locus of Snell ef af ©*
because all our materials are H-29, but mn other cases this may be an important
influence  In the case of normal tissues the data are not so clear, and this
distinction may be more important than one would assume at present No
attempt has been made to assess the relative potency of the erythrocyte-borne
antigen because, m our opinion, the important point 1s that 1t 1s there
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HOMOLOGOUS WHOLE BLOOD AS AN AGENT FOR
ENHANCEMENT OF SKIN GRAFTS IN THE
ADULT RABBIT A PRELIMINARY REPORT*

By Richard B Stark, Harry Brownlee, and Ronald P Grunwald
Surgical Service (Plastsc), St Luke’s Hosputal, New York, N ¥V

Owen’s classic work, showing that a synchomnal placental circulation
dizygotic twin freemartin cattle that freely circulates blood cells of the twins
produces offspring tolerant of each other’s skin transplants, has spurred work
upon artificial induction of perinatal tolerance to homografts through the use
of cellular mnjectants! The Bar Harbor, Me, group has induced prolonged
homograft survival in the adult through the admimstration of killed cellular
elements, achieving what they have termed ‘‘enhancement” of homotrans-
plants2 These mmportant findings suggested the possible beneficial effect of
mjections of circulating blood elements 1n the adult

On the debit side of such a theoretical suggestion, however, are the ‘“blood-
less” tissues of cornea and cartilage that survive for long periods following
homotransplantation Then, also, the common denominator of virtually all
tissues and organs that are rejected as homotransplants 1s the blood cell

Consequently, we set up a pilot experiment to determine what role, if any,
homologous circulating blood elements play in the reaction of rejection of
homografts of skin We used the ears of rabbits In one ear we 1njected
whole blood subcutaneously Followng this injection we transplanted a
homograft of full-thickness skin upon the other ear of the same amimal We
felt that we should elicit accelerated loss of the skin graft in a manner akin to
the second-set phenomenon 1f whole blood cells induce the reaction of rejection
of homotransplants If, however, live circulating blood elements produce the
phenomenon of enhancement 1n the adult, we felt that we should ehcit prolon-
gation of homograft survival

Method

Transplants of homologous skin were made between adult rabbits of dis-
parate strains (New Zealand Whites and Flemish Giants) In all, 98 rabbits
were used 1 these experiments The rabbit ear serves as a useful recipient
site upon the host It 1s a clean member of the body, rarely touching the
foor of the cage and 1s rarely disturbed by this incurious amimal It 1s sur-
faced with relatively thin skin and short hair over a thin plate of hyaline car-
tilage Transplants sutured into place upon the perichondrium of the ear are
maintamned at normal skin tension by the cartilage, assuring a minimum of
technical failures Observations are facilitated, smce no dressings are re-
quired ? 1

Operative transplants were performed using veterinarian pentabarbital so-
dum (Nembutal) and aseptic precautions  Skin grafts were sutured 1nto

.2642 from the National
T T Servcs, Bethosds s ME and oo Akt Joncs Foundatio,

T

New York, NY
772



Stark et al Enhancement of Skin Grafts 773

P s sk bl
- - e e P N

N3

FRUNSR——

PSP

3

: D [: it Ja S e S R -2
[ Rt LRI s * - S
o 4 . -

- L
~ T . . YT ""“ﬁé}\ M ‘*k"
% . VE oy ,g.\\‘ Stk b E V: e
ﬁ’z Ve - w )Siz;' t&‘f A ""”
¢ ¢ zt/ Ly

!{“I‘

Tyt

-
LY

Ficure 1 Tmtal studies of first-set homografts and autografts of skin, using the ear of
the rabbit both as donor and as reapient site  These paired photographs show the macro-
scopic results of homograft and autograft upon successive periods of observation mn 3 rabbits
(Read these photographs across ) In rabbits 85, 76, and 83 the homograft in each pair of
photographs 1s on the left, and the autograft 15 on the nght From macroscopic and micro-
scopic studies, over one half of the surface area of the homotransplant showed dry gangrene

lc)iy the fifth day, at which time necrosis and multinucleated cells were present to the maximum
egree
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place using eight 3-0 black sutures Earlier studies upon homotransplants
reported 1n the hterature utilized skin grafts of small size upon which consecu-
tive biopsies were virtually impossible  Therefore, round homografts of skin
25 cm 1 diameter were used

Daily macroscopic observations were made upon the transplants, which
were photographed, using color film

The easy availability of the ear and its relative thinness facilitated the taking
of consecutive biopsies, which were obtained using a leather punch Such a
biopsy produced a tissue sandwich with the transplant upon one side of the
cartilage and normal skin on the other to serve as a control ~ All biopsies were
read and graded by an impartial pathologist (R G ), who did not have access
to the key for 1dentification of specimens

Resulls

Base hne studies were made upon autografts and first- and second-set homo-
grafts of skin  Autografts of skin were umformly successful ~ First-set homo-
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g The findings from first-set homografts suggested that the reaction of rejection

a§ w;lgtﬁltzm force by the fifth day  Consequently, second-set grafts werc transplanted at

“hatpumc Involvement of the entire transplant with dry gangrene occurred by the second

oo nd necrosis was cvident by biopsy at that ime  Mononucleated cells did not appear

day, at tyme, however (Read these photographs downward TFirst-sct homografts are

ata:ﬁ]:d “F" and second-set grafts are marhed 'S " The number of days post-transplantation
m

1s also marhed )
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Ficure 3 To assay 1ts role 1in the homoplasty reaction, whole blood from a donor of a
disparate strain was njected subcutaneously into rabbits  Five days later a skin homograft
was transplanted from the blood donor to the same recipient

Instead of accelerating the loss
of the shin homotransplant, whole blood njection produced a prolongation of homograft

survival and an amehoration of the reaction of rejection  (Read these photographs of rabbits
127 and 140 across )




776 Annals New York Academy of Sciences

grafts of skin showed macroscopic necrosis of 50 per cent or more of therr
surface area by the fifth day, at which time necrosis and the presence of mono-
nucleated cells were at their maximum, as evidenced by biopsy (FIGURE 1)
We 1nterpreted this as implying that the reaction of rejection was in force.
Consequently, we chose this time (5 days) to transplant second-set homografts
of skin upon the opposite ear of the same host.

Macroscopically, second-set homografts became necrotic earher than the
first-set grafts (FIGURE 2) Necrosis comparable 1o that exlibited by the
first-set grafts upon the fifth day was exhibited by the second-set grafts upon
the second day There was hittle evidence of mononucleated cells, however,
i the second-set biopsies This 1s iteresting in the light of the current
hypothesis that mononucleated cells mediate the homoplastic reaction of re-
jection

Next, homologous whole blood, obtained by intracardiac puncture from
the future skin donor, was mnjected subcutaneously (1 cc) into one ear of the
reciplent (FIGOURE 3)  Upon the fifth day following injection, when the reaction
of rejection (if present at all) should have been present 1 force, we transplanted
a homograft of skin from the blood donor to the opposite ear of the same
recipient

What we observed 1n all rabbits so treated was not a second-set phenomenon
with rapid slough of the skin homograft transplanted just after the blood mjec-
tion, but rather a prolongation of the life of the homograft of skin (as evidenced
by macroscopic and microscopic observations) and an amehoration of the
reaction of 1ts ultimate rejection* In all rabbits treated thus the hfe of the
homotransplant of skin was prolonged appreciably more than 100 per cent.
Our numbers are yet too small to be statistically significant, but we have not
seen prolongation of the life of the homograft of lesser magnitude than this

Discussion

It 1s pointless to speculate upon the modus operands of this phenomenon of
enhancement of skin grafts in the adult rabbit, using live homologous whole
blood cells, until additional work has been done We can say that, by using
this easily applied modality, the life of homotransplants of skin appears to be
prolonged n the adult rabbit in spite of the use of a relatively small amount
of enhancing substance
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IV. Graft-Versus-Host Reaction and Acqured Tolerance m Tissue Homo-
transplantation

INTRODUCTION PROBLEMS IN TRANSPLANTATION IMMUNITY

By E J Eichwald and E C Lustgraaf
Laboratory for Expervmental Medicine, Montana Deaconess Hosprlal, Great Falls, Mont

Thus paper deals with three aspects of transplantation immumty  The first
18 graft acceptance, about which we know little and about which we speculate
rarely The second 1s acquired immumty to grafts, a subject about which we
have gamed a reasonably good body of knowledge The third 1s acquired tol-
erance, concerming which we have learned much and speculate still more

Graft acceplance Primary acceptance of grafts has not been of much interest
to immunologists One hears at times that immune factors have but httle
mnfluence on the mtial fate of a transplant, and that 1t 1s not until the host has
had time to develop an ymmune response agamst the graft that immune forces
become decistve  However, previous contacts of the host with antigens similar
to those of the graft influence the reception of the graft by the host, undoubtedly
these contacts frequently prevent even mmtial estabhishment of the graft The
fact that some bodily sites, such as the bram and the eye, are more hospitable to
grafts than others, at least imtially so, could be ascribed to the fact that these
sites are relatively sheltered from immune processes that have run their course
prior to the grafting procedure!

Whatever the influences of such earlier immune events may be, they are
probably only of secondary importance  Themitial failure of a graft or, rather,
the mability of a graft to establish 1itself, occurs frequently when the host does
not object to the graft from an 1mmunological point of view The transfer of
an entire brain or an entire heart from a mouse of one inbred strain to the peri-
toneal cavity of another mouse of the same inbred strain will not be successful
However, one need not quote extreme examples Transfers of tumors, par-
ticularly lymphomas, within an mbred strain of mice are frequently unsuccess-
ful, and plastic surgeons have their share of experience with failures of skin
autografts This sort of imtial failure hies m the field of “plumbing,” and often
can be prevented by establishing better channels for oxygen supply and dramn-
age One should keep m mind that improved plumbing made possible the
successful transfer of kidneys, and that failures because of insufficient plumbing
are more frequently encountered with a more mtricate vasculature of a graft
and with cells that are not resistant to temporary anoxia Theoretically
every cell, every organ, 1s transplantable, provided host and graft are 1mmunoZ
logically compatible It 1s irksome to hear Investigators use such terms as

transplantable and nontransplantable tumors It would be just as proper to

Spe;lk ];)lf transplantable and nontransplantable skin P
roblems of graft acceptance are related to the phenom

and growth It is therefore unhkely that the qupestlons Zrtll?rzfl;?iiineitéo};

acceptance of a graft can be answered until we known more about regegeraillan

and growth, about which there are many unknowns and variables .
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It 1s un-
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likely that we can solve the problems of graft acceptance by using the tech-
niques of homografting or heterografting, procedures in which the number of
unknowns and vanables 1s considerably higher However, problems of graft
acceptance are of importance primarly in heterografting, since successful
heterografts, except 1n unusual circumstances, do not survive the phase of
graft acceptance and, as a rule, arc sweptl away by the powerful immune re-
sponse to the antigens of the foreign species  Therefore, experiments 1n hetero-
grafting 1ntended to contrbute to fundamental understanding of biological
events are directed toward aims that may well be beyond reach

Acquired 1mmumiy  Circulating antibodies to grafts, wn mwo or mn wilro,
are readily demonstrable in heterografting The problem becomes more
difficult 1 homografting, particularly homografting of normal tissues such as
skin  Hemagglutimins and hemolysmns are frequently encountered following
the grafting of tumors of foreign strains, but 1t 1s questionable whether these
hemagglutinns play an active role 1 the destruction of tumor grafts In the
future, 1improved methods may reveal effective circulating antibodies, but 1t 1s
possible that there are none and that the destruction of skin homografts 1s
brought about by antibodies attached to the surface of intact host cells The
experiments with grafts enclosed in millipore filters, chambers whose pores are
adequate to permut the passage of protein molecules but too small to permit
passage of host cells, are of particular interest in this regard  In interpreting
these experiments one should consider, however, that while too small a pore
may prevent passage of too large a particle, 1t also may interfere with the pas-
sage of particles considerably smaller than 1ts diameter A screen door not only
prevents the entrance of flies and mosquitoes, but also nterferes with the free
flow of ar

The studies m our laboratory have been concerned chiefly with the nature
of graft antigens Grafts of male mouse skin are rejected by females of the
same strain It 1s generally assumed that this rejection 1s due to an antigen
determined by a histocompatibility gene located on the Y chromosome We
have hesitated to accept this explanation without reservations, although it 1s
compatible with our observations Our hesitation 1s based on studies m
Drosophila by Fox? Sex determination i Drosoplnla appears more compli-
cated than in mammals, although Drosopinla carries but four pairs of chromo-
somes While many females have the standard XX chromosomes and males
the XY chromosomes, other females carry also the Y chromosome (XXY),
and some males lack 1t (XO) If sex determination 1s so complicated n a
specles having only four pairs of chromosomes, 1t 1s likely to be even more
comphcated when the number 1s much higher The fact that there are no
relevant observations to suggest this possibility in mammals may be due merely
to the greater complexity of the chromosomal picture

Our more recent studies have been concerned primarnly with the speaificity
of the male antigen and possible additional sex-linked antigens  The problem
of stram specificity presented 1tself to us when we noted that ¥ hybnd males
between two mbred strains accepted each other’s skin grafts even when they
were of reciprocal parentage This should not have occurred if the antigens
determined by the Y-linked genes differed from each other, provided both
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strains carried such a gene  Second, we noted that a graft from a male of one
pure parent stramn of an F; hybnd female was able to mnduce in this female a
second-set response to a graft from a male of the other pure parent stran
Third, we observed the growth of a tumor (Tumor 58) that we had induced
with benzopyrene m a C57BL male The tumor grew significantly faster mn
untreated controls than 1 pretreated ammals The pretreatment consisted
of mnjectng normal tissues from the non-CS7BL parent strain into female I
hybrids from crosses of CS7BL with C3H, A, Street, and BALB/c strans
All of these observations gave additional support to our assumption not only
that the Y-linked gene was present 1n all strains examined by us, but also that
the antigen determied by 1t was not strain specific

Tt occurred to us that the X chromosome, which 1s much larger than the
Y chromosome, also might carry a histocompatibiity gene If 1t did, as ex-
plained by Haldane? male Fy hybrids should reject male or female skin graits
of the paternal parent stram (whose X chromosome this hybrid lacked), while
grafts of the maternal parent strain should be accepted Clearly, this course
of events could happen only 1if the hypothetical X-hinked gene were stramn
specific and 1f 1t would ehicit an immune response sufficiently severe to cause
rejection  One should expect also that F; hybrid males whose paternal strain
15 C57BL and the maternal strain non-C57BL would show retardation of growth
of Tumor 58 as compared to growth of the same tumor 1n 1ts reciprocal Pe-
cularly, the opposite happened, the tumor grew faster m F; hybrid males
whose paternal strain was CS7BL  This observation suggests that additional
male antigens are present in the C57BL stramn, but absent in other strains
an observation that we are attempting to confirm at present

Acquired tolerance The concept of tolerance due to chimerism acquired
during phases of immunological imcompetence 1s disturbing and not easy to
accept In our own limited experience with the grafting of normal tissues,
biological relationships usually are not that simple and clear cut  There 1s also
the possibility that one listens more keenly to positive than to negative results,
although the latter eventually may provide significant clues

A common observation difficult to understand 1s that tolerance seems readily
achievable with certain donor-host combinations, but only with difficulty n
others  Also, some imvestigators have had bad luck with CS7BL cells, while
others report complete success It 1s not clear why this should be the case

In attempting to create tolerance we are faced with tasks m newborn mice
different from those m wradiated adult mice In the former we are striving
only for tolerance, 1n thelatter we try to supply protection against irradiation
:;i xgil rela.: v:golﬁflutcoe t:cl:irlzrécemt’i‘hti: number 2f cellds needed to mduce tolerance
ance 1n the prot,ectelc)l mice all?e of '(L:ht:) Islaage;:l N mla 1?1“0]1’ and to mduce toler-
3 milhon and 30 million cells  Still tllzls genelra o ol pmagmtude batvieen
observation 1s puzzlin e T ity may be chance  Another

g msuring survival after wradiation requires larger

numbers of foreign cells than cells of the animal’s own stran While this ma
seem acceptable at first glance, 1t 1s disturbing on second thought  Either th}é
host accepts the foreign cells as 1if they were 1ts own because 1ts own defenses
are madequate, or these defenses are adequate and the host rejects these cells,
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the only benefit the host could then derive from such rejected, disintegrating
cells would be some temporary humoral principle  However, some 1nvestiga-
tors believe that the foreign cells survive and persist for a long time

A recently reported observation by Mam and Prehn* 15 also of considerable
mterest While 1t 1s logical that an rradiated mouse of one strain can be pro-
tecled by a sufficient number of competent cells of 1ts own or a different strain,
these mvestigators noted that protection also can be achieved by a mixture of
cells of both strains  Both types of cells survive, and the animal 1s tolerant of
skin grafts from either stramn Why 1s 1t that the injected, undamaged, com-
petent cells of both strains do not dispose of each other?

There 1s much evidence that procedures producing chimenism are often fol-
lowed by symptoms of “runt” disease caused, as we beleve, by a reaction of
mjected cells against the host ~ Various investigators disagree as to the findings
According to some, the spleen of a runt 1s too small, according to others, 1t 1s
too large Agam, the type of donor-host combination seems to be of m-
portance  What 1s 1L, then, that causes tolerance, and what 1s 1t that causes
runt disease? Is it only a quantitative difference, and 1s runt disease tolerance
mn the extreme? Is tolerance acquired because of the presence of antigen-carry-
g and antigen-producing cells, and does runt disease develop only when these
cells also are antibody producers? If this were true, it would create a dilemma
in postirrachation tolerance where antibody-producing cells are very much
needed to ward off the wrradiation damage, but where any additional contribu-
tion 1 antibody production would be most unwelcome The situation would
be simpler 1n the injection of newborns where antigen production alone would
be needed for tolerance and where one might advantageously select cells, such as
epidermal or renal tubular cells, that carry antigen, but are not known to be
strong antibody producers A liver cell suspension probably would be less suit-
able Several investigators have turned to fetal or embryonal cells that carry
antigen, but are deficient 1n antibody production What will these immature
cells do when they mature n the tolerant host? Is that the time at which they
would produce runt disease?

When cells of an inbred strain are mjected mto an adult F; hybrnid we are
dealing with a situation of chimerism for the production of which neither
wrradiation nor the newborn state are needed While the hybrid accepts the
parental cells without protest, the parental cells are free to develop the same
homograft response that a pure parent develops against an F; skin or tumor
graft It should be a most favorable situation for the development of runt
disease, but how do these adult I'; mice react upon receiving large intravenous
doses of spleen cells of a pure parent stramn? In our experience they grow and
gamn weight, and there 1s no evidence of runt disease It could be argued that
any antibody produced by the tolerated donor cells 1s absorbed by the host
tissues, but this argument undermines the explanation of runt disease =~ What
happens to the mjected spleen cells? Do they not survive? What would be
a good method to test survival of parental cells in F; hybrids? 'We have con-

AB
cidered myecting the spleen cells of a suspected ¥ hybnd chimera (-B—) mto

rradiated mice of one of the parent strains (A) that have been sensitized against
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cells of the other parent stramn (B) prior to wradiation These mice should
dispose quickly of the hybnd cells (AB), but would not attack the tolerated
chimenc cells (A)  Consequently, a protective effect would result 1f a sufficient
number of tolerated cells were present 1n the spleen cell suspension  However,
this approach 1s almost certaim to fail because of the small number of tolerated
parent cells that, at best, would be present An approach using the antigenic
mstead of the antibody-producing capacities of tolerated cells would have a
greater chance of success

These are some of the questions that come to mind on contemplating acquired
tolerance Few questions have captivated the mnds of investigators closely
and even remotely concerned with tissue transplantation as much as this one
has While acquired tolerance seems a significant break through the sohd wall
of the homograft response, 1t 18 doubtful that 1t brings us actually closerj to a

solution of the homograft problem Probably it will bear at least as much
fruit i other fields of endeavor
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STUDIES ON THE REACTION OF INJECTED HOMOLOGOUS
LYMPHOID TISSUE CELLS AGAINST THE HOST*

By R. E Billingham
The Wastar Institute of Anatomy and Biology, Pliladelplia, Pa

With some combinations of inbred strains of muce, such as CBA — A and
vice versa, 1t has been found that the intravenous injection of newborn animals
with a dosage of 4 to 10 milhon hiving homologous adult spleen cells will induce
a ligh degree of tolerance of subsequent skin homografts from the donor stramn
in a great proportion of the subjects+2 Inoculation of the newborn ammals
by the mtraperitoneal route 1s less effective in conferring tolerance, and the
subcutaneous route 1s completely meffective, probably because cells introduced
by this route do not reach the developing immunologically competent tissues
of the host soon enough At birth the mouse, unhke the rat,® 1s almost at the
end of the tolerance-responsive phase of 1ts life

With this method of inducing tolerance in mice, a completely unexpected
complication was encountered 1n certain strain combinations, for example,
C57 — A and AU — A, 1 which all injected ammals died within 2 or 3 weeks
after an mtial period of normal growth and apparent well-being  The first
mdication of disease was cessation of growth, usually accompamed by diarrhea,
death followed within a few days Uninjected litter mates, 1t may be empha-
sized, remained perfectly healthy and unaffected by the disease that was killling
their injected brothers and sisters

With other strain combinations, although most of the mice appeared to be
suffering from this disease, 1ts severity was vanable a few of the victums died
soon after injection following an “acute” attack, others suffered from what ap-
peared to be a chronic, sublethal attack that retarded their growth so severely
that 1t was by no means unusual to find animals with body weights of no more
than 5 to 7 gm at 50 to 70 days of age (see FIGURE 1)

Fortunately, from the pomnt of view of obtaining tolerant ammals, a variable
proportion of the mice, depending upon the particular stramn combmation,
either failed to show any climcal symptoms of this disease or recovered from
what appeared to be a very mild attack As TaBLE 1 shows, with nearly all
strain combinations tested a fairly lgh proportion of the surviving mice were
found to be tolerant when challenged with a skin homograft from the donor
stramn of the neonatal spleen cell inoculum Unfortunately, because of therr
small size and feeble condition, only a small proportion of the runts could be
test grafted, but all those that survived this operation proved to be fully tol-
erant for as long as they lived

The subject matter of this paper 1s an mvestigation of the etiology of this
peculiar disease, referred to descriptively as “runt disease,” which 1s associated
with the moculation of newborn mice with adult homologous spleen cells
Some of the work described 1 this paper was carried out 1n collaboration with
Leshe Brent of University College, London, England

k rted 1n this paper was supported 1n part by Grant C-3577 from the Na-
tlo;a':{‘ }gaggér Il;fsptcl)tute, Public Health Service, Bethesda, Md
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Ficure 1 Three 52-day-old A-strain mice from a htter that was injected at birth with
5 milhon adult C3H spleen cells Two of these mice are chronic runts, weighing only 6 and
7 gm , respectively  Note the emaciated appearance and scruffy condition of the fur of the
smaller ammal The larger, apparently unaffected apimal was fully tolerant of a subsequent
C3H skin homograft, the other 2 ammals were too small to be grafted

TaBLE 1

ATTEMPTS TO CONFER TOLERANCE IN NEWBORN MICE OF DIFFERENT STRAINS BY THE
INTRAVENOUS INTECTION OF Livine HoM01.0GOUS ADULT SPLEEN CELLS

Stramn combmation }«ég;tgé;t?, Number grafted{Tolerant, per cent ng};}g’rtggg?ntr‘
CBA—A 10 53 96 80
A — CBA 21 23 56 39
C3ZH— A 36 15 100 87
A— C3H 67 10 70 43
C3H — CBA 0 5 100 100
CBA — C3H 0 12 100 100
A — C57 6 17 6 0
CS7T— A 100 — — —
A— AU 47 10 60 50
AU — A 100 — — —
CBA — AU 22 20 25 5
C57 — AU 89 1 100 100
C57 — CBA 100 0 — —

All mice were mnjected within 24 hours after birth
Spleen cell dosage per mouse 4 to 10 milhon

Under mortality 1s mcluded the percentage of the mjected mice whose de
aths were at-
tnibutable to acute or chromc runt disease = This figure does not include mice that di:td
as an immediate consequence of the neonatal moculation or as a result of maternal neglect
Highly tolerant mice are those that accepted their test grafts for at least 50 days



784 Annals New York Academy of Sciences
Abnormahitres of the Lymphoid Tassues of Tolerant Mice

Careful dissection of healthy, chnically normal-looking mice which, as a
consequence of their neonatal exposure to homologous spleen cells, were fully
tolerant to skin from the donor strain, almost invariably revealed evidence of
abnormalities or mvolution of their lymphoid tissues® This was reflected in
gross reductions 1n size, or even the apparent absence of some of their nodes,
or in the exceedingly flabby and unhealthy looking condition of some of these
organs Even Peyer’s patches were not infrequently involved The spleens
of these ammals were usually normal 1n appearance

In incompletely tolerant mice examined after the breakdown of their test
grafts, abnormalities of this type were seen 1n less than 50 per cent of them and
were very trivial when present Mice that gave no indications of bemng tol-
erant had perfectly normal nodes

It was mn the runts that this involutionary trend in the lymphoid tissues of
mjected mice reached 1its climax  In such animals 1t was usually practically
impossible to identify any of their nodes  Also, their spleens, though usually
of apparently normal size, were discolored, fibrotic, and grossly deficient 1n
Malpighian corpuscles  Besides retardation of growth, mnvolution of lymphoid
tissue was another constant and diagnostic symptom of runt disease, for fully
tolerant mice that, as already stated, had never shown any overt symptoms
usually displayed some abnormalities with respect to their nodes

Two Possible Causes of Runt Disease

There are iwo obvious but completely different hypotheses that could account
for the facts thus far presented 2 According to the first of these, runt disease
1s the outcome of a concurrent transmission of pathogens, along with the ho-
mologous spleen cells, from strains of mice to which they have become adapted
into members of potentially susceptible strains at a highly vulnerable age
This hypothesis has many serious shortcomings* It fails to account for the
fact that many fully tolerant mice remained normal, healthy indiviuals, yet
showed one important symptom of the disease, namely, involution of their
nodes It 1s not supported by the experimental findings with potentially lethal
strain combinations, such as AU or C57 — A, 1n that (1) inoculation of newborn
mice with plasma 1s harmless, (2) only a small proportion of animals died fol-
lowing their moculation with 0 05 ml of C57 whole blood, (3) although 1ntra-
peritoneal noculation of C57 spleen cells was just as lethal as inoculation by
the intravenous route, subcutaneous inoculations produced no adverse effects,
and (4) moculation of cell suspensions prepared from bone marrow did not kill
the recipients Other direct experimental evidence that tells very strongly
against this “infection” hypothesis has been presented by Brent ®

The second hypothesis ascribes runt disease to an immunological reaction,
that 15, 2 homograft reaction, on the part of the inoculated homologous spleen
cells aganst the “transplantation” antigens of their “foreign” host ~ The prima
facie case for this hypothesis 1s a strong one  Spleen cells are known to be
;mmunologically competent, and the tolerance that they confer enables them

to survive for considerable periods By employing a test, the principle of which
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was devised by Mitchison,® 1t has been estabhshed that the cells moculated mto
newborn mice, or their mitotic descendants, persist and are present m the nodes,
spleens, thymuses, kidneys, and bone marrovw, and also in the leukocyte pop-
ulation of the airculating blood of fully tolerant adult mice, these animals are
therefore cellular chimeras Presumably the moculated spleen cells colomze
anatomucally appropriate environments i their developing hosts, such as the
nodes and various aggregations of lymphoid uissue in other organs The
organs overtly affected 1n runt disease are, therefore, those that the moculated
cells are known to colomze The observed differences in the seventy of the
disease with the different donor/recipient strain combinations tested are ex-
phcable on a simple 1mmunogenetic basis provided that the mnoculated cells
secure for themselves a protective cloak of tolerance, the severity of their reac-
tion agamst the host should be determined by the antigenic disparity between
their host and themselves The evidence thus far obtained 1s mn accord with
this mterpretation The mcidence of runt disease 1s greater with the more
remotely related strains, with the very closely related strain-combmation C3H —
CBA and wvice versa all the moculated mice became highly tolerant, and none
mamfested the shghtest detectable abnormality of its lymphoid tissues  Fi-
nally, our finding with the potentially lethal combination C57 — A that the
moculation of 4-day-old mice with spleen cells 15 completely harmless 1s just
what one would expect if runt disease depended upon the prolonged survival
and immunological reactivity of the cells, because the 4-day-old mouse 1s al-
ready too old to be tolerance responsive

The experiments described below all yield evidence that 1s either consistent

with the graft-versus-host hypothesis or provide experimental confirmation of
predictions based upon it

Inoculation of Newborn Mice with Spleen Cells from Hybrid Donors

According to the graft-versus-host hypothesis, whereas the mjection of new-
born A-strain mice with AU or C57 spleen cells mvanably causes acute runt
disease, the mnoculation of these baby mice with hybrid spleen cells from C57/A
or AU/A donors should be completely harmless, since both types of cells should
be genetically incapable of reacting agamst antigens common to themselves
and to their hosts At the same time, these hybnd cells should confront their
hosts with all the antigens of the C57 or AU strains  This prediction has been
fully sustained expenimentally, the hybnd cells were completely mnocuous to
therr A-strain hosts and conferred tolerance upon many of them *

These experiments are of considerable importance, since they make 1t per-
fectly clear that, although runt disease depends upon tolerance, tolerance in
no way depends upon the mvolution of lymphoid tissue associated with runt
disease  Other evidence bearing upon this mmportant pomt has been sum-

marized elsewhere 4 5
Inoculation of Newborn A-Stramn Mice with Other Types of C57 Cells

In attempts to confer tolerance without the intervention of runt disease
the members of newborn A-strain litters have been mjected with cells prepared,
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from adult C57 or AU donor tissues other than the spleen It has been found
that leukocyte concentrates prepared from the buffy coat of whole blood and
containing as few as one mullion of these cells invariably caused acute runt
disease  This provides strong proof that at least one cellular ingredient of the
leukocyte population of adult mammalian blood 1s immunologically competent
and capable of prohferation—a finding that parallels Simonsen’s observation
i chickens” and may be of significance 1 interpreting the etiology of certan
types of hemolytic disease of the newborn 1n man, since 1t hints at the possible
consequences of maternal leukocytes crossing the placental barrier and gaining
access to the fetus The fact that inocula comprising about 0 05 ml of whole
blood were rarely harmful 1s not surprising, because the number of leukocytes
present 1n this volume 1s msufficient to represent a tolerance-conferring stimu-
lus

Excluding the spleen, the thymus represents the only convenient alternative
source of large numbers of dissociable viable cells When newborn A-stramn
mice were moculated with 5 to 10 million thymocytes from adult C57 donors,
the majornity died of acute runt disease and none of the survivors showed the
shightest degree of tolerance when subsequently grafted with C57 skin  This
finding lends strong support to the view that the thymus 1s capable of mediat-
mg 1mmunological reactions, though the variability of the results has yet to
be accounted for

When suspensions containing about 10 million dissociated bone marrow cells
from adult C57 donors were administered to baby A-strain muce, all of them
survived and grew up normally When test grafted, the majority were found
to be highly tolerant However, dissection of such animals revealed that bone
marrow cells were by no means as harmless as the outward appearance of these
mice had suggested There was evidence of very severe involution and ab-
normalities of their nodes, though they were not quite as badly afflicted as the
chronic runts Our tentative interpretation of the finding that C57 marrow
cells are relatively less harmful than spleen cells from this donor strain 1s that
the marrow simply contains a smaller proportion of immunologically competent
cells than the spleen It seems likely that, had we employed higher dosages
of marrow cells, the hosts would have succumbed to acute runt disease

Discussion

The possibility that homografts might be capable of reacting agamst their
hosts was first suggested independently by Dempster8 and Simonsen® on the
basis of histological studies on homotransplanted kidneys Formal, though
indirect, experimental proof of this hypothesis was furnished by the subsequent
demonstration that breakdown of a skin homograft on a tolerant mouse took
place 1f normal lymphoid tissue cells from another mouse of 1ts own strain were
implanted mto the tolerant mouse 1°

The findings and conclusions drawn from the present study are in complete
accord with the results of Simonsen’s’ recent analysis of the etiology of the
profound pathological changes 1n the spleen and other organs of young chicks
and of mice following their 1mnjection, before or soon after hatching or soon after
birth, with homologous adult spleen or buffy coat cells The facts that there
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exists a complete theoretical basis for the graft-versus-host hypothesis of the
origin of the various pathological changes in young animals 1njected with adult,
immunologically competent lymphoid tissue cells, that every experimental
fact may be drawn as an inference from 1t, and that it successfully emerges from
a whole serles of critical tests, constitute such a strong case for its validity that
further discussion of the “infection” hypothesis would be futile

In theory and 1n practice the mduction of tolerance n young animals 1s not
the only condition for the revelation of graft-versus-host reactions, although
m all probabihity the newborn mouse or young chick probably afford the most
susceptible test subjects

FEwvidence has been obtamed that cellular homografts of mmmunologically
competent tissues from a parental stramn can harm and may sometimes kall
therr hosts if mtroduced nto fairly young F; hybrid mice, a situation that takes
advantage of a genetically “in-built” tolerance # 1!

When mice are protected with homologous, or even heterologous, adult
spleen or bone marrow cells against the otherwise lethal effects of high doses
of X wrradiation, conditions requsite for the revelation of graft-versus-host
reactions are also realized The foreign cells quite defimtely persist in these
ammals, which are incapable of rejecting them,® 2 indeed, their protective
effect depends upon thewr ability to rehabilitate the depleted hematopoletic
and lymphoid tissues of the host The very fact that the protection afforded
by homologous, as opposed to 1sologous, cells frequently 1s followed sooner or
later by deaths attributed to “secondary disease” or to “homologous disease,”
the symptoms of which bear a close resemblance to those of “runt” disease,?: 14
suggested to Trentin!® and others that these delayed deaths were due to im-

munological reactivity on the part of the mjected cells Formal proof of this
concept has now been presented 6 17
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from adult C57 or AU donor tissues other than the spleen It has been found
that leukocyte concentrates prepared from the buffy coat of whole blood and
contaming as few as one milhon of these cells invariably caused acute runt
disease  This provides strong proof that at least one cellular ingredient of the
leukocyte population of adult mammalian blood 1s immunologically competent
and capable of proliferation—a finding that parallels Simonsen’s observation
mn chickens’ and may be of significance in interpreting the etiology of certamn
types of hemolytic disease of the newborn 1n man, since it hints at the possible
consequences of maternal leukocytes crossing the placental barrier and gaming
access to the fetus  The fact that mocula comprising about 0 05 m!l of whole
blood were rarely harmful 1s not surprising, because the number of leukocytes
present mn this volume 1s msufficient to represent a tolerance-conferring stimu-
lus

Excluding the spleen, the thymus represents the only convenient alternative
source of large numbers of dissociable viable cells When newborn A-stramn
mice were mnoculated with 5 to 10 million thymocytes from adult C57 donors,
the majority died of acute runt disease and none of the survivors showed the
shghtest degree of tolerance when subsequently grafted with C57 skin  This
finding lends strong support to the view that the thymus 1s capable of mediat-
g mmmunological reactions, though the varnability of the results has yet to
be accounted for

When suspensions contaming about 10 milhion dissociated bone marrow cells
from adult C57 donors were admimstered to baby A-strain mice, all of them
survived and grew up normally When test grafted, the majority were found
to be highly tolerant However, dissection of such animals revealed that bone
marrow cells were by no means as harmless as the outward appearance of these
mice had suggested There was evidence of very severe involution and ab-
normalities of their nodes, though they were not quite as badly afflicted as the
chronic runts  Our tentative imterpretation of the finding that C57 marrow
cells are relatively less harmful than spleen cells from this donor strain 1s that
the marrow simply contains a smaller proportion of immunologically competent
cells than the spleen It seems likely that, had we employed higher dosages
of marrow cells, the hosts would have succumbed to acute runt disease

Drscussion

The possibility that homografts might be capable of reacting aganst thewr
hosts was first suggested independently by Dempster® and Simonsen® on the
basis of histological studies on homotransplanted kidneys Formal, though
mndirect, experimental proof of this hypothesis was furnished by the subsequent
demonstration that breakdown of a skin homograft on a tolerant mouse took
place if normal lymphoid tissue cells from another mouse of its own strain were
nnplanted mto the tolerant mouse 10

The findings and conclusions drawn from the present study are in complete
accord with the results of Simonsen’s’” recent analysis of the etiology of the
profound pathologxcal changes 1n the spleen and other organs of young chicks
and of mice following their njection, before or soon after hatching or soon after
birth, with homologous adult spleen or buffy coat cells The facts that there



EFFECT OF PREINJECTION OF HOMOLOGOUS LEUKOCYTES ON
HOMOTRANSFER OF LYMPH NODE CELLS IN RABBITS*

By T N Harns and Susanna Harris

The Cluldren’s Hospital of Pluladelplia and the Depariment of Pedialrics, School of Medicine,
Unoersity of Pennsylvama, Pinladelplna, Pa

Iniroduction

This report presents recent data from a series of investigations that onginated
as an immunological study mvolving cell transplantation and has developed
aspects of a cell transplantation study mvolving immunology

Earlier studies had shown that following the transfer to fresh recipient rab-
bits of popliteal lymph node cells of donor rabbits previously injected n the
foot pad with Shigella paradysenteriae, agglutinins appeared mn the sera of the
recipients ! Subsequently 1t was found that following the transfer of donor
lymph node cells mcubated 212 vfro with a filtrate of trypsin-treated suspensions
of Shugella (ST filtrate) agglutimins also appeared 1n the sera of the recipients ?
The donors and recipients were chosen at random from a heterogeneous popula-
tion of rabhits

This sequence of events was markedly affected when leukocytes pooled from
the prospective donors were njected intradermally mnto the prospective recipi-
ents prior to cell transfer If leukocytes were premnjected in smitable numbers
at an appropriate interval prior to the lymph node cell transfer, agglutimins to
Singella failed to appear thereafter in the sera of the recipients® An explora-
tion of some aspects of the problem 1s reported below

Varwatrons i the Interval Between Preinjection of Donor Leukocyles
and Cell Transfer

When lymph node cells mcubated 1 miro with ST filtrate were transferred to
wrradiated recipient rabhits, agglutimins appeared in the sera of these recipients
on the fourth day after transfer and reached a maximum titer on the sixth to
eighth day  If 107 pooled donor leukocytes were injected mntradermally 1 day
prior to cell transfer, agglutimins appeared as usual after transfer When
leukocytes were injected 2 daysbefore transfera number of the recipients devel-
oped agglutinins as usual,and a number developed agglutinins to markedly lower
levels, the geometric mean of the peak titers of the entire group being distinctly
lower than the mean for the control groups (not premjected) With increasing
mtervals between the mjection of donor leukocytes and transfer of lymph node
cells the subsequent agglutinin titers m sera of reciplents decreased until, at
an mterval of 6 days, almost none of the recipients showed serum agglutinins
The individual peak agglutimin titers and the means for each group are shown
m FIGURE 1 As the interval between premjection and cell transfer was
ncreased to 20 days the same results were obtamed At an interval of 35

days 1t was observed that the mean titer of the recipients began to rise, and
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Discussion of the Paper

J W FERREBEE (The Mary Imogene Bassell Hospital, Cooperstown, N ¥,
and the College of Physicians and Surgeons, Columbia University, New York,
N V) Itseems clear from careful presentations such as that of Billingham
that there 1s a cell 1 adult marrow and 1n adult spleen that 1s capable of re-
acting agaimst the tolerant host or against the lethally irradiated subject The
result of this reaction 1s an immunological cripple

For reasons of supply we must use adult marrow to restore marrow function
mn individuals who have received lethal total-body irradiation—there simply 1s
not enough fetal marrow available-—and we must use cells of fetal spleen that
are capable of tolerance to restore function in the lethally irradiated and unre-
sisting lymphopoietic organs, that 1s, lymph nodes and spleen

Adult marrow 1s probably deficient in some species, and perhaps 1n man, 1n
the number of cells of the “splenic” type that function as restorers of lymph
nodes and spleen following radiative destruction of these organs Moreover,
as Billingham and others have shown, the adult splenic-type cell in marrow
reacts aganst the host 1n these irradiated organs  Either way, from immuno-
logical warfare or from 1nadequate numbers of immugrant seed cells of lymph-
opoletic type, one comes up with an immunological cripple unable to defend 1t-
self against foreign mvaders, mcluding viruses, bacteria, yeasts, parasites, and
homografts We see evidence of this crippling 1n our rradiated patients and
mn our dogs, m which, perhaps, our ability to make clinical observations some-
what exceeds that in small rodents

The pomnt of this preamble 1s that I should like to know what cell have we
1n mund 1n the experiments Billingham has described so that we can remove 1t
from adult marrow and, n tolerant form and adequate number from fetal
spleen, add 1t to the infusions we give our patients
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this mncrease continued up to the maximal interval tested (107 days) At this
time the mean was still below that of the control (nonpreinjected) group
FiGurE 2 shows the geometric mean peak titer of each group of recipients,
these points being connected by the solid lme  The horizontal lines show the
geometric mean titer of the control rabbits in the case of each interval

Species Specificly

In a number of experiments leukocytes obtained from the blood of other
species of animals were tested It was found that leukocytes of horse, cow,
and chicken blood did not affect the geometric mean agglutinin titer of recipi-
ents when premnjected m numbers equal to those of the rabbit leukocytes In
the case of human leukocytes a partial effect was observed, the geometric mean
titer being substantially lower than that of the controls (somewhat more than
2 powers of 2) However, this geometric mean peak titer was substantially
higher than that found mn the group preinjected with rabbit leukocytes These
results are shown in TABLE 1 Also shown are data obtained with the prenjec-
tion of the same number of rabbit erythrocytes in which the leukocytes had

TaBie 1

PeEak AGGLUTININ TITERS OF RECIPIENT RABBITS PREINJECTED WITH
Various Broop Cerrs*

Recipient rabbits preinjected with
Control rabbits (not preinjected) Blood leukocytes of
Rabbit
Rabbit Man Horse | Cow (Chicken! crythrocytes
256 64 64 256 384
<12 16 64 334
<12 16
96 12 48
96 <12 48
128 <12
<12 384
o | % 200
16 24 32
192 1 #
2 384 | 384 7
}]gg <12 192 | 384 332
19 128 192 128
128 128 96
96 24
768 <12 256 | 384 1024
384 <12 64 384 512
128 <12 16 256 384
96 12 | <12 | 128 96
G 64 96
eometric mean
titer of group
(log2) 76 30 S3 7Ts| 73 72 7 4

* Reproduced by perm
and Mamoous ¥ permission from the Proceedings of the Socrety for Experimental Bzology
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INTERVAL BETWEEN INJECTION OF DONORS' LEUKOCYTES
AND TRANSFER OF THER LYMPH NODE CELLS (BAYS)

FiGure 1 Peak agglutinin titers of individual recipients of lymph node cells incubated
11 vdro with filtrates of trypsin-treated suspensions of dysentery bacilh The recipients 1
the ennmental group had been injected mtradermally with donor leukocytes at mtervals,
as indicated, pror to transfer of the antigen-incubated lymph node cells  The bar indicates

the geometric mean titer of the group of preinjected recipients

Reproduced by permission

from the Proceedings of the Society for Eaperymental Biology and Medscine?
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Ficore 2 Geometric mean peak agglutinmin titers of recipient rabbits that had been pre-
1njected with leukocytes of other (donor) rabbits at various mtervals prior to the transfer of

antigen-incubated lymph node cells from the same donor rabbits

Geometric mean peak titers

of control (nonpreinjected) rabbits for each group are shown by the horzontal lines
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this mncrease continued up to the maximal mterval tested (107 days) At this
time the mean was still below that of the control (nonpremjected) group
Ficure 2 shows the geometric mean peak titer of each group of recipients,
these pomts bemng connected by the sohd line  The horizontal lines show the
geometric mean titer of the control rabbits m the case of each interval

Species Spectficily

In a number of experiments leukocytes obtamed from the blood of other
species of amimals were tested It was found that leukocytes of horse, cow,
and chicken blood did not affect the geometric mean agglutinin titer of recipi-
ents when premjected m numbers equal to those of the rabbit leukocytes In
the case of human leukocytes a partial effect was observed, the geometric mean
titer being substantially lower than that of the controls (somewhat more than
2 powers of 2) However, this geometric mean peak titer was substantially
higher than that found 1n the group preinjected with rabbit leukocytes These
results are shown in TABLE 1 Also shown are data obtamned with the premnjec-
tion of the same number of rabbit erythrocytes m which the leukocytes had

TaBiE 1

PEAX AGGLUTININ TITERS OF RECIPIENT RABBITS PREINJECTED WITI
Various Broop Crrrs*

Recipient rabbits premnjected with
Control rabbits (not premjected) Blood leuhocytes of
Ié}?bblt

Rabhit Man Horse | Cow [Chicken erythrocytes

256 64 64 | 256 384

<12 16 64 384

<12 16

96 12 48

96 <12 48

<12

128 <12 384 512

<12 32 192

16 24 32

24

ig% 12 384 | 384 768

768 <12 192 | 384 384

192 128 192 128

128 128 96

96 24

ggi <12 | 256 | 384 1024

128 <12 64 | 384 512

o6 <12 16 | 236 384

o 12 <12 128 96

Geometric mean %
titer of group
(logy) 76 300 53 75 73 72 74

¥ Reprod
and 3 Icg:cmlécaed by permission from the Proceedings of the Soctely for Erpertmental Buology
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been reduced to approximately 01 per cent It can be seen that recipients
premjected with such suspensions did not show lower geometric mean peak
agglutinin titers than the controls (not preinjected)

Variation 1n Numbers of Leukocytes Preingecied and the Roule of Injection

In the experiments described thus far, the number of leukocytes preinjected
intradermally was 107 In other experiments the number of cells was varied,
and the intravenous route was used as well No substantial differences were
found between the effects of intravenous or intradermal preinjection of leuko-
cytes over the range of 103 to 10% cells  In either case, 1n the recipients of the
lymph node cells premnjection of 108 or 107 was followed by agglutimn titers
near or below the threshold of measurement, following premnjection of 10°
leukocytes the titers of the recipients were quite low, but higher than those
referred to above and, followmg preinjection of 10° leukocytes, these titers
were still higher, but well below the means found 1n thenonpreinjected controls
These results are shown 1n FIGURE 3

Indwndual Donors of Leukocyles

In all cases 1n which the same group of rabbits was used as a source both of
pooled leukocytes for premjection and of lymph node cells for transfer there
was complete ‘“‘suppression’ of the cell-transfer effect, that 1s, there was almost
no measurable agglutinin titer 1 the recipients subsequent to cell transfer
The same results were obtamned when the leukocytes for premnjection were
pooled from one group of rabbits and the lymph node cells from another group
In a number of experiments mndividual rabbits were used as the source of
leukocytes for premnjection, and other individual rabbits were used as sources
of lymph node cells In the case of 20 recipients in such experiments, 16 were

512k ROUTE OF INJECTION
® INTRADERMAL X
O
0:255L INTRAVENOQUS
ot
; 1281
z 64
Z
g 32
a 6
O 12k
<8
<12F
T, — =T . T T
10 10 10 10 0

NUMBER OF WBC PREINJECTED

Geometric mean peak titers of lymph node cell recipients prycm]ected with
tes 1n various numbers intradermally or intravenously The X (upper night)
11ter for nonpreinjected controls

F1GURE 3
donor leuhocy
represents the mean
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TABLE 2
MAXIMNUM AGGLOTININ TITERS OF RECIPIENTS PREINJECTED WITH LEUKOCYTES
oF INDIVIDUAL DONORS AND GIVEN INCUBATED Lymrr Nope CELLS
Froar OteER DONOR RABBITS

Donors of Peak agglutinin titers of individual recipients
Leukacytes for premnjection {Lymph node celis for transfer Preinjected Not premnjected

A K <12 <12

B L <12 <12 384

C M 32 1024 768

D N 24 24 1536

E (0] <12 32 1536
¥ P 16 24
G Q 64 192
H R 12 <12
1 S <12 384
1] T <12 <12

Pool of above Pool of above <12 <12 <12
Albino Chinchnlla <12 <12 24

<12 <12

Albino Albino <12 384 128

512 '

512
Chinchulla Albino <12 192
128 4096
Chinchilla Chinchilla <12 <12

found to have low titers, at or near the limit of detection, the titers of 3 others
were In an intermediate range, and the titer of one was quite within the range
of the control (nonpremjected) animals These data are shown mn the upper
part of TABLE 2 In the lower half of the table are shown the results of exper:-
ments mvolving albino and chinchilla rabbits  As can be seen, no consistent
difference between rabhits of these two groups was demonstrated

Prewgection of Reciprents with Thew Own Leukocyles
or with Leukocytes of Other Rabbiis

The effect of premjection of a recipient’s own leukocytes, in comparison with
those of other rabbits, was studied by the use of leukocyte suspensions njected
ntradermally or intravenously and by means of whole blood remnjected ntra-
venously In each case recipients other than the one bled were also mjected
with the leukocytes, and one week later all of the recipients were given antigen-
incubated lymph node cells pooled from a group of donor rabbits The g k
agglutinm titer for each recipient was determined, and the geometric meagefa:)r
each espenmental group 1s shown m TABLE 3 It can be seen that the geo-
metric mean titers of the groups premjected with their own leukocytes weri n
the same range as, but somewhat lower than, those of the control groups
whereas the groups mjected with suspensions of leukocytes from other %abbpt,
showed substantially lower mean titers In the case of whole blood. 1n an
amount containing the same number of leukocytes, the mean titer of rec’lple:tz
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TABLE 3

PrEINTJECTION OF EACH RECIPIENT WIiTHE Its Owxn LEUKOCYTES OR WHOLE
Broop or witH LEUKOCYTES OF ANOTHER RABBIT

Mean peak agglutinin taters of recipients preimnjected with

Preparation 111{1(]):;;:; Own leukocytes Le“l"o‘;ﬁf&&f other C°mﬂ:}: Cglég;lpre-
ggb?ti Mean titer rlggb?tg Mean titer rligbfti Mean titer
Leukocyte
suspension 1d 18 70 17 47 1 77
Leukocyte
suspension 1v 26 73 15 42 12 75
Whole blood 1v 21 82 13 54 11 77

Mean titers expressed as loge

premnjected with their own blood was shghtly higher than that of the nonpre-
mjected controls, the mean titer of recipients premjected with blood of other
rabbits showed some reduction in titer, but not as much as 1n the case of pre-
mjection with leukocytes

Effects of Preinjectron of Leukocytes Treated in Various Ways

Leukocytes were obtamned from the blood of prospective donors of lymph
node cells and then were treated in various ways before prewnjection mnto the
prospective recipients Comparisons were made mn each case between the
effectiveness of premjection of such treated cells and that of untreated portions
of the same leukocyte suspension 1n causing reduction of the agglutimin titers
of the recipient rabbits The majority of the forms of treatment carried out
markedly reduced the effectiveness of the leukocyte suspension, so that the
titers of the corresponding recipients showed a range and mean value quite
similar to those of the nonpreinjected controls These treatments were as
follows heating for 60 minutes at 60° C, alternate freezing 1n a dry-ice and
alcohol bath at —70° C and thawing, suspension of the cells in distilled water,
addition of sodum 1odoacetate to 1072 M, and lyophiization Two other
treatments did not alter the effectiveness of the leukocytes X nradiation at a
dose of 400 r, and disruption 1n a magnetostriction oscillator In the latter
case the suspension of disrupted cells was centrifuged for testing of the super-
nate and resuspended sediment separately It was found that the supernate
was without effect, but that the resuspended sediment was nearly as effective
as the origmal suspension 1n causing reduction of the agglutinin titers

Discussion

The data presented above indicate that the results of lymph node cell transfer
can be affected substantially by the prior injection of blood leukocytes from
the donors of the lymph node cells if the leukocytes are injected at a sufficient

interval before the cell transfer and n sufficient numbers relative to this
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mnterval  Such an effect, as indicated by lower concentrations of agglutinins
to Shigella m the sera of recipient ammals, was demonstrated not only with
Jeukocytes pooled from groups of rabbuts that were to be used as the donors of
the transferred lymph node cells, but also with leukocytes from groups of
rabbits other than the lymph node cell donors The effect was demonstrable
even with leukocytes from mdividual rabbuts, either the prospective donors of
the transferred lymph node cells or others The difference m observed events
subsequent to the transfer of lymph node cells according to whether the recipi-
ents are encountering cells from the donor for the first or the second time (after
premjection) 1s analogous to the accelerated rejection of skin grafts placed for
a second time from a given donor to a given recipient, the “second-set phe-
nomenon” described by Medawart: ® and since then studied by several other
workers ¢ There 1s an apparent difference between the two situations in that
the rejection of second-set skin homografts mvolves a difference of time,
comparison with their controls, whereas m the present system antibody fails
to appear altogether In all probability this difference 1s due merely to the
fact that there are dufferences 1n the respective experimental conditions  Thus,
n the case of skin grafting the transplanted tissue must await vascularization
for full contact with the blood of the recipients, whereas in lymph node cell
transfer the transplanted cells are mtroduced directly into the blood by intra-
venous Injection

The followmng five observations made 1n this study are analogous to the
corresponding observations reported in studies of skin homografting

(1) A defimte mimmum mterval of time between leukocyte preinjection and
lymph node cell transfer was found necessary 1n this study for the suppressive
effect on the transferred cells, and a certaln mmimum of time must elapse
between first and second skin homografts in order to elicit the second-set
phenomenon &

(2) The suppressive effect on transferred lymph node cells (indicated by
decreased recipient agglutimn titers) has been found m this study as long as
107 days after the premjection of leukocytes, in mice, the second-set phe-
nomenon has also been elicited as long as 120 days after the first skin graft 7

(3) In this study the degree of suppression of activity of transferred lymph
node cells was found, within a given range, to be a function of the number of
leukocytes premjected, and 1t has been reported that the survival time of
skin homografts bears an mverse relationship to the dose of grafted skin em-
ployed 5

(4) No evidence was obtained, n the present study, of common antigens
between leukocytes and erythrocytes of the rabbit  In skin homograft studies
Medawar® had found that the second-set phenomenon could be induced not
only by prior skin graft between the animals involved, but also by the injection
of leukocytes, the mjection of erythrocytes did not, however, have a similar
effect  Thus the antigens of rabbit leukocytes, at least those shared with skin,
were found not to occur m erythrocytes as well

(5) The effects of certan treatments of the cells mjected for the primary
contact of donor and recipient have shown similarities between the two systems
Of the treatments of preinjected leukocytes found 1n this study to mactivate



796 Annals New York Academy of Sciences

the effect several had been applied to rabbit leukocytes 1 skin grafting studies
with analogous effects, that 1s, faillure of induction of the second-set phe-
nomenon Theseare heating, lyophilization, and freezing ® Of the two treat-
ments found not to inactivate the premnjection effect—X wrradiation and sonic
oscillation—the latter had been found not to inactivate rabbit leukocytes for
induction of the second-set phenomenon 19  Also, the active material had been
found 1n both systems to be present in the insoluble sediment of the oscillated
cell suspension 1°
One observation made 1n these studies 1s at variance with a parallel observa-
tion reported 1n the skin homografting studies In preparing rabbuts for accel-
erated rejection of skin grafts by injection of leukocytes, Medawar found
mtradermal injections of the latter to be 18 times as effective as intravenous
ones® Later, Billingham and Sparrow reported that rabbits mjected intra-
venously with suspensions of homologous, dissociated, viable epidermal cells
(1 to 15 mlhon) failed to show accelerated skin graft rejection, and 1n some of
the experimental amimals the survival of the graft was increased by a factor of
20r 31 In the present study no difference was found between these 2 routes
of injection 1n the effectiveness of preinjected leukocytes, in the range between
10® and 108, as shown i TABLE 2 It may be mentioned in this connection
that 1n the case of purebred stramns of mice Billingham ef @/ found 1t possible to
mnduce accelerated skin graft rejection by the intravenous injection of leuko-
cytes 12
As m the case of skin grafting and other mstances of tissue homotrans-
plantation, there 1s evidence that this “premjection effect” 1s immunological
mn nature  First, the intervals between the premjection of leukocytes and the
lymph node cell transfer that are required for the partial and the complete
effect, respectively, are consistent with the time after mjection of cellular
antigens at which one could expect the appearance of significant and maximal
titers of antibody (to the 2-day and 6-day intervals mdicated in TaBLE 1 and
FIGURE 1 for the partial and complete effects, respectively, on the transferred
cells, should be added 3 days, the imterval after transfer of such cells after
which the anti-S/ugella antibody appears) Further evidence of an immuno-
logical mechanism based on rabbit leukocyte antigens 1s offered by the species
specificity of the reaction, that 1s, that the premjection of leukocytes of several
mammalian species other than the rabbit failed to affect the results of subse-
quent transfer of rabbit lymph node cells Finally, an immunological mecha-
nism 18 suggested by the failure of preinjection of the recipient’s own leukocytes
to affect substantially 1ts subsequent agglutinin titer The data ;n TABLE 3
which show this are of interest in another connection also As can be seen
mn that table, the intradermal or intravenous preinjection of the remp1ent"s
own leukocytes, 1n a prepared suspension, caused a shght decrease 1n titers in
comparison with the nonpreinjected controls, the average decrease 1n geometric
mean titer being about one half a power of 2 It was considered possible that
manipulation of the blood 1n concentrating the leukocytes could have caused
enough denaturation of leukocyte protems to have rendered some of thelse
shightly antigenic to the rabbit from which the blood was drawn  The results
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of expertments with whole blood mn amounts contaming the same numbers of
leukocytes supported this possibility, since the premjection of the recipient’s
own blood caused no reduction mn mean titer The premnjection of blood of
other rabbits did cause a reduction of the mean agglutimn titer of the reciprent
rabbits, but a smaller difference than that found n recipients premnjected with
prepared suspenstons of leukocytes of other rabbits These data agam support
the conclusion that the effects of premjection of leukocytes are largely due to
differences 1 antigenic structure 1n leukocytes among members of the species,
but that a small part of the effect of leukocyte premjection on the lymph node
cell transfer observed throughout ths study could be due to changes m leuko-
Cyte protemn per se
Consequently, the effect of preinjection of leukocytes on subsequent lymph
node cell transfer would, then, appear to rest on individual tissue specificity
within members of the rabbit species This interpretation would also be
consistent with the finding that substantial preinjection effects were obtamed
invariably 1n the case of leukocytes pooled from several rabbits, and sporadi-
cally 1 the case of leukocytes from other, mdividual rabbits  Data from the
experiments done by premnjecting leukocytes from other individual rabbits
are of interest from the viewpomnt of the random distribution of the individual
antigens mvolved m tissue speaificity Eaperniments of this kind, shown
TABLE 2, involved the preimjection of leukocytes from 1 rabbit to 2 recipients
and the transfer to the latter of lymph node cells from another mdividual rabbit
Possible immunological relationships that could exist among these animals
and that would determine the outcome of such experiments include the follow-
mng If the donor of the premjected leukocytes and that of the lymph node
cells have at least one common antigen that the recipient does not have, and
to which 1t 1s therefore able to react immunologically, one could expect a sub-
stantial degree of “‘suppression” of the transferred cells (that 1s, a reduction 1n
subsequent agglutinin titer of the recipient) On the other hand, if the two
donor rabbits have no common antigen, or if they have common antigens but
the recipient also has any antigen common to both donors and 1s thus unable
to react immunologically to it, one would eapect no suppression of the cells
Intermediate recipient agglutinm titers, indicating partial suppression of the
transferred cells, would reflect degrees of effective antigenicity of the tissue
factors, perhaps on the basis of smaller differences m configuration between
antigenic groupings of the tissue factors mnvolved In a random population,
such as the rabbits used here, 1t would therefore be possible to encounter any
combination of results m eaperiments such as those shown mn TABLE 2 The
fact that, of 20 recipients shown there as recerving the premjected and the
transferred cells from 2 different individual rabbits, 16 had markedly reduced
titers, suggests that the total number of individual tissue antigens n leukocytes
of rabbuts 1s considerable, and that each ammal carries several of these, so that
g;ehlgzbaﬁltxtiyhzf ia c%mmon antigen m two rabbits chosen at random would
) ch amimal has substantially less than one half the total

number, so that the probability that a randomly chosen reciplent would not
have the same antigens would again be high
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TOLERANCE AND HOMOLOGOUS DISEASE IN IRRADIATED MICE
PROTECTED WITH HOMOLOGOUS BONE MARROW*

By John J. Trentin

Departments of Anatomy, Bayler University College of Medsicne and
Unaversity of Texas Dental Branch, Houston, Texas

The protection of mammals of several species against otherwise lethal doses
of whole-body X 1rradiation by postirradiation transfusion of bone marrow 1s 2
well-established phenomenon Protection 1s associated with reseeding and
repopulation of the hematopoetic system with cells of marrow-donor ongin,
regardless of whether protection 1s achieved with 1sologous (same genotype),
homologous (different genotype, same species), or heterologous (different
species) bone marrow! Protection with homologous or heterologous bone
marrow confers tolerance of skin grafts of marrow-donor antigenic type (that
s, from the marrow donor or 1ts parent strains if the marrow donor 1s an ¥
hybrid), as well as of the transplanted marrow ** Mice protected with 1solo-
gous marrow arenot rendered tolerant of homologous skin ?- 2 #  Mice protected
with homologous marrow may or may not show tolerance of skin from a third
homologous stramm ® Mice protected with rat marrow may accept rat skin
while simultaneously rejecting homologous mouse skin 4

TaBLE 1 presents the results of an experiment designed to determine the
Jowest dose of whole-body X irrachation, followed by marrow from an F,
hybrd, that would result m tolerance of skin homografts from the foreign
parent stramn ¢ Only at the high dose levels of LDy and above was tolerance
observed At the high sublethal dose of 550 r, skin grafting could not be
performed, since most of the mice died within 2 or 3 weeks after wrradiation
The same dose of homologous F; marrow essential for survival after a lethal
dose of wrradiation resulted in death when given after a high sublethal dose of
wradiation! Death was preceded by a precipitous loss of body weight and
reduced circulating red and white blood cell levels as compared to mice recerving
the same marrow after 770 r  Evidence will be presented later indicating that
this high sublethal zone mortahty 1s the result of recovery of the ability of the
host to reject the temporarily grafted homologous marrow Main and Prehn®
found that 96 per cent of wrradiated mice accepted skin homografts from the
marrow donor after 600 r and 29 per cent after only 300 r It 1s probable that
the difference 1n results 1s related to the difference in genetic material used
The skin donor and recipient strains of TABLE 1 are of different histocompati-
bihty-2 (H-2) genotype Main and Prehn used two strains of the same H-2
genotype The H-2 locus 1s the strongest of the loc1 determining histocompati-
bility in the mouse ?

. What 1s the nature or mechanism of the tolerance of homologous skin mnduced

y uradiation protection with bone marrow of skin donor type? To use the

terms of Billingham ef al 815 1t the result of a central failure, or of a peripheral
failure (afferent or efferent), of the immunological response that constitutes the

* The work reported 1n this pape

the National Cancer Institute, b r was supported 1n part bc{ Research Grant C-3367 from

hic Health Service, Bethesda, Md
799



800 Annals New York Academy of Sciences

TABLE 1

MORTALITY AND SKIN TRANSPLANTABILITY IN IRRADIATED AND
MAarrOW-TREATED CBA Mice

No marrow (Cb X CBA) Fi1 marrow
Normy dosex No of | 3083 | No of | 30day |No gmlted| np of | No of
Mice mortg.llty mice mortgllty Cglskin takes sloughs
0 12 0 12 0 12
110 12 0 12 0 12
330 12 0 36 0 12 0 12
550 23 13 36 89 0
600 12 50
660 48 90 12 17 9* 6 0
770 60 100 72 10 23 20 3

* Three mice dead with viable grafts in 13 to 18 days
homograft reaction? To test for the possibility of a central failure by the
technique of Bulingham ef o/ ,° lymphoid tissue from normal nonimmune
CBA mice was njected mto 9 CBA mice bearing successful homografts of Cbt
skin (162 to 182 days’ duration) as a result of 770 r of X wrradiation followed
by mtravenous transfusion with (Cb X CBA) F; hybrid marrow 36 to 56 days
prior to skin grafting® Partial or complete breakdown of the skin graft
occurred 1n all cases and was accompanied by anemia, hemorrhage, and mortal-
1ty 1n several of the mice, which was mdicative of rejection not only of the
skin homograft, but also of the “borrowed’” homologous bone marrow on which
these mice were dependent for continued existence (FIGURES 1 and 2) The
results indicate a central faillure or absence of immunological response as the
reason for the tolerance imnduced by wradiation protection with homologous
bone marrow The results, however, do not answer the question of whether
the “central failure” 1s the result of (1) an altered immunological specificity,
m the sense of Billingham ef @/ ,° on the part of any surviving antibody-pro-
ducing tissue of the irradiated host, or (2) destruction of the antibody-producing
tissue of the host, with substitution thereof by the antibody-producing tissue
(and 1mmunological specificity) of the homologous marrow donor

The genetic relationship between marrow donor and lethally irradiated recipi-
ent 1s of great importance with respect to degree of 1nitial protection, duration
of survival, and mduction of tolerance® ' Mice protected with 1sologous
marrow show long-term survival and are not rendered tolerant of homologous
skin grafts 23 Mice protected with homologous or heterologous marrow or
spleen usually show irradiation recovery followed by a secondary loss of weight
frequently resulting 1n death during the second month postirradiation, without
secondary hematopoietic depression 3 '8 Delayed mortality with heterol-
0ogous INArrow 1S more severe than with homologous marrow Delayed mor-
tality with homologous marrow 1s more severe when the foreign-strain marrow

1s from a donor of different H-2 genotype (A nto C57, Dba mto A, A mto

 Cb = BALB/c



FicurE 1 CBA mouse bearing successful homograft of Cb shin of 181 days’ duration as
a result of protection agamst the othenwise lethal dose of 770 r by postirradiation transfusion
of (Cb X CBA) F; hybrid bone marrow 36 days before shin grafting Photograph taken at
time of 1njection with normal CBA lymphocytes  TFor result, see FIGURE 2

Ficure 2 Same mouse as 1n FIGURE 1, 21 da
, vs after intrapentoneal and subcutane
mjection of suspension of lymph node and spleen cells recovered from one normal umrradm(t)gg

CBA mouse Re

ensuing 15 dave jection of the shin homograft has begun and went to completion during the

801 -
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Figure 3 Cumulative mortality and skin transplantability in CBA mice recewving 770
r whole-body X 1rradiation followed by indicated marrow treatment

* Of 6 mice grafted, 4 accepted C3H skin, and 2 accepted CBA shin

CBA, or Cb mnto CBA) than when it 1s from a donor of the same H-2 genotype
(C3H into CBA) as the recipient (FIGURE 3) ®

Most mvestigators early assumed,2' and some still believe'® that this
delayed mortality after good early protection agamst otherwise lethal irradia-
tion 15 the result of recovery of the host’s ability to reject the grafted homol-
ogous or heterologous marrow elements However, several facts do not support
this hypothesis 2 There 1s usually no secondary hematopoietic depression at the
time of late death #:# If death results from rejection of the grafted marrow,
one should see evidence of this, as in the above-mentioned high-sublethal zone
mortality, and 1n the abolition of the tolerant state by injection of host-type
lymphocytes Morever, the duration of the induced tolerance of homologous
skin after protection against lethal levels of rradiation by homologous marrow
1s of very long or indefimte duration, and such skin homografts or heterografts
are usually m good condition at the time of “delayed death’:* (FIGURE 4)
Because of this and the usual lack of characteristic secondary disease with
1sologous marrow, or with F; hybrid homologous marrow m an irradiated parent
strain, 1t was suggested that the secondary disease was more likely the result of
reaction of graft against host than host agamst graft® It is well established
that the homograft reaction 1s an immunological reaction to foreign tissue
antigens, and that the lympho:d system plays an important role in 1ts mediation
Skin homografts usually become vascularized during the first week, as do 1s0-
grafts During the second week, however, the homograft reaction sets m,
resulting 10 vascular breakdown and sloughing A second homograft frorg
the same source breaks down more rapidly than the first 1* This ‘“immumty
may be passively transferred by the regional lymph nodes of an ammal that
has recently rejected a first graft 1.7  The homograft reaction may be delayed
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Ficure 4 (Cb X CBA) F, hybnd mouse dead of homologous disease 48 days after pro-
tection against the otherwise lethal dose of 770 r by postirradiation transfusion of Stramn A

bone marrow Homograft of Strain A skin of 41 days’ duration 15 mn excellent condition at
time of death from homologous disease

by factors such as cortisone and X wrracdhation, which suppress antibody forma-
tion? The homograft reaction 1s absent or weak in humans with agamma-
globulinera ¥ Tt 15 also well established” that an F; hybrd of two mbred
stramns of mice will accept tissue transplants from either parent strain, the
histocompatibility antigens being determined by dominant genes The Fy
hybrid, inhenting all of the histocompatibihity antigens of both parents, cannot
react against tissues from either parent However, each parent strain rejects
tissue grafts from the F, hybrid, each reacting against the foreign tissue antigens
of the other parent mn the F; hybnnd Combinations of F; tissue nto irradiated
parent strans and vice versa therefore constitute “one-way streets,” immuno-
logically speaking In the former case only reactions of the host against the
graft are potentially possible In the latter case only reactions of the graft
aganst the host may occur (and that only if lymphoid elements or therr pre-
cursors have been transplanted) As such, these combinations constitute
1deal systems for resolving the questions of whether the two types of mortahity
referred to above are the result of reactions of the host against the graft or of
the graft against the host Results of such experiments are shown 1n FIGURES
3 and 5 to 8 and are summarized 1n TABLE 2 Some of these data have been
published previously 1

Early mortality (S to 21 days) after the otherwise high sublethal dose of 550 r
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occurred only 1n those combinations where the recipient strain can potentially
reject tissue grafts from the donor strain, regatdless of whether (Cb into CBA)
or not (F; mnto CBA) the donor strain can react immunologically aganst the
reciplent stramm It was not seen n those combinations where the recipient
strain could not reject grafts from the donor stram (CBA into CBA, Fymto Fy,
CBA into Fy, and Cb nto Fy) even though the donor strain can react immuno-
logically against the recipient strain in the latter two combinations

At 770 r no early mortality with secondary hematopoletic depression was
seen 1n any combination Delayed mortality (21 to 60 days) after good 21-day
protection against the otherwise lethal dose of 770 r was seen with A marrow
into CBA, Cb mto CBA, C3H mto CBA (shght), A into (Cb X CBA) Fy,
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e — —— — — —_—
o
’_/'/ Cb MARROW (12 MICE)

B8Ot / ,
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Ficure 5 Cumulative mortality and skin transplantabihty in CBA mice receiving 505 1
whole-body X irradiation followed by indicated marrow treatment
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Figure 6 Cumulative mortahty and shin transplantability m (Cb X CBA) F; hybnd
mice recerving 550 T % hole-body X mrradiation followed by indicated marrow treatment
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Ficure 7 Cumulative mortality and shin transplantability in (Cb X CBA) F; hybnd
mice recewving 770 r whole-body X 1rradiation followed by indicated marrow treatment
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Figure 8§ Cumulative mortahty and skin transplantability in (A X Db) T, hyb
receiving 770 r whole-body X 1rradiation followed by mdxcatedymarl(-ow treatznexllt ybrd mice

Cb plus CBA 1nto (Cb X CBA) F;, CBA mto (Cb X CBA) Fy, A plus Db
mto (A X Db) Fi, Db mto (A X Db) F1, and A mto (A X Db) F; (shght)
That 1s, 1t occurred only where the donor stramns can react immunologically
agamnst the recipient stran, even though i the latter five combinations the
recipient strain cannot react against the donor strains  The only combmation
of parent marrow into Fy hybrid that failed to give delayed mortality after 770 ¢
was Cbinto (Cb X CBA)  Delayed mortality in lethally irradiated Fy hybrids
protected with parent stramn marrow has also been reported by Uphoff2® for
other combinations of parent stramns However, van Bekkum e/ o/ ™ and
Schwartz el al® failed to obtain delayed mortality with parent marrow into
wradiated F, hybrids for still other combinations of parent stramns It would
appear, therefore, that with parent stram marrow into F,; hybrid after an other-
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TaBLE 2
SuamARY OF THE RESULTS SHOWN IN FIGURES 3 AND 5 T0 8, CORRELATING THE Two TyPES
OF MORTALITY WITH THE COMBINATIONS OF HoST AND MARROW-DONOR STRAINS IN
WaicH Eact WaS OBSERVED, AND THE IMAMUNOLOGICAL POTENTIALS OF THE HosT
AND DoNOr STrRAINS AGAINsT EAcHE OTHER

Isologous Homologous combina tions

Neither host nor|
donor capable of Both host and |Host potentially] Donor potenti-

donor capable capable of ally capable of
g;ﬁtocgggg%; of reacting reactill)laé agamstireacting agamst
agatlynst each agamnst each | donor, but not { host, but not
other other vice versa vice versa

Unrelated F; marrow into | Parent marrow

Same genotype stramns parent mto F1 hyburd

5- to 21-day mortalty after other- . +
wise sublethal irrachation + -

21- to 60-day mortahty following
early protection against other- - + — + or —
wise lethal irradiation

wise lethal dose of irradiation, delayed mortality may or may not occur, depend-
g on the particular combination of strains used In those F; hybrds that
do not show delayed mortahity after parent marrow, there may nevertheless
be body weight loss, indicating that secondary disease may be present, but
sublethal 1* TImportant factors in determining the severity of secondary disease
are probably the degree of antigenic difference between the strains of mice used
and the degree of lymphoid regeneration from the grafted marrow Data
indicating lymphoid regeneration from marrow donor origin have been obtamned
by several laboratories,?-2% and Mitchison? has demonstrated the production of
antibodies by spleen cells transplanted from 1mmumzed donors into wrradiated
homologous mice

At 770 r, delayed mortality was not seen with (Cb X CBA) F; marrow mto
the CBA parent, even though the recipient strain can potentially reject tissue
grafts from the donor strain, and even though this same combination gave
high mortahty of the early type after sublethal irraciation It would appear,
therefore, that “‘early mortality” after sublethal irradiation 1s a ‘“‘grafted-
marrow-rejection mortality” related to recovery of the abihity of the host to
reject the temporarily transplanted homologous marrow elements, whereas
“delayed mortahty” after otherwise lethal irradiation 1s the result of the trans-
planted marrow (or 1ts lymphoid derivatives) ‘‘rejecting” the tolerant host
Ths 1s 1 accord with the observed secondary hematopoietic depression 1n the
case of “early mortahty” and the lack of 1t 1n the case of “delayed mortahty ”

A sublethal or midlethal zone effect has been observed also by Congdon ef al *®
;n mice recerving rat marrow and by van Bekkum el o/ 1 mice receiving
erther rat marrow or foreign-stramn mouse marrow, but not 1sologous marrow.
Congdon et al nicely demonstrated a secondary degeneration of the trans-
planted bone marrow and were able to prevent mortality by administering
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1sologous marrow 6 days after the rat bone marrow However, they infer that
because this type of mortahty results from reaction of the host against the graft,
the delayed mortality following protection aganst lethal irradiation with
heterologous or homologous marrow 1s probably also caused by an immune
reaction of host agamst graft 5% This 1s not 1n accord with the usual lack
of marrow depression 1n delayed mortality,”® or with the results obtained with
F, marrow into parent and parent marrow mto Fi mice, neither 1s it m accord
with the long duration of tolerance to skin grafts of marrow donor ongin and
the usually good condition of such skin homografts or heterografts at the time
of delayed mortality®: ¢ or with the findings of Weyzen and Vos?® and of
Grabar ef al ® that the serum gamma globulin 1n mice protected against lethal
wradiation with rat bone marrow 1s of rat origin
The dose of rradiation 1s a very important determmnant of the type of mortal-
ity resulting from subsequent admimstration of homologous or heterologous
marrow Doses of 330 r and below permut homograft rejection, but without
mortality (TABLE 1) In the high sublethal and midlethal dose range, a high
mortahity rate attends the rejection of homografted marrow Above the
LD, tolerance of the grafted marrow usually ensues and the predominant
cause of delayed mortalty 1s homologous or heterologous disease, attributable
to an immunological reaction of the graft against the host It 1s probable that
between the latter two dose ranges both types of mortality (host versus graft
and graft versus host) occur m the same population when heterologous or
foreign stramm homologous marrow 1sused  Only by using the umque combina-
tions of parent marrow into Iy and vice versa can the two types of mortality
be clearly dissociated at all dose levels
The terms ‘“homologous disease” and “heterologous disease” have been

proposed to designate the specific complications and mortahty resulting from
the successful transplantation of homologous or heterologous, as opposed to
1sologous or autologous, bone marrow or lymphoid tissue nto a tolerant host,
whether irradiated or not!* Similar mortality has been observed i unirra-
diated animals rendered tolerant by transplantation of homologous spleen mto
the embryo or neonatal mdividual #: # f the graft-versus-host theory of the
etiology of homologous disease 1s correct, similar mortality should occur also
mn unirracdhated Fy hybrids grafted with lymphoid tissue from either or both
parent strains, since the I, hybnd, by genetic determunation, 1s tolerant of
grafts from the parent strams  To test this hypothesis, 21-day-old (C57 X A)
Fy hybnds were given the equivalent of one spleen and mesenterc lymph node
from either or both parent strams, or from another F; hybrid of the same sex
The tissue was minced, suspended 1n saline, and injected intraperitoneally
Controls received an mjection of saline solution Body weights were recorded
daly Lymphod tissue from the A stramn parent caused severe loss of body
weight and death of most of the F; recipients withmn 60 days, with atrophy of
the lymph nodes and thymus (TABLE 3) The body weight of the 60-day sur-
Vvivors was significantly below that of the saline controls, and a few died beyond
60 days Lymphoid tissue from the C57 parent had only a shght effect, and
;Jnte half of the dose of tissue from each of both parent strams combined had an

ntermediate effect  No such body weight loss or mortality was observed with
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TaBLE 3

MorTALITY IN UNIRRADIATED (C57 X A) F; HyBriDs RECEIVING INDICATED
TREATMENT AT WEANING AGE

Body weight difference
No Per cent Mean from szahne c;)ntrols
Donor strain of “(-ll?i]d survival
mice 60 dal;s (days)
At death Survwg;i at
C57 21 5 16 -2 2 —-01
Spleen and lymph A 21 71 21 -5 2 —4 3
node C57 and A 32 28 28 —4 4 40 4
(C37 X A)F, 20 0 -07
Saline control 32 0 Control
A 14 0 +0 4
Bone marros C57 and A 31 0 +03

1sologous F; lymphoid tissue immjections In contrast to the results after
lethal wrradiation protection, bone marrow from the parental strains into the
unirradiated F; hybrid failed to result in weight loss or mortality, probably
because of failure to multiply and differentiate into lymphoid elements in the
unirradiated host  Schwartz ef al ® have reported a fatal reaction caused by
mmplantation of parental spleen tissue into sublethally irradiated F; hybnds,
which they mnterpret as resulting from reaction of graft against host

Summary

Protection of mice against otherwise lethal doses of whole-body irradiation
by means of homologous bone marrow results in tolerance of skin grafts of
marrow donor antigenic type, as well as tolerance of the grafted marrow ele-
ments

The mimmum dose of irradiation (followed by homologous marrow) necessary
to produce such tolerance, using strains of different H-2 genotype, lies between
an LDj; and LDy

Such tolerance results from a central failure or absence of the immunological
response that constitutes the homograft reaction, and can be abolished by
mjection of unirradiated lymphoid tissue of host type

Two distinct types of mortality have been observed following homologous
bone marrow transfuston into irradiated mice (1) “early mortality” (5 to 21
days) after an ordmarily high sublethal dose of irradiation, and (2) “delayed
mortahty” (21 to 60 days) following good early protection agaimnst an otherwise
lethal dose of irradiation  The former type 1s associated with secondary hema-
topoetic depression before death and occurs only in those combinations of
stramns mn which the host strain can reject tissue grafts from the donor strain,
regardless of whether the reverse 1s true This type of mortahty, 1t 1s con-
cluded, results from recovery of the host’s ability to reject the tempo’fanly
grafted marrow, and 1s designated “‘grafted-marrow-rejection mortahty
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The delayed type of mortality 1s not associated with secondary hematopoietic
depression, 15 preceded by loss of body weight and atrophy of lymphoid tissue,
and occurs only n those combinations of stramns m which the donor stramn can
reject tissue grafts from the recipient strain, regardless of whether the reverse
s true A sumular fatal disease has been obtained by the transplantation of
lymphod tissue from parent mbred stramns mto ther unirradiated, genetically
tolerant F; hybrnid mice This type of mortality 1s therefore attributed to an
mmmunological reaction of the successfully grafted homologous lymphoid
elements or their bone marrow progenitors against the foreign tissue antigens
of the tolerant host The terms homologous disease and heterologous disease
have been proposed to designate the specific complications and mortahty
resulting from the successful transplantation of homologous or heterologous,
as opposed to 1sologous or autologous, bone marrow, or lymphoid tissue mto a
tolerant host, regardless of the reason for tolerance on the part of the host
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STUDIES OF IMMUNOLOGICAL TOLERANCE TO
NERVOUS TISSUE IN RATS*

By Philip Y Paterson

I logy, Natwonal Insttute of Allergy and Infectrous Diseases, Public Health
Laborastggctg é’g;:;?zli‘;f %%d , and the Department of Mz1crobiology, New York Unversily
College of Medicine, New York, N Y

Several species of laboratory ammals are known to develop experimental
encephalomyelitis following mjection of adult mammahan nervous tissue
emulsified 1 Freund’s complete adjuvant ! This disease appears approxi-
mately two weeks after injection and 1s characterized climically by paralysis
and, pathologically, by focal areas of vascular and pervascular inflammation
confined to the brain, spinal cord, and leptomemnges  Both heterologous and
homologous nervous tissues emulsified i complete adjuvant are paralytogenic
for susceptible ammals In addition, Kabat el al ° have found that mjection
of autologous bramn m complete adjuvant induces encephalomyelopathy n
monkeys All available data suggest that an immunological mechanism 1s
responsible for experimental encephalomyehtis 1 This disease appears to be
a useful tool for studymg the nature of antibodies agamst organs implicated
m certain forms of tissue injury, including homograft rejection

The studies of Billingham ef o ,'* ? Billingham and Brent, 1% and other
workers!®-8 have shown that immunological tolerance to tissue antigens
mvolved i1n transplantation immunity may be mnduced m fetal or newborn
animals by 1njection of homologous cells obtaned from adult donor ammals
Animals pretreated in this manner later may display, during adult life, little if
any immunological response to tissue homografts derived from the donor
ammals Homografts remain 1n place and viable for weeks or months  Other
mvestigators'®2® have reported mduction of immunological unresponsiveness
to vanous heterologous antigens m ammals and birds mnjected with these
antigens during fetal or early neonatal lfe Renjection of the same antigen
used for pretreatment weeks or months later elicits little or no production of
crculating antibodies These various studies mdicate that, under as yet
incompletely defined conditions, ammals mnjected with antigenic material
during embryonic or early neonatal life may subsequently show impaired 1m-
munological response against the same antigenic matenal durning adult life It
1s 1important to pomnt out, however, that some workers?®-* have reported un-
successful attempts to induce immunological unresponsiveness in chick embryos
and 1n fetal or newborn rats mjected with heterologous antigens

The present studies were undertaken to determine whether newborn rats
mjected with gumea pig spmal cord would later show a decreased capacity to
develop experimental encephalomyehitis after mjection of paralytogenic nervous

* The work reported 1n this paper was begun in the Department of Microbiology, University
of Virgima, Charlottesville, Va , during the author’s tenure of an Established Investigatorship
of the American Heart Association, Inc , New York, N Y It was supported during its early
phases by Research Grant No B890-C from the National Institute of Neurological Diseases
and Blindness, Public Health Service, Bethesd

a, Md, and by the Flmd R ch -
opment Fund of the School of Medicine of the University o esearch and Devel
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tissue-adjuvant emulsions  In addition, the capacity of such animals to pro-
duce crculating antibram antibodies was determined.

Maltcerials and Methods

Twenty-two hitters of Wistar rats were pretreated 1, 9, 14, or 28 days after
birth as follows  Approvimately one half of cach htter was njected ntra-
peritoneally with a 33 per cent suspension of adult guinea pig spinal cord n
physiological saline  The other balf of cach htter was injected intraperitoneally
with a 33 per cent suspension of adult gminea pig hidney in saline or was not
mjected at all - The guinea pig spinal cords and kidneys were collected asepti-
cally and were usually stored at —20° C for 1 to 7 days before being homog-
emzed for mjection of the rat litters; freshly obtained tissues were used for
mmjection of 3 htters of ammals Each rat received 75 to 500 mg of tissue
(wet weight), depending on 1ts age and weight at the time of pretrcatment
The amount of tissuc injected per rat was equivalent to 10 to 16 mg of tissue
(wet weight) per gram of body weight 1 6 of the 7 litters of rats in which
cach animal was weighed, 1 litter received 4 mg of tissue (wet weight) per
gram of body weight  Weighed Iitters included 2 hitters of rats pretreated 1
day after birth and all htters pretreated 14 to 28 days after birth

All 22 htters of rats were later njected intracutaneously with 115 mg of
guinea pig spinal cord emulsified 1in adjuvant when they were 8 to 10 weeks
old The rats were observed for chnical neurological abnormalities for approv-
mately 319 weehs They were then bled to obtain sera for complement
fination tests and were sacrificed, and their brains and spinal cords were removed
for listological exammation  Not less than 3 paraffin sections of bram and 4
paraflin sections of spmal cord from each animal were stained with hema-
tonylin and eosin and then exammed microscopically for the presence of lesions
indicative of experimental encephalomyehtis

The methods employed for preparing Freund’s complete adjuvant and
nervous tissue-adjuvant emulsions and the techmque used for injection of
rats with spinal cord emulsified 1n adjuvant have been described by Lipton and
Freund? The complement fixation tests were performed as previously
described 6 % Rat sera were tested in dilutions of 1°4 to 1-1024 against
alcoholic extracts of lyophilized rat bramn prepared as previously described,”
the rat brain extracts were diluted 1.250 1n saline for use as antigen Sera
and antigens gave neither nonspecific reactions nor anticomplementary effects
1n these dilutions

Resulis

The occurrence of experimental encephalomyelitis 1n litters of rats pretreated
1 day after birth and later mjected with spinal cord in adjuvant is shown mn
TABLE 1

As shown m TABLE 1, only 14 of -16 newborn rats pretreated with spinal cord
later showed evidence of encephalomyelopathy The disease mn these 14
ammals tended to be somewhat delayed n onset and mild in character Eight
of the 14 rats had chinical signs, these signs were usually mild and, 1n 3 ammals,
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FXPERIMENTAL ENCEPHALOMYELITIS IN RATS PRETREATED O~NE Day AFTER BiRTH AND
LATER INJECTED WITH SPINAL CORD IN ADJUVANT

Pretreatment
Occurrence of encephalomyelitis
Amt No of rats following mjt(ajchon 0{ spinal
Matenal mjected njected cord-adjuvant
{mg /rat)
Spinal cord 75 46 14/46% (30%)
Kidney 75 28 25/28 (8997,
Uninjected — 17 15/17 (88%)

* One hundred and fifteen mg spinal cord 1n adjuvant at § to 10 weeks of age
 Numerator, number of rats with encephalomyelitis, denominator, number of rats
mjected

did not appear until 20 to 23 days after mjection of spmal cord 1o adjuvant
All 14 rats had histological evidence of encephalomyehtis, but the neurological
lesions tended to be mirequent and mimmal Thirty-two of the 46 newborn
rats pretreated with spmal cord had no evidence of damage to the central
nervous system

Twenty-five of 28 httermates pretreated with kidney and 15 of 17 littermates
left unmjected later showed typical encephalomyelitis  The majority of these
ammals developed severe paralysis of the hind legs 12 to 15 days after injection
of spinal cord m adjuvant and had intense disseminated central nervous system
lesions

The occurrence of experimmental encephalomyelitis in the litters of rats pre-
treated 9 to 28 days after birth 1s shown in TABLE 2, which shows that 6 of 13
rats injected with spinal cord 9 daysafter birth later developed encephalomyelop-

TABLE 2

ExXPERIMENTAL ENCEPHALOMYELITIS IN RATS PRETREATED 9, 14, Oor 28 DAvs ArTER BrTH
AND LATER INJECTED WITH SPINAL CORD IN ADJUVANT

Pretreatment
5 No of rats Occurrence of encephalomyelitis afte
o — . S A
birth (mg /rat)
9 Spinal cord 100 13 6/13
Kadney 100 10 9;101 %g’g
14 Spinal cord 150 16 13/16 (81‘7('3)
Kidney or unin- ?
jected 150 13 13/13 100
28 Spinal cord 500 12 (195%)
Kidney or umn- 10712 (83%)
jected 500 1 10/11 (91%)
* Additional e

wperiments 1n which a few htters of rats were pretreat
e
amou(x}\t of tissue 1rrespective of body weight gave even more stnklgg resultsd with the same
1 wen 115 mg spial cord 1n adjuvant at 8 to 10 weeks of age

Numerator, numbe
mjected ! r of rats with encephalomyelits, denominator, number of rats
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athy The discase in these 6ratswasmld  Nine of 10 littermates developed
typical discase  Severe disease occurred mn 23 of 28 amimals pretreated with
spmal cord 14 or 28 days after birth and in 23 of 24 hittermate controls

Serologic tests revealed that the 22 htters of rats did not differ matenally
with respect to production of complement fixing antibrain antibodies  Comple-
ment fising antibrain antibody titers of 1°4 or greater occurred in 60 to 82 per
cent of those ammals pretreated with spinal cord  Such titers occurred n 67
to 95 per cent of hittermate controls pretreated with hidney or left uninjected
Serum samples were obtained from 3 hitters of rats pretreated 1 day after birth
and from all htters of rats pretreated 9 to 28 days after birth, 1 to 3 days before
the injection of spinal cord n adjuvant, all of these sera had antibrain antibody
titers of less than 1 4

Discussion

The data of TABLE 1 indicate that newborn rats pretreated with spinal cord
may later show a marked decrease in their capacity to develop experimental
encephalomyelopathy during adult life  The majority of these anmimals have
neither chmical nor histological evidence of encephalomyelopathy after injec-
tion of spmal cord emulsified in adjuvant  When the disease does occur 1t
tends to be mild Newborn httermate controls pretreated with kidney or not
mjected at all later develop severe encephalomyehtis after the njection of
nervous tissue-adjuvant emulsions Thus, newborn rats injected with spinal
cord have a dimmished capacity to develop experimental encephalomyelitis
after injection of spinal cord-adjuvant at 8 to 10 weeks of age

The data of TABLE 2 suggest that rats pretreated with spinal cord as late as
9 days after birth may subsequently show some reduction 1n their capacity to
develop encephalomyelitis The occurrence of disease observed n these
animals was less than that noted in hittermates pretreated with kidney — More-
over, the disease 1n rats injected with spinal cord 9 days after birth was mild
compared to that observed m the lhittermate controls Pretreatment of rats
with spmal cord 14 or 28 days after birth does not appear to dummsh the
capacity of these amimals subsequently to develop typical encephalomyelitis
Although small numbers of ammals were employed for these experiments
concerning pretreatment at 9 to 28 days of age, the findings are 1n agreement
with the work of Woodruff and Simpson!® and of Woodruff?: 3 dealing with
tolerance to skin homografts mn rats These workers found that homograft
tolerance could be induced 1n rats during the first 1 to 2 weeks of hfe Thus,
rats pretreated with spmal cord 1 or 9 days after birth appear subsequently to
exhibit 1mmunological tolerance to the paralytogenic activity of spmal cord-
adjuvant emulsions, pretreatment 14 or 28 days after birth appears to mduce
Iittle if any tolerance to paralytogenic spinal cord-adjuvant emulsions

In contrast, pretreatment of rats at 1, 9, 14, or 28 days after birth does not
seern matenally to suppress later production of complement fixing anti-
bodies aganst the antigen or antigens in the alcoholic extracts of rat brain
employed for the serologic tests Previous studies?: 6 2. 3t have not revealed
a direct correlation between development of paralysis and production of
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circulating antibrain antibodies  The serologic portion of this work provides
evidence for the thesis that complement fixing antibodies agamst alcohohc ex-
tracts of brain do not play a primary role in mmtiating the tissue mjury char-
acterizing experimental encephalomyelitis The significance of this observa-
tion 15 limited by the fact that the antigenic material has not been defined

A tentative mterpretation of the biological significance of these studies 1s
possible i view of what 1s known about the delayed appearance of paralytogenic
actwvity 1n nervous tissue of certain species of ammals and n the hght of the
“self-marker”’ theory proposed by Burnetand Fenner #: #  Other workers®: #: %
have found fetal human and fetal rabbit brain to be nonparalytogenic, paralyto-
genic activity was present 1n 3-day-old rabbit spinal cord and 12-day-old rabbit
brain  Work 1 our laboratory indicates that the bramn of the newborn rat has
no demonstrable paralytogenic activity for adult rats and guinea pigs, whereas
adult rat brain 15 paralytogenic for both of these species of animals 3¢ Accord-
ing to Burnet and Fenner’s “self-marker”” theory, if certain constituents do not
appear 1 living nervous tissue until after birth, they would be recogmzed as
“nonself”’ rather than “‘self” These constituents would be potentially
antigenic and paralytogenic This concept would account for the finding of
Kabat ef al ® that autologous bram induces encephalomyelopathy i monkeys
It 1s concervable that paralytogemc constituents of adult spinal cord mnjected
into neonatal rats are treated as ‘‘self ”” Such rats would subsequently recog-
mze paralytogenic matenal remjected during later hfe as “self 7 These animals
would exhibit a dimimished capacity to develop experimental encephalomyelitis
after mjection of paralytogenic nervous tissue-adjuvant emulsions

Conclusions

(1) Newborn rats pretreated with spmal cord and later tested when 8§ to
10 weeks old appear to display immunological tolerance to the paralytogenic
activity of nervous tissue-adjuvant emulsions

(2) Rats pretreated with spinal cord as late as 9 days after birth later appear
to show some tolerance to the paralytogenic activity of nervous tissue, pre-
treatment with spinal cord at 14 or 28 days after birth appears to induce little
if any, tolerance ,

(3) Pretreatment of neonatal rats with spinal cord does not appear to alter

materially the capacity of these animals later to produce complement fixing
antibrain antibodies against alcoholic extracts of rat bramn
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Discussion of the Paper

ByroN H WakrsMaN (Massachusetls General Hospital, Boston, Mass)
Paterson’s data support the attractive hypothesis that an antigen absent
from the orgamism during the “tolerance period” of development fails to induce
tolerance and 1s therefore regarded mn later hife as a foreign substance and can
act as an autoantigen In rats, central nervous system myelin begins to be
laxd down m the first 2 or 3 days following birth, but the encephalitogenic
antigen remamns low m concentration for at least 1 or 2 weeks Since the
tolerance period ends within the first few days after birth, this theory 1s tenable
with regard to myelmn as an autoantigen, obviously 1t may also explain the
autoantigenicity of peripheral nerve myeln and of the spermatocyte How-
ever, autoallergies comparable 1n all histological and other details to exper-
mental allergic encephalitis, neunitis, and orchitis affect organs that are present
m essentially thewr mature form before birth, among them the crystalline lens,
the uvea, and the thyroid It would seem that a more generally apphcable
hypothesis might take into account, not only the simple presence or absence of
a given antigen during the tolerance period, but also the presence of barriers
separating the antigenic tissue from the circulation and, indeed, the possibility
that intact antigen may be released in negligible amounts nto the circulation
mn the course of normal metabolism

That these other considerations may play a role in determining an animal’s
ability to react to a particular autoantigen as a foreign substance even n
adult hfe1s indicated by a number of observations  Ferraro and his co-workers!
found that njections of nervous tissue i adult gunea pigs would dimimish
thewr later ability to develop allergic encephalomyelitis when 1njected with
nervous tissue plus the Freund adjuvant Condie e/ a2 produced an almost
complete inhibition of the ability of the adult rabbut to develop allergic encepha-
lomyelitis by a preliminary course of subcutaneous mjections of homologous
spinal cord  We have obtamed sumilar results n the rat,? weekly subcutaneous
mjections of rat spinal cord begun at the age of 3 weeks produced a marked
decrease in the disease which could be elicited later It 1s of considerable mnter-

est to note that, in the experiments of the Minnesota group,? a single mjection

m the adult rabbit was almost meffectual, the total dose

bemng th
Similarly, g the same

Paterson has shown that a single mjection 1n the rat at 14 or 28
days had essentially no effect, although the injected dose was larger than the
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total 1n our rats, which were njected repeatedly  Is it possible that the single
mjection at birth produces the same effect as repeated injections later, the
difference perhaps being due to inadequacy of catabohic mechanisms m the
newborn?

We are too greatly preoccupied with the word tolerance I echo the plea
made by Kabat i the monograph preceding this* that we heep clearly in mind
the different types of experiment 1n which specific immunological nonreactivity
has thus far been demonstrated experimentally  Tolerance is a word proposed
by Bilingham and his colleagues® to describe the nonreactivity present 1n
amimals that receive antigen during a restricted period of early development,
the antigen being most often present in hiving cells that persist, and presumably
multiply, in the treated ammal, as Billingham has shown elsewhere i this
monograph ‘“Paralysis” descnbes the state produced n adult ammals by
overwhelming doses of an antigen, especially if it 1s a substance catabolized
by the individual with difficulty, if at all® The term unresponsiveness was
used by Chase and Battisto’ 8 to designate the condition of ammals fed small-
molecular allergens for a protracted period and that were subsequently unable
to react to these with delayed (contact) sensitization or, to a lesser degree, with
antibody formation TFimnally, I call attention to the fact discovered by Swift
and his colleagues m studies of streptococci® and by Julanelle i studies of
pneumococc'® that rabbits mjected intradermally with antigen develop delayed
sensiivity, while those 1njected subcutaneously or mtravenously, especially m
large or repeated doses, form antibodies, but are at the same time rendered
incapable of developing delayed sensitivity The imhibition of allergic en-
cephalomyelitis described by Ferraro ef al ;! by Condie e/ al ,2 and 1n this mono-
graph by Paterson, as well as 1n our own experiments resembles, 1f anything,
this last phenomenon or, perhaps Battisto and Chase’s unresponsiveness,’
since antibody formation 1s not affected, since 1t may be produced n adult ani-
mals and since, 1n these cases, repetition 1s a necessary feature of the experl-
ment, the mnjections bemng subcutaneous or intraperitoneal
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Depariment of Pathology, St Mary's Hospital, London, Englond

R Moseley, and J E. Murray

Laboratorses for Surgrcal Research, Harvard Medical School,
and the Peter Bent Brigham Hospulal, Boston, Mass

Iniroduction

During the past decade most of the research on postirradiation bone marrow
transplantation has been conducted on muce and rats It has been shown that
these rodents can recover from an otherwise lethal dose of whole-body X irradia-
tion 1if they are treated by mtravenous mjections of bone marrow This bene-
ficial effect 13 now known to be due to the repopulation of hemopoietic tissues in
the depleted host by the mjected cells and thewr descendants,! leading to rapid
hematological recovery and prevention of death from infection or hemorrhage
In the only reported work on rabbits during this period® there was failure to
achieve successful marrow grafts

This paper 1s a brief account of our recent studies on bone marrow trans-
plantation 1n rabbits, using the sex difference in the granulocytes as a means of
dentifying the homologous cells and their descendants after mjection By
transfusing marrow from a female animal mto an wradiated male, survival and

prohferation of the donor cells m the host have been deduced if typical female
cells can later be 1dentified 1n the host’s blood and marrow

Maierials ond General Methods

Young adult male New Zealand white rabbits, not inbred in the genetic
sense, weighing 2 5 to 3 kg were exposed to whole-body X iwrradiation The
X rays were admmstered from a Philhips machine operating at 250 kVp,
15 mAmp, 50 cm target distance, 04 mm Sn, 025 mm Cu, and 10 mm Al
filters, HVL 2 5 mm Cu, 50 r/mmn dose rate  Withimn 1 to 3 hours after the
final 1rradiation each animal was given an intravenous mnjection of a saline sus-
pension of 1 2 billion nucleated marrow cells from a female donor  Total leuko-
cyte counts, hemoglobins, and microhematocnts were determined on the
wrrachated anumals every 2 days for the first 30 days and once per week thereaf-
ter  Blood films were taken from the ear at the same time mntervals, stained by
Wnght’s method, and the polymorphonuclear leukocytes examined Female
leukocytes are characterized by a nuclear appendage called a “drumstick” by
Davidson and Smith,® and consisting of a well-defined chromatin nodule about

* The work reported in this paper was supported 1n part b

y Contract AT-(30-1)-733 be-
tween the Atomic Energy Commuission, W hxp
o Bt e ag}é b Grantgri'i ! ashington, D (13)? and the Peter Bent Brigham Hos-

2791 and H-1771 from the National Heart Institut
Public Health Service, Bethesda, Md , to H titute,
} We are mdcbted 1o G D a, , to Harvard University, Carnbndge, Mass

’Ango and to the X-Ray Department of th ¢
Boston, Mass , for grantmg us radiation facihities i © Children’s Hosputal,
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1.5 ¢ m diameter, jomed by a single fine chromatin strand to one lobe of the
nucleus These drumsticks can be seen 1in appronimately 7 per cent of the
granulocytes 1 blood films from female rabbits 4 Before accepting the fact
that the leukocytes were derived at least 1n part from the transplanted female
bone marrow 1t was arbitranly decided that a mmmum of 6 cells showing
typical drumstichs should be found.

All animals that died were autopsied, and marrow from the midpoint of the
shaft of the nght femur and tissue from the thymus, spleen, mesenteric lymph
nodes, and appendix were taken, fixed 1n Helly’s fluid, and stained with hema-
toxyhn and eosin

L periments and Resulls

Demonstration of marrow iransplantation  Experiments with homologous
bone marrow transplantation after the recipient ammmal had been exposed to
varying doses of whole-body X irradiation® showed that imtially successful
marrow transplants occurred in 15 per cent of the amimals receiving 800 r
(LDe 30 days), 38 per cent of those receiving 900 r, and 62 per cent of those
exposed to 1000 r  Success was indicated by rapid restoration of the leukocyte
count to normal and the appearance of heterophils bearing nuclear chromatin
drumsticks characteristic of the female Microscopic studies confirmed the
bone marrow repopulation and showed rapid recovery of lymphoid tissue in
the treated animals

Demonstration of transplantation of marrow preserved 1n glycerol at —70° C
Successful marrow homotransplants in rabbits exposed to 900 r whole-body
X wrradiation were shown {o occur about as frequently following the intra-
venous mjection of preserved marrow as following the admmistration of fresh
marrow ® This preservation was done by the Polge-Smuth-Parkes method
using, with a few minor modifications, the small freezing apparatus described
and 1lustrated n the paper by Barnes and Loutit ©¢ The marrow, 1n sealed
tubes contamming 15 per cent glycerol mn the serum of the donor, was cooled at
approximately 1° C per minute down to —15° C | then, at no more than 10° per
minute, to —70° C  The tubes were stored for one week mn sohd CO. and
alcohol When needed, the marrow was rapidly thawed by plunging the tubes
mnto a water bath at 38° C

Demonstration of hemopotelic lransplantatron after ireatment with neonatal
rabbit hwer With the general acceptance of cellular repopulation as the
main mechamism by which hemopoietic suspensions bring about their thera-
peutic effect, 1t was considered worth while to remvestigate the reported benefi-
cial effects on X-irradiated rabbits of hiver cell suspensions from newborn rab-
bits” and mice® Experiments on these lines with rabbits exposed to 900 r
showed that blood-forming cells n the rabbit liver suspension survive and re-
populate the host’s depleted hemopoletic tissues Successful transplantation,
however, does not occur following treatment by mouse liver

Attempted analysis of the late mortalrty following homologous marrow Ilrans-
plantation Tt has been observed 1n mice that, whereas the hfe span of irra-
diated ammals treated with 1sologous marrow 1s almost normal, many anm;als

treated with homologous or heterologous marrow die between 30 to 80 days after

G
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TRANSPLANT TO "TAKE"

Ficure 1

wradiation, with a syndrome of diarrhea, wasting, and lymphoid atrophy.
The cause of these late deaths is not certain, and this hazard constitutes a
serious drawback to any possible apphcation of marrow transplantation to
human patients It has been suggested that the responsible mechanism might
be a delayed immune reaction on the part of the host, causing destruction of
the marrow graft °

To test this hypothesis long-term studies of rabbits with bone marrow homo-
transplants were undertaken® As our earlier work had shown that m the
rabbit, after an X-ray dosage that permts a large percentage of successful
marrow homotransplants (900 to 1000 r), a high mortahty occurs imtially from
shock and, later, from peptic ulceration and perforation, divided doses of irradia-
tion and postirradiation antibiotic therapy were used to minimize these comph-
cations Each amimal was exposed to 600 r total-body X wrradiation, followed
24 hours later by 500 r  Immediately after the final dose of X rays ;:hey were
also given 70 1o 75 mg per day of tetracychine hydrochloride* for 3 weeks

Following bone marrow treatment, 65 per cent of the rradiated male animals

* Achromycin, solubl
Cyanamd COmpanyl,ngalﬁ ‘ﬁ?\t’gg ‘I‘\’Tas ‘Lfrurmshed by Lederle Laboratories Division, American
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showed successful marrow transplants as indicated by rapid restoration of the
leukocyte count to normal and the appearance of female cells n the peripheral
blood (ricure 1) Of these, 16 per cent subsequently died as the result of
perforation of a peptic ulcer, 1n 19 per cent there was rejection of the marrow
transplant by the host, 27 per cent died 33 to 40 days after progressive wasting,
diarrhea, and leukocytosis, with generalized lymphoid atrophy, but with an
mntact and functioming marrow transplant, 38 per cent remained alive and well
for 7 months with the marrow transplant mntact and still contributing female
cells to the peripheral blood (FIGURE 2) Of the ammals with unsuccessful
transplants, some regenerated their own bone marrow and lived Thus,
although 40 per cent of the animals given bone marrow survived the 7-month
experimental period, not all of these had persistent marrow transplants

Discussion

The data obtamned 1n these experiments add to the considerable evidence
already accumulated to show that, i wradiated ammals treated with bone
marrow, the mntroduced cells survive and repopulate the depleted hemopoietic
tissues of the recipients Freeze preservation of the marrow by the Polge-
Smuth-Parkes technique causes no appreciable loss of this power The benefi-
cial effect of postirradiation neonatal liver treatment 1s sumilarly shown to be
due to the presence of primitive blood-forming cells in the liver suspension that
persist 1 the host and lead to rapid hematological recovery ~ There now seems
little reason to behieve that a humoral factor 1s of importance following the

use of any of these suspensions
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Also, further Light 1s shed on the late mortality that occurs in wradiated
amimals treated with homologous marrow It 1s evident that, under the condi-
tions of our study, although some delayed deaths were undoubtedly due to
rejection of the transplant by the regenerated antibody-producing system of
the host, many deaths were due to some other cause

In this latter group (the 27 per cent that died at 33 to 40 days) the syndrome
of wasting and diarrhea appears similar to that seen by Congdon and Urso m
lethally wradiated mice treated with homologous marrow ¥ The results we
have just shown exclude destruction of the marrow transplant by a delayed
immunological response of the host to the foreign cells as the mechanism 1n
this group of late deaths An alternative hypothesis that the graft 1s forming
antibodhes agamst the host? certainly cannot be excluded on this evidence and
1s at present the most favored possibility

The great advantage of the nuclear “marker” techmque used in this work 1s
its smmphaty  Other labeling methods for use in homologous (as distinct
from heterologous) marrow transplantation studies mvolve either a supply of
ammals of specific antigenic type® or of animals with some distinctive chromo-

some pattern as m the T6 strain of mice used by Ford ef al at Harwell, Eng-
land !

As 1t 1s probable that a similar morphologic sex difference will be shown to
be present 1n the neutrophils of many mammalian species other than humans,?
dogs," and rabbits,’® the method described may prove useful 1n simiar work

with other animals and m any climical studies that eventually may be at-
tempted.
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THE HOMOGRAFT REACTION IN X-IRRADIATED RABBITS
TREATED WITH HOMOLOGOUS BONE MARROW
A PRELIMINARY REPORT*

By Fred Lee, James B Dealy, Jr, Gustave J] Dammun,
and Marcus S Brooke

Departments of Radsology, of Pathology, and of Baclertology and Immunelogy, Harvard Medical
School, and Peler Bent Brigham Hosplal, Bosion, M ass

The etiology and pathogenesis of deferred mortahty m ammals treated with
homologous bone marrow after lethal external rradiation has been the subject
of wide nterest and speculation, largely on the basis of work 1n the rodent
In his extension of the marrow graft technigue to rabbits that are not inbred m
the genetic sense, PorterS: ® established the leukocyte sex cell marker as a
biological yardstick of marrow graft “take” Using Porter’s methods,’

TABLE 1

Penodic mortahity (days) Survival

beyond 50 Totals

1to14 | 151027 | 281050] 9%
Controls (X ray + saline) 18 0 0 2 20
Immediate X-ray death 5 0 0 0 5
Unsuccessful marrow transplants 1 2 1 2 6
Successful marrow transplants 0 10 6 19 35
66
TaBLE 2
Hematoent White blood count Serum
Qs 55
Series sI.f:afg Oni - Ter%:l\m%l Tnd
- value
m;rgll;;ralof d‘“ {u‘::ereakgeb: ort: png to ;x;xin Average up to Termi- (ma;.nmum) cgom‘ﬁ:cést
BYS| © feath (per- death | (per- { 1 week belore nal
centages) éﬁ‘; gggs death In-
ages) Direct | qirect
36 to 4205* 4-10,000* 0 2¢| 0 6*
ER 7150 33 29 | 17 7-10,000 | 8,600| Frankly | 4 (Weakly)
icteric
serum
ER 9139 38 38 | 305 4-6,000 | 3,050{ 01 {0 2| Neg
ER 16 | 43 33 32 |27 7-15,000 (17,0001 0 7 | 1 6 | + (Weakly)
ER 29 | 35 38 28 | 23 3-5,000 | 3,300/ 01|03} Neg
gR 39 {28 38 38 |12 10-20,000 15,0001 0 1 | 1 2 | -+ (Weakly)
R44 129 39 40 | 29 |4,800-5,600 | 7,500 02 |0 6 | + (Weakly)
* Normal value

* The work reported 1 this v
paper was supported 1 part by Grants H-1 -
from the National Heart Institute, Public Health Servzge, Bct}hesdaj} Md 771 and H-2791
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rabbits that demonstrated marrow homograft survival could be divided roughly
mto three groups according to (1) duration of survival, (2) climical features,
and (3) morphologic alterations n the tissues Preliminary observations on
the histological differences between the so-called late-death anmimals and the
longer-surviving radiation chimeras form the basis of this report Expen-
mental controls for the study comprised 20 animals that received saline mfu-
sions following rradiation  Eighteen of the rabbits died between the first and
fourteenth days, the remaining two survived TABLE 1

Forly-six male rabbits were exposed to 1100 r of total-body irradiation
divided mto successive daily doses of 600 r and 500 r each? There were 5
immediate rradiation deaths, and 6 rabbits showed no evidence of successful
marrow homograft Of the latter 6, 4 succumbed between the fifth and the
twenty-minth day, 2 animals remain alive at this writing

Among 35 ammmals successfully grafted and maintained on antibiotics
throughout the duration of the experiment, 3 groups emerged on the basis of
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leen of rabbit ER 29 (shorter-survival group) Two splenic follicles are

FIGF](&sielarrongs) that are almost devoid of cells, consisting essentially of condensed stroma

e usords of the red pulp are dilated and contain numerous macrophages, with abundant

o Smderm Note that FIGURE 5 (rabbit ER 46), at the same magnification, contans only
’:exge large cellular lymphoid folicle Hematoxyln and eosin X110
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clinical behavior  The first (early-death) group of 10 animals never recovered
from the mitial radiation assault and died within 15 to 27 days A second
group of 6 amimals showed clinical recovery, mncluding an 1mtial gamn in body
weight but, despite maintenance of appetite, showed a subsequent decline 1n
weight until their deaths within 28 to 50 days, with a mean survival of 37 days
A third group of 19 amimals survived beyond 50 days, with occasional deaths
thereafter due to obvious infection Thus far there have been no graft rejec-
tions in this third group

All 6 amimals 1n the second group, heretofore regarded as late-death” animals,
showed varying degrees of terminal anema and, 1n 3 of them, the terminal sera
were frankly icteric  The clhinical cause of death 1n 2 animals could have been
ascribed to pneumonitis, in the remaming 4 1t was not apparent Pertment
chmcal and laboratory observations are recorded in TABLE 2

The peripheral blood smears m all animals 1n this group showed evidence of
red cell regeneration, with polychromatophilia reaching 1its peak at the time of
death Indirect Coombs tests, utilizing the recipient’s original (pre-X-ray,
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FIGURE 2 Marrow of rablit ER 16 (shorter-su
-survival group)
lfmt many of the cells contain pyhnotic nucler with abnormal chromatin patterns There are

ew foci of leukocytopolesis There 1s serious atr
ophy of fat,
sent, and congestion 1s marked Hematoxylhn andpeo);m XZSEth no normal fat cells pre-

The marrow 1s cellular,
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premarrow transfusion) red blood cells, were weakly positive in 4 animals, 2 of
which (ER 16 and ER 39) also showed definitely elevated indirect serum bili-
rubmn levels n association with a rapid terminal decline in the hematocrit
One of the other 2 anmmals with a positive indirect Coombs test showed an
extremely low hematocrit (ER 7) and had frankly icteric serum At death,
this ammmal had extensive hver necrosis, but this was unassociated with any
inflammatory response, and an almost comparable degree of hver necrosis n
ammal ER 29 did not correlate with hyperbilirubinemia at any time during
hife Direct Coombs tests 1n animals ER 29 and ER 39 and ER 41 were
negative, but these were done only terminally The circulating white cell
counts were generally higher 1in the animals with the most numerous hemolytic
features The elevated serum bilirubin levels, when present, appeared within
48 hours of death

Autopsy examinations in this late-death group revealed umform lymphoid
atrophy  The spleens were small, fibrotic, and hypocellular, save for numerous
plasma cells as the conspicuous remaining cell type (FIGurE 1) Hemosidern,

e T

AU DO
¥ ‘fw

mus of rabbit ER 16 (shorter-survival group) The thymus contains few

Cenglgﬁssmo(}ggtdy congested The marked atrophy is characterized by a condensation

of the stroma Hematoxyln and eosm X110
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Ficure 4 Appendix of rabbit ER 44 (shorter-survival group) Lymphocytes are rela-

tively few mn the lamima propria and submucosa The mucosa 1s normal Hematoxyhn and
eosm 70

both intracellular and extracellular, was abundant, although there was no good
correlation with hematocrit or bilirubin levels While moderately cellular, the
bone marrow was distinctly abnormal, with a paucity of cells in the granulocyte
series, numerous cells with abnormally distributed nuclear chromatin, and
extensive zones of serous fat (FIGURE 2) Sections of the thymus showed ad-
vanced atrophy of lymphoid tissue and quantities of serous fat (FIGURE 3)
Lymphoid tissue mn the appendix was also markedly atrophic (FIGURE 4)

These 6 amimals may be compared with 8 of the 19 successfully grafted
rabbits that survived more than 50 days Three of these died of pneumonia
and 5 were sacrificed At no time after recovery from the mitial radiation msult
did any of these 8 amimals show a decline in weight, a fall m hematocrit or
hyperbilirubinemia  Indirect Coombs tests carried out m 5 amimals were
negative

At death, the spleens of the 8 amimals that survived more than 50 days were
shghtly smaller than normal but were 2 to 3 tiumes the size of those in the
late-death group (28 to 50 days) Microscopically, splenic architecture was
generally preserved, with only moderate congestion (FIGURE 5) Lymphoid
follicles were present, many of them of normal size and cell content, with plasma
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F1GURE 5  Spleen of rabbit ER 46 (longer-survival group) A large lymphoid follicle

containing abundant lymphocytes, as well as 2 mantle zone, occupies most of the field Com-
pare with FIGUre 1  Hematoxyln and eosin X110

cells scattered at the periphery Hemosiderin-laden macrophages were few
in number The bone marrow (FIGURE 6) and the lymphoid tissue 1n the
thymus gland (FIGURE 7), mesenteric lymph nodes, and vermiform appendices
(r1cURE 8) showed cell population and distribution approaching the normal
The foregomng data mdicate fairly defimite histological differences between
the group of rabbits that die with a rather characteristic clmical syndrome from
4 to 7 weeks after successful marrow homograft and those that survive this
potentially critical period The positive mdirect Coombs tests suggest anti-
body formation by the radiation chimera, with the mference that it originates
n the grafted marrow, since the reaction 1s upon the recipient’s red cells  This
capacity of the radiation chimera to form antibodies was tested by mjecting
100 mg of bovine gamma-globulin ntravenously between the tenth and
fourteenth days after marrow transfusion, when the peripheral leukocyte
count had returned tonormal  Of the 25 animals in the late-death and chimera
groups, only one (ER 16, a late-death animal) has developed a precipitin titer
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Ficure 6 Marrow of rabbit ER 42 (longer-survival group) The distnbution of cell
types n the marrow 1s essentially normal The fat cells are normal, and there 1s minimal
congestion Compare with FIcurRe 2 Hematoxyhn and eosin X310

For reasons not defined by this study, 1t would appear that the crisis of late
death may be attended, mn certam mstances, by an acute destruction of red
cells Work m progress, utihzing chromwum- and phosphorus-tagged red cells
and *¥-labeled bovine gamma-globulin disappearance curves following sensiti-
zation of either donor or recipient to ilumnate further these mechamsms,
will be the subject of subsequent reports

The translation of additional histological, hematological, and immunological
data to an increasingly accurate clinical 1dentification of the mcipient homo-

graft reaction may enable the treatment of 1t by further wrradiation exposure
or other means

Summary

A preliminary comparnison of the histological features 1n successfully homo-
grafted (marrow) rabbits who succumb to the late-death syndrome and those
that survive this period 1s presented



832 Annals New York Academy of Sciences

_..,.ri
s

-

-W :bw(‘ K\ T e T v TR Y, e, v
- ey o =;:;
oSN MR 1

~ “r

.~

s
»”

FiGore 7 Thymus of rabbit ER 42 (longer-survival group) The architecture and cellu-
larity of this thymus resemble those of a normal animal. Compare with ¥iGure 3 Hema-
toxyln and eosm X110

In this small series, the late-death syndrome 1s characterized by diffuse
atrophy of lymphoid tissue and a relative plasmacytosis 1n an otherwise de-
pleted spleen Grafted animals that survive this critical period have essentially
normal patterns of lymphoid tissue

The possibility of employing morphological, hematological, and 1mmuno-
logical parameters to define, as well as to analyze, the late death syndrome 1s
mmplied This would have particular application to the distinction between
postmature early death and premature “late’” death
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Ficure 8 Appendix of rabbit ER 42 (long-survival group) Lymphocytes are abun-
dant 1n the lamina propna, and there are lymphoid follicles 1n the submucosa, which 1s nor-
mal Compare with Ficure 4 Hematoxyln and eosin  X70
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A STUDY OF THE GRATFT-VERSUS-HOST REACTION IN
TRANSPLANTATION TO EMBRYOS, F; HYBRIDS,
AND IRRADIATED ANIMALS*

By Morten Simonsen, Julius Engelbreth-Holm, Emmerik Jensen,
and Hemming Poulsen
Unaversity Institute for Pathological Anatomy, Copenhagen, Denmark

If a cellular graft contains cell members that are potentially capable of
antibody formation, there are, in principle, two ways n which immunity can
develop the host can react aganst the graft or the latter can react aganst the
host The existence of this mutual reactivity was originally postulated on the
basis of whole-kidney transplantation 1n dogs, although not formally proved
at the time?!

An important impetus to recent studies of graft-versus-host reactions has
undoubtedly been the realization of their importance for the treatment of
wradiated subjects by transplantation of bone marrow Apart from this,
however, two other situations provide excellent opportumities for the study of
graft-versus-host reaction (1) transplantation to embryos or newborns, and
(2) transplantation to F; hybrids from either parental strain

With intravenous mjection of adult chicken spleen cells into chicken recipi-
ents shortly before hatching, the characteristic outcome 1s a severe 1mmune-
hemolytic anema and death of the host during the first or second week after
hatching These events are preceded by an ntense colomzation of such host
organs as spleen and bone marrow with the donor’s reticuloendothehial cells
which, by multiplying n these sites, lead to dramatic changes such as an
enormous splenomegaly If the same kind of transplantation 1s performed
within the first twenty-four hours after hatching of the young recipient, the
consequences are mitigated insofar as mortality 1s lowered, but the spleen
enlargement produced 1s still very impressive The hver also 1s usually en-
larged, at least partly because of multiplication of donor cells that have settled
1n periportal tracts of that organ 2

I stress these gross changes 1n spleen and liver because, on the bass of similar
changes 1n mice, a new method, described below, has been developed for deter-
minng the degree of histocompatibility between different straims of mice

A New Assay of Hislocompahbilrty

In explaining this method I shall consider the mmmunological situations
mnvolved 1 homotransplantation of spleen cells between members of F; crosses
and their parental strains

Under these conditions FIGURE 1 summarnzes the theoretical possibilities for
mnduction of 1mmumty and tolerance to transplantation antigens that are
determimed by either domimant or recessive genes, provided the donor 1s adult

. rted 1 this paper was supported n part by grants to one of us (M S)
fro:n’It‘ﬁz I‘,v:él); 'EEZ Memonal Trust and the General Scientific Fund of the Damish Govern-
ment, Copenhagen, Denmarh "
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Fiure 1 Immunogenetic possibilities to be considered in the transplantation of ants-
body-forming cells between F; hybnds and their parental strains Upper left antigemic
stimulation of donor cells, provided that recessively determined antigens do in fact exist,
if so, splenomegaly should result Lower left stimulation of donor cells from dominantly
determined antigens, the resultant splenomegaly should be a measure of the potency of these
antigens Upper nght mmmunity cﬁavelop m both graft and host, host 1s likely to elimi-
nate the graft, and no more than shght and transient splenomegaly should occur Lower
nght 1mmunity developed in both graft and host, splenomegaly 1s likely to be marked if
recessively determined antigens are weak in comparnison with their dominant counterparts

(if donors were embryonic or newborn, four more quadrants would complete
the picture)

The lower left quadrant shows the grafting of adult spleen cells of an inbred
sirain to embryonic or newborn recipients of an F; cross between the donor
stram and another inbred stram Dominantly determmed antigens corres-
ponding to strain-specific genes A and B are tabulated as @ and &, respectively
Recessively determined antigens belonging to the same strains are denomimated
cand 8 It thus appears that, whereas the host can at most be stimulated by
a recessively determined antigen and 1s, moreover, rendered tolerant of it
the donor cells meet 1 therr new environment the dominantly determmed,
antigen b and the host 1s thereby rendered immune against 1t

Since reticulo-endothehal cells that are developing immumty are at the same
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TasLE 1
InpEX OF GRAFT REACTION
AKR — (AKR X DBA)T,
adult 9 days (one lLtter)

Body wt (gm ) Spleen wt (gm /100 gm ) Liver wt. (gm /100 gm )
79 0 390 535
Ctr 69 0 378 5 30
Mean 74 0 384 533
Gm Index Gm /100 gm Index Gm /100 gm Index
717 104 1115 201 6 85 129
Exp 78 105 1 180 3 08 770 145
68 092 1 045 272 705 132

time multiplying, and since the transplanted spleen cells grow particularly
well 1n the spleen, an enlargement of the host spleen 1s therefore to be expected
due to the antihost attack of the donor cells that have settled there

A very significant enlargement of the spleen 1s actually what has been found
i most of the strain combmations tested thus far TABLE 1 1s a concrete
example of such an experiment, conducted so that approximately one half
of the 9-day-old hybrid hitter 1s injected mtraperitoneally with about 10 million
nucleated cells from an adult AKR donor, after 10 days the whole htter 1s
sacrificed and the body, spleen, and hver weights are individually recorded
Spleen and liver weights are expressed as percentages of body weight and, for
each experimental ammal, 3 figures, so-called indices of graft reaction, are
calculated These indices are determined very simply as the weight of the
body or relative weight of spleen and liver over the mean of the respective
weights of the hittermate controls It 1s important that controls always be
littermates because there 1s great variation n these values between litters and
considerably less within any given hitter In this particular case we can there-
fore conclude that the DBA strain contains at least one dominantly determined
transplantation antigen that 1s lacking in AKR muce, and that can stimulate
AXKR cells to multiphcation

This simple quantitative method of determming the graft-versus-host
reaction has been applied 1n our laboratory to 5 mbred strawmns of mice, giving
10 possible F; crosses and, consequently, 20 different possibilities of transplanta-
tion from parental strain to F; hybnd

TaBLE 2 records the results of this investigation It appears that in most
combimations there 1s a marked mncrease of spleen- and hiver-weight index
Often this 1s accompanied by some reduction in body weight, but this 1s far
from mvariably the case However, there are 4 combinations mvolving 2
crosses 1 which neither parental stramn produces enlargement of spleen or liver
In these 2 crosses, therefore, the 2 components must be much more antigenically
gimilar than m the remaming 8 crosses or, to put 1t on more exact genetlxc
terms, AKR and C3H (of our sources at least) contam the same dominantly
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TasLE 2
TRANSPLANTATION OF ADULT PARENTAL SPLEEN TO INranT F;-HYBRD

Indices of graft reaction
Reapient Donor No

Body wt (gm) | Spleen wt. {gm) | Liver wt (gm)
ST X C3H C3H 10 {08 010|273 £055}154 4013
ST X C3H ST 7 {08 006197 £034)178 025
ST X DBA DBA 12 1098 0091224 0351644024
ST X DBA ST 24 (108 +015(240 0011174 4 032
ST X DLB DLB 13 {099 =009 191 063|131 &£030
ST X DLB ST 14 08 0111273 £084]158 &£024
ST X AKR AKR 10 (099 :=005}167 031]1238 & 013
ST X AKR ST 10 (101 2004300058128 013
AKR X DBA DBA 13 101 2006]198 025134 £ 0 11
AKR X DBA AKR 6 097 0141268 .-025]137 006
AKR X DLB DLB 5 {08 016160 4044 |2 13 & 0 31
AKR X DLB AKR 2 {08 30171198 4039165 4 001
AKR X C3H C3H 12 101 30047109 010 096:*:007’
AKR X C3H AKR 6 {101 005008 3009103 4006
C3H X DLB DLB 6 095 0081237 055]174 % 046
C3H X DLB C3H 7 075 01512253105 ]197 4019
C3H X DBA DBA 3 113 00418 3024|116 4 005
C3H X DBA C3H 2 10340021381 201111524004
DLB X DBA DBA 6 107 008,097 20090095 + 004
DLB X DBA DLB 4 105 0057115 4011 090:*:006'

determined transplantation antigens The same reasoming applies to DBA
and DLB *

The recipients considered 1n TABLE 2 ranged from 0 to 14 days of age at the
time of transplantation ~ Within this age range a more detailed analysis (which
1s to be made when more facts are available) will probably show that enlarge-
ment of the liver and spleen 1n a given donor-host combination 1s, to some ex-
tent, dependent on the age of the host Most noticeably, there 1s a marked

tendency for enlargement of the liver to be the more pronounced the younger
the host

Application of the Graft-Versus-Host Assay of Huslocompatrbilty

If the above assay 1s vahd, 1t should follow that, after lethal irradiation, any
one of these 4 strams could be treated successfully with spleen homotrans-
plantation from the other strain with which 1t proved compatible, but not with
any of the other strains available

The testing of this prediction 1s in 1ts mception, and TABLE 3 gives prelimmary
results The table gives the aggregated data from 2 identical experiments in
which 2- to 3-month-old C3H muce were X-rayed by continuous exposure for 24
hours with a total dose of 1100 r  As seen from the table this dose gave a
30-day survival of 15 per cent in noninjected controls, the peak of mortahity
appearing about 2 weeks after wrradiation  However, the 2 groups that had
recerved some 50 mullion nucleated adult spleen cells intravenously m the first

* Actually,

Stram pont DLRB and DBA, as employed here, represent 2 differen

t
ed from the United States 1n 1938 and 1952 respectively substramns of the DBA
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TABLE 3

TRANSPLANTATION OF ApULt SPLEEN CELLS TOo C3H Mice
IrRrRADIATED witH 1100 R 1IN 24 Hours

Number of deaths

D f
Donor ays after transplantation Alive at 30 days

N1l 1 1(12)1216}11(31(1 3/20
AKR 17141 1 1]2 13/20
ST 1161212 1 1)1 0/24

few hours after wradiation behaved quite differently Those that recerved
cells of the AKR strain had a 65 per cent survival, whereas all 24 mice njected
with ST cells died, most of them as early as one week after nradiation  Thus
there 1s no doubt that, in perfect agreement with the prediction, AKR cells
are helpful to wrradiated C3H muce, while ST cells make matters worse It
still remams to be seen 1if the prediction holds equally true for transplantation
of cells from DLB and DBA

I beheve 1t 1s fair to say that this method for determining histocompatibility
has three merits in comparison with previous ones First, 1t 1s much the
simplest to perform when imbred strains are already available Second, 1t
gives a direct answer to mvestigators who are especially concerned about
transplantation of reticuloendothehal cells, whereas transplantation of skin or
tumors, like a detailed blood group analysis, might for this purpose very well
reveal either too much or too httle incompatibility —Third, the method 1s
likely to be a handy tool for testing the efficiency of any possible procedure that
aims at preventing or dimmishing the immune response of reticuloendothelial
cells

Under the latter heading, of course, would come the mduction of tolerance
TABLE 4 shows a prelimnary attempt to learn how long after birth reticulo-
endothelial cells of C3H origin will still be able to become tolerant instead of
immune from the contact with dominantly determined transplantation antigens
of ST origin

This table consists of two parts  In its lower section spleen and liver indices
show the strong immune reaction of adult spleen cells transplanted to newborn
or mfant F; hybrids  Even n fully mature hybrid recipients there 1s a clear-
cut increase of the spleen index

In contrast to this, the upper part of the table records the results from trans-
plantation of infant C3H spleen of 6 to 13 days of age  In this case the indices

omnt at tolerance because they deviate quite msignificantly from 1 00 1n spite
of the fact that the litters were not sacrificed until after 14 or 28 days 1n order
not to miss an 1mmunity that might well be delayed until the young donor
cells had matured sufficiently to become 1mmune 1n any degree

Tt remams to be seen 1f infant C3H cells that prove tolerant of ST antigens
as measured m this way will also be able to protect irradiated ST mice

Not least i 1mportance for the treatment of leukemia by heavy wrradiation,
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TABLE 4
AcQuirep TOLERANCE IN INFANT SPLEEN GRAFTS
Indices of graft reaction
S (CSH ST
' Body wt. Spleen wt Liver wt
Sacrificed 14 or 28 days after transplantation
Age Age
14 days |28 days {14 duys |28 days |14 days | 28 doys
1001102{075{098{100| 100
0061087 10971086}103} 101
6 or 7 days 2 or 3 days 8 gg 8 '8}2 (1) gg
0 89 117 096
101 112 0 98
13 days 8 or 9 days ??g 097 ?%g 103 ]i(l); 099
Sacnificed 10 days after transplantation
Adult 0-5 days 08 + 010{2 73 4055154 4 013
Adult 18-23 days 092 4 008{2 58 4 048 113 &= 009
Adult 63-83 days 100 £ 006{148 + 0350|106 = 0 11

1t 15 essential to find ways of either selecting donors that are naturally com-
patible with the host or inducing tolerance 1n the cells of those that are not
naturally so At present I can think of no project likely to be more promising
than transplantation from fetal, newborn or, possibly, even infant donors
Later expeniments have provided the following data (1) Adult spleen cells
from DLB and DBA mice are useless as adult ST cells for the treatment of
lethally wradiated C3H mice (2) Most of the 30-day survivors shown
TABLE 3 that were treated with adult AKR spleen have later developed second-
ary (homologous) disease ~ Evidence 1s being accumulated that this phenom-
enon 1s caused by recessively determined antigens that are not detectable by
the method of assay used i TABLE 2 (3) C3H muce that received an LDy
dosage of X rays, followed by spleen cells from infant AKR mice from 6 to 13
days of age have all survived for 30 days and, with few exceptions, are still
alive after 2 months without exhibiting any signs of secondary disease (4)
Sumlar attempts to rescue C3H muce by the use of spleens from infant ST,

DBA, and DLB mice have resulted in the massive development of fatal
ondary disease

It thus appears that tolerance 15 more solidly acquired to transplantation
antigens that are determimed by recessive genes than to those d
dominant genes

sec-

etermined by
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Discussion of the Paper

A A LazzariNt (New York Umversuty Post Graduaie Medical School, New
York, N Y ) With reference to Simonsen’s interesting findings of splenomegaly
mn chickens 1n our studies of embryonal parabiosis mn birds we found that i
the procedure was done rather late, that 1s, after the sinteenth day of incuba-
tion, some of the parablotic mates became weak after hatching, were under-
developed, and died in the following four weeks It was common to find
splenomegaly and multiple infarctions in the weak member of the team just
before 1ts death

Perhaps some cases of so-called parabiotic intoxication that we have observed
were due to a graft-to-host reaction stmilar to that demonstrated by Simonsen
and Billimgham

W H HiLpEMANN (Umversity of California Medical Center, Los Angeles,
Calif ) One of the proofs of the immunological basis of graft-versus-host
reactions, as given 1n this monograph by Billingham, Simonsen, and Trentin,
has come from the 1noculation of newborn or lethally wrradiated adult animals
from either of two mbred lines with adult spleen cells or bone-marrow cells
denived from their F'; hybrid  In this situation, under appropriate conditions
no graft against host mcompatibility 1s expected, since all histocompatibility
antigens of both parent lines are present in the F; hybrid cells In the recipro-
cal situation, of course, incompatibility would be expected, depending on the
antigenic constitutions of the strains tested The evidence presented today
generally fulfills these expectations and indirectly supports the “one-autosomal
gene, one-antigen’ theory

However, if members of the F; hybrid between any two pure lines of ammals
possessed more or less than the total antigens of the parent lLines, the adult
graft-versus-tolerant-host system could reveal histocompatibility-gene inter-
action and would be affected by 1t as follows

(1) If a hybrid antigen(s) were produced as a consequence of gene 1nteraction
m the F; hybrid, and the interacting genes thereby failed to produce a histo-
compatibility antigen(s) found 1n the homozygous parent line(s), a reaction of
hybrd lymphoid cells against the cells of a tolerant, parental strain host should
occur One would also expect a parent line graft to be unacceptable to an F1
hybrid normal adult host under these circumstances However, the presence
of hybrid antigens 1n addition to all parent-line antigens in the Fy hybrid would
elicit no graft incompatibilities 1n these test systems

(2) If genes in the Fy hybrid between two highly mbred lines interacted so as
to suppress the production of a histocompatibility antigen found 1n one or both
of the parent lines, hybrid graft agamst tolerant, parent-line host as well as
hybrid normal host against parent-line graft reactions should be detectable
as above

(3) Ha histocompatibility antigen 1n one parent-line were determined by a
recesstve pair of genes, as suggested by Simonsen, one might also expect Fi
hybrid cells to react against a tolerant parent-line host possessing the antigen
This possibility could be tested readily by placing skin grafts from ille parefnt

lines on F1 hybrld adult recipients  The F; hybrid should reject skin graits
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from one of the two parent lines if a recessively determined antigen 1s present
m a graft

Although none of these possibilities 1s apparently supported by homograit
studies performed so far, further mvestigation 1s deswable Taldane' has
called attention to mstances in which hybrid antigens have been demonstrated
and to several methods for the detection of antigens with an abnormal genetic
determmation Several recent studies, notably those of Ceppellini,? Rendel
et al 2 Levine ef al ,* Cohen,’ and others, have demonstrated gene interaction mn
the production of hybrid antigens or the suppression of parental antigens
within various mammalian species Since 1t 1s now obwvious that the one
gene-one antigen relationship does not hold true for all situations, a closer
study of histocompatibility gene-antigen relationships 1s indicated
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Jor~n J TRENTIN (Baylor Unversity College of Medicune, Houston, Texas)
Simonsen has mentioned the interesting possibility that grafted reticuloendo-
thelial cells may be rendered tolerant of their homologous host provided they are
derived from sufficiently young donors  Theoretically, 1t should be possible to
avold homologous disease by doing such a ‘“fetal tolerance in reverse > With
this n mind I have compared fetal liver with adult bone marrow for protection
of lethally 1rradiated mice 1n six combinations of homologous donor and recipi-
ent strains  Fetal liver 1s hematopoietically active and does protect after lethal
rradiation but, to my disappointment, 1t offered no significant advantage over
adult marrow with respect to the occurrence of homologous disease



ACQUIRED TOLERANCE TO HOMOGRAFTS AND
HETEROGRAFTS IN THE RAT*

By Richard H Egdahl, Franklin R Roller, Richard L. Swanson,
and Richard L Varco
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Introduction

In a preliminary report! we described our mitial experiences in attempting
to produce beterologous acquired tolerance in mammals The purpose of this
paper 1s to present a more detailed description of heterologous tolerance experi-
ments, as well as some recent work on homologous acquired tolerance Con-
firmation of Woodruff’s? production of homologous acquired tolerance in rats
has not been published to date, although the principle of acquired homologous
tolerance in mice described initially by Billingham e @l ® has now been estab-
lished and confirmed

It is now apparent that the species used 1s of great importance Marked
differences 1n the ability to achieve the status of acquired tolerance exist 1n
mammals Furthermore, although acquired tolerance to several types of
antigens such as homografts, bacterial products, and tumors may be produced,
1t appears that different injection times are necessary 1n different animal species
It will no doubt take several years to clarify the whole antigen exposure-
response relationship in producing acquired tolerance in the various laboratory
ammals and man The rat was chosen for the present study because of the
ymmaturity of the newborn, hardiness of the mother when operated on, and
lack of a close genetic similanty between rats of different Litters

Methods

White ratsT were used in these experiments New Zealand white rabbits
approximately 4 pounds in weight donated the heterologous spleen and skin
We also used C3H mice I Splenectomy was performed, using sterile technique
and a midline abdominal ncision 1 the rabbit and mouse The short- and
long-term survivals i these splenectomized animals were excellent, and we
observed an nteresting phenomenon m the rat spleen donors used m the
homologous experiments Removal of the entire spleen led to a mortahty of
80 to 95 per cent within 1 week to 2 months  This death rate was cut down to
10 to 20 per cent when 2 end fragments of the rat spleen were retained and the
central portion only was excised We have no explanation of the basis for this
increased mortality mn the totally splenectomized animals as compared to those
with small fragments of the spleen remaining

Splenic cell preparations were made mn a manner designed to yeld the highest
possible number of viable and mtact cells The cells were gently teased out
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of the spleen mto 2 salme medum to which a drop of heparnn had been added
Counts were made of this suspension  Also they were stamed with trypan blue
to 1dentify the percentage of viabihty In the homologous experiments, such
cell suspensions were mjected either mtraperitoneally or mtravenously m the
median facial vem of the newborn  For the heterologous experiments, pregnant
rats were operated on through a midlne lower-abdominal incision, and the
uterme horn bearing the fetus was gently hited from the abdominal cavity
By means of a No 30 needle, all fetuses were njected with 0 01 cc cell suspen
sion, the uterne horns were replaced, and the abdommal wall was closed  As
an alternative to the cell suspension, a cell bre1 of tissue was prepared by gently
mashing the spleen after removal of the capsule This brei was mjected intra-
peritoneally through a small trocar mto newborns When these animals had
attamned an age of at least 6 weeks, skin grafts were applied according to a
technique described elsewhere* The status of the grafts was determined by
sequential observation of intradermal blood flow,® removal rate of intradermally
mjected fluorescein,’ and occasional biopsy In a few instances, regrafting
of a tolerant homograft back onto the origimal cell donor was performed accord-
ing to the usual method

Resulls

Acquired lolerance to homografts wn rats  Reference to TABLE 1 demonstrates
that homologous tolerance to skin in rats 1s achieved more frequently by the
mjection of a cell brei than by the use of a cell suspension  All except a few
litters of anumals so prepared were injected within a few hours of birth  How-
ever, 5 2-day old rats were mjected with homologous cells, 4 were found to be
tolerant when grafted at 2 months of age  There 1s one very important differ-
ence between the cell suspension and bre1 groups only about one third of the
newborn rats injected with cell brer survived for the 2 months necessary for
grafting, m contrast to more than two thirds of the number of newborns n-
jected with cell suspension At necropsy a relative lack of lymphoid tissue was
noted 1 many of the brei-treated animals that were not normally active, had
shaggy coats, and did not gain weight normally

Three regrafting expermments m which grafts were replaced n the original
cell donor after they had been m place m the tolerant host for 3 months were
performed  Such regrafts were not rejected by the cell donor, but persisted
as autografts

Heterologous acquared tolerance Most of these experiments involved the
rabbit-to-rat heterograft system m which 1t had previously been determined
that these transplants survived for an average time of 59 days In a control
series of more than 70 rabbit-to-rat grafts, none survived for longer than 8 days

86%

Tasie 1
No of rats Type of preparation mjected No of vinble cells injected Per cent tolerance
37 Cell suspension 99
to 350 Milhon
33 Cell breliJ Not counted vy
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TaBLE 2
Injection N £ celis
time, “ »
Nrc:1 t:i Hetﬁzor}ggous bdeﬂfg:e . Remforcemeﬂtbl;:&l!l mjection after él%gzl%n%) Survival times

birth
2 Rabbit 4 No 95 17 and 13
2 Rabbit 2 No 200 11 and 14
2 Mouse 1 No 70 16 and 19
1 Rabht 3 No 80 23
2 Rabbit 3 No 60 13 and 16
2 Rabbit 2 First and fourth days 220 11 and 13
3 Rabbit 2 Tirst and third days 370 11 and 14

TABLE 2 shows the results of experiments directed toward the production of
heterologous acquired tolerance n rats It can be seen that a significant
prolongation of survival was obtained in several rabbit- and mouse-to-rat
heterografts by injecting the fetuses 1 ufero with cells from the future heterol-
ogous host In control studies amimals were grafted from a heterologous
source other than the original donor, and n these cases no prolongation beyond
normal survival time for standard type heterografts was observed

“Reinforcement” of rats which had been previously injected 111 nlero with
rabbit cells by a second mjection of cells from lymph nodes of the same donor
rabbit 1n the neonatal period resulted mn a few prolongations of graft survival
beyond the expected period—a greater percentage than was encountered with
the 1711 ulero mjections alone In all these heterologous experiments 1t 1s to be
emphasized that the fetal mortality was quite high, ranging from 60 to 80 per
cent Moreover, of those rats imnjected 22 ufero that reached term, only about
10 to 15 per cent were partially tolerant of skin from the original heterologous
donor Despite improvements 1n surgical techmiques and careful postopera-
tive management at all stages, this high fetal and neonatal mortality has not
been reduced A higher percentage of partially tolerant heterografts was not
found m those animals 1njected 4 days before delivery, as contrasted with those
mjected 1 day before birth No prolongation of heterograft survival was
obtained by injecting heterologous cells into the neonates in the absence of
prior 112 utero 1mmjection

However, 1t appeared quite clear that the animals that recerved “remnforce-
ment”’ doses of cells in the neonatal period in addition to 22 #fero 1njection had a
Jarger percentage of moderate prolongations of survival when compared to the
control series  Only an occasional such “booster” animal rejected the hetero-
graft before 8 days, and most were 1n the 9- to 11-day range So, although
repeated cell mjection 1 the neonatal period did not result in mndefinite hetero-
graft survival, 1t did shightly increase the survival period of the majority of

them
Discussion

The present studies fully confirm Woodruff’s findings of acquired tolerance
to skin homografts 10 rats 2+ ¢ Recent work by Billingham ef a/7 mdicates
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that a tugher degree of acquired tolerance 1s produced 1n newborn mice by the
intravenous mjection of cells and that the mtraperitoneal and subcutaneous
routes are less effective in this regard It appears that the rat 1s an easy experl-
mental ammal mn which to produce acquired tolerance to homografts, but we
do not know whether tolerance to other antigens 1s produced as readily ~ Our
data demonstrating partial heterologous tolerance in the rat to rabbit and
mouse skin would remnforce this concept  Although we were unable to achieve
long-term survival of skin heterografts, several grafts exhibited intradermal
blood flow for several days after the usual rejection time

The “runt” syndrome has been described by several groups of workers,5-1
both 1n connection with the attempts at the production of tolerance and asso-
ciated with whole-body radiation and with mtravenous homologous or heterol-
ogous bone marrow  Such stunted ammals have a deficiency of lymphod
tissue at death, and it has been theorized that such a state results from a
“graft-versus-host” reaction Although this, study sheds no hght on the
mechanism, we believe that a high percentage of newborn rats mjected with
homologous cell brei were victims of the runt syndrome The work of
Billingham and Brent® suggests that this defect can be prevented by the use
of cells that are not of the reticuloendothehal system Confirmation of this
concept would have great practical sigmificance 1n the development of acquired
tolerance mn clinical work 1+ 12

That a brei of the spleen was more effective in our studies in producing toler-
ance than cell suspensions was most likely due to the imnjection of greater
numbers of viable cells in the former experiments It also became clear early
In our experience that even large numbers of nonviable cells were neffectual
m producing tolerance This observation 1s supported by the finding of
Billingham ef al that the injection of subcellular particles® was not effective
m this regard  This would appear to strengthen the arguments that such cells
survive 1n the host as long as acquired tolerance itself persists Billingham
and Brent” # found that an injection of spleen from a nontolerant mouse would
so alter the response of tolerant mice that subsequent skin grafts derived from
the oniginal cell donors would be rejected after the manner of a second-set graft

That a skin graft in place 1n a homologous host for more than three months
can be regrafted to the onginal donor has important implications  Seemingly
this transplanted skin has mamntained 1ts original 1dentity despite prolonged
residence m a foreign environment Good ef al found a female chromatin
pattern in a skin homograft that had been 1n place on an agammaglobulinemic
bc;y for ox:er two and one half years ¥ These experiments would not strengthen
Woodruff’s concept of the “critical period” Accordmg to experiments on
gunea pigs published by the Woodruffs in 1950,'® homologous thyroid that
survived for over three months m the anterior chamber of the eye could then
be successfully transplanted to other sites in which rejection had formerly
zlc;iurtrlféi Iml\jlfsun:ustbly, alterlatlons of the homograft tissue occurred with time,
emixcal porid szslen;vta'ls) eno onger foreign to the host This concept of the

en confirmed to date, unless one 1s willing to accept

Woodruff’sé rejection of new homografts 1n partially tolerant rats with sur-

viving grafts from an earlier transplantation as such  We conclude from our
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studies that the individuality of cells persists i a foreign host even after long
periods of time  This hypothesis 1s strengthened by the ingenious experiments
of Bilingham ef @l 1® in which normal lymph nodes were transplanted from a
nontolerant mouse to a tolerant mouse of the same strain bearing a homograft,
the tolerant homograft was subsequently rejected in these cases A logical
reason for this rejection would depend on reactive specific antigenic matenal
from the homograft reaching those reactive transplanted lymph nodes from
the nontolerant source

With the methods of this study we were unable to produce the long-term
heterologous tolerance obtained by Zaalberg ef al usmng total-body radiation
and heterologous bone marrow,” 1n which rat skin heterografts survived for at
least 128 days, and mice and rat serum proteins!® were shown to be continually
produced by the mouse These findings confirm the fact that heterograft
survival 1s a possibility It s likely, however, that this type of success wil be
secured more easily with rat-mouse combinations than with rabbit-rat pairings
Technical reasons preclude the mjection of cells 11 ufero at a much earher date
than was performed in these experiments, and 1t 1s by no means established that
the “earlier the better” principle pertains in tolerance production  Our studies
are continuing with various antigenic preparations 1n an attempt to produce
a longer lasting heterologous tolerance 1n a greater percentage of animals

Conclusions

(1) Acquired tolerance to homologous skin 1s easily produced in more than
80 per cent of rats by the neonatal injection of cells from the prospective donor

(2) Use of large numbers of homologous cells in the newborn moculum
results 1n a high incidence of the “runt syndrome

(3) Homografts resident for long periods in tolerant rats can be successfully
regrafted onto the origmal donor ammal

(4) Partial heterologous tolerance to rabbit skin was produced mn rats by
mjection of rabbit cells 1n utero
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THE USE OF GLOBULINS AS A MEANS OF INDUCING
ACQUIRED TOLERANCE TO PARABIOTIC UNION*

By Benjamun B Kamrin
Department of Anatomy, State Unwersity of New York College of Medicsne, Brooklyn, N ¥V

Inilroduction

This prelminary report deals with the parabiotic method of analyzing tissue
homotransplantation compatibility ~This method of transplantation was first
concetved by Paul Bert! and actually developed as a technique by Sauerbruch
and Heyde? Although animals surgically united in this way do at times go
into apparent successful union, each partner maintains 1ts own organic functions
and, to some extent, its own ndividual metabolism It has been shown by
Huff ¢ al * Kamrin,* and other workers that the blood and tissue fluids pass
continuously from one partner to the other In successful parabionts there
1s gross evidence of the presence of large anastomotic connections mn the con-
nective tissues jomning the two animals  Histological examination of the jomned
skin discloses continuity of the epithelium and a narrow connective tissue zone
of condensed fibers perforated by numerous capillaries

The extensive lhiterature®: ¢ on parabiotic studies does not indicate the mecha-
nism by which successful parabiosis 1s attained Loeb’ implies that the great
dilution of each animal’s fluids by 1ts copartner will result 1n a tolerant gradient
of each animal’s “individuality differentials ” Genetically, the work of Snell®
and his co-workers suggests that histocompatibility genes are present m both
successful parablonts In addition, the work of Eichwald ef a! ® would indicate
that the male skin rejection phenomena by female recipients of the same strain
1s determuned by a Y-linked gene It 1s further suggested by the authors
“that hormonal mechanmisms may modify a course of events largely determined
by the distribution and strength of histocompatibility genes ” The numerous
investigations of Billingham ef af 1° open the possibility that “actively acquired
tolerance’” as a specific inhibition of response 1s the immunological mechanism
that may favor successful parabiotic union

Unsuccessful parabiotic union 1s clearly manifested by (1) anemia and/or
stunting of one of the parabionts, (2) death of one or both parabionts, (3)
localized alopecia, (4) unhealed scar tissue mn line of union, (5) formation of
raw and oozing areas at or near the line of union, and (6) slow or rapid separa-
tion of the animals at the original site of surgical union When successful
parabiotic union 1s obtained with pen-bred littermate albino rats, 1t 1s assumed
that complete interammal tolerance has been achieved ~ Since the blood cells,
plasma, and tissue fluds are the major constituents exchanged and shared
between the copartners, it 1s believed that any changes resulting from such
mutual acceptance will be reflected 1n the distribution of the serum proteins
The present study deals with (1) the quantitative measurements of the blood
serum components m single and sham-operated ammals and 1 successfully
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parabiosed animals, and (2) the effects induced by the mjection of the various
globulins on the survival rate of parabiosed ammals and on their electrophoretic
patterns

Materwals and Methods

Amwmals The several hundred animals used in these experiments were
pen-bred albino rats * Where possible, httermates were divided among the
various groups so as to randomuze the data obtained The various groups of
animals were treated as follows (1) single ammals, (2) sham-operated animals,
(3) hittermates of same sex and approximate size placed mnto parabiotic union,
(4) littermates divided into groups that were pretreated with various globulns
and others untreated, all subsequently surgically umted mn parabiosis, (5)
littermates united into parabiosis and njected with various globulins imme-
diately following parabiosis and at subsequent times, and (6) nonhttermates
subjected to some of the mjection procedures

Sham operation  Animals aged 25 to 50 days were subjected to the mcisions
performed 1n preparing the animals for parabiotic union The abdominal and
skin mcisions were closed with sutures and two ammals were permutted to
recuperate n each cage Some of these animals were subjected to weekly and
monthly bleedings to determimne the electrophoretic changes that occurred
during the healing process

Parabiotic wimon  Usually littermate pairs of the same sex and size, aged
21 to 26 days, were surgically umted i parabiosis When nonhttermate
pars were united we attempted to pair the animals by age and weight The
procedure used was a modified version of the Bunster and Meyer!! technique

Serum analys:s  Blood was obtamed under direct observation from the
external jugular vein of anesthetized amimals  Approximately 0 5 ml of blood
was drawn from 21- to 25-day-old rats and 1 0 to 20 ml of blood from older
rats  After clotting, the blood was centrnifuged at 0° to 4° C for 30 min at
2500 yrpm

The specific gravity of the separated serum was determined by the copper
sulfate falling-drop method” and confirmed by a mucro-Kjeldahl method
The latter procedure was modified by prolonging the digestion with concen-
trated sulfuric acid to 254 hours Both methods showed a good degree of
correlation relative to the total protemn content of the serum

Approximately 02 ml of the remaining serum was dialyzed against Veronal
buffer, pH 8 6, 10nic strength 0 10, for 90 to 150 min  Before it was placed n
the cell for electrophoresis the dialyzed serum was diluted to approximately
20 gm per 100 ml with fresh Veronal buffer Serum protemn analysis was
carried out by the Antweileri microelectrophoresis apparatus at a constant
current of 1 5 mAmp

The nterference readings of the various protein concentirations were recorded
on a tape that was converted to the typical schhieren pattern, and the various
fractions indicated By marking the extent of each peak on the tape, direct
measurements permutted calculation of the percentage of each component n

* From Carworth Farms, New City, N Y
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the pattern There was nfrequent separation of the alpha;-globulin compo-
nent, so that 1t was estimated as part of the albumin fraction

The absolute amounts of each component were found by multiplying the
percentage by the grams/100 ml (from conversion of specific gravity readings)
The albumin/globulin (A/G) ratio was obtaned by dividing the percentage of
albumin (plus alpha;-globulin) by the total globulin percentages During the
mfrequent ntervals when a separate peak for alpha 1-globulin was obtaned 1t
was found to be approximately 4 O per cent of the total proteins

Preparatron of rat globulins During the bleeding of the various parabiotic
pairs the serum was saved and pooled according to the original treatment of
the donor animals It was stored in the freezer compartment until fractionated
The fractionation procedure was a combination of several methods'® ¢ and
resulted m the separation of relatively homogeneous electrophoretic fractions
(TABLE 1)

The procedure followed 1n fractionation of rat’s blood serum is a combination
of the Goldstemn and Anderson!® technmique and that described by Pillemer and
Hutchmson 1® Reagent I, referred to in TABLE 1, consists of 0 25 m! sodium
acetate-acetic acid buffer (pH 4 0), 25 0 ml of 95 per cent ethanol, and distilled
water to make 100 ml  Reagent IT consists of 0 1 ml of 1 0 M sodium acetate,
01ml of 07 M acetic acid, 2 25 gm of glycine, 7 5 ml of 95 per cent ethanol,

TaBLE 1

Frow CHART oF FRACTIONATION
To each millimeter of serum add 4 0 ml of Reagent 1,16 keep at 0° C,
stir 30 min , centnifuge at 0°C

| |

Supernatant Precipitate
(Fractions IV, V, VI) (Fractions IT and III)
Add 10 ml acetate buffer!s Add Reagent 116 to bning

to each 80 ml superna- entire ppt 1nto solution,
tant, keep at 0° C, stir stir
Add 70 ml of cold methyl Centrifuge 0° C
alcohol to each 40 ml
supernatant
Centnfuge 0° C Supernatant Precipitate
r (Fraction II) (Fraction IIT)
(gamma-globulin) (beta-globulin)
Precipitate
%faeé’ggrtl& {}S (Fractions IV and VI)
(albumn) (alpha-globulins, some beta-

globulins)
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and distilled water to make 50 0ml  The procedure used n separating Fraction
V from the other fractions requires the use of acetate buffer The latter 1s
made by diluting 72 m! of 1 M acetic acid and 12 ml. of sodium hydroxide to
1 hiter with distilled water ‘The methyl alcohol reagent 1s made by adding 607
ml methyl alcohol to 393 ml distilled water Mix, cool to 0° C., and make to
1 liter with cold methyl alcohol

The vanous fractions were lyophilized and stored at room temperature
When needed they were dissolved 1 015 M NaCl to make a 10 per cent
solution, and 01 ml. (10 mg) was mjected ntraperitoneally ~After bemng
placed into solution the globuhns were maintamed at a constant temperature
mn a refrigerator

Results

Control ammals Single and repeated serial electrophoretic studies of the
blood serum of normal amimals (TABLE 2) show that the specific gravity of the
serum 1ncreases with age to a maximum at about 100 days The A/G ratio
remamns at approximately the same level throughout the period of analyses
The globulin components show minor fluctuations, none of which are significant
When littermates of these animals are subjected to a sham operation, sigmficant
changes are found These changes are reflected m the imuial fall of the A/G
ratio and the early increase in the beta-globulin component Approximately
60 days after the infliction of the wound (and about 30 days after gross healing
has occurred) there 1s a return of the blood serum to control levels

Successful parabrotic unton  Although more than 100 pairs of hittermates
have been placed nto surgical umon, the data will deal with 43 pairs that
have been carefully followed As shown in TABLE 3, only 4 pairs were found
to be 1n successful parabiotic union The majority of animals (33 pairs) died
between the second and thirty-second day of umion Only 6 pairs survived
sufficiently long to separate completely It 15 noteworthy that of the total
paws placed in union, 16 pairs were female hittermates and 27 pairs were male
htt;armates, In the successful pairs, 3 pairs were female and only 1 pair was
male

Serial electrophoretic study of the blood serum of these successful pairs pro-
duced the data given 1n TABLE 3 In contrast with the data obtained mn the
sham-operated ammals, the operative procedure and continuing parabiotic
union result i a prolonged fall i the A/G ratio that persists for about 150
postoperative days The lower albumin values were found concomitant with
increased beta-globulin levels There were no significant changes 1n the other
globulin components

Survival effects of protewn fraction wjections The various components ob-
tained by the fractionation procedures were utihzed by (1) pretreatment of the
If)rﬁspectlve parabionts and (2) giving njections of the material immediately
I?Aglv;rilgts&rlz;:tlomshand subsequently for the same dosage in both groups

o es the results of these procedures, from this one may note that,
?60)?1151e tfggzlgvse::eilelgé’gi ?Zre male parabiotic pairs (63) than female pairs

quently found to go 1nto successful parabiosis
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TABLE 4

ErFECTS OF THE INTRAPERITONEAL INJECTION OF THE VARIOUS RAT SERUM GLOBULINS
ON THE SURVIVAL OF PARABIOSED AILBINO RATS

Total No 0 u
ofoltzgnrs() Success pairs () Dﬁo(}lufsng Si%amloe: (3"
Fraction mjected prior to parabiotic union
Male| TS | Male | Female| Male |Female| Male |Female
Albumin (6) 0) (6) 0)
4 210/4 0/2 4/4  2/2 0/4 0/2
Albumin-a; (11) (2) 5) 4)
7 41 1/7 1/4 4/7 1/4 2/7 2/4
Alpha (hittermates) (11) 4) 5) (2)
7 4| 2/71 2/4 4/1 1/4 1/7 1/4
{nonhttermates) (10) 3) 2) (5)
6 4!1/6 2/4 1/6 1/4 4/6 1/4
Beta (21) (0) (11) (10)
i1 10 [ 0/11 0/10 | 5/11 6/10 | 6/11 4/10
Gamma (14 2 4

8
4 %0 1/4()1/10 3/4 (%/10 0/4 (2/10

Fraction mjected following union

Albumin (10) 3) ) 2)

s s |15 a5 |35 25 |15 /s
Albumin-a, (10) 3 ) )

6 41|1/6 2/4 5/6 2/4 0/6 0/4
Alpha (11) @) )

4 7178 1/6 | 2/4 36 | 1/4 3/6
Beta (10) @) ) 3

6 4|0/6 2/4 |4/6 /4 |2/6 1/4
Gamma (10) ) 3) (5)

3 710/3 2/7 1/3  2/7 2/3  3/7

and also to separate spontaneously than did the males Referring to successful
untreated parabionts in TABLE 3, 1t 1s seen that the females survived m 37 5
per cent of the unions and the males in 150 per cent From this, one can
assume that any procedure that augments successful union or resists killing the
parabionts during the period of union may be beneficial Such a condition 1s
found 1n the ammals pretreated with the alpha-globulin fraction Of the 11
littermate pairs so treated, 4 pairs went into successful parabiosis, and 2 pairs
separated spontaneously, this 1s a survival of 54 5 per cent With nonlitter-
mates an even higher survival rate of 72 2 per cent was obtammed However,
the actual percentage of successful parabiosis was higher in the ittermate group
(36 3 per cent as agamnst 30 0 per cent)

Comparison of the findings with pretreatment with alpha-globulin and post-
treatment 1nstituted after parabiotic union demonstrated that the former
method 15 most effective 1n survival of the animals and 1n obtaming successful

arabiotic unions However, the 2 successful pairs and the 4 separated pairs
dicate a survival equal to that of the pretreatment procedure
" Of the other serum components given after parabiotic union was performed,

mma-globulin was found to be most effective in the survival of the ammals
ga -
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Although only 2 pairs were found 1n successful parabiosis, 5 pairs separated
spontaneously to make a total of 70 O per cent survival  Albumin and albumin
(plus alphay-globulin) resulted in the greatest number of successful unions
(30 0 per cent m each group), yet the former had a 50 0 per cent survival rate,
while the latter method of treatment resulted in only a 30 O per cent survival
rate
Effects of serum componen! ireatment on electrophoretic patierns Comparison
of the dominant sigmficant changes found m the electrophoretic patterns n
single, sham-operated, and successful untreated parabiotic pairs 1s confined to
the albumin and beta-globulin levels The longer persistence of the serum
beta-globuhin effect 1s shown m FIGURE 1, which graphically demonstrates the
early rise 1n the serum beta-globulin of sham-operated amimals and the greater
nse obtamed m successful parabiotic pairs  The numerals on the curves indi-
cate the maximum absolute concentration of the particular component at the
various ages analyzed
The electrophoretic concentration of the serum albumin and beta-globulin
(1n absolute amounts) fractions obtained by pretreatment and posttreatment of
parabiotic animals with the alpha-globulins 1s shown in FIGORE 2  The base
line obtained from single ammals and successful untreated parabiotic pairs,
also shown, serves to emphasize the deviations that occur with the treatment
Tt should be noted that the absolute amounts of serum albumin of the expen-
mental animals are higher than those found 1n the successful untreated para-
bionts, but lower than those obtaned 1 single ammals of the same age The
serum beta-globulin titer of the experimental animals, on the other hand, 1s
greater than the single animal level and less than that of the successful untreated
parabionts
Ficure 3 demonstrates the results obtained from the experimental use of the
other fractions on the serum albumin and beta-globulin levels The titers
obtamned at the vanous ages for single ammals serve as a base line  The ex-
perimental group posttreated with gamma-globulin exhibits the only definite
ncrease 1 the serum albumin above the control level It may be significant
that its serum beta-globulin titer 1s almost equal to the single control level
Based on the survival of the experimental parabiotic paurs, 1t did not give the
best results, as only a 40 0 per cent survival rate was obtamed Injection of
albumin (plus alpha;-globulin) 1mmediately following parabiotic union gave
this experimental group a 500 per cent survival rate The serum albumin
level of this last experimental group was somewhat below that found for the
single animals, and 1its serum beta-globulimn level 1s found to be the next highest
of all experimental groups It must be noted that these divergent effects n
the albumin and beta-globulmn levels resulted in only 20 0 per cent successful
pairs for the postgamma-globulin treated ammals and 30 0 per cent success
n the parabotic pairs posttreated with albumin (plus alpha;-globulin) The
most successful treatment was achieved by the pretreatment of prospective
parabionts with alpha-globulins and resulted 1 almost 40 0 per cent successful
pairs and over 50 0 per cent survival rate  Reference to FIGURE 2 will show

that the serum albumin of these experimental pawrs was below the control level
and the serum beta-globulin well above the single level
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Discussion

It 1s apparent from the data given that treatment with the globulins has a
definite and discernible effect upon the survival of animals placed in parabiosis
Purified rat albumun, if mjected peritoneally 5 times before surgical union of
littermates, will termmate in the death of all of the parabionts in about 2 weeks
The same component 1n the same dosage, given following parabiotic union, will
result 1 30 0 per cent success and a total of 500 per cent survival Beta-
globulm fraction injected prior to parabiotic umon will give no successful pairs,
and less than 50 O per cent will survive  The same component injected follow-
ing parabiosis will facihtate the survival of 50 O per cent of the pairs, of this
total, 20 0 per cent will be 1n successful parabiotic union  These findings sug-
gest that the same component has different effectsupon the organism, dependent
upon the time of 1ts admimstration

Albumin (plus alpha;-globulin) fraction has an entirely different effect (based
on time of administration) upon survival of surgically umited ammmals If
given as a preconditioner, there 1s a total survival of 54 5 per cent and, of this
percentage 18 0 per cent will be n successful union When this same compo-
nent 1s injected following parabiotic unon, the total survival rate 1s only 300
per cent, and all of these pairs are in successful parablosis  This group differs
from the lethal effects of preconditioning with purified albumin i that the
majority of the ammals did not die until the third to fourth week of union
This finding again emphasizes the necessity of timing the injection of the
material and also the beneficial effects derived from the presence of the alpha-
globulins

Following the observation that the time of the mjection as well as thematenal
injected were of importance, a series of amimals was subjected to alpha-globulin
mjections In the first group of 11 pairs of pretreated littermates (of which
one pair was a male/female pair), 4 pairs went into successful union, and 2 pairs
separated spontaneously, giving a survival rate of 54 5 per cent  The male/fe-
male pair was found among the 36 3 per cent 1n successful parabiosis Pre-
treating 2 different litters born 2 days apart with the same matenals and
methods, and uniting these nonlittermates resulted m 80 0 per cent survival
and 30 0 per cent successful pairs Injection of the alpha-globulins following
Parabiosis of littermates showed a 54 5 per cent survival rate, but only 18 0
per cent were 1n successful parabiosis The relatively high survival rate and
the number of successful parabiotic pairs suggest that the alpha-globulins so
condition the recipients that the low survival rate of untreated pairs 1s defimtely
enhanced The contrast of 23 2 per cent survival and 9 3 per cent successful
Parabiotic pairs n untreated animals, and the maximum of 80 0 per cent sur-
vival and as high as 36 3 per cent successful pairs in the treated experimental

group makes this conclusion tenable
The effects of treatment with gamma-globulin are mteresting and should be
pursued further Pretreatment with this globuhin results 1n 42 8 per cent sur-
;’ngli);hcerefgs u’illictlon following parabiotic union results 1 a survival rate of
en € perc
treatments was 15 o End ggtgii roi :.Efcessful pairs derived from the respective

Another facet of the problem that will bear further investigation was the
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tinuing parabiotic unmon results 1 significant mcreases in the serum beta-glob-
ulin levels of these animals
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finding that the female animals appear to have greater resistance to parabiotic
death and more often go nto successful union than do the male animals  Of
the 124 eaperimental pairs reported 1n this paper and the 43 untreated pairs,
90 pairs were male and 77 pawrs were female  The male/female pair 1s included
n the male group  In the untreated group, only 3 7 per cent of the males and
18 7 per cent of the females went nto successful parablotic union In the ex-
perimentally treated group as a whole, 6 4 per cent of the males and 12 1 per
cent of the females resulted 1n successful unions

The processes by which the mnjected alpha-globulins exert their amehorating
effect on the animals prior to parabiotic union are unknown to this investigator
A recent paper by Darcy? produces evidence that a substance normally present
in the blood serum of rats and associated with the alpha-globulin fraction 1s
increased five- to tenfold during the repair of tissues in wound healing or during
rapid growth of tumors 1n these animals  The present mnvestigation has dem-
onstrated by free electrophoresis that the serum of sham-operated and para-
biotic animals contains a significant increase 1n the beta-globulin fraction It
may be that the same substance 1s implicated 1n both mstances Under the
free electrophoresis conditions of this mvestigation, it migrates with the beta-
globulm, while mn Darcy’s experimental set-up of gel electrophoresis 1t travels
with alpha-globulins  The consistent finding of similar electrophoretic response
mn both wound healing and parabiosis seems to indicate that there 1s some vahd-
ity to this proposal

Of material consequence to this problem 1s the suggestion by Cohn'® that the
foreign antigen (death resulting from albumin and globulin treatments would
suggest an antigen effect) may be considered as “an extracellular regenerated
filter that prevents antibody from reaching the circulation or an intracellular
inhibitor 7 The data presented in this paper suggest further that the alpha-
globulins abrogate the homograft rejection reaction by blocking the capacity
of the nucleoproteins to form antibody-producing active antigens Alterna-
tively, the alpha-globulins may mobilize the entire antibody-forming capacily
of the organism and prevent the homografted tissues from eliciting any further
response

Summary

(1) Parabiotic union 1s utihized as a method of testing homograft tissue tol-
erance Death of one or hoth amimals of the union or spontaneous separation
can be attributed to mntolerance of the orgamisms to the homografted tissues

(2) Untreated albino rats placed into such parabiotic union show a survival
rate of 25 0 per cent  Of the total unions, 15 7 per cent separate spontancously
and 9 3 per cent go into successful and tolerant union

(3) Pretreatment of these animals with the alpha-globuln fraction of rat
serum results 1n a survival rate of over 60 0 per cent, with 33 0 per cent of the
total group 1n successful parabiosis

(4) Other fractions of the blood serum have varying effects upon survival
and successful union of these animals, dependent upon the material itself and
upon the time that 1t 15 introduced mto the ammals

(5) Wound healing 1 sham-operated animals and 1n the presence of con-
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Ficure 1 The altered behavior of 2-day and 15-day primary and secondary homograft
on tllle same host, compared to controls chicks previously injected with blood from skin donor

vival of the primary graft m spite of slough of the secondary graft In this
situation the supposedly tolerant host i1s obviously not tolerant to the same
degree to 2 grafts from the same donor The reaction occurs first, not n the
graft that has been m place the longer tume, but 1n the graft that has been
place the shorter time The suggestion 15 very strong that there are different
components present 1n the 2 grafts despite their origin from the same indiviudal
Host tolerance alone does not adequately explam the alterations in the reactions
that occurred

Another group of experiments mvolving tolerance induced by the method of
embryonic blood transfusion indicated that, contrary to the hypothesis held by
most mvestigators, induced tolerance 1s not at all entirely individual speafic
Thus, contrary to experniments reported by Billingham ef ol 4 we have found
that, if a group of chick embryos of one breed are given a blood transfusion with
blood from a chick embryo of another breed and at hatching are subjected to a
skin homograft from a different donor than the blood donor, but of the same
breed as the blood donor, the homografts will survive i an mcidence approxi-
mately threefold that found in controls (F1GURE 2) Admittedly, the incidence
15 from one half to one third the incidence that occurs when the blood and skin
donor are the same A similar situation obtains when the transfusion consists
of blood pooled from 4 to 8 embryos of the same breed as the skin donor The
mitial incidence of graft survival n this situation 1s 5 to 10 times that in un-
treated controls (that 1s, through the first 10 weeks postgrafting) The (final)
ncidence of survival finally drops to only twice that found m the controls
A further experiment has damaged the theory that tolerance under these ex-
penimental conditions 1s individual specific When the embryonic transfusion
consisted of blood from one breed of chicken to another (interstrain trans-



UNEXPECTED MANIFESTATIONS OF INDUCED TOLERANCE TO
SKIN HOMOGRAFTS IN THE CHICKEN*

By Jack A Cannon, Paul I Terasaki, and Willam P Longmire, Jr
Department of Surgery, University of Calsfornia Medical Center, Los Angeles, Calsf

Our study of the homograft problem has involved, for the most part, a
scrutiny of the behavior of skin homografts in the chicken under a large varety
of experimental conditions Some of our experiments have yielded either data
that we find difficult to interpret in terms of the hypotheses offered by others
or have given nise to confusion 1n our minds because of difficulty n formulating
satisfactory hypotheses to allow interpretation of the findings

It 1s the purpose of this paper to present some of the problems that have
arisen 1n the hope that others may be helpful 1n supplying satisfactory explana-
tions In presenting these data, a mmimum of experimental and technical
details will be discussed and an attempt will be made to present the essentials
of each problem 1in summary form The material and methods used have been
reported elsewhere,! 2 and details of other experiments will be published ?

Our basic principle 1n studying this problem 1n the chicken has been to mnvolve
relatively large numbers of subjects and to follow the grafts that survive for
long periods of time By this means we believe our results have statistical
significance and a relatively high degree of accuracy and reliability

The first point of confusion that we have encountered lies in the behavior
of homografts obtained by simple interchange of skin squares between one-day-
old chicks of different breeds The incidence of eventual permanent take 1s
low but, 1n those chickens bearing a healthy homograft, successful repeat homo-
grafts from the same donor are rarely if ever obtamned This situation appears
to exist to a greater or less degree even when the experimental subjects have
been subjected to induced tolerance by embryonic cross-transfusion of blood
We are unable to explain the take of such homografts, while second homografts
are sloughed, on the basis of a central failure of the host’s immunological mech-
amsm alone  We believe strongly that graft adaptation must be an additional,
prominent factor

A second experiment that appears to us to require more than the present
theory of tolerance for a satisfactory explanation 1s as follows Chicks that
have been subjected to embryonic cross-transfusion are homografted at 2 days
posthatching  The homografting 1s repeated between the same pairs at 15
days posthatching  The 2 homografts are then observed until reaction occurs
and the results compared with singly grafted but cross-transfused controls
The long term result 1s that neither the 2-day grafts nor the 15-day grafts sur-
vive 1 as great an mcidence as do singly grafted controls (FIGURE 1) In
addition, the survival mcidences of 2-day compared to 15-day homografts are
definitely not the same on a given chick Invariably, when a reaction occurs
the 15-day graft 1s sloughed first  Thus there 1s a significant mcidence of sur-

. rted 1n this paper was supported 1n part by Grant RG-4388 from the Na-
uO;m‘:ﬁg{g g? Health, Public Health Service, Bethesda, Md
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FiGure 3 Behavior of various adult blood cell fractions in mnducing tolerance i the

chick survival of adult skin homografts on chicks previously injected with adult cells from
homograft donor

PER CENT OF CHICKS WITH SURVIVING HOMOGRAF TS

sisted of multiple centrifugation and resuspensions of adult chicken blood so
that four main fractions were obtamed the serum, the RBC, the upper layer
of the buffy coat, composed mostly of WBC of the lymphocytic and monocytic
series, and the lower layer of the buffy coat, composed mostly of polymorpho-
nuclear leukocytes In addition, an adult chicken bone marrow suspension
was prepared The results of using these fractions n inducing tolerance were
surprising to us (FIGURE 3) As would be expected, adult chicken serum had
no effect We did find, however, in complete contradiction to Bilingham’s
experiment? that the RBC suspension was far and above the most effective
cell suspension of those tested in inducing tolerance Imtially, 100 per cent of
the adult skin homografts sustained a healthy take for 6 weeks There was
then a relatively abrupt fall to a permanent incidence of about 35 per cent
Next m order of effectiveness was the adult bone marrow suspension that was
effective 1 100 per cent of the grafts for 3 weeks By the end of 12 weeks,
however, the permanent graft survival had dropped to about 15 per cent  The
cells n the upper layer of the buffy coat (lymphocytes) permutted a 15 per cent
survival of the homografts for 10 weeks, but the permanent incidence of take
then dropped to about 8 per cent The cells 1n the lower layer of the buffy
coat produced an mcidence essentially the same as the adult skin controls in
that no grafts survived beyond 8 weeks It should be remembered that we
have found that adult skin and 1-day-old skin behave very differently when
placed on 1-day-old hosts?” Whereas the 1-day-old skin mvariably gives a
permanent incidence of healthy homograft survival of about 10 per cent, adult
skxIn gtralfts never survive significantly beyond the sixth week ’
nitial evperience with adult whole blood transfusions into <

showed a much higher mortality to the embryos than when tmlc)};)lri)};nin}lgtl)zg
was transfused It quickly became apparent that the cells mn the buffy coat
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Ficure 2 Graphic summary of experiments indicating the nonspecificity of tolerance 1n
the chick survival of shan homografts from blood-donor and nondonor birds

fusions) and when, 1 addition, skin was grafted from chicks of the same breed
as the blood recipient (intrastramn grafting) it was quite apparent from the
results that the interstrain transfusion induced 1n the recipient a sigmficant
degree of tolerance to the intrastrain homografts

With regard to the above experiments, 1t 1s pertinent to mention that the
nonspecific tolerance obtained does not seem to be 1n any way related to inbreed-
ing or shared antigens, since control animals from all groups involved invarably
show no evidence of relationship when subjected to skin homografting at two
weeks of age  One other constant finding, which we have noted 1n all of the
thousands of chick grafts we have performed, 1s the absence of signs of com-
patibility between the chicks of a pair that are cross-homografted Permanent
take 1n both homografts of a pair 1s almost never encountered The 5 to 10 per
cent permanent mcidence of take m the Danforth preparations® and in the
Billingham preparations® is almost varably comprised of an madence of
homograft survival in one member of the pair rather than m both

In the course of the work it became apparent that the use of embryonic blood
donors for inducing tolerance imposed limitations with regard to the amount of
blood available, possibilities as to fractionation, and the required survival of
the donor We became ncreasingly interested in determining the comparable
behavior m tolerance mduction of the various blood cell fractions Conse-
quently 1t was necessary to turn to the adult chicken as the blood and skin
donor One of us (P IT) concerved and conducted a group of experiments
under these conditions, the results of which we find both confusing and provoca-
tive Details of these experiments will be reported elsewhere
The work of Billingham ez al 4 has mdicated that red blood cells (RBC) are
not effective in mnducing tolerance 1n the chicken and that the white blood cell
(WBC) fraction 18 the most effective 1n this influence  Our experiments con-
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Most fascinating to us was the finding that the lower layer, or polymorpho-
nuclear fraction, of the buffy coat of centrifuged adult chicken blood was not
only effective m our hands 1n producing tolerance (as judged by permanent
homograft survival) but was also highly lethal to the embryo This phe-
nomenon may constitute another mamfestation of homologous disease, the
appearance of which has been so discouraging to hopes for clinical applications
1n this problem  The fact that this lethal effect can be abolished by washing
the cells at room temperature may be a clue to some aspect of the cause of the
homologous disease phenomenon If cells are available that can induce tol-
erance but are free of the taint of homologous disease, perhaps our clinical hopes
may be allowed shght rejuvenation

The motivation i the direction of the research 1n our laboratory 1s basically
climical 1n nature At the present time, given a choice between finding a prac-
tical chimcal apphcation of homologous transplantation and further purswit of
an understanding of the basic nature of the reaction, we should undoubtedly
choose the former As chimcians we must proceed on the premise that the
homograft problem actually can be solved for clinical application, or our efforts
m the field are hardly justified Consequently we feel that the basic question
that must be answered concerns the matter of whether tissue specificity 1n terms
of homotransplantation is alterable

Although there 1s an overwhelming amount of evidence that tissue specificity
1s under genetic control 1n the absence of experimental mtervention, we cannot
help but conclude that there 1s evidence (including some of our own work) m
favor of the alterability of tissue specificity We also believe that a major
argument for this premise 1s seen 1 the most common experiment that nature
constantly performs, namely, the homografting between sperm and ovum,
which seems to occur with a relatively high mcidence of success Nevertheless,
1t seems that there are two schools of thought with regard to the nature of tissue
specificity  One school intimates, without complete proof in our opinion, that

tissue speaficity factors are under complete control of genes and that, con-
sequently, alterability 1 the individual may well be impossible, since tissue
specificity factors are built into each cell of the mdividual from the time of the
first cell division of the fertiized ovum  The other school 1s composed of pupils
who, for the most part, are confused as to mechanisms and explanations but
who, as a group, believe that tissue specificity may be a factor that 1s added to
the tissue as the individual develops The alterabiity m the embryo and
infant with regard to tissue transplantation 1s an established fact, although 1ts
mechanism 1s far from explamned ~ Alterability in the adult involves, at present,

major destructive forces and 1s attended by other major problems such as
homologous disease as a price for limited success

Summary and Conclusions

(1) Certain groups of experiments, the results of which were either unexpected
or in disagreement with similar work by others, are briefly presented

(2) Evidence 15 presented to indicate that at least the tissue spectficity
charactenstics i the skin of 2 newly hatched chick are less distinctive and more
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of adult blood were responsible for this mortality. Embryos mjected at the
tenth to twelfth day of mcubation were seen to continue normal development
until the eighteenth or nineteenth day of incubation and then to succumb
Autopsy of these embryos showed only one abnormality a marked hypertrophy
of the spleen that showed normal splenic structure on histological examimation
This toxic factor was found to exist only n the adult WBC found 1n the lower
layer of the buffy coat, the mortality mnduced averaged about 80 per cent in
the dosage used The autops.ed embryos mvariably showed only the one
abnormality, namely, marked splenic hypertrophy This lethal effect found
1n these lower-layer WBC could be abolished by washing 1n saline at room tem-
perature, 1t was preserved in spite of washing the lower-layer WBC 1n saline
at 10°C  The buffy coat of embryonic centrifuged blood, whethes of the upper
or lower layer, 15 nontoxic to embryos in the same dosages as those used with
adult cells Very recently Simonsen® has published a study of such sple-
nomegaly produced by mjection of adult spleen cells and leukocytes

Discussion

The results of the first two groups of experiments mentioned above indicate
to us very strongly that host tolerance to a given homograft 1s only one major
factor in determining graft survival It would appear obvious that the tissue
specificity constituents of the homograft are at least of equal importance
These experiments seem to necessitate the conclusion that tissue specificity
factors 1n a given imndivadual undergo definite alterations during the maturation
of that mdividual Apparently, under the conditions of these experiments,
graft adaptation 1s a factor in the continued survival of these homografts

The third group of experiments concerning the nonspecifiaity of induced
tolerance may call for a basic alteration of the theory of tolerance as origmally
put forth by Bilingham e a/* We tend to interpret these results as indicating
a progressive maturation of both the antibody-producing mechanism and the
constituents that are capable of provoking an immune response 1n another ani-
mal During the process of development and differentiation of the individual
1t would seem that tissue specificity factors may well differentiate according to
the same progression that occurs in other components of the organism, being
more labile and less narrowly determinate n earlier than in later stages Thus
complete individuality in terms of completely crystallized tissue specificity may
not be present mn the chick until about the fourteenth day after hatching

We consider the final group of experiments on induced tolerance i which
adult blood cell fractions were used to be most provocative In the first place
our results agamn appear to be mn direct contradiction to those of Billingham
¢t al 4 m that we found adult RBC to be by far the most effective mn imnducing
tolerance We are not surprised that RBC are effective under these circum-
stances since the RBC of the chicken are nucleated It will be noted further

that a relatively permanent degree of tolerance was apparently produced by
these adult cells which, according to present knowledge, have a life span of not
more than 20 to 30 days and definitely do not have the capacity of reproducing
ell division  Consequently, the notion that cell chimerism 1s a necessary

by ¢ nduced tolerance cannot apply 1n this experiment

prerequisite for 1
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Most fascinating to us was the finding that the Jower layer, or polymorpho-
nuclear fraction, of the buffy coat of centrifuged adult chicken blood was not
only meffective m our hands i producing tolerance (as judged by permanent
homograft survival) but was also highly lethal to the embryo This phe-
nomenon may constitute another mamfestation of homologous disease, the
appearance of which has been so discouraging to hopes for clinical applications
i this problem  The fact that this lethal effect can be abolished by washing
the cells at room temperature may be a clue to some aspect of the cause of the
homologous disease phenomenon If cells are available that can mduce tol-
erance but are free of the taint of homologous disease, perhaps our clinical hopes
may be allowed shght rejuvenation

The motivation i the direction of the research m our laboratory 1s basically
chinical 1n nature At the present time, given a choice between finding a prac-
tical clnical application of homologous transplantation and further purswit of
an understanding of the basic nature of the reaction, we should undoubtedly
choose the former As chnicians we must proceed on the premise that the
homograft problem actually can be solved for clinical application, or our efforts
m the field are hardly justified Consequently we feel that the basic question
that must be answered concerns the matter of whether tissue specificity 1n terms
of homotransplantation 1s alterable

Although there 1s an overwhelming amount of evidence that tissue specificity
1s under genetic control 1n the absence of experimental intervention, we cannot
help but conclude that there 1s evidence (1ncluding some of our own work) in
favor of the alterability of tissue specificity We also believe that a major

argument for this premise 1s seen 1n the most common experiment that nature
constantly performs, namely, the homografting between sperm and ovum,
which seems to occur with a relatively high imncidence of success Nevertheless,
1t seems that there are two schools of thought with regard to the nature of tissue
specificity  One school intimates, without complete proof in our opinion, that
tissue specificity factors are under complete control of genes and that, con-
sequently, alterabihty mn the individual may well be impossible, sice tissue
specificity factors are built into each cell of the mndividual from the time of the
first cell division of the fertiized ovum  The other school 1s composed of pupils
who, for the most part, are confused as to mechanisms and explanations but
who, as a group, believe that tissue specificity may be a factor that 1s added to
the tissue as the individual develops The alterability in the embryo and
infant with regard to tissue transplantation 1s an established fact, although 1ts
mechamsm 1s far from explained Alterability 1n the adult involves, at present,

major destructive forces and 1s attended by other major problems such as
homologous disease as a price for limited success

Summary and Conclusions

(1) Certain groups of experuments, the results of which were either unexpected
or in disagreement with similar work by others, are briefly presented
(2) Evidence 1s presented to indicate that

at least the tissue specificity
characternstics 1n the skin of a newly hatched chick are less distinctive and more
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subject to alteration than the skin of the same individual once immunological
maturation has occurred

(3) Evidence 1s presented showing that induced tolerance 1s not exclusively
mdividual speafic

(4) Evidence 1s presented that indicates that (a) adult chicken RBC are
highly effective 1n inducing tolerance, (b) that adult chicken WBC are not,
and (c) that adult chicken polymorphonuclear leukocytes contain a factor,
removable by washing 1n saline at room temperature, that s highly lethal on
the eighteenth or nineteenth day of incubation when injected into chick embryos
on the tenth to twelfth day of incubation The only abnormality shown by the
dead embryo 1s splenomegaly

(5) The implications of these data in relation to the nature of the homograft
reaction are discussed
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