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FPREFACE

The Isterature in the field of microbiology it replete with exomples of the ever
snereasing ymportance of viruses as causes of infectious diseases Since the
recent introduction of quantstative tissue culture methods for she desection of
waruses, there has Seen o constant flow of papers desenbing new micro-orgn-
misms the hsting and clossification of ichich huve not yet been completed
Improved methods are beng developed 1o further our understonding of famliar
varuyes os well o9 of those recently discovered. In many instances 1nestigatars
ore undecrded a3 10 whether a now virus should be connidered @ harmless para-

site or & pathogen, and, vf the latter, whether it 4s the aglm of 1t~ orgnew
wnfectious disease Medxmu has srre . h agents
are beinp vour . . . - PIRETA

Tom - . =t =,y trogressin Medical Virology™
wsberng # 3w new tnternationol series Itullinclude surveys thateill
corer enologic, ds ic, epidemtolagic as well ar basee laboratory aspects of

warology Firology 1o langer can be regarded only as adjunct of mucrobiolegy
and climical pathalogy, for 1t has developed nta a sctence of sis osem. Those teho
learn the discrpline of this scrence wall find that through 1 they may probe
inta ather areas, wnto studies of cells in the whole antmal and in fisssie culture,
anto studies of genettes, and wato studies of cancer.

The E:)xlun consider themselves fortunate ta have secured the collaboration
of teho Havs contrebuted much o recent developments
n wrology sn different pons of the warld. Thus each contribution provides a
reliable survey af a current development We sincerely hops that she * Progresy
11 Medical Varology™ will prave useful not only fo our colleagues But also to
others snterested 1n this field.

We are indebted 1o our Publushers and especially to H, Karger, Ph, D.,
M. D. (hon ) for hrs help and suppart of ths series

E.Berger Joseph L. Melnuck
Basel, Swwzerland Houston, Texas, USA
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PREFACE

La hutérature actuelle démontre Pimportance toujours plus grande attribuse
aux virus dans Pénologre des maladies infectieuses, Depuis U'introduction des
méthodes quannitatives d’explantation tissulasre des travaux toujours plus
nombreus ont enricht nos connaissances sur de nouveauz microorganismes,
dont la description et la classification sont loon d'éire termindes, Le perfec-
tionnement constant des méthodes de travail permet en outre une différenciation
plus pussée des virus connus et la découverte de nouvelles espices. Dans ces
condutrons le chercheur est souvent indécis pour décider st un nouveau virus doit
étre considéré comme un parasite sans importance ou s'tl représente l'agent
pathogins d'une maladie infectreuse déd connue ou celur d'une nouvelle ma-
ladie, La médecine parast entrer dans une nouvelle phase, du moment que
Ies agents pathogines sont souvent reconnus avant les enfiis morbides qu'ils
déterminent

C’estdans le but de metire & la dispositton des chercheurs des revues générales
annuelles que les «Progrés en Virologie medicales sont publiss, Cette nouvelle

based fe des études d”
et sur les méthodes de mwnul en
virologie. La virologue, en effet, ne peut plus étre considéré comme un appendice
de la microbiologie ou de la biologie médicale, elle est devenue une branche
nouvelle des sciences médicales. Elle a ouvert de nouveaux chemins  Pétude
des cellules dans Porganisme-méme et en dekors de celur-ci, ellea permu égale-
ment d’approf matidre de génétig

Les édveurs sont heureux d’avorr obtenu la mllubomnan de ch!nhtun‘
renommés dont les propres travauc ont contribué de fagon décisive au déve-
loppement de la viralogie, c’est pourquou le lecteur trouvera dans les volumes
annuels des travaux correspondant aux plus hautes exigences Nous espérons
que les « Progrds en Virologre médicales seront uniles & nos colligues taut comme
& ceur quy, de prés ou de loun, S'intéressent au développement de Pétude des virus

Nous tenons & remercier les sduteurs, et Pnu :pécmlemem Mr. H. Karger,
Dr.ph ,Dr med h,c.,davorr

E. Berger Joseph L. Melmich
Bile, Sutsse Houston, Texas, USA



VORWORT

Dre einschldgige mikrobiologische Luteratur ist voll von Beispielen uber die
zunehmende Bedeutung der Viren als Ursache von Infektionskrankheiten. Die

Eunfubrung der quantitativen Gewebekulturmethoden bes dem Nachiceis der
Viren liste eine Flut von Arbeiten mut Angaben aber newe Mikroorganismen
aus, deren. Eintelung und Katalogisierung noch unvollendet 1st, Infolge der

standigen Verbesserung der Nachwersmethoden werden bekannte Viren scharfer
differenziert und andere Viren neu entdecks. Daber stdsst die Beantwortung der
Frage, ob etn Virus als exn harmloser Parasit oder als ein Erreger einer Infek-
tonskrankhett 1t quahifimeren tst, haufig auf Schwierigheiten. Als weitere Folge
der Entdeckungion Viren ergab sich, dass neue klinische Einheiten zusammen-
sufassen sind.

Die letzten Ergebnisse rIer Virologie sollen in den jahrlich erscheinenden
Banden «Fortsch der hen Virologies g It swerden, welche
als ein neues int ionales Publikati heinen werden. Dieses dient
der laufenden Ubersicht, in welcker dieAtiologie, Diagnose und Epidemiol
sotcte die Laboratoriumsmethoden der Virologie zur Darstellung gelangen.
Be der Auswahl der Themen liessen sich die Herausgeber von dem Gedanken
lexten, dass die Virologie heute nicht mehr ein blosses Teigebiet der Mikro-
biologre und klmischen Pathologie darstellt, sondern einen selbstandig ge-

Ziceig der Wi haft Er hichte auf newen Wegen das
Studsum der Zellen ym O und in der Gewebekultur, sowe ein tieferes

Eindringen in die Genetik und die Wachstumsvorgange des Krebses.

Die Herausgeber waren in der glucklichen Lage, fihrende Forscher als
Mutarbester zu gewinnen, die durch exgene Studien zu der neuen Enticicklung
der Virologre bergetragen haben So besteht die Gewdhr, dass die Beitrage dem
letzten Stand der Wissenschafi entsprechen. War hoffen daher, dass die ¢ Fort-
schritte der medizimschen Virologies nicht nur den engeren Fachkollegen,
sondern allen virologisch interessierten Kreisen von Nutzen sein werden,

Wir sind dem Verlag und insbesondere Herrn Dr. Dr, med. h, c. H. Karger
Sfur acertrolle Ratschlige und alle Hilfe zu Dank verpflichtet.

E.Berger Joseph L. Melnick
Basel, Schueiz IHouston, Texas USA
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NUCLEIC ACID AS THE CARRIER
OF VIRAL ACTIVITY

By JOEN S. COLTER

The first example of a direct biological activaty of 2n 1solated nuclerc
acid was the demonstration thatbactenal deoxynbonucleic acid (DNA)
could transmit a specific biological property possessed by the donor
stran to a susceptible strain not possessing that property. This
phenomenon of transformation has been the subject of recent reviews
by Horcmesss (24, 25) while Zamexaior (46) has discussed the chemi-
cal and physical properties of the f les. It 1s
believed that the transfonmng ﬂeotyﬂbonucleates contam biclog-
cally specific entities equivalent to bactenal genes, and it has been
shown by Leraa (26) and by Fox (10), using P22, that the number
of cells fe d 1s directly prop 1 to the quantity of trans-
forming DNA mcorporated imnto cells of the receptor strain.

Ribonacleic acid (RNA) has long been implicated as the key subs-
tance in protein synthesis. The status of this question has been sum-
manzed by CEANTRENNE (4) and by BRACHET (2), and more recently
has been the subject of a comprehensive review by SPIEGELMAN (41).

1 Varalogy, VoL 1
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1 n and carbol Hlorobenzoyl, and
henzencnulfunyl ehl\mdcs Both groups found that extensive substitu~
tion of the amino, phenol and indole groups could be effected with no
resudtant Joss in infectivity, MiLLER AND STANLEY (30) estimated
that up to 70 per cent of the amtno groups and from 19 10 20 per cent
of the phenol and indole groups of the virus could be substituted
without a decrease of sctivity, Of equal significance was the observa.
tion that the progeny produced by the infection of 1obacco leaves
with these derivatives were identical with normal TMV. These

workers, had they p g the logy of today’s i
gt Tearenably have contluded that the protein moiety e( ™Y
played bttle part in the ission of genetse 1nf

The next signify inthe ing eflacts to dc(‘me
the roles of TMV protein nml RNA came with the observation by
Scuraxst and cowarkers (32, 37, 38) that at a pH sbout 10, TMV
dinntegrates to yield protein particles with a molecular weight of
about 90,000, They demonstrated further that these protein particles
(A protexn) could be made to reaggregate helow pH 6.0 to give rise
o rods of the same shape and size as TMV. All attesapts to demon-
strate anfectivity of these protein rods were unsuccessful (32, 38). It
nnghl be noted here that this iy the one area in which there is no

between the g of TMV. All agree
(hal 1he A protein, by itaelf, is noninfectious.

More detmiled studies of the alkalne degradation of TMV by
ScrramMy £7 AL, (37) revealed that when the virus was exposed to a
pH of 10.3 for a short penod of time, a muxture of A protemn, RNA
and nucleoproteins was obtamed, These nucleoproteins had molecular
weiphts intermediate between that of TMY and of the A protein, gnd
contained a higher percentage of RNA than did the ntact virus
particles, In ¢ graphs of suth S and
his collaborators observed rods of TMV with gaps where only a
thin filament of RNA could be scen (37). Protein fragments with a
central hole were also found in the mixtures. These findings were
confirmed by similar investigations of Yaxt (20).

From these observations, TMV was pictured as a protein shell
around a central core of RNA. That this picture is somewhat gver-
eimplified {s evident from the X-ray diffraction studies of FRANKLIN
(15). These studies provided strong evidence that 1n the intact virns
partscle, the RNA does not bie very close to the particle axss, but is
deeply embedded in the virus protein. FRANEUN concludes that the




2 CoLTER, Nucleic Acid as the Carrer of Viral Activity

The purpose of the present review is to summarize available in-
formation regarding still another biological praperty of nucleic acids,
namely, the infectivity exhibited by viral nucleic acids. Activity in
this rapidly developing area of research has been stimulated in large
measure by the work of investigators at the Max-Planck-Institut fur
Virusforschung in Tiibingen, Germany, and the Virus Laboratory,
University of California, Berkeley, Cahfornia, U.5.A. An attempt will
be made here to summarize the extensive 1nvestigations which have
been carried out on the tobacco mosaic virus (TMV), Studies of
mammahan viruses, which received their impetus from the develop-
ment by the Tubingen group of a new technique for the isolation of
RNA, will be desenbed and, finally, lnglxly suggesnve if not definitive
studies with b ioph will be

Experiments with Tobacco Mosaic Virus- Infectivity of TMV Ribonucleie
Acid, and the Phenomenon of Reconstitution

It is proper that a review on the infectivity of viral nucleic acids
should start witha d ion of the ive investigations on TMV.
It is proper not only because the work has provided the basis for
studies on the infectivity of other viral nucleic acids, but because
with this virus alone has 1t been possible to state unequivecally that
the infecti nucleic acid d rated was obtained from jntact
virus particles. Since TMV was first obtained in a pure state by
STANLEY in 1935, investigators have had at their disposal an elegant
system for studies of the role of nucleic acids in the process of viral
multiplication. Not only can the virus be obtained in a pure state,
but it can be obtained in quanuty, makmrv it a system ideally suited
to the 1 of biological with molecular structure.
These are ad ges not g \i} ilable to workers in the field

of mammalian viruses.

The first investigations on purified TMV were concerned with the
function of the protein part of the virus. In the light of present
k ledge it is easy to grize that the eatliest studies, performed
in the laboratories of Schramm and of Stanley, indicated the centzal
role played by ribonucleic acid in the repheation of this agent.
Scnrasy AND MOLLER (33, 35) and MILLER AND STANLEY (29, 30}
prepared a number of derivati of TMYV, including those Iting
from reactions between the virus and ketene, phenyhsocyunatc,
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These preparations were chown to be inactive when tested se-
parately at concentrations up to 1800 and 52 y/ml of pratein and
RNA respectively, However, when 1 per cent solutions were mixed in
the proportion of 10 parts protein to 1 part nucleic acid and incubated
at 3°C. for 21 hours i the presence of acetate or phosphate buffer,
pH 6.0-7.0, nucleoprotein particles camying virus achvity were
formed. It was possible to dilute the mixture and assay directly. The
more common practice was to separate the nucleoprotein by ultras
centrifugation, to redissolve the pellet (which contained most of the
proten and 40-60 per cent of the RINA) and remove traces of insoluble
materal by centnfugation before testing. Assays performed in Nico

trana gl plants d d that the nucl i Paﬂlcles
produced lesions at of 10-100 y/m! which weze in-
distinguishable from those produced by TMV at a of
0.1 y/m!.

The formation of active particles could not be shown when more di-
lute solutions of protein and nucleie acid were mixed, or when the com-
Plete reaction mixture was diluted 10-fold 1 minute after the addition
of the buffer which trggered the aggregation. The capacity of the
nucleic acid to give nise to infectious particles when mrced with the
protein preparation was lost if it was first treated with ribonuclease
(RNAse) or merely held for several weeks at 3°C. and pH 5.0.

Electron microscope studies of the protein and nucleic acid prepa-
rations and of the nucleoprotein particles formed from them proved
luminating, First, no TMV rods were fmmd in the protein or the
RNA when these prey were dat fon levels
30-300-fold gxeam than those at which the reconstituted particles
were assayed. In the nucleoprotem preparation on the other hand,
rods were seen which appeared to be jdentical in shape and size with
TMY except for a greater randomness 11 tength. In their most active
preparations, FRAENKEL-Conmrar Anp WitLiams (14) found that
about 1/10 of the particles, representing approximately 1 of the total
mass, had lengths close to 300 mp, the length of the monomer of TMV.

The application of HART's techauque (20) of d
followed by clectron microscope examination slio provided useful
ion about these nucl rods. They proved somewbat

wmore labile to sodium dodccyl sulfate than was TMV. However,
after 10 seconds treatmient, many vods were partly degraded and
showed a central strand of matenal protruding from the ends — a
picture remarkably similar to that obtained with TMV after a 60
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nucleic acid seen as a core in the electronmicropraphs of partially
degraded TMV is in a collapsed form.

Morze pertinent to the present discussion than an elsboration of
molecular configuration, however, was the observation made by
Scnpaxs AND COWORKERS (36, 37) that these particles which had
lost part of theit protein were still infections. The infectivity of these
nucleoprotein particles was at Jeast Y0 per cent that of the intact
virus, Similar observations were made hy Hart {21) witk TMV from
which part of the protein had been removed by bnef treatment with
the detergent Duponol L. 1t was thas clear that at least 2 part of the
virus protein is not y for infe ity, and the question of
whether infectivity could be demonstrated after complete removal
of protein became a very live issue.

Convincing evidence that this could indeed be shown was eoon
forth from Seh s lab y. However, in the interests
of a logeal development of this story, the intnguing reconstitution
expeniments of FRAENKEL-CONRAT and of Coxmoner should first be
distnssed.

Fraengel-Conrar anD WitLiaus (14) first described the forma-
tion of infectious particles from the inactive protrin and nucleie acid
components of TMV. The methods employed by these two workers
for the preparation of the 1w o comp are deccribed briefly below,

Protein component: TMV was dialyzed against pH 10-10.5 glycine
buffer (0,01 M) ox pH 10 § carbonate-hicarbonate {0.1 M) at 3°C. for
48-72 hours. Undegraded virus was sedi d by i
and the supernatant was brought 16 0.4 saturation with ammonium
sulfate. The protein alone precipitated, leaving the pucleic acid i
solution. After two additional precipitations with 0.25-0 35 d
ammonium sulfate, the protein solution was diafyzed, brought to pil
7.0~8.0 with NaOH and again subjected to high speed centrifugation.

Ribonucleic acid fraction: The virus solution (1 per cent] contaming
1 per cent sodium dodecyl sulfate was adjusted to pi 8.5 and held
&t 40°C. for 16-20 hours. The solution was then made 0.35 saturated
with respect to smmonium sulfate, and the protein whick precipitated
way d b ifugation. When the sup was refrigee-
ated ov ernight, 60 10 90 per cent of the nucleic acid precipitated and
was collected by centrifagation, 1t was further purificd by repeated
cyeles of dissolution in jce-cold water and precipitation by the addi-
tion of two volumes of ethanol plus a few drops of 3M pH 5 acetate,
A fina! ultracentrifugation remoyed any trace of intact virus.
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material was then removed by ultracentrifugation (104,500 g for
1 bour) and the resulting pellet was taken up in phosphate buffer for
assay on leaves of N, glutinosa.

The assays performed by these workers were particalarly well
controlled. The separate components were tested for activity after
treatment 1 a manner identical with the schedule employed wath
the protein-nucleic acid including the polymerization step.
In addition, protein-nucleic acid mixtures treated in an identical
manner, except for the omission of the polymerization step, were
examined for activity. Although the controls, unlike those reported
by FRAENKEL-CONRAT AND WILLLAMS, contained some infectivity,
a significant increase in infectivity was always found in the protein-
nuclerc acid pol ized by means of ium sulfate,
‘The mixtures gave lesion counts 3 to 10 times greater than the com-
bined infectivities of the control samples. As LippivcorT AnD Coy-
MONER pointed ount, it is difficult to imagine an increase in infectivity
of this magnitude to be due to chance variation in the response of
separate N. gluninosa leaves to wnfection wath TMV.

CoMMONER ET AL. (9) have reported on more extenaive studzes of
the kineties of this i and have d bed a method
which yielded particles of much higher specific activity than those
obtained 1n thetr earher studies. In brief, it consisted of adding the
protewn w small amounts, and over an extended peried of time, ta a
relatively low concentration of virus RNA disselved mn 2 medmm
(28 per cent or more ammonium sulfate) in which the protein is
relatively msolable. They reported the formation, by this method,
of reconstituted particles which approached 1/10 the infectivity of
TMV and which produced about 1000 times as many lesions as did
xhe uncombined starting materials,

g as the d d in the fore-
gomg paragraphs are, they do not go very far toward clanfying the
specific role of the nucleic acid in the process of viral replication.
Perhaps the only conclusion that can be drawn from them is that the
infectivity of TMV is a joint property of RNA and protein, and that
the nfectivity regained in mixtures of the two components results
from specific recombination of the two components into nucleo-
protew 1dentical wath the virus. More recent reconstitution expen-
ments descibed by FRAENEKEL-CONRAT, however, are much more
revealing, and brig us one step closer to the conclusion that the
nuclere acid alone carries the virus' biological actinty.
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second exp to detergent. The p ding strands disappeared
after RNAse was added.

The fact that a nucleoprotein is formed when TMV protein and
RNA are mixed is ot in jtself surprising. RNA from any source
shows a strong tendency to combine with basic proteins regardless of
their origin, The pertinent question js whether the TMV compouents
combine in some specific manner, Do they, as FRAENKELCONRAT
AxD WitLiams suggest, combine to yield particles identical or very
similar to TMV ? The answer seems to be that to some degree they do.

The nucleoproteins described by these workers contained 5-6 per
cent RNA - as do TMV particles. The electron microscope studies,
particultarly those perf d after deterg of the re«
coustituted particles, are bighly suggestive. It might be argued that
the BNA was itself infections, and the protein, merely by combining

randomly with it, protected it from destruction by tissue enzymes or
other factors, and made possible the demonstration of that activity.
However, several workers in the field of mammalian viruses have
reported that the presence of proteu — as serum - inhibited the active
ity of infectious RNA preparations. The most reasonable explana-
tion of this effect is that the active RNA was immobilized by a
nonspecific combination with one or more of the serum proteins. In
the present case, a reasovable premise 1s that the formation of in-
fectious particles requires the formation of a lugher polymer of RNA,
possibly of molecular weight 2-3 X 10%, and the fitting of this RNA
with its assoctated protewn 1n a highly specific manner. It might weil
be that ell of the TMV protein and RNA in the preparations described
by FRAENREL-CONRAT AND WILLIANS were potentially capable of
farming infectious units, but that only a emall per cent combined to
give particles with a complete RNA “core” and with the required
structural relationship between nucleic acid and protein.

Confi ion of the itutd peri of FRAENKEL-
CoNRAT AND WiLLiANS came quickly from the independent investiga«
tions of Lyprincorr ann ComvoNER (27). These workers employed
the method of Scrramst ET AL. {36) 1o isolate TMV protein, and a
modification of the method of Couex AND STanLEY (5) to prepare the
nudleic acid, The pratein and nucleic acid preparations were mixed
i diately and polymerization induced by the addition of solid

jurg sulfate to 0.4 jon. After incubation for 1-6 hour
periods at 2°C. insoluble material was removed by centrﬂ'ugafion
Jissalved in pH 7.0 phosphate buffer, High molecular weight

and
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material was then removed by ultracentrifugation {101,500 g for
1 hour) and the resulting pellet was taken up in phosphate buffer for
assay on leaves of N. glutinosa.

The assays performed by these workers were particularly well
controlled. The separate components were tested for activity after
treatment 1 a manner identical with the schedule employed with
the protein-nuclerc acid mi including the polymerization step.
In addition, protein-nucleic acid mixtures treated n an identical
manner, except for the omission of the polymerization step, were
examined for activity, Although the controls, unkke those reported
by FRAENKEL-CONRAT AND WILLIAMS, contained some infectivity,
a significant inerease in infectivity was always found in the protein-
nucleic acid mi polymerized by means of sulfate.
The mixtures gave lesion counts 3 to 10 times greater than the com-
bined infectivities of the control samples. As Liprincorr anp Coms
MOXNER pointed out, it is difficult to jmagine an increase in infectivity
of this magnitude to be due to chance variation in the response of
separate N. glutinosa Jeaves to infection with TMV.

COMMONER ET AL, (9) have reported on more extensive studies of
the kinetics of this and have d bed a method
which yielded particles of much higher specific activity than those
obtained 1 their earlier studies. In brief, 1t consisted of adding the
protein in small amounts, and over an extended period of time, to a
relatively low concentration of virus RNA dissolved in a medium
(28 per cent or more smmonium sulfate) in which the protein is
relatively insoluble. They reported the formation, by this method,
of reconstituted particles which approached 1/10 the infectivity of
TMYV and which produced about 1000 times as many lesions as did
the uncombined starting materials.

ing as the ituti described in the fore.
gomng paragraphs are, they do not go very far toward clanfying the
specific role of the nucleic acid in the process of viral rephcation,
Perhaps the only conclusion that can be drawn from them 1s that the
infectivity of TMV is a jomt property of RNA and protein, and that
the infectivity regained in mixtures of the two components results
from specific recombination of the two components wmto nucleo-
protein identical with the virus. More recent reconstitution experi-
ments described by FRAENEEL-CONRAT, however, are much more
revealing, and bring us one step closer to the conclusion that the
nucleie acid alone carries the varus’ biological activity.
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second exp to d The p strands d
after RNAse was sddcd

The fact that a nucleoprotein is formed when TMV protein and
RNA are mixed is not in itself surprising. ANA from any sonrce
shows a strong tendency to hine with basic protei; dless of
their ongin, The pertinent question is whether !hc T™MV componcms
combine in some specific manner, Do they, as FRAENEEL-CONRAT
anp WiLLans suggest, combine to yicld particles identical or very
similar to TMV ? The answer seems to be that to some degree they do.

The pucleoproteins descnibed by these workers contained 5-6 per
cent RNA - as do TMV particles. The electron microscope studies,
particularly those performed after detergent treatment of the re-
constituted particles, are highly suggestive. It might be argued that
the RNA was itself infections, and the protein, merely by combining
randomly with it, protected it from destruction by tissue enzymes or
ather factors, and made possible the demonstsation of that activity.
However, several workers in the field of mammalian virses have
reported that the presence of protemn ~as serum —inhibited the activ-
ity of infectious RNA preparations. 'The most reasonable explana-
tion of this effect is that the active ANA was immobilized by a
nonspecific combination with one or more of the serum protems. In
the present case, & reasonable premise is that the formation of in-
fectious particles requures the formation of a higher polymer of RNA,
possibly of molecular weight 2-3 x 198, and the fitting of this RNA
with 1ts associated protein in a highly specific manner, It might well
be that all of the TMV protein and RNA in the preparations deseribed
by Fraenxri-Conrat Axp WiLtiams were potentially capable of
forming wfectious umts, but that ouly a small per cent combined to
give particles with a complete RNA “core” and with the required
structural relationship between nucleic acid and protein.

Confi jon of the i i of FRAENKEL
Conaat Avmd WiLiiass come quickly from the independent investigs.
tions of LippiNcory anp CosyoNER {27) These workers employed
the metbod of Scunayst €7 AL. (36} 1o isolate TMV protein, and s
modification of the method of Congey AND StaNLEY (5} to prepare the
nuclenc acid. The xrmlem and nurlews acid preparations were mixed

ly and poly induced by the addition of solid
ammonium sulfate 1o 0 4 saturation. After incubation for 1-6 hour
periods at 2°C. insolubl fal was d b . i
and redissolved in pH 7.0 phosphate buffer, igh molecular wugh(
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materjal was then removed by ultracentrifugation (103,500 g for
1 hour} and the resulting pellet was taken up in phospbats buffer for
assay on Jeaves of N. plutinasa,

The assays performed by these workers were particularly well
contzalled. The separate compenents were tested for activity after
treatment in & manner identical with the achedule employed with
the protel lese seid , meluding the p i atep.
In addition, proteinmuclewc acid muxtures treated in an identieal
manger, except for the omission of the polymerization step, were
examuned for activity, Although the controls, unbike those zeported
by FRAENKEL-CONRAT AND WILLEAMS, contained some infectivity,
& significant intresse in infectivity was always found in the protein-
nucleic actd mixtares polymenzed by means of ammoninm sulfate.
The mixtures gave lesion connts 3 to 10 tumes greater thas the come
bined infectrvities of the control samples. As Lirprvcorr ano Con-
MONER pointed out, it is dufficult to imsgine an increase m fafectivity
of this magnitude to be due to chance variation in the response of
separate V. glutinosa leaves to nfection with TMV.

ComionER £T AL, (9) bave reported on more extensive studies of
the kinetics of this itution, and have described a method
which yelded particles of uuch higher specific activity than thase
obtamed 1 their earlier studhes. In brief, it consiated of adding the
Pprotein wa small amounts, sud over an extended period of tme, to a
relatively Jow conventzation of vires RNA dissolved sn 3 medium
{28 pex cent or more ammonium sulfate) m which the protein is
relatrvely wnecluble. They seported the formation, by this method,
of reconstituted particles which approached 1/10 the infectivity of
TMV and which praduced about 1000 times s many lesions as did
the uncombimed starting matenals,

X ing as the i 5, described in the fore-
golag paragraphs are, they do not go very far toward dardying the
apecific role of the nucleic and in the process of viral rephication.
Peshaps the auly conclusion that can be drawn from them is that the
infrenrvity of TMV 18 a joiot property of RNA and protein, and thar
the infectivity fegained in mixtures of the two comp results
from specific vecombination of the twa components iato nucleo.
protewn dentical with the varus. More secent reconstitution experi-
ments described by FraAsnxei-Conrar, however, are much more
sevealing, and bring us one step closer to the conclusion that the

sucleic acid alone carries the varus' biological activity.
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second cxposure to detergent. The protruding strands disappeared
after RNAse was added.

The fact that a nucleoprotein is formed when TMV protein and
RNA are mixed is not o jtsell surprising. RNA from any source
shows a strong tendency ta combine with basic proteins zegardless of
their origin. The pertinent question is whether the TMV components
combine in gome specific manner. Do they, as Fraenerr-Connar
AND WILLIAMS suggest, bine to yield particles identical or very
simadar 10 TMV ? The answer seems to be that to some degree they do.

The nucleoproteins described by these workers contained 5~6 per
cent RNA ~ as do TMV particles. The electron microscape studies,
parti 1y those perfi @ after d of the re-
coustituted particles, are highly suggestive. It might be argued that
the RNA was 1tself infectious, and the protein, merely by combining

domly with it, p d it from & ion by tissuc enzy or
ather factors, and made possible the demonstration of that activity.
However, several workers in the field of mammalian viruses have
reported that the presence of protein~as serum ~inkibited the activ-
ity of infectious RNA prepasations. The most reasonable explana-
tion of this cffect is that the active RNA was immobilized by a
nonspecific combination with one or more of the serum proteins. In
the present case, a reasonable premuse is that the formation of in-
fectious particles requires the formation of a higher polymer of RNA,
passibly of malecular weight 2-3 X 10, and the fittiog of this RNA
with its associated protewn in a highly specific manner. It might well
be that oll of the TMV protein and RNA in the preparations described
by FrAENREL-CONBAT AND WILLIAMS were potentially capable of
forzang infectsous unts, but that only a small per cent combined 10
give particles with a complete RNA “core” and with the required
structural relationship between nucleic acid and protein,

Ci ion of the ituti cperi of FRAENKEL-
ConnaT AND WILLIANS came quickly from the independent investiga-
tions of Lipprxcorr anp Cowvoner {27). These warkers employed
the method of Scarasst BT AL. (36) to isolate TMV protein, and a
raodification of the method of ConEN AND STANLEY (5) to prepare the
nucleic acid, The protein and nucleic acid preparations were mixed

dsately and polymerization induced by the sddition of solid
ammonivm sulfate to 0.4 saturation, After incubation for 1~ hour
periods at 2°C. insoluble matertal was removed by :tntdfﬂgnfiun
dissolved in pH 7.0 phosphate buffer. High molecular weight

and
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materisl was then removed by ultracentnfugation {104,500 g for
1 hour) and the resulting peliet waa taken up in phospbate buffer for
assay on leaves of N. glutinosa.

The assays performed by these workers were particularly well
controlled The separate components were tested for activity after
treatment in 4 maaner identical with the schedule employed with
the p Jeic acid mi , including the poly on step,
In adddtion, protein-nucleic acid mixtures treated in an identical
manner, except for the omission of the polymenzation step, were
exapuned for activaty. Although the controls, unlike those reported
by FraeNget-CONRAT A~D WiLLiaus, contained some infectivity,
a mgmficant increase 1a infectivity was always found in the protemn-
aucleic acid mi lymesized by means of ium sulfate,
The mixtures gave lesion caunts 3 to 10 times greater than the com-
bined infectivaties of the control samples. As Lrepincatr axn Con-
noNER panted out, 1t is difficult to imagine an increase in infectivity
of this magnitude 1o be Que to chance vanation 1 the response of
eeparate N glutinosa Jeaves to infection with TMV.

COMMONER ET AL, {9) bave reported on mare extensive studies of
the kinetwes of this itution, and have described a method
which yielded pasticles of much higber epecific activity than those
obtamed in thewr earher studies. In bref, it consisted of adding the
protewn m small amounts, and over an extended periad of time, to a
relatively Jow concentration of virns BNA dissolved in a medsum
{28 per cent or more smmontum sulfate) in which the protein is
relatively ansoluble. They reported the formation, by this method,
of reconstituted particles which approached 1/10 the mfectivity of
TMV and which produced about 1000 times as many lesions as did
the uncombined stanting matenals.

I as the i peri deserbed mn the fore-
going paragraphs are, they do not go very far 1oward clarifying the
specific role of the nuclec aerd in the process of viral repheation.
Perhaps the only conclusjon that can be drawn from them is that the
safectivity of TMV iy a jomnt property of RNA and protein, snd that
the i i regamed ia mi of the two . reands
from speerfic yecombination of the two components into nucleo-
protein identical with the viras, Mare receat recanstitution expens-
ments described by FrRaenxer-CoNaT, however, are much more
Tevealmg, and bring wa one step closer 1o the conclusion that the
nucleic acid alane carnes the virus’ biological actinty.
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In two separate communications, FRAENRrL-CoNgaT (11) and
FRAENKEL-CONRAT AND S1vcER (12) have described mixed reconsti-
tution experiments with protein and nueleic acid fractions isolated
from different strains of TMV. Four strains of viras were employed ~
the common TMV, the masked (M), yellow aucuba (YA), and Holmes
ribgrass (HR). The procedures for the isclation of the protein and
RNA, and the cond ployed for itution were ially
the same as those previously described {14). Active rods were success-
fully reconstituted from (1) TMV.nucleic acid and M-protein, (2)
M-nucleie acid and TMV-protein, (3) YA-nucleic acid and TMV
protein, (4) YA-nucleic acid and M-proten, (5) HR-nueleic acid and
TMV-protein, (6) TMV.nucleic acid and HR-protein, and (7) HR-
nueleic acid and Me-protein. The infectivity of these mixed virus
preparations was within the same range as that obtained from TMV-
nucleic acid + TMV-protein.

Autention was drawn by Fraenker-CoNrar AND Sincer (12) to
the fact that mixed virus preparations containing HR-RNA were
found to be as achive as those containing RNA from TMV. Since the
original HR virus showed only 5 per cent of the activity of TMV on
a weight basis, these workers interpreted their observation to indicate
that the low infectivity of the HR strain was due to the protein
component. If one accepts this explanation, however, it 18 very diffi-
cult to understand why the mixed virus composed of TMV-RNA and
HR-protein was found to have comparable activity to that formed
from TMV-RNA and TMV-protein

The scrological characteristics of maxed virus preparations were
shown 1o resemble those of the protein component. Anti-TMV serum
was found to newtralize the mixed virus HR-RNA + TMV.protein
to o similar extent as it did TMV, but to have little effect on the
mixed virus TMV-RNA 4 HR-protein. Conversely, anti-HR serum
neutralized the mxed virus containing HR-protein more effectively

than 1t did the mixed virus containing TMV-protein, Though this
phservation can scarcely be ealled surpnsing, it does md\c;ue that
the immunological speaificity of these virus strains s determuned
by their protein moicties alone, A direct method of appraising the
contsibution of nuclsic acid to the antigenic properties of TMV
mught be 10 compare, on the basis of apeclﬁmy and neutralizing
caparity, sphiserum prepared with Scumast's A pra!em as an.
tigen with an is prey d against an eq it ity
of TMV. .
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From the point of view of this review, the most significant data
coming out of these mixed re ituti d the
nature of the disease caused by the aynlhchc viruses, and the nature
of the progeny produced.

When each of the reaction products was tested in Nicotiana ta-
bacum and Nicotiana sylvestris, it gave in every case the same symp-
toms as did the strain supplying the RNA. The mrved viruses TMV-
RNA + M- or HR-protein gave a green mosaic disease, M-RNA -+
TMYV protein produced virus without visthle symptoms, mixed virus
which contained YA-RNA gave a yellow mosaic disease, while those
which contained HR-RNA produced typical ringspot lesions.

The mixed viruses formed from the protein and RNA components
of TMV and HR were of particular interest in that the HR protem
differs from TMV protein in amino acid composition and 1n antigenic
specificity, Complete amino acid analyses were carried out on the
progeny produced in the plant after infection with the two hybrid
viruses. In each case the protemn of the progeny closely resembled
that of the virus from which the nucleic acid was obtamned. The
presence of about 0 7 per cent isudine and about 2 per cent methio-
mine was demonstrated m the HR stramn and m progeny resulung
from infection with the mixed virus HR-RNA + TMV protem
These amino acids were absent from TMYV and from progeny of the
mrxed virus which contamed TMV.-RNA.

These mixed on make the 1 that
nuclerc acid is the sole genetic detcrmmant of TMV almost obhigatory.
It would appear that the nucleic acid alone determines the nature of
the disease produced as well as the biological and immanological pro-
perties of the progeny. However, a dissenting voice has been rased,

WANG AND COMMONER (44) have reported that under certamn con-
ditions they have been able to prepare an infectious nucleoprotemn
from TMV protem and DNA isolated from leaves of umnfected N,
tabacum Although these workers reported that the imtial infection
produced i N. glutinosa by the DNA-contarung nucleoprotemn and
by TMV could be differentiated on the basis of the number of lesions
troduced on fresh leaves by the progeny of each, thcy showed that
phe progeny of the DNA g were
mdistingwshable from ordinary TMY. The suggestion that a protein
can exert structural effects upon a nucleic acid with which it 1s asso-
ciated, thereby bestowing on said nucleic acid biological properties
which 1t normally does not possess, is certainly an exciting one.
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In two separate communications, FrAENgkEL-Connat (13) and
Fraenxzr-Conrar AND SINGER (12) have described mixed reconstis
tution experiments with protein and nucleic acid fractions jsolated
from diffcrent strains of TMV. Four strains of virus were employed -
the coromon TMV, the masked (M), yellow aucuba (YA), and Holmes
ribgrass (HR). The procedures for the isolation of the protein and
RNA, and the d ployed for itution were ially
the saroe a8 those previonsly desenbed (14). Active rods were success-
fully reconstituted from (1) TMV-nucleic acid and M-protein, (2)
M-nucleic acid and TMV-protein, (3) YA-nucleic acid and TMV
protein, (4) YA-nucleic acid and M-protein, (5) HR-nucleic acid and
TMV.protein, (6) TMV-nucleic acid and HR-protein, and (7) HR-
nucleic acid and M-protein, The infectivity of these mixed virus
preparations was within the eame range as that obtained from TMV-
nucleic acid 4+ TMV-pratein.

Attention was drawn by Fratnxer-CoNrar anp Sineen (12) to
the fact that mixed virus preparations containing HR-RNA were
found to be as active as those containing RNA from TMV. Since the
original HR virus showed only § per cent of the activity of TMV on
a weight basis, these workers interpreted their observation to indicate
that the low infectivity of the HR strain was due to the protein
component. If ove accepts this explanation, however, it is very diffi-
cult to understand why the mixed virus composed of TMV-RNA snd
HR-protein was found to have comparable activity to that formed
from TMV.RNA and TMV-protein.

The serological characteristies of mixed virus preparatious were
shown to resemble those of the protein component, Anti-TMV serum
was found to neutralize the mixed virus IHR-RNA 4 TMV-protein
1o o similar extent as it did TMV, bot to have httle effect on the
mixed virus TMV-RNA 4 HR.protein. Conversely, anti-HR serum
neutralized the mixed virus ing HR-pratein more eflectively
than it did the mixed virus containing TMV-protein. Though this
obscrvation can scarcely be ealled surprising, it does indicate that
the inmunological specificity of these virus strains is determined

by their protein moieties alone. A direct method of appraising the
contribution of nucleic acid to the antigenic properties of TMV
ight be to compare, on the basis of specificity and newtralizing
capacity, antiserum prepared with Scrnams’s A protein as ene
tigen with antirerum prepared apainst an equivalent quantity

of TMV. N
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Table I. Ce of the Inf y of leic Acid and Tobaceo Mosaic
Virus in 0.1 M Phosphate Buffer.
Ribonuelete Acd Tobacco Mosue Virus
H
4 gmfst Lemons J—— lesions
61 10 153 009 95
08 445
73 10 815 027 1048
13 1 524 005 195
75 10 998 027 635

From GIERER, A., and Scirauw, G. Natare 177, 702 (1956)

Gierer AND ScoRaMM were unable to detect protein in their

infectious RNA preparations by chemical methods, and showed by
logical techniques that such prep ined less than

0.02 per cent of TMV protein. Moreover, mnfectivity was not signifi-
cantly reduced by repeating the extraction process with phenol. In
addition to these observations, several other experiments excluded
the possibility that the i of the RNA prep was due
to contamnation with intact TMV virus or residual parts of the
protem shell.

Treatment of RNA and TMYV with normal rabbit serum caused a
teduction of the infe ity of both prep TMV anti:
however, while causing no greater reduction in the infectivity of RNA
than did the normal serum, almost completely abohshed that of the
virus, The nfe ity of the RNA prep ion, but not that of the
virus, was abolished by brief with nbonuclease (2 pgm/ml
4°C 10 mins), and by incubation at 20°C. for 48 hours. After cen-
trifugation of the RNA solution for 30 mias. at 50,000 r.p.m. the
infe ity of the sup was i ‘hanged. Identical
treatment of the virus preparation resulted in the sedimentation of
almost all the infectious particles. The results of these experiments,
winch seem to this reviewer to represent incontrovertible proof that
TMV-RNA 15 itself mfectious, are summarized in Table {1,

RNA, 1solated from TMV by sodium dodecyl sulfate, has also been
reported to be infectious. FRAENKEL-CONRATS first report (11)

‘was
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However, a final judgement on the validity of these observations
must await further experimental evidence.

Although FRAENREL-CoNRAT (11) noted that when the TMV-RNA
used in his reconstitution experiments was assayed at very high
concentrations, lesions were occasionally produced which could not
be attributed to the presence of intact virus particles, the first
convincing evidence that TMV-RNA was itself infectious was pro-
vided by GIERER AND Scrramy (18, 19),

These 1nvestigators described a new method for the isolation of
RNA from TMYV, the importance of which cannot be averemphasized.
Not only has this technique made possible such studies as have been
done with infectious nucleic acids from mammahan viruses, but it

will undoubtedly find wide application in investigations of the meta-
bolism and biological properties of mammalian cell RNA. The
method, elegant in its simphcity, the speed (approxi 1y one hour)

with which it can be accomplished, and in the fact that it gives
essentially quantitative recovery of RNA, is described below.

Isolation of Tobacco Mosaic Virus RNA (Gierer and Schramm):
A solution of 10 per cent TMV in 0.02 M phosphate bufler of pH 7.3
was shaken for 8 mins. at 5°C. with an equal volume of water-satu-
rated phenol. The aqueous phase which contained the ribonucleic acid
was separated by centrifugation and the process of extraction with
phenol was repeated at least twice for 2 mun, periods, The phenol was
then extracted by ether from the aqueous phase.

When GIERER AND ScurAmMM inoculated leaves of V. glutinosa
with RNA solutions prepared in this manner, and with standard TMV
preparations, they found that 10 ggm of RNA produced about the
same number of lesions as did 0.2 ugm of virus, Data obtamned from
these experiments are shown in Table I

On a total weight basis, the infectivity of the RNA prep
described in this paper were of the order of 2 per cent that of the
native virus, Expressing the infectivity of the RNA as a per cent of
the infectivity of the same quantity of RNA as intact virus, values of
0.13 to 0.20 are obtained. More recently, Scirrasst AND GIERER (33)
have reported somewhat higher values. Data from 10 scparate ex-
periments have given average values for the infectivity of RNA of
4.5 per cent that of the same weight of virus, and 0.3 per cent that
of the same quantity of RNA embedded in the virus particle,
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i sufficient quantity to account for the observed infectivity, could
not be found in their preparations, nor could the activity be attri-
buted to the presence of mtact virus rods. The actizvity of theirr RNA
preparations was rapdly destroyed by concentrations of RNAse
which were without effect on the intact virus, and an amount of anti-
TMY y-globulin which largely neutsalized the infectivity of TMV did
not appreciably affect that of RNA.

The data presented by GIERER AND ScrRAMM and by FRAENKEL-
CONRAT AND HIS COLLABORATORS bave raised a question which has
remaned unresolved — the question of the size of the infectious unit
of RNA. On this point, the two groups are in sharp disagreement.

ScuraMM AND GIERER (33) and GIEREX {17) have presented evi+
dence that the infectious component in therr preparations has a sedi-
mentation veloaity of the order of Szo = 208, and have calculated
from sedimentation and intnnsic viscosity measurements that the
active umt has a molecular weight of app ly 2 X 108. Since
the whole RNA content of a sungle TMV particle corresponds to a
molecular weight of 2-3 X 109, these workers have suggested that
biological activity depends upon the integrity of the RNA core. The
relationship between infectivity, mtrmsic viscosity and mean mo-
lecular weight is shown m Table III, 1n which are summarized the

Table I1Y D £ 1ntrmsi y (7). mean )
m, and smfectinnty, L, vath tume. The decrcase was induced by 15 X 103 gmjml
122°C. ya a sol £0 16per in0 02M phosphate

buffer, pH 7. The mfectivity, L, 15 given by the number of lesions per 25 leaves of
Nicotiana glutinosa maculated with 20 ggm/mi rbonueleie acid in 0 1M phosphate.

t ms.) (] (ecfgm) m™ L (lesions)
¢ 300 120 x 10%
H 2 L1o x 108
u 254 102 x 108
17 232 093 x 108
22 214 0386 x lo¢
28 136 978 x 100
31 168 067 x 108

65 11s 046 x 108

From Grerem, A * Nature 179: 1297 (1957)
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Table I1. € of Ribonuelcic Acid (10 gm/ml) and Tobacco Mosaic Virus
(0.27 pge/ml) in 0.1 M Phosphate Buffer of pH 7.3 (Infect:vity expressed as lesions
per 30 leaves).
Ribonueleic Tobacco Mosaic
Acid Virus
Normal 488 629
With normal serum 180 n1
With astiserum 145 o
Wath nbonuclease 3 473
After ultracentrifugation 367 31
After 48 brs, at 20°C 2 130

From Grgrer, A., and Scimams, G.: Nature 177: 702 (1956)

not T d by sut iating exp 1 evidence, and al-
though he did comment on the failure to find virus rods jn the nucleic
acd prep on its marked instability and its lability to RNAse,
it was not possible to compare the relative activitzes of his RNA and
TMYV preparations.

More recently, FRAENKEL-CONRAT, SINGER AND WirLiAms (13)
have published the results of a more detailed study on infectious
RNA prepared by the detergent method. From these data, and from
data included in a report by S1ECEL ET AL (40) on the ultra-violet
mactivation of mfectious RNA, 1t has been possible to get some idea
of the activity of TMV-RNA isolated by this method, The RNA
described by the latter workers contained 0 006 per cent the infec-
tivity of & quantity of TMV containing the same weight of the nucleic
acid. Applymng the same caleulations to the data supplied by FraEN-
KEL-CONRAT AND CO-WORKERS, values are obtained which range from
0.007 for the least active to 0.05 per cent for the most active prepara-
tion, with most values falling in the lower portion of the range. When
it is recalled that similar values for GIERER AND ScirRAMM'S prepara-
tions were 0.1 to 0.5 per cent (with n mean of 0.3 per cent), the con«
clusion is inescapable that the phenol method yields much more
active RNA than does the detergent method.

Nevertheless, FRAENKEL-CoYRAT'S group has provided convincing
evidence that their RKNA preparations arc, per se, infectious. Protein,
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in sufficient quanuty to account for the observed infectivity, could
not he found in their preparations, nor could the actwvity be attrie
buted to the presence of ntact virus rods. The activity of their RNA
preparations was rapidly destroyed by concentrations of RNAse
which were without effect on the jatact virus, and an amount of anti-
TMY y-globulin which largely neutralized the mfectivty of TMV did
not appreciably affect that of RNA.

The dara presented by GIERER AND ScarAMy and by FRAENKEL-
CONRAT AND HIS COLLABORATORS have raised a question which has
remained uuresolved —~ the question of the size of the infectious umt
of RNA. On this point, the two groups are in sharp disagreement,

ScnranM AND GIERER (33) and GIERER (17) have presented evi-
denge that the anf 1n their pref has a seds-
mentation velocity of the order of S3p = 208, and have caleulated
from sedimentation and itnnsic viscosity measurements that the
active unit has 2 molecular weight of app ly 2 x 108 Since
the whole RNA content of a single TMV particle corresponds to a
molecular weight of 2-3 X 109, these workers have suggested that
biological activity depends upon the integrity of the RNA core, The
relationship between infectivity, mtriasic viscosity and mean mo-
lecular weight 13 shown mn Table III, 1n which are summanzed the

Table ITT D y (1), mean molecula g0)
, and mfectnty, L, with trme The decrease was anduced by 15 % 103 gomjml
rbonuclease at 22°C 1n a solution of 0 16 per ceut nbanuclei¢ acidm® 823 phosphate
buffer, pH 7 The infectnty, Ly 15 given by the number of lesions per 25 leaves of
Dscotiana glutingss moculated with 20 ygmjeal nbooucleic sewd 1 0 1 M phosphate

L + (aun.) [} tee/gm) T m L Qemans)

0 300 120 x 108 980

5 274 110 x 10¢ 786
1 254 102 x 108 383
11 232 €93 x 108 487
22 214 086 x 198 272

28 196 078 x 10% 242
37 168 067 x 108 62

63 115 046 x 108 1

From Grzrew, A - Nature 170 1297 (1957)



12 CorTER, Nucleic Acid as the Carrier of Viral Activity

Table 11. Compansou of Ribonucleic Acid (10gm/ml) and Tobacco Mosaic Virus
(027 pgm/ml) in 0 1 M Phosphate Buffer of pII 7.3. (Infectivity expressed as lesions
per 30 leaves).

Ribonucleic Tobacco Mosaic
Aad Virns
Normal 488 629
With normal serum 180 17
With antiserum 145 0
With nbonuclease 0 413
After ultracentnfugation 367 31
After 48 brs at 20°C. 2 130

From GrERER, A, end Scunasy, G Nature 177 702 (1956).

: 1 evid.

not p d by sub ing exp , and al-
though he did comment on the failure to find virus rods in the nucleic
acid preparation, on its marked instabihity and 1ts lability to RNAse,
it was not possible to compare the relative activitics of his RNA and
TMYV preparations,

More recently, FRAENREL-CONRAT, SINGER AND WiLLiams (13)
have published the results of a more detailed study on infectious
RNA prepared by the detergent method. From these data, and from
data included in a report by SIEGEL ET AL (40) on the ultra-violet
inactivation of infectious RNA, it has been possible to get some idea
of the activity of TMV.RNA isolated by this method. The RNA
described by the latter workers contained 0.006 per cent the infec-
tivity of a quantity of TMV containing the same weight of the nueleic
acid. Applying the same calculations to the data supplied by Fraen-
KEL-CONRAT AND CO-WORKERS, values are obtained which range from
0.007 for the least active to 0.05 per cent for the most active prepara-
tion, with most values falling in the lower portion of the range. When
jt is recalled that similar values for GIERER AND SCHRAMM'S prepara-
tions were 0.1 to 0.5 per cent (with a mean of 0.3 per cent), the con-
clusion is inescapable that the phenol method yields much more
active RNA than does the detergent method.

Nevertheless, FRAENKEL-CONRAT’S group has provided convincing
evidence that their RNA preparations are, per se, infectious. Protein,
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in sufficient quantity to account for the observed infectivity, vould
not be found in thewr preparations, nor could the activity be attri-
buted to the presence of wtact virus rods, The activity of their RNA
preparations was raprdly destroged by concentravons of RNAse
which were without effect on the intact virue, und an amount of anti-
TMY y-globulin which largely nentralized the lnfectivity of TMY did
not apprecsably affect that of RNA.

The data presented by Ciener anp Scusamyt and by Fraenser-
CONRAT AND HIS COLLARORATORS have rased a question which has
remamed unresolved ~ the question of the size of the wfectsone unit
of HNA. On this pount, the twe groups are in shasp disagrecment.

Scnnamy AND GIEReR (33) and Gierer {17) bave presented evi-
dence that the wnfe o their has a seds-
mentation veloaity of the arder of Szg = 205. snd bave caleulated
from sedimentation and trnouc viscosity measurements that the
active unt has a molecular wetght of app 1y 2 X 10°% Since
the whole RNA content of a siagle TMV particle corresponds 10 »
molecular werght of 2-3 X 108, these workers have suggested that
trotogreal activity depends upon the ntegrity of the RNA core The
relattonstup between infectivity, intrinne viscouty and mean mo-
lecular weight 3 shown in Table I, 1 which are snmomarized the

Table L1 L. Decrease of swannsc visconty (g}, mean molecular weight (eerghy average)
™, end mtemmy.L with e The d:crcn: was mamd by 15 x 10-% gw/ad
02} phosphate
buffer, pH 7 m mlccunty‘ L, s guven by the number of Jesions per 25 leaves of
Nscotana ghameas moculated with 26 pgw/ml nhannglac 463 1 0.1 M phosphate,

¢ (mm ) 1} (eelgm) © L Qeviond)

e 300 120 x 304 930

s 274 110 x 108 786

n 23 102 x 30¢ 383
¥ 232 093 x 208 41
2 213 885 x 191 272
P 196 078 x 108 242
¥ 188 967 x 108 2
€ us 046 x 10° 1

¥row Giznen, A~ Watare 179 1207 (1957}
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effects of incubation with low concentrations of RNAse on these
three properties of phenol-prepared RNA. The infectivity of the
nucleic acid was shown to be abolished by the time the mean molecu-
lar weight was reduced to approximately 500,000,

The nucleic acid preparations of FRAENKEL-CONRAT’S group, on
the other hand, had a sedimentation velocity of Sgo = 65-10S,
which could r a pol leotide chain of molecular weight

200-300,000. These investigators rejected, on the basis of centri-
fugation experiments, the suggestion that the activity of their pre-
parations resided in a minor component of high molecular weight.
They concluded that the activity was associated with the bulk of the
material, and shared with it a molecular weight of about 250,000,

These differing opinions are difficult to reconcile. A possible
explanation, albeit a rather tenuous one, is that the degradation of
TMV-RNA by means of sodium dodecyl sulfate produces fragments
on some of which are located all the sites necessary for biological
activity, while spontaneous or RNAse mediated depolymerization
prod quite di frag) none of which contain all the
centers required for activity. Alse difficult to reconcile with the
concept of an active RNA fragment of molecular weight about
250,000 is the conclusion, reached by both FRAENKEL-CONRAT and
C ) .

that in p activity was associ-
ated only with those particles which closely resembled TMYV particles
in shape and size, and which p bly ined a 1

nucleic acid core,

Another puzzling aspect of the TMV story is the failure of Scrranms
AND CO-WORKERS to d the ph of itution
with their phenol-prepared RNA, particularly since this matenal
P ig: 1y greater biological activity than do nuclerc acid

lutions prepared by the detergent method. H. , the informa-
tion provided by FRANKLIN (15) regarding the inti)
relationship between proten and nucleic acid in TMV prompts
certawr speculations. If, as seems probable, active nucleoprotein
particles are formed from TMV protein and RNA only when certain
strict structural requirements are fulfilled, it is not difficult to imagine
that this can happen only when protein and nucleic acid helices are
built up simultaneously from relatively small building blocks, At-
tempts to form active virus particles from protein and phenol-pre-
pared RNA could be Likened to attempts to insert the structural steel
into a building after it, in all other respects, was completed.
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Infectious Rabonucleic Acid from Mammalian Viruses

In the short interval which has elapsed since GIERER AND SCHRAMM
described their technique (the phenol method) for the isolation of
infectious RNA from TMV, a total of five RNA preparations capable
of mitiating mammalian virus diseases have been descnibed. The
viruses involved have bheen those of Mengo, West Nile and Eastern
equine encephalitides, and Types 1 and 1T poliomyelntis.* Except in
the case of Type I poliomyelitis, no steps were taken by the investi-
gators concerned to purify the viruses prior to the isolation of RNA.
In each case the method employed for the preparation of the infec-
tious nucleic acid was that of GIERER AND SciraML

The 1solation of infectious RNA from cells infected with Mengo,
West Nile, and Type IT poliomyebtis (MEF1 strain) viruses has been
described by CoLTER and co-workers (6,7). The Mengo and West Nile
viruses were grown in eells of the Ehrlich ascites carcinoma, while the
pol liis virus was prop d m the central nervous system
tiseue of suckling hamsters, Details of these investigations are des-
enbed m the following paragraphs.

The Ehrlich asertes carcinoma was grown in 18-20 gram Swiss
albine mice, and was infected 1n the seventh day of tumor growth by
the intrapentoneal mjection of a saline suspension of virus-infected
mouse bramn, For the West Nile and Mengo viruses, 0.5 ml of 1:20
and 10 ddunons were employed respectively. Infected cells were
collected 120 hours following the admumistration of the West Nile
virus and 60-68 hours after infection with the virus of Mengo en-
cephalitis The cells were washed several imes in saline before being
rapidly frozen in a mortar set in an alcohol-dry 1ce bath, Hamster
brams and spinal cords were harvested 18-24 hours after the intra-
cerebral mjection of 0.03 ml of a 10 per cent suspension of polio-
infected hamster bratm, and were immediately and rapidly frozen.

The frozen tissues were ground by hand to fine, homogencous
powders, which were then mixed imtimately (Waring blendor) with
0.14 M salme ~ 0.01 M Na aitrate, pH 70, 1o give 10 per cent (w/v)

p The susp were fuged at 3000 r.p.m, for

* Hays, Snoons and Becx (Natare 180 1419, 1957) suggest that a mixture of
DNA and RNA 1solated from leakenue and nonleukemuc spleens and lymph nodes
of AKR mice may, when mjected to newborn C3Hy X AKR F1 hybnd muce,
cause an ncreased wcidence of leukemia i the adult smumals
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effects of incubation with low concentrations of RNAse on these
three properties of phenol-prepared RNA. The infectivity of the
nucleic acid was shown to be abolished by the time the mean molecu-
lar weight was reduced to approximately 500,000,

The nucleic acid preparations of FRAENKEL-CONRAT'S group, on
the other hand, had a sedimentation velocity of Sz = 6S-105,
which could represent a pol; Teotide chain of molecular weight
200-300,000. These investigators rejected, on the basis of centri-
fugation experiments, the suggestion that the activity of their pre-
parations resided in a minor component of high molecular weight,
They concluded that the activity was associated with the bulk of the
material, and shared with it a molecular weight of about 250,000,

These differing opinions are difficult to reconcile. A possible
explanation, albeit a rather tenuous one, 1s that the degradation of
TMV-RNA by means of sodium dodecy! sulfate produces fragments
on some of which are located all the sites necessary for biological
activity, while spnnlancous or RNAse mediated depolymerization

quite duffe none of which contain all the
centers required for uchvxty Also difficult to reconcile with the
concept of an active RNA fragment of molecular weight about
250,000 is the conclusion, reached by both FRAENKEL-CoNRAT and

C that 1 ion , activity was associ-
ated only with those particles which c]oscly resembled TMV pamcles
in shape and size, and which p bly e i a p

nucleic acid core.

Another puzzling aspect of the TMV story is the farlure ofScmu»m
AND ERS to d the p of jon
with their phenol‘prepaxed RNA, parucularly since this material
P g 1 greater 1 ! activity than do nucleic acid

lutions p d by the d method. H , the inf.
tion pxovld:d by FRANELIN (15) regarding the intimate structural
relationship between protein and nucleic acid in TMV prompts
certain speculations. If, as seems probable, active nucleoprotein
particles are formed from TMV protein and RNA only when certain
strict structural requirements are fulfilled, it is not difficult to imagine
that this can happen only when protein and nucleic acid helices are
bult up simultaneously from relatively small building blocks, At-
tempts to form active virus particles from protein and phenol-pre-
pared RNA could be likened to attempts to insert the structural steel
into & building after it, in all other respects, was completed.
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Infectious Rib leic Acid from M lian Viruses

In the short interval which bas elapsed since GIERER AND ScurAMM
described their technique (the phenol method) for the isclation of
infections RNA from TMYV, a total of five RNA preparations capable
of imtiating mammahan virus diseases have been described. The
viruses involved have been those of Mengo, West Nile and Eastern
equine encephalitides, and Types T and II pohomyelutis.* Except in
the case of Type I poliomyelitis, no steps were taken by the mvesti-
gators concerned to purify the viruses prior to the wolation of RNA.
In each case the method employed for the preparation of the wnfec-
tious nucleic acid was that of GIERER AND ScHRANML.

The 1solation of infectious RNA from cells infected wath Mengo,
West Nile, and Type IT poliomyeltis (MEF1 strain) viruses has been
deseribed by CoLtER and co-workers (6,7). The Mengo and West Nile
Vlnlscs were grown in cells of the Ehrlich ascites carcinoma, while the

Virus was p d in the central nervous system
us-ue of suckhing hamsters, "Details of these nvestigations are des-
enbed in the following paragraphs

The Ebrlch ascites carcinoma was grown mn 18-20 gram Swiss
albmo mice, and was infected 1n the seventh day of tumor growth by
the intraperitoneal mnjection of a saline suspension of virus-infected
mouse brain. For the West Nile and Mengo virnses, 0.5 ml of 1:20
and 104 duutions were employed respectively Infected cells were
collected 120 hours following the admimstration of the West Nile
virus and 6068 hours after infection with the virus of Mengo en-
cephalitts. The cells were washed several times i saline before being
rapidly frozen 1n a mortar et in an alcohol-dry ice bath, Hamster
brains and spinal cords were harvested 18-24 hours after the intra-
cexebral wjection of 0.03 ml of a 10 per cent suspension of polio-
infected hamster bran, and were immediately and rapidly frozen.

The frozen ussues were ground by hand to fine, homogeneous
powders, which were then mixed intimately (Warmg blendor) with
0.14 M gahme ~ 0.01 M Na citrate, pH 7.0, to give 10 per cent (w/v)

P The susp were d at 3000 r.p.m. for

* Hays, Snotons and BEck (Nature 180 1419, 1957) suggest that a muxture of
DNA and RNA wsolated from lenkemuc and nonleukemie wpleens and lymph nodes
of AKR muce may, when injected mio newborn C3H; x AKR FI hybrd muce,
eause aq increased incidente of leukemta in the adult anmals
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20 mins, and the suf fully ed. Extracts so pre-
pared were considered to be 10 dlluuons of the viruses.

Rib leic acid was sep d from such virus preparations by
the phenol method. The virus preparations were extracted three
times by vigorous shaking with an equal volume of water-saturated
phenol. After each extraction the aqueous phase was separated by a
brief centrifugation. Traces of phenol were removed from the aqueous
phase by several ether extractions and the ether was evaporated by
bubbling mtrogen gas through the solution. All manipulations were
carried out at 0—4°C. Ril leic acid solutions prepared in this way
were designated as 10-1 dilutions for convenience i comparing the
relative infectivities of virus and ribonucleic acid preparations. It
should be pomted out that this method of comparison is valid only
if RNA 15 extracted quantitatively from the virus particles present in
the crude virus preparations. Infectivity titers, expressed as LDsp,
were determined in 10-12 gram Swiss mice by the intracerebral
injection of 0.03 m] of senal 10-fold dilutions.

In Tables IV and V are hsted the infectivities of a number of
Mengo, West Nile and polomyelitis virus preparations, and of
ribonucleic acid solutions prepared from them. Infectious RNA could

Table IV ivity of Mengo E: hus Virus P; and of Ril lei
Acid Tsolated from Them,
LDae
Hous pot Meogo
ol Henga Viras Riboauslere Arid
Preparation
45 6.6 25
48 55 2.5
43 45 L6
52 45 14
56 54 24
64 5.8 2.5
60 55 2.5
64 5.8 25
68 6.2 25
72 6.2 28

* Expressed as logarithma to the base 10,

Bmp, H H., and Brows, K. A.; Nature 179: 859 (1957)

From CoLrer, J. 8.0
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Toble V. Tnfectsvity of West Nile, Polomyeltis and Virus Prepara.
tuons, and of Ribonuclew Acd Tsolated Therefrom.
1D=»*
Yirwa =
Preparation Ribonucleie Aad
Pohomyelitis 55 20
64 2
64 24
5.8 22
Weat Nile 54 2.5
54 26
55 24
50 25
Bunysmwera 48 o
54 —.

* Expressed as loganthms to the base 10
** No muce died ot 10 1 dilution.

From Cotten, J S, Bino, H H, Moven, A. W., snd Baows, R.A.: Vuology
4 522(1957)

be prepared routmnely from Ehrlich aseites tumor cells infected with
Mengo or West Nile viruses and from MEF1 pohomyeltis virns-
wfected hamster bram and spinal cord. The infectivity of the n.
bonuclete acid preparations from all three virus-nfected tissues was
of the order of 0.1 per cent that of the virus suspensions from which
they were prepaxed
The Jec acid j ined no protein which
could be rletected by the “buret zeaction. Furthermore, paper chro-
following acid hydrolysis failed to d amno
acids. The mtrogen-phosphorus ratios were 1. 6—1 7. nnd au the
hospk could be d for as nb
However, in view of the low degree of infectivity of the IRNA prepara.
tions compared to that of the corresponding virus suspensions, and
the relative i £

y of the techmques for ¢ g protem as
compared with those for estimating infectity, failure to detect

1 Virdlagy, VL1
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Table V1. C of Mengo Encephalitis Varus and Acid Prepara.
tions
1Da*

Menga ¥y

P.:‘;"“':: Ribonuclee Acid
Cantrol 6.5 26
After nbonuclease 66 e
After 6 brs at 37°C 64 -
Control 58 2.8
After nbonuclease 58 Etid
After 6 hrs at 37°C. 58 e
Control 66 26
1 After centnfugation (top 9 ml) 3s 22
Control 1% 23
1 After centrifugation (top 4 ml) 45 2.0
After centrifugation (muddle 4 ml) 45 25
Control 7.0 33
2 After 1 M sodium chlonde 45 3.1
3 After 1 M sodium chlonide 3.5 3.5

* Expressed ns loganthms to the base 10.
** No mice died at 10-1 dilation

1. 10 ml samples, 30,000 r.p.m , 60 muns,
2. Pellet wasbed once with ice-cold 1 M NaCl
3. Pellet washed twice with ace-cold 1 M NaCl,
From Cotrzn, J S., Birn, H H,, and Brows, R. A Nature 179 859 (1957)

protein was not considered sufficient grounds for ruling out the

bility that the d infectivity was due to ion
wnb intact virus particles. The conclusion that, in each case, the
infectivity was due to a nbonucleic acid component, was based on

ined from four diff types of experi They are
described briefly below. Data obtained tk are 1l d in
Tables VI, VII and VIIL

The infectivities of the RNA preparations were abolished by brief
treatment with ribonuclease (10 y/m), 15 mins. 20°C) and by incuba-
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Toble '3 Companson of West Nide Encephalitis Virus and Ribonuckic Acd

Preparations
1w
Rried Ridomnclons Ak

Contred 59 24
After ribonnclense 45 -
Alter 6 bes 22 37°C 85 —
Coutrol 55 5
Afrer nbonaclease 55 )
Afser 6 brs at37°C. 50 ~t
Coutrol §5 2.4
After 3 M Natl 23 28
Control s4 25
After 3 M NoCI £ 2.
Control 55 24
1 After centrfogation (tap 4 ml) 08 a8

Abter contrfoganon (muddle 4 wi) 23 15
Coatrol 50 25
£ After ceatrfugstion (top 4 wh) 24 L6

After ceatrfuganion (muddle § wly 22 20

* Exprevsed a3 Jogarithms 10 the base 10
*¢ No tmice died at 103 ddunion

1 30,0001 p ot 40 azas

2 25,009 p m 60 nune

From Couren, § S, Breo, H H, Moven, A W, and Baow~, R A.. Virology
4 522 (1957

tion at 37°C. for 6 hours, Nesther treatwment had any significant effect
on the infectivaties of the ponding virus Buspeusi

The iatact virus particles and the wmfections components in the
corresponding RNA preparations hebaved quite dufferently 1 1 M
sodmm chlonde solution. Abeuors of cach were made I M with respect
to sodum chlotide and were mcubated for 12-16 hours at §°C, hefore
berag centnfuged ot 3600 r.p.m. for 20 minutes, The pellets were
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Table VI C of Mengo E shalitis Virus and Rib leic Aaad Prepara-
tons.
Lbus
eogo Toron Ribonudlese Acid
Control 6.5 26
After nbonuclease 66 .
After 6 hra at 37°C. 6.4 Ead
Control 5.8 2.8
After nbonuclease 58 e
After 6 hrs at 37°C. 58 -~
Control 6.6 26
1. After centrifaganon (top 9 ml) 35 22
Control 7.2 2.5
1. After centnfugation {top 4 ml} 4.5 20
After centrifugation (muddle 4 ml) 45 2.5
Control 1.0 33
2 After 1 M sodium chlonde 45 31
3. After 1 M sodium chloride 35 35

* Expressed as logarithms to the base 10.
** No mice died at 10-1 dilution.

1. 10 ml samples; 30,000 r.p m , 60 mips,
2 Pellet washed once with ice-cold 1 M NaCl.
3, Pellet washed twice with ice-cold 2 3 NaCl,
From CoLren, J. 5, Brsp, H. ., and BrowN, R A.: Nature 179: 859 (1957).

protein was not considered sufficient grounds for ruling out the
possibility that the d inty was due to
with intact virus particles. The conclusion that, in each case, the
mfecuvxty was due to a nlwmldem acid component. was based on
ined from four d types of exp Tbey are

described briefly below, Data obtai {i are ill
Tables VI, VIIand VIIL

The infectivities of the RNA preparations were abolished by brief
treatment with nbonuclease (10 y/m}, 15 mins. 20°C) and by incuba-
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Finally, the infectious components of the virus and ribonucleic
acid preparations could be duffe iated on the basis of their sedi-
i Toci Centrifugations were cartied out in a Spinco
ultracentrifuge, employing & no. 40 rotor. The usual procedure was
to centrifuge 10 ml sliquots of each preparation, and to determine
separately the infectivities of the top and middle 4 m! of cach. The
vmxs pan\dts were shown to eediment more xapidly than did the
in the p ding RNA p i

P

Meago, West Nule and Type 11 pobiomyclitia viruses were d
from the brawns of m|ce which died following the intraccrebral injec-
tion of the j: ib leic acid preparation. In each case,

identification was nccomph.shed by means of specific immune serum.

ALEXANDER ET AL. {1} have reported the isolation of infectious
RNA from concemuled pama“y y\mﬁrd Typv 1 poliomyelitis virus.
Their p plaque fe and
confluent cytopnhovcmc areas on HeLa cell monolayers. Type I
poliomyelitis virus was identified as the end product of the infection
witiated by RNA. Typical data are shown in Table IX.

These mv:etlga!ors Teported tha! the cympathogemc action of
their RNA p was ly inhibited by RNAse at a
fina) cuncznlnlwn o 100 yjml, bu: not hy the same concentration of
DNAuse, papain or chymotrypsin. The infectivity of the RNA was also

Tablo IX, Infectivity of Type I Poliovirzs RNA in HeLa Cell Monolayers,

N A E o Rithue 1
oo ‘No Expoears 10 RNAse Before Seeding ‘P""‘Mv'“ " b
No ot | Dilstion Afver Aversge o o o of N
Pl | otihdpumen | Fupisiie | Fa | Dsen | e,
1 {1 Tone 40+ confluentarea | 8 | Y 0
5 % 12 (12
2 |1 none confluent erea 16 | none [
12 1o 4(0-18)
3 none coufluent area 12 | none 0
4 ] 10 hone confluent area 10 | none [
s [ none 40+ couflvent area | 15 [ none [

* Nombers 1n parentbeses show vanation smong plates.

From Arexanves, ILE, Kocx, G., Movwrary, LM, Serowr, K, and Vax
Dasnaz, 0.: Varology (im press)
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Table VIII. C ison of Poli is Varus and R: Jetc Acid P i
Lbw®
Preparation Rubonuclese Acid

Control 55 LS

After nbonuclease 57 Ces

After 6 hes at 37°C. 5.4 -
Control 5.5 24

After nbonuclease 55 -t

After 6 hrs at 37°C. 50 -
Control 6.4 24
After 1 M NaCl. 25 23
Control 6.4 23
After 1 M NaCl 38 ao
Control 6.4 24
1. After centrifugation (top 4 ml) 40 15
After centrifugation (nuddle 4 ml) 4.0 2.4
Control 6.0 22
1. After centnfugation (top 4 ml) 43 2.2
After centrifugation {middJe 4 ml) 50 2.5

* Expressed as loganthms to the base 10
** No myce died at 10-! dilution

1. 30,000 x.p.xm., 60 mins,
From CotrEm, J. 5., Biwp, IL H, Moves, A. W., and Brown, R A.: Virology

4: 522 (1957).

washed in jce-cold 1 M sodium chloride and then resuspended in
saline to their original volumes and their infectivaties determined,
The pellet obtained from each virus suspension contained but 2 small
feaction of the infectivity of the original extract. In general, recovery
— in terms of infectivity — was of the order of 0.1 per cent. With each
of the RNA preparati L , the infectivity was d
quantitatively in the 1 M sodium chloride pellet.
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Table X, Infectivaty of Virus and RNA sfter Various Methods of Treatmenr,

VIRUS RNA
Muterat
| LD 1Dw | LD "
s | Ve | P e | B | P
Ongumal >95 1 — ~ || - -
With RNAse >95 | - ~ @ - -
Centrafoged 617 - - 202 - -
Onginal 9.5 669 9.30 452 180 @
With RNAse >95 | — - ® - z
Centnfuged >65 | — - .26 - -
Onginal - 621 900 - 215 +
With RNAse - 604 | 830 [ ~ @ "y
Ceutnfuged - 469 | 631 | - 089 -
Aleohol precipitated —~ |<300 [<300 | - 293 +
45brs 21 37°C. - 549 B85 - I3 -

LDss Calcalated by the method of Rexp avb Muzvea Am J Hyg 27 493(1938)
—  Indicates nample not tested

©  Nodemonstrablemfectivaty,

*  Plaque counts are nat piven bresuse of the described wrogulanties

From WeckeR, E., and Scaiven, W 2, Naturforsch 126 415 (1957)

washings 1 a buffer-ethanol (1:2) mixture, was resuspended in
buflered saline to the origmal volume. The virus lost all demonstrable
activity while the infeenvity of the RNA was recovered quantita-
twvely. Table X summanzes the results of these studies,

More recently, WECKER AND ScHAFER® have successfully isolated
wfections RNA from EEE-infected ehick embryos The method
employed for the 1s0lation was identical with that used in the studies
of RNA from EEE-mfected mouse brams. Embryos killed by EEE
wfection were quickly frozen. Four frozen embryos were homogenized
with 12 ml of 002 M Na phosphate, pH 7.0 and 20 ml of water.
saturated phenol. The rest of the procedure was the same as that
previously described.

* The author wishes to thank Dr EnEraand WECKER for making avadable
the data diseussed bere prior toits publication in Z Naturforschung
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completely inhibited by monkey serum at 1/10 dilution whether it
wes pooled normal or Type I antiserum. A similar observation has
been made by CoLTER ET AL {6). Plaque formation by RNA was not
prevented by rabbit normal gamma-globulin or anti-Type I gamma-
globulin. The latter did, however, at a concentration shown to
neutralize whole active poliovirus, cause a reduction in the size of the
plaques produced by RNA, bly by limiting the spread of
intact virus particles from the initial center of infection. Neither
normal monkey serum nor RNAse reduced the number of plaques
formed by whole poliomyelitis virus,

Infections RNA has been isolated by WECKER AND ScrirER (45)
from mouse brains infected with the virus of Eastern equine encepha-
htis (EEE). These workers found that it was necessary to modify
slightly the method of GIERER AND Scurasny in order to obtain active
nucleic acid. They remaved the brains from mice which had died of
EEE and froze them rapidly at —40°C, The frozen brains were homo-
genized with a 1:1 mixture of 0.14 M NaCl1-0.01 M Na phosphate,
pH 7.0 and water-saturated phenol in the proportion of 2 ml of
mixture per brain, The aqueous phase obtained after centrifugation
for 10 minutes at 1350 r.p.m. was extracted three additional times
with phenol. Traces of phenal were removed with ether, and the
ether evapomted with N2 in the usual manner.

An infe prinaiple could be d d regularly in these
RNA preparations employing either the mouse or the embryonated
egg 4 the test system. Attempts to demonstrate jnfectivity by the

of plaques in layers of chick embryo fibroblasts gave
erratic results, RNA, isolated from EEE-infected mouse brains which
had been homogenized 1 buffer prior to the addition of phenol, was
found to be inactive.

Evidence showing that the infectious agent in the RNA prepara-
tions was a species of RNA and not contaminating EEE virus was
obtained from experiments sumlar to those reported by Gierer anp
Scrramw (18, 19) and by CoLteR ET AL. (6, 7). Thus, the infectivity.
of the RNA was destroyed by RNAse and by mcubation at 37°C,
Neither treatment had a marked effect on the infectivity of the virus
control, The sedimentation velocities of the infectious components
the RNA and virus preparations were shown to differ. In addition,
marked difference in the behavior of the two agents in ethanol was
demonstrated. Aliquots of virus and RNA preparations were added
to two volumes of ethanol, and the precipitate in each, after two
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Table X11. The Fflect of RNAse and DNAsc on he Infectivity of a Mucleic Aerd
Fracton (Incubation for 15 mms at 10°C)

Treatment Lmjat
Control 286
RNAse 001 y/ml [
DNAse 10 z/ml 345
DNAse 01 z/ml 313
DNAswe 001 7/l 339

From W £cxer, E, and Scuirrn, W : Z Naturforsch (i press)

tion of the matenial with DNAse destroyed the DNA peak seen in the
1 fuge pattern and i d 1ts activity hat (Table
XII) Precipitation at 66 per cent ethanol, which destroyed the virus
completely, also caused a shight increase in the actiity of the pucleic
acid preparations
WECKER AND Scuirer have suggested, on the basis of these
observations, that high molecular weight DNA and amino acids and
or pepides are capable of thibiting the biological activity of the
RNA However, these workers showed that approximately 40 per
cent of the RNA 1n their preparations was not precipitated in 66 per
cent ethanol. CoLTER (unpublished data) found that low molecular
weight RNA, when added to solutions of RNA isolated from Mengo-
safected Ebrlich ascites tumor cells, sigmficantly reduced the in-
fectivity of the latter. Therefore, it seems reasonable to suggest that
the imnhibitory sabstances removed by ethanol precipitation from
WECKER AND SCHAFER'S preparations were low molecular weight
ribonucleic acids,

The infectious matenal which multiplied 11 embryonated eggs
following the injection of active nuclere aead preparations was shown
by WECKER AND ScHAFER to be intact EEE-virus It was neutralized
by EEE-antiserum, was resistant to the action of RNAse, and was
destroyed by preciprtation with ethamol,

The three groups, whose work is described 1n the foregoing pages,
appear to bave no major differences of opumon. In each case, the
conclusion that an infectious RNA had been 1solated was based on
very simlar —1f not identical — experimental evidence. There seems

2 Vwoloer, Vol 1
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The nucleic acid fractions obtained from chick embryos in this
manner contained about 60 per cent RNA and 40 per cent DNA plus
some unidentified sugars in a highly polymerized state and some
nitrogen-containing substances which gave a positive hiuret test,
WECKER AND ScuArER concluded that the latter were amino acids or
small peptides, since they remained 1n solution when the infectious
RNA was precipitated in 66 per cent ethanol. Ultracentrifugal
analyses of the preparations revealed two RNA peaks (S0 = 245
and 168 at a total nucleic acid concentration of 0.1 per cent) plus z
DNA peak, the identity of which were established by treatment of
the pucleic acid preparations with RNAse and DNAse. The prepara-
tions were 1mnfectious to 10-11 day old embryonated eggs (Table XI).
They also produced plaques in monolayers of chick embryo fibro-
blasts. However, as was the case with RNA from EEE-infected
mouse brains, the number of plaques produced was not proportional
1o the guantity of RNA placed 1 contact with the cell monolayers,
ALEXANDER ET AL, (1} have made similar observations with infectious
RNA isolated from Type I poliovirus.

The ch istics of this infectious RNA were 1dentical to thoge
of the RNA from EEE-icfected mouse brain. Its biological activity
was destroyed by RNAse and 1ncubation at 37°C., and was inlubited
by both normal horse serum and by horse anti-EEE serum. Incuba-

Table X1, The Infectivity of Virns Preparations and Nucleie Acid Fractions for
10 to 11 Day OM Embryonated Eggs.

LDwf ml .
Na.
Viraa Nuclers Acid
Preparation Fracton
1 81 29
2 13 33
3¢ 65 21
4 7.7 37
5t 63 32
Average 7.2 33

o The pucleic acid fractions were punfied by alcohal precipitation

From Weeken, E., and Scuirer, W.: Z. Natarforsch. in press).
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Tuble XIJ The Fffect of RN Asc and DNAsc on the Infectmity of a Nucleic Acid
Fraction (Incubation for 1S muns, at 10°C.)

Treatmeot LDufmt
Contenl 286
RNAce 001 y/ml o
DNAse 10 /ml 345
DXNAse 0.1 y/mt ERH]
DNAse 001 y/mt 339

From WEecker, E | and Scuiren, ®  Z. Maturforsch {in press)

mm of the matenal with DNAse destroyed the DNA peak seen i the

fuge pattern and d 1ts activity somewhat (Table
XII). Precipitation at 66 per cent ethanol, which destroyed the virus
completely, also caused a shght increase in the activity of the nuclerc
acid preparations.

WECKER AND ScHAFER have suggested, on the basis of these
observations, that ligh molecular werght DNA and amino acids and/
or peptides are capable of inhibiting the biological activaty of the
RNA. However, these workers showed that approtimately 40 per
cent of the RNA 1n their preparations was not preeipitated m 66 per
cent ethanol CoLTER {unpublished data) found that low molecular
weight RNA, when added to solutions of RNA 1olated from Mengo-
mfected Ehrhich ascites tumor cells, sigmificantly reduced the -
fectivity of the latter. Therefore, 1t seems reasonable to suggest that
the nhibitory substances removed by ethanol precipitation from
WECKER AND SCHAFER’s preparations were low molecular weight
nbonuclere acds

The infectious matenal which multiphed 1n embryonated egg
following the mjection of active nucleic acid preparations was shown
by WECKER AND SCAFER to be intact EEE-virus. It was neutralized
by EEE-anticerum, was resistant to the action of RINAse, and was
destroyed by precipitation with ethanol,

The threc groups, whose work 15 described in the foregomng pages,
appear to have no major differences of opimion. In each case, the
conclusion that an infectious RNA had been 1solated was based on
very sumilar — 1f not ulentscal - expenmental evidence There seems

wolegy Vol &
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no reason to doubt that in each case the RNA imtiated an infection
which led to the formation of intact virus particles :dentical to thoes
from which the infectious nucleie acid was isolated. Nevertheless,
there are munor ponts on whick there is not complete unanimity. In
addition there are observations, made by all three groups, which are
puzzling and which need clarification.

WECKER AND SCHAFER reported that when mouse brains or chick
embryos were homogemzed in buffer prier to extraction with phenol,
the RNA obtained was biologically inactive, COLTER ET AL. (6, 7),
on the other hand, experienced no difficulty in isolating active RNA
from poliomyehtis virus-infected hamster brain and spinal cord or
from Mengo or West Nile-infected Ehrlich cells when these tissues
were homogenized and centrifuged prior to the addition of phenol.
In fact, infectious RNA was obtained on several occasions from saline
homogenates of polo-infected hamster brain and cord which had
been stored at —20°C for several months. The suggestion that the
release of cellular RNAse by homogemzation is responsible for the
failure to obtain active RNA 1s scarcely tenable. The resistance of the
mtact viruses to the action of this enzyme - as compared with the
extreme lability of the corresponding RNA preparations ~ has been
the pivotal evidence prosided regarding the 1dentity of the mnfections

i the RNA prep Moreover, 1t may be reason-
ul.ly assumed that any RNAse present is rapudly inactivated by
phenol.

The presence of DNA 1n the nucleic acid preparations isolated by
WECKER AND Scrirer from EEE-infected chick embryos 1s puzzhing.
Though ALEXANDER ET AL. did not report on the chemstry of their
active preparations, memx and co-wnrkers showed that in their
three inf all the phosph could be d
for as nbonucleoude phosphorus, and that the diphenylamine
reaction for DNA was consistently negative. Furthermore, Cur.-n:n
(unpublished data) has employed the phenol i to
uulmc RNA from Ehthch ascites tumor cell nuclei !ulpended in
buffered physiological saline, and found that no DNA was left in the
aqueous phase. It is possible that the fmlure of phenol to sediment
the DNA of chick embryos quantutatively 13 a reflection of some
property umque to chick embryo D\A or perhaps indicates the
presence in chick embryos of id 7 9 of Tow molecul,
weight DNA unassaciated with pmtem. WECKER AND SCHAFER found
that the DNA in their pref asedi ion velocity
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(at zero concentration) of 105, a value which seems very Jow for this
nuclete anid. The tonicity of the aqueous phase may be important.
In the case of the EEF-infected chick embryos, the aqueous phase
was 0.02 M phosphate buffer, whereas the EEE-infected mouse brains
were homogenized with 0.14 M NaCl ~ 0 01 M phosphate buffer and
phenol. It may be eignificant that WECKER AnD ScitAFER made no
reference to the presence of DNA in the latter preparations, It 15 to
be hoped that future investigations will explain this difference in
the findings of these two groups.

If the premuse that the immunalogical specifieity of a virus 15 the
property of )ts protein moeijty is accepted, a reasonable assumption
would be that antiserum prepared against an intact virus would not
mubit the activity of the protein-free RNA isolated from that virus.
The fact that immune serum was found by all three gronps to inhbit
the infectivity of active RNA would have been very damaging but
for the fact that normal serum was found to inhibit the actvity wath
equal efficiency. In an unexpected way these ohservations showed
that the infectious components m the viral and RNA preparations
were different, since the mfectivity of the virus was, i all cases,
inhibited only by the specific immune serum However, the me-
chamsm by which serum - ymmune or normal - inhibits the actiity
of RNA remams obscure ALEXANDER ET AL. (1} suggested that the
nactivating effect of serum may be due to the presence of trace
amounts of RNAse, and their cheervation that nesther rabbit normal
gamma-globulin nor antType I poliomyehtis gamma-globulin in-
hibited plaque formation by thewr RNA preparations appears to
strengthen this contention However, WECKER AND Scnirer found
that gamma-globulins from normal horse and horse anti-EEE sera,
as well as the whole sera, inhibited the activity of RNA from EEE-
wfected chick embryos. Perhaps an answer to this question will be
provided by the use of lugh potency antiserum. It might then be
possible to d

of the mtact virus
at serum dilutions at wblch the nonspecific inhibitory effect on RNA
would be diluted out,

ALEXANDER and co-woskers, and WECRER AND Schiter have
commented ou the erratic behavior of their infectious RNA prepara-
tions in tissue culture With intact varus preparations the number of
plaques produced on 1 of susceptible cells 15 proportional
to the dilution of the virus. Tbxs was not the case with RNA 1sclated
from Type I pohiomyelitis varus and tested on HeLa cell monolayers,
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no reason to doubt that in each case the RNA initiated an infection
winch [ed to the formation of intact virus particles identical to thoes
from which the infectious nucleic acid was isolated. Nevertheless,
there are minor points on which there is not complete unanimity. In
addition there are observations, made by all three groups, which are
puzzling and which need clarification,

WECKER AND SCRAFER reported that when mouse brains or chick
embryos were honogenized mn buffer prior to extraction with phenol,
the RNA obtained was biologically mactive. CoLrer Et AL, (6, T),
on the other hand, expenienced no dufficulty 1n 1solating active RNA
from pohiomyelitis virus-infected hamster bram and spinal cord or
from Mengo or West Nile-infected Ehrlich cells when these tissues
were homogenized and centrifuged prior to the addition of phenol.
In fact, infectious RNA was obtained on several occasions from sahne
homogenates of polio-infected hamster brain and cord whick had
been stored at —20°C for several months, The suggestion that the
release of cellular RNAse by homogenization is responsible for the
falure to obtain active RNA 1s scarcely tenable. The resistance of the
mtact viruses to the action of this enzyme - as compared with the
extreme lability of the ponding RNA preparations - has been
the pivotal evidence provided regarding the identity of the infectious

T in the RNA prey ions. M y 1t may be reason-
ably assumed that any RNAse present 13 rapidly mactivated by
phenol.

The presence of DNA in the nuclesc aeid preparations isolated by
WECKER AND ScHAFER from EEEnfected chick embryos is puzzling.
Though ALEXANDER ET AL. did not report on the chemistry of their
active prepamtions. Covrer and co- workeu showed that 1n therr
three all the phosphorus could be 1
for as nlnonucleoudc phospborus, nm] that the diphenylamine
reaction for DNA was consistently negative, Furthermore, CoLTER

blished data) has employed the phenol extraction procedure to
uulale RNA from Ehrhch asates tumor cell nucler suspended in
buffered phystologeal saline, and found that no DNA was left in the
aqueous phase, It 1s possible that the failure of phenol to sediment
the DNA of chick embryos quantitatively is a reflection of rome
property unique to chick embryo D\A or perhaps lmllcal‘eq :‘l,e
presence in chick embryos of i q ies of Jow
weight DNA unassociated with protein. WEeCKER AND SciiFeR found
that the DNA in their preparations exhibited a sedimentation veloaity
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Fig 1, Analytical ultracentnfuge pattern of nibonucleic acd swolated from Ehrhch
ascites tumor cells 16 muinates after tator attamed speed of 50,740 p m.

virus was found to sediment more rapidly than did the intact Mengo
and polomyelinis viruses.

Tesasuerr (13) has studied the 1 M NaClunsoluble fraction of
Ehrlich ascites cell RNA by means of hght scattening, and has
estimated the mean molecular weight of this fraction to be 1.2 x 105,
These data, and those aated 1n the above paragraph, suggest that the
molecular weight of infectious RNA from Mengn, pohomyelstis
and West Nile viruses 15 of the order of 1.5-2 0 x 10%. ScuwerpT
(39) has estunated the molecular weight of the MEF1 poliomyehtis
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or with RNA 1solated from EEE-infected mouse brains or chick
embryos and tested on monolayers of chick embryo fibroblasts.
COLTER AND CO-WORKER have also reported on the rrregularity wnh
which mfectious RNA from poliomyelitis-infected tissues prod
lesions in monkey kidney tubes, There is na obvious explanation for
this finding. Perhaps all that can be said at present is that whereas
tissue culture systems are in general at least as senaitive as the intact
animal for the detection and titration of virus agents, they appear to
be less sensitive systems for the demonstration of the biological
activity (infectivity) of RNA.

Although Type 11 {MEF1) pohomyelitis and Coxsackie viruses
have been crystalized by SciAFFER AND ScHWERDT (31) and by
MatTeRN AND DuBUY (28) respectively, quantities of erystalline
mammalian viruses, adequate to permit the complete physical
charactenzation of RNA denved therefrom, are not as yet available
to investigators.

The infectious preparations described in this section consisted
manly of cellular nbonucleic acids with the infectious (viral) RNA
apectes present in extremely small quantities. Nevertheless, from the
data available certain tentative conclusions may be drawn regarding
some of the physical properties of these infectious nbonuclewc acids.

CovTEr AND BrowN (8) have described the isolation of RNA from
Ehtheh aseites carcinoma cells, and BRown ET AL (3) have deseribed
a number of the physical properties of such preparations, Ultra-
centrifuge studies showed that at a concentration of 0.003 per cent,

one third of this 1 exhibited a sedb of less
than 38, v.h:lr the rcmamder, though there was some spreading of
the b 1 as two it 60 per cent with

$=32 and 40 pcr cent with 5=15 (figure 1). Eseentially :dentical
ultracentnifuge patterns were obtained with RNA preparations from
Ehrlich cells infected with Menge and West Nile viruses and with
RNA from poho-mfected hamster brain The $=15 and $=32
d quantitotively at 1M NaCl concentration,
and wnh infectious preparations the infectinity was always recoyered
quantitatively in the 1 M NaCl pellet. Centnfugation experiments
on these infectious RNA prey sons suggested that the i i
species had sc(hmenln!lan constants of the order of 5=32. The data
suggested further that the infectious RNA from West Nile virue-
infected cells was larger than that from erther the Mengo or polio-
virus infected tissues, It is interesting 1o note that the West Nile
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infeetisity. Heated (71°C. 15 mins.), as well 9 unheated shockates,
were employed in these studies,

Heated shockates, which contained less than 102 infectious
particles/m] as determined by plaque counting with intact cells,
produced infectious T2 virus when incubated with protoplasts of E.
coli B Tncreases as high as 10° plaque-forming units/ml in 60 muns,
at 37°C. were obeerned Phage increases were alio demonstrated
when unh d shock were b

d with I, colt B protoplasts.
Neither incubation of shockates with intact E eoli cells nor of intact
T2 virus with E. cols protoplasts resulted in the formation of new
virus particles.

The production of virus in protoplast-shockate mixtures required
the presence of sucrose snd amino acds, and was inhibited by versene
(0.01 M) and by p cyanide, p arsenite and p
arsenate at 0.001 M concentration ot higher. When heated shockates
were mcubated with trypsin (50 y/ml, 30 mins.) and the action of
trypsin imhibited by the addition of soybean trypsin inhibitor before
mrang the shockate and protoplast preparation, 0.1 per cent as
much phage was prodnced as 1 the absence of the trypsin treatment.
DNAse had Lttle 1f any effect on the ability of the shockates to
produce phage. Unheated shockates were resistant to both trypsin
and DNAse. Actinity of heated shockates was destroyed by homo-
genization n a clulled Waning blendor, by agitation m  Mickle

and by exp to ultraviolet Light under d
which caused httle inactivation of intact T2 phage.

Of particular interest was SP1ZIZEN's observation that T2 shock-
ates were capable of producing phage when incubated with proto-
plasts derived from certamn bactenal species - E. cols B2, anaerogenic
E col: (WR-2), atypical Klebsiella (WR-3), Providence group para-
colon (WR-6) and Aerobacter aerogenes 417 — which are resistant to
nfection with the intact virus The resistance of these species may be
attnibuted to the lack of proper receptor sites. Protoplasts from other
reuistant strams, however, failed to support virus reproduction when
incubated with T2 shockates The nature of the resistance of these
orgamsms 15 not known. However, a reasonable suggestion might be
that they are deficient 1n some part of the metabolic machinery
required for the synthesis of the viral components,

SpizizEN has suggested that the infe particles 1n his shock
were DNA units protected by a protein shell. This pieture 1 certainly

patible with the exp evidence Whether this protein
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virus to be 6.8 x 106 and has found by chemical analysis that it
contains 25-30 per cent RNA. From this data, the molecular werght
of RNA from a single poliomyelitis virus may be calculated to be
1.7-2.0¢ x 108, That these values are in rather good agreement with
those arrived at indirectly is quite evident, and leads this reviewer to
suggest that the infectious ribonucleic actds isolated from Mengo,
West Nile and poliomyelitis virus-mfected tissues represented the
complete, undegraded nucleic acid complements of these viruses.
GIERER AND ScuraMM, it should be recalled, reached the same
conclusion in the case of TMV-RNA.

Studies with T2 Bacteriophage

The central role played by T2 virus deoxyribonucleic acid (DNA)
m the reproduction of the virus has been evident for a number of
years. HERRIOTT (22) showed that the protemn coat of T2, 1solated
after osmotic rupture, adsorbed to the receptor site on the cell wall
of the host (Escherichia coli) and stopped multiphcation of the host
cell without gaiving nise to new phage particles. The experiments of
HEersHEY AND Cnase (23) demonstrated clearly that T2 DNA was
associated with the rephicating activity of the virus, and indeed
suggested that 1t carrted all the genetic mformation necessary for
virus reproduction. These observations have raised the question as
to whether the protein mosety of T2 virus 15 concerned only with the
“injection” of DNA or whether 1t plays some role in viral replication
subsequent to the entrance of DNA into the host cell. The investiga-
tions of Srrzizen (42) and of Fraser and co-workers (10), to be
discussed here, haye provided a partial answer to this question. They
have not, k . provided q I evid that | in-fi
T2 phage DNA can, by itself, be wfectious.

Srizizen (42) has shown that protoplasts, derived from E. coli B
by the action of lysozyme, will support the production of new phage
particles when incubated with T2 virus preparations disrupted by
osmotic shock. Phage strain T2r 4 was propagated on E. col: Ban a
glucnwammomum salts medium and concentrated by differential

Phage c i 2 x 1011 plaque-
forming particlesml in 3 M NaCl, were rapidly diluted 40-fold in 1
per cent gelaun solution resulting in 99 per cent or more reduction in
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1 4 1

addition to protopl. they p 3 per cent as
many mmal plaques as did conespondmg unncaled samples,

In all experiments performed by FRASER and co-workers with
T2 DNA preparations, controls were run with non-protoplasted cells,
handled identically except for the lysozyme treatment. They found
a small but persistent infection 1 this control. This infection was
markedly reduced by DNAse, and it occurred with E. coli Bf2 as
well as with E. coli B, thereby differentiating it sharply from T2
infection. The authors concluded that this represented infection of
E. Coli with their crude DNA and suggested that it was due to
enhanced cellular permeabihity of E. coli caused by washing.

FRASER ET AL were conservatwve in their conclusions. They re-
marked on the remote posaibihty that the mfecting matertal was T2
whose tail specificity had been altered by urea and whose DNA had
been made susceptible to DNAse action, and pointed out correctly
that the results did not exclude the possibility that protein was
bound to the DNA. However, it 13 also posllble that the infections

p m their preparations was proteiu-fice phage DNA, and
it 1s probably not imistic to icipate that
evidence in support of this premise will soon be forthcoming.
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may participate in the syntheixs of virus particles, or be involved in
attack to the protop or merely prevent the
formation of DNA aggregates too largc to penetrate the protoplasts,
is not yet clear.

The experiments of FRASER and collaborators (16) are even more
suggestive than those of SpizizEN (42), and bring us closer to the
conclusion that, in the case of T2 virus at least, DNA is the carner
of phage infectivity. Like Sp1zizen, these nvestigators employed
protoplasts derived from E. coli by means of lysozyme, but instead of
osmotically shocked T2, they used DNA solutions prepared from
concentrated virus by means of urea. Concentrated, purified T2 virus
was diluted 1nto concentrated (8 M 1n 0.1 M saline, pH 82) urea
solution. After incubation for one hour at 37°C. the preparations
were dialyzed agamst 0.1 M salime at 2°C. until frce of urea. These

10ns were shghtly opal and ined no viable phage
when plated directly on intact E. coli. Attempts to infect E. coli
protoplasts with intact T2 virus also gave consistently negative
results.

When DNA soluti d as d. bed above, were mixed
with protoplasted E. coh, produchon of intact virus could be dc-
monstrated routinely. Phage prod was also d
when these DNA prey were incubated with protoplasts from

the T2 remstant E. col: B/2, thus venfying the observations of
Seizizen. Blank platings of DNA, of expenimental bacteria and
protoplasts falled to produce plaques in E. coli. Evidence was pre-
sented to show that (a) the DNA preparations did not contain T2
masked by DNA, other degradation products er urea, (b) the yield
of phage did not represent mitially mactive but still intact plaque
particles, reactn ated mn some way, and (c} the yreld did not represent
phage particles dissociated by urea mto protem and DNA, and
reconstituted by some action of the protoplasts.

When DNA-protoplast mixtures were shacked into water after

adsorption, all infective centers were ehmi ical treatment
of intact T2 virus did not reduce its infectvity. The effects of DNAse
on the actiaty of the DNA prep clearly di iated them

from T2 virus preparations, and from the T2 shockates studied by
Spizizen. Whereas the latter were little affected by DNAse, the
actwvity of the DNA preparations of FRASER ET AL. {16) was largely
eliminated by exposure to this enzyme. When DNA preparations
were incubated with DNA«c (10 y/ml, 80 mins. 37°C.) hefore their
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Iympthocytic choriomemngatis virus (TRAUB, 1938). Perhaps a middle
portion of this spectrum is occupied by the virus of herpes simplex
which causes a prolonged 1nfection of man and 13 not detectable
during periods when it 1 quiescent and not responsible for overt
disease, but 13 readily jsolated when 1t 1s provoked to induce locahized
cell damage (AnpERson AnD Hamiuron, 1949). As expressed m
another way, virus may be 1nfectious and persist, 2s may bacteria m
the carrier state, or may exist 1n a true masked or noninfectious state.
The development of tissue culture techniques permtted the com-
mencement of cultures of tissue fragments or individual cells from a
wide variety of organs obtamed from many different animals. In a
number of 1nstances, although the tissues were secured from appa-
rently normal organs or from organs not obviously mfected by virus,
prolonged culture n vitro uncovered the presence of viruses which
were cytopathuc for the cultured cells. The evidence appears clear that
the agents were present 1n the explanted tissues and were not mntro-
duced accrdentally into the cultures, The expertments described pre-
sented additional evidence that viruses may persist and propagate in
animals without mnduction of demonstrable disease. In each of the
studies which have illustrated this pomnt, queries have been made
concermng the state of virus in the onginal host cells and the me-
chamsm by whuch it persisted without detection.
Tissue culture appears to aﬂ'oni opportunities to investigate by
litative and q ive various postulates to explam
!he mechamism by which varus may infect cells without cell injury
and thus persist i the host for an indefimte penod. It is the object of
this review to describe examples whereby virus has been “unmasked™
by #n vitro cultures of tissues, to summarize and discuss expersmental
models of persistent viral infections or the carmer state in tissue
culture systems, and to consider the imphcations of these findings.

Viral Carrier State 1n vive

Prior to a cousideration of the mvestigations which describe per-
sistent viral infections of vanous cell Lines m tissue culture, those
studics wall be reviewed which imply that @ varal carmer state may
exist in an mtact host. In each instance, to detect virus it was ne-
cessary to culture the infected tissues by artsficial means,
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THE SIGNIFICANCE OF THE VIRAL CARRIER
STATE IN TISSUE CULTURE SYSTEMS

By HAROLD S. GINSBERG

Introduction

Nature furnishes a number of instances which exemplify viral in-
fections of animals, plants, bacteria and insects without obvious
manifestations of injury. These illustrate prolonged parasitism of
cells by viruses without demonstrable harm to the bost. Details of the

viral infections vary derabl ding to the leus,
the host, and the conditions. In some examples, ceH injury is not
usually observed in the infected host (Traun, 1936; TREILER, 1937),
while in contrast viral infections have been described in which the
agent is proveked to i d multiplication and production of
disease (HORSFALL AND Hann, 1940; A-uu:xson AND Hamivron,
1919). As the course of the infection varies with the examples describ-
ed, so too the apparent state of the virus may differ. The best docu-
mented instances range from a true provirus state in Iysogenic bacte-
ria (LwoFF, 1953), to readily demonstrable virus in mice infected with
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and were shown to be agents which produced eosinophlic intranu-
clear inclusion bodies in fibroblasts. These agents were subsequently
identified to be strains of human salivary gland virus, and to be
closely related to or identical with strains of this agent solated by
Surra (1956) and WELLER ET AL. {1957).

Vituses from monkey hidneys. The widespread use of tissues from
ammals has further revealed the intriguing fact that certain appa-
rently normal organs carry undetected viruses. The most notable of
these, possibly because of 1ts widespread usage, 1s the monkey kidney.
RUSTIGIAN ET AL. (1935) observed that vacuolated syncytial strue-
tures containing groups of many cell nuclei appeared in some unino-
culated cultures of cells from trypsinized monkey kidneys after incu-
bation for 12 days or longer. All cells of the cultures were gradually
altered in this manner, and these subsequently underwent
degeneration. The cytopathic changes were demonstrated to be due
o a transmissible agent, probably a virus. The agents described have

bsequentlybeen detected 1n uninoeulated monkey kidney cultures by
numerous investigators, but no speafic disease of monkeys or other
animals has been associated with them. 3lonkeys from whose hidneys
the so-called “foamy agents have emerged durng in vitro culture
have lating dies directed agamst the homo-
logous varus.

Monkey kidneys appear to be particularly susceptible organs for
viral carmer infections. In addition to “foamy agents” and adeno-
viruses previously discussed, at least 18 other viruses have been
isolated from lated cultures of ingly normal maonkey
kidneys (HurL ET AL., 1956; HOLL and MiNnER, 1957; RowE £TaL,
1958) These latter agents have been termed SV or simian viruses,
and are distinquished by the viruses’ immunologic or cytopathic
characteristics.

To explamn the mechanism by which these examples of persistent
viral infections 1 ammals were unmasked, the mterpretation em-
ployed to explam adenovirus infections of tonsils and adenoids may
be invoked: namely, that the virus is suppressed by the conditions
existing withun the host, When the environment is altered by transfer
of the nfected cells to in n vitro culnue conditions and a medium with-

P

and wdentified.
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Adenovivus. The initlal study to indicate clearly that host tissues
may be infected, but evidence no clinical manifestations of viral jn-
fection and yield no detectable virus, was that of RowE £t AL, (1953},
These investigators noted epontaneous degeneration of epithelial-like
cells grawing from explants of adenouds and tonsils in loug-term
cultures. From these eultures, 2 group of related cytopathogenic
agents, subsequently termed adenoviruses {ExpErs Er aL. 1957),
was isolated and characterized. It is noteworthy that virus could not
be isolated from homogenates of these tissues, and lhat pancnts from
whom the tonsils and adenoids had been extirp P d civeus
lating type-spreific bodies which could lize the virus iso-
iated (Huzener, BT AL, 1954), These studies have subsequently been
confirmed 1 a number of laboratories, From the data presented it 1s
not possible to know the period adenoviruses had persisted in tonsil
ot adenoid nor the state of the virus, whether mature or incomplete,
during the peried 1n which it was carned. Analysis of the evidence
avaulable, b y SUGG that ad infect more than 50
per cent of tonsils and adencards removed surgieally (HuesNen 1 AL,
1954; WINTER AND SCHLESINGER, 1956); that virus is masked or
suppressed by type-speerfic anthody, and possibly other host factors,
and that upon prolenged calture of the tissues 1 artificial media con-
diteons for cell metabolism and growtk are altered, antibodies are
gradually removed and visus is p d to emerge (X BT
AL., 1954; Rows ET AL, 1955},

In addition to tonsls and adenoids, it would appear possible that
cells of other lymphoid tissues may aerve as natural hoats for carrier
infections with adenoviruses, In at least two instances it has been

reported that type 3 adenovirus was obtained in tissue culture from
mesenteric lymph nodes (Hursrer £ A, 1954; Kseree, 1955)

It has heen reported more recently that at least three distinct
adenoviruses of higher types bave been obtained from monkey kid-
ney epithelial cells cultured in a monolayer for several weeka (Huzn
AND MinNER, 1957; ROWE ET AL., 1938), The mechanisms and imphe
cations appear similar to those described above,

Human solivary gland virus, Adenoids, perhaps as part of their
natural functions, may serve as host for a number of inapparent viral

infecti Rows and k (19;6) during the course of studies
on the infection of adenoids by i in some expl, a ob-
served sp d of fibrob! but not epithelial

cells, Three similar s!rnms of viruses were jsolated by this techinique,

N



The Sigmbeance of the Vual Carrier State 3n Tusve Culturr Systems 39

and wese shawa to be agents whick produced eosinephilic intranus
lear iclusion bodies 1 fhroblasts. Theae ageoty were subsequently
identified 0 be strains of human salivary gland virus, and to be
closely related to or sdentical with straing of this agent isolated by
Satrrar {1956) and Wrrien £T AL {1957)

Viruses from monhey kidneys. The widespread nze of tissnes from
snimals kas forthes sevealed the intrigumg fact that certain appa~
rensly normal organs carry undetected virnses, The most notable of
these, possibly because of ats widespread usage, 1s the monkey kidney.
RustiGuan £7 AL {1935) observed that vacuolated syncytial struce
tures containiog groups of many cell nucer appeared 11 some uning.
culated cultuzes of eells from trypsmized monkey kidneys after incu-
batson for 12 days or langer, All cells of the cu!uues were gradually
altered in thyt maoner, and these subseq w 1
degeneratson. The eytopathie changes wese demonstrated to be due
w0 a transxmsmblc agent, probably a s The agents deseribed bave

kybeen deteetedin keykidney cultureshy
nummu! mvestigators, but no specific disease of monkeys or other
anumals has been assonated with them. Monkeys from whose kidneys
the so-called “fosmy naents * have emerped dunng in vure culture
have i bodiea directed against the homeo-
fogous vitus.

Monkey Indneys appear to be particularly susceptible organs fox
vizal carmer anfections. fn additiont to *foamy agents” angd adeno-
viruges previously discussed, at least 18 other vuruses have been
wolated from unmoculated cultures of seemungly mormal monkey
kidoeys (Hurt £T AL, 1956; Hutr and Minwen, 1957; RowE BT 4L,
1938). These latter agents have been termed SV or amuan viruses,
and arz distmquished by the virnses' jmmunologic or cytopathic
eharasteristies.

Ta explan the mechamsm by which these examples of persistent
viral infeetions 1 animals were unmasked, the interpretation em.
ployed to explam adenovires mnfections of tonals and adenoids may
be iascked: namely, that the visus 1 suppreseed by the ronditions
existing within the host. When the envitanment ia altered by transfer
of the infected cells to tn vitro culture conditrons and & medium wathe
out nemtrahzing antdiody 13 supphed, the virus 19 no longer confined,
1t can muluply and spread without sestriction, 1t produces pathologe
changes m the infected cells, and thus it 1s reachly detected, wolated
and identified.

4
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Viral Carrier State in Tissue Culture

The availability of numerous types of tissues and the increasing
number of stable cell lines which can be propagated in continuous cul-
ture have afforded the opportunity to investigate the quantitative as
well as qualitative details of viral multiplication and the cytopatho-
logy which may result. From these studies data have evolved to
indicate that under certain circumstances viruses may persist in
tissues for long periods, and, indeed, even in cells propagated in serial
cultures. There are many examples of the multiplication of viral par-
ticles in cells of tissues without extensive cellular destruction. Many
of these experiments, however, were not designed to investigate the
means by which viruses may persist and multiply without extensive
cellular injury, and consequently neither permit analysis nor allow
speculation of the mechanism mvelved. Such studies, therefore, will
not be considered although many. have stimulated further work on the

problem with which this di atself, Emphasts will be
placed upon investigations that offer experi; I results which may
lead to notions of the mechamsms by which the viral carrier state is

blished and d. The experi I models to be discussed

are of several types. For the purpose of presentation they may be
conveniently divided into three main groups consisting of viral carrier
cultures which have been initiated w:

1) “Resstant™ cells which comprised the majority of cells in the
culture;

2) “Reswistant” cells selected from a predominantly susceptible cell
population by pressure of viral action; and 3) Susceptible cells.

1. Carrier Cultures in **Resistant Cells

There are many examples to demonstrate that viruses may mul-
1iply in animals without causation of disease cither because the viruses
are avirulent or unadapted to the host, or because the animal is re-
sistant by natural or acquired means. From these numerous examples
it might be anticipated that viruses may multiply in cells in vitro
without obvious pathological effect. BEARD AND Rous (1929) with
d this p bility to be a fact. Subseq

in prolonged infection in a single

vaccinia virus d
observation of this ph
culture and in serial cultures has sugy gesled the simplest form of 5

\ o
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viral carrier state. Although the mechamsm by which viruses damage
cells or, conversely, the means by which cells resist injury while sup-
porting viral synthesis, 13 not understood, the concept of pereistence
of virus in tissues not damaged by 1ts presence is now not a difficult
one o accept.

The earliest studies to descrihe the persistence of virus in cultured
tissues were with explants. One of the best documented was that by
FELLER, ENDERS AND WELLER who desenbed infection with and con-
tinued propagation of vaccima virus in mixed embryonic chick tissues
or fragments of chick heart for as long as nme weeks (FELLER £T AL,
1910). That varal infection of cells occurred was prm.cd by demonstra-
tion of the develop of typical eytopl i bodies in
ecattered cells. Despite the continued varal multiphcation, infected
tissue fragments grew to the same extent as those m control cultures,
and could be readily explanted to fresh cultures The data presented
1mplied that many of the cclls infected resisted extensive mjury and
survived, Thus, vaccima could persist and continue to infect new
cells and multiply therewn for the duration of the expenmental peniod

The balance between viral action and tissue growth was accom-
plished with vaccima virus and mixed chick tissues, although cellular
changes could be detected and despite the fact that greater amounts
of virus potentially could produce extensive cytomecross. Baxe,
LEvy axp GEY simlarly noted propagation of fowl pox virus in chick
fibroblasts without any detectable cell damage for as Jong as 120 days
(1951). It has also been observed m a wumber of mstances that polio-
varus could multsply to arelativelylagh titerin certan cell linesin tissue
culture with minumal or no cytopathic changes. These experimental
results were dependent upon enther a careful selection of viral variants
(SaB1N, 1954), or upon propiticus choice of cell Lines (LEDINEO ET AL,
1931; KaPraN anp MELNICK, 1955; BArsky, 1957). In one of these
studies, KapLAx AND MELNICK (1953) presented evidence that the
continued presence of type 1 poliovirus in hagh titer was dependent
upon infection of a relatively few susceptible cells (0 015 to 0.21 per
cent) in a population of epithehal cells which were relatively resistant

to the ngen!. That simdar cireumstances exist in many of the other
les of varal multipl
thnlogy seems posmble.
These etudies illustrate clearly the capacity of some cells 1 a cul-
ture to support viral propagation without the entire culture submit-
ting to generalized dismtegration by the parasitc. This stuation,

without evident cytopa-

3 Virstogy, YoL1
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Viral Carrier State in Tissue Culture

The avalability of numerous types of tissues and the increasing
number of stable cell lines which can be propagated in continuous cul-
ture have afforded the opportunity to investigate the quantitative as
well as qualitative details of viral multiplication and the cytopatho-
logy which may result. From these studies data have evolved to
indrcate that under certain circumstances viruses may persist in
tissues for long periods, and, indeed, even in cells propagated in serial
cultures. There are many examples of the multiplication of viral par-
ticles in cells of tissues without extensive cellular destruction, Many
of these exp however, were not designed to investigate the
means by which viruses may persist and multiply without extensive
cellular injury, and consequen!ly neither permit analysis nor allow

speculation of the nvolved. Such studies, therefore, will
not be cousidered although many have stimulated further work on the
problem with which this discussion concerns itself. Emphasis will be

placed upon i igations that offer experi I results which may
lead to notions of the mechanisms by which the viral carrier state is
blished and mail d. The experi I models to be discussed

are of several types. For the purpose of presentation they may be
conveniently divided into three main groups consisting of viral carrier
cultures which have been imtiated in:

1} “Resistant™ cells which comprised the majority of cells in the
culture;

2} “Resistant™ cells selected from a predominantly susceptible cell
population by pressure of viral action; and 3) Susceptible cells.

1. Carrier Cultures in *Resistant” Cells

There are many examples to demonstrate that viruses may mul-
tiply in animals without causation of disease either because the viruses
are avirulent or unadapted to the host, or because the animal is re-
sistant by natural or acquited means. From tirese numerous examples
jt mught be anticipated that viruses may multiply in cells in vitro
without obvious pathological effect, Bearp axp Rous (1929) with

oo . - Py
vaceinia visus d d this possiblity to bc a fact.

observation of this ph in prol fe in a single
culture end in serial cultures has -uggeucd the simplest form of »
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inflaenza A viruses. The resistance to heterologous virus was tran-
mitory and disappeared in the rare instances in which cultures were
“cured” of virns by passage in the presence of immune serum for as
long as 4 months, Ordinanly when immune serum was added to
culture fluid of the infected cultures virus could not be detected in
either cells or fluid, but when serum was removed, virus was soon
ble again, The resi 1o unrelated virus was not the result
of an inability of the resistant cells 1o adsorb virus, and was consider-
ed to be an cxample of the intexference phenomenon resulting from

virus in these refs y cells. The altered properties of
the cells were not a geneuc characteristic, for cloned lines derived
from carrier cultures not only were free of virus but also were fally
susceptible to vesicular stomatitis virus and could be made into car-
rier cultures again with NDV.

The data p d were interpreted on the ption that only
about 1 1n 50 to 100 cells was eceptive and able to support viral mal-
tiplication, perhaps due to the physiological or nutntional state of the
celly. The other cells could adsorb virus, but did ot permit synthesis
of new vizal particles. These latter refractory cells combined with v1-
rus mduced a state of interference with a subsequent viral infection.
This series of events continued until all cells ersther prodaced infee-
tious virus or contamed noninfections virus and thus were resistant.
The latter cells could divide, but the progeny were not resistant, The
cycle was then repeated, us a small percentage of the progeny were
receptive and the majority were refractive. This concept in certan
aspects is 1n agreement with that suggested by Caasmers (1957) to
explain the phenumenon of persistent infection of L cells with western
cqune i virus, as di d elsewhere in this paper,

Another example of a viral camner culture initiated 1n relatively
resistant cells was established with Coxsackie A-9 virus in HeLa celly
which support multiphcation of this agent but are relatively insuscep-
tible ay compared to monkey kidney cultured cells (Takesoro axp
Haze, 1958). This model is hasically similar to the NDV persistent
nfection of MCN cells discussed above. There are differences of suffi-
cient unportance, however, to warrant description of the carmer cul-
ture ivolved. Although TeLa eells are relatively resistant to A9

Coxsackie virue, when a sufficiently large amount of virus was em-
ployed, cytopathic effects could be observed. Upon addition of fresh
growth medium containing buman, horse or calf serum, the cultores
recovered so that no evidence of viral mfection was detectable
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which may be of considerable significance in the intact animal, has
been confirmed by many other similar investigations.

The evidence that it is possible to establish a prolonged viral in-
fection in vitro in a culture in which the majority of cells resist the
lethal effects of Virus suggested that stable cell Lines with similar
properties should offer the opportumty to effect an equilibrium be«
tween virus and cell which could be maintained indefinitely by con-
tinuous subculture of infected cells. This has now been accomplished
with several viruses and cell lines.

Using two epithelial-hike cell lines, oniginally obtained from the
hone marrow of a leukemic patient and from a human embryonic lung,
MCN and Lung-To respectively, (HENLE AND DriNnaror, 1957),
Dervearpr, Henes, Bencs anp HEnLe (1957, 1958) estabhshed
prolonged and persi: infections through beul
with three myxoviruses: Newcastle discase (NDV), mumps, and 6-6
an agent related to but significantly different from classical mumps
virus (HENLE AND DEINDARDT, 1957). These agents can multiply in
the cells employed, but cause no significant injury to the host cultures.
The most extensive experiments were done with NDV in MCN eul-
tures, and the essentials of these will be discussed. The results ob-
tamed with the otlm- agents MCN or Lung-To cells were similar
were performed.

The cell lmcs emp]uyed could be readily infected with any of the
myxoviruges, and unless greater than 10 infectious doses of virus per
cell was inoculated, no evidence of cell damage was discernible, Even
when an excessive quantity of virus was used, the cytopathic effects
were minjmal and did not hinder subculture of the unaffected cells.
The evidence indicates that subcultures could be made at 2 to 3 week
intervals, app ly indefimtely, with d of
varus as well as cells. The infectious virus in the cu]uu'es ranged from
about 10*° IDj, to 10°° IDsy, and most was associated with the cells
rather than the fluid. Several lines of evidence indicated clearly that
relatively few of the cells in the persistently infected cultures actually
were producing infectious virus (approximately 1in 50 to 1 in 120).
In spite of the fact that such a small proportion of cells actually
yielded infectious visus, the cell cultures in general showed characte-
ristics to indicate that the cells were different from MCN cells of un-
infected cultures. The cells of the carrier cultures exhibited: 1) a de-
creased growth rate; 2) an increased aerobic glycolysis; and 3) a re-
sistance to the unrclated vesicular stomatitis, herpes simplex and
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Banc anp Gey (1952), who noted that cultures of certain strains of
rat cells, both malignant and nonmalignant, survived despite the
early destruction of a large number of cells by castern equime enceph-
alomyelitis virus The surviving cells appeared uninjured, and soon
compnsed the entire culture as far as could be determined visually.
Virus persisted m reduced amounts lhe apparently healthy cul.
tures, but 1n some i an i g of virus occur~
red and extensive cell damage agamn ensued Such cytles were obser~
ved as many as 4 times in some experiments, These studies have been
extended to demonstrate that factors which are favorable to vigorous
cell mulniplication, i.e. chick embryo extract and incubation at 37°C,
foster the “‘recovery” of partially destroyed cultures and the develop-
ment of a chronic varal infection (BANG ET AL, 1957). These expen-
ments do not present evidence to indicate the proportion of cells
infected or the state of susceptibility to viral infection of the majority
of cells, although the authors suggest the hypothens that the cells are
not uniformly susceptible to viral infection and only a small propor-
tion of the cells produce virus. In addition, the data presented in the
latter study imply that cultural conditions which are condutive to
rapid cell propagation and mamtenance of cells in a state of vigor
render partially resistant cells even less susceptible to the cytopathic
effect of the virus of eastern equne encephalomyelitis,

The elegant experiments carnied out by Puck, CiEcioga and co-
workers offer an intriguing example of a persistent viral infection in
selected vanant cells (CIEcTuRA, Marcus anp Puck, 1957; Puck anp
CiECIURA, 1957). An extensive infection of HeLa cells by Newcastle
disease virus (NDV) resulted 1n survival of only an occasional cell,
Those cells which resisted the destructive action of NDV were grown
mto colonies and the virus challenge repeated two or three times at
weekly intervals. From these repeated destructive viral insults popu.
lations of cells were obtained which resisted NDV cytopathie
effects. Clonal strains were derived from these NDV resistant cultures
and passed in geries, The cells thus obtaned showed no evidence of
viral infection and not only resisted viral challenge but also could
propagate nto colomes of cells with a plating efficiency which ap-
proached 100 per cent in the presence of as much as 12 viral particles
per cell. This marked resistance of cells to NDV may be explamed
by the fact that these cells could no longer adsorb virus That the
majonty of cells in the reustant cultures are actually infected is
suggested by the fact that from 61 to 100 per cent of the cells produce
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despite the fact that virus was readdy measured in the culture fluid.
These cultures could be subcultured for many cell generations with
consistent recovery of virus but no evidence of cell injury. When type-
specific immune serum was included mn the medium, virus was readily
elminated from the cultures. As further evidence that this carrier
culture was not comparable to the Iysogenic state in bacteria, clone
isolates of cells {(PUCK ET AvL., 1956) from carricr cultures were free of
virus, The data further suggested that not enly was a small propor-
tion of cells in carrier cultures infected, but also that infected cells did
not divide and could not establish clones.

The data reviewed imply the ease whereby persistent viral infec-
tions can become established in cells which are neither uniformly nor
completely susceptible to the virus employed. Indeed, the experi-
ments of TAKEMOTO AND HABEL indicate that prolonged cultivation
of carrier cultures selects cells with an increased resistance to Cox-
sackie A-9 infection as well as virus with altered propertics. The

d d by these investig; indi that one of the
ible for d i infection of the

fucmrs T
c:u'ner cultures is the relative msuscephblhly of HeLa cells to Cox-
sackie A-9 virus, especially when cells are in a state of high metabolic
activity promoted by growth medium. A second important factor
is the failure to accumulate large quantities of virus in the cultures
due to the rapid thermal inactivation of virus under conditions where
virus propagates at a relatively slow rate.

2. Carrier Cultures in Selected * Resistant™ Cells

That persistent viral infections or viral carrier cultures can be pro-
moted in cultures of resistant cells has been amply confirmed. In the
examples described it was noted that often cells in a given culture are

not k in their resy to viral infection. These dlustra-
tions were based upon viral carrier cultures established in cell hines in
which a prepond of cells were relatively i ible to in-

fection. In addition, there are several notewcnhy instances of viral
carrier cultures initiated in cells selected from a population in which
the majority of cells not only suppom-ﬂ viral multiplication but also
reacted to infection by scvere injury. The cells which survived the
viral cytopatbogenic effect were then rehnvdy resistant to injury by
ple of this y was suggested by

the agent. An carly
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poliovirus antihody was essential for continued propagation of the
altered cells in serial subculture. Upon degeneration of the cells in the
absence of speaific antibody, poliovirus could be detected in most
cultures, The identical series of events could be nitiated by exposing
HeLa cells to alazge amount of virus for 1 hour, after which virus was
removed by washing the tells, and a culture uid contaming type-
specific immune serum was added Most of the cellsunderwent necrotic
changes, but a small percentage of the origial population survived
and could then be cultured in senes if poliovirus antibody was present
in the culture fluid. The data indicated that not only did HeLa cells
multiply 1n the presence of virus, but also that virus multiplied as
well, albeit at a low level. After antibody was removed, viral mul-
tipheation commenced at a more rapid rate following a long delay
period (ACKERMANN, 1957)
1t must be pt 4 that in the pol carrier cultures,
although cells multiplied 1o an extent that serial subcultures appar-
ently could be made od 1nfinitum, the cells obtamed were decidedly
changed from the wild type HeLa cell from which these cultures were
dentved. They were altered not only with respect to morphology, but
also in their oxygen consumption and cytopathic response to a second
varal infection., Thus the cells of such carrier cultures appeared spindly
and elongated and had a reduced quantity of cytoplasm relative to
nuclear size; their oxygen consumption was decreased; and although
they could be supennfected with another type of pohovirus or with
Coxsacke virus, the resultant cell d developed at a slower
Tate and viral multiphieation had a longer lag phase than in the parent
cell Line (ACKERMANN, 1957a). In the most recent communication,
AcxeRvANN (1957b) states that the altered cell Line retains resistance
to varuses, Coxsackie as well as poliomyelitis varus, even after being
freed from the carmer agent wath the use of trypsin in additron to
antibody. Cells which are completely resistant to poliovirus have not
been obtained, bowever. Thus, although it has not been determined
whether cells which are infected can propagate, nor what is the precise
role played by virus during the carner state, it does appear that the
cells mvolved are genetically altered and that specrfic antihody 1
required to restrain viral multiphcation without complete disinte-
gration of all cells in the cultures. The exact nature of the interactions
among cell, virus and antibody, and the mechanisma involved in the
phenomenon deseribed have been only partially elucidated. Whatever
the mechanisms ivolved are, however, the model described may have
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plaques when plated upon sensitive “giant cell”” cultures derived
from x-ray-irradiated HeLa cells (Puck ANp Marcus, 1955). The
infectious state of NDV within the cells, however, is not clear and
data have not been presented to indicate whether virus which will
infect the parent HeLa cells or chick embryos can be obtained duectly
from the resistant cells. When resistant cells were cultured in the
presence of NDV immune serum for about 3 weeks the cells lost the
capacity to induce plaques when plated onto irradiated cells, but did
not lose their resi to infection by NDV, Subseq culture in
antiserum-free medium permitted the gradual return of infected eells.
Thus, although the viral carrer state 13 not strictly comparable to
lysogenic bacteria, these studies do imply the development of an
intriguing relationship between virus and a genotypic-variant HeLa
cell. Subsequent experiments will undoubtedly clanfy certain puzz].mg
aspects of thus model as well as elucidate further 1ts h

3. Carrier Cultures Established in Susceptible Cells

The ples di d above described the develop of viral
carrier cultuxes in either naturally resistant or gelected resistant cells.
In nature, it is apparent that recurrent viral infections as a result of a
latent infection may be established i cells fully susceptible to the
mjurious effects of the agent. Thus, under certain circumstances,
virus persists and probably multiplies, but cells are not damaged; an
alteration of the conditions may make the cells fully susceptible to
cytonecrosis by virus and disease is mamifest, It might therefore be
postulated that viral carrier cultures can be established in cells fully

ible to infection when ditions are properly arranged and
contmlled Such has proved to be the case under varyng circum-
stances: 1) presence of specific antibody; 2) presence of non-specific
serum inhibitors of virug; 3) serum factors wlnch maintain cells under
diti of op bolism; 4) 1 deficiency of cells;
and 5) viral interfe by noninfectious virus, An ple of each
of these will be discussed.

ACKERMANN AND KURTZ (1955) observed that one of several Jines

of HeLa cells in their lahorutory had an unusual morphology and

underwent sp when maintained in the absence
of certain pools of human serum. It became clear that poliomyelitis
virns was ible for the cy is, and that type-specifi
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showed a ngmbicant aleration in wueceptibility 1o subqqnmt nfee-

tion with horol or b logous £ypes of ad 3
Beeaunse nru:rnhzm« anubady way present 1 most humm sera,
the role of antibodies n ﬁns pb was sated. Extensive

experiments indicated that a kurge quantity of neutralzing antibady
in tabbit sexum, 1 the absence of human serum, was not adequate to
maintaia the infected eultures without progresave cytopathic chan.
ges. On the other hand, human serum which when nadduted could
neutralize only 1 to 3 infections doses of visus, when used at a 40 per
cent concentsation could promote continued serinl passage of infected
cultures, Ralint immune serum did not whibit sssal mulnpheation
in & previously wnfected enlture, whereas 40 per cent homen serum
with one-sixteenth the antibody titer of rabbat eatisernm sygnificantly
Tundered propagation of virus, Hoth flmds reduced varal cytopatho-
gematy. Despite these data 3t is not posuble to be certain of the exact
role which specsfic antihodies or other serum inlubitors maght play in
this phenamenon. It 15 :lear, however, that these factors alone were
0ot suffi for prol of the viral catvier culture,
The mechantsm by winch a persistent adenovirus infection of the
bughly susceptible Hela cells 15 inttiated and mawtained as not entyre-
1y clear. From the evidence desenhed, however, the fallowing hypo-
thesis may be deduced: Rchmel) few cells are mfeuzd and under
the cuhtural cond, ployed, viral iy 38
but not pletel ibited, The red in aral gro\nh nppeaxs
%o be effected by the high concentration of human seram, but not
selely, sf at all, by the specific antibodies, 1t would appear, rather,
that the very active cell metabahsm stunylated by the human serum
hits vizal propagation and perhaps cell mjury as well. The virns
produced can persist because of its favorable intracellufar posttion
and s consderable stalulity under adv erse conditions. Thy yminfected,
cells reroain susceptible to wirus, so that when the cultural condstiona
are made less favorable, vual ipleati incrcam. }y duced
virus spreads Als, and 2 1 are.
Just as hughly tavurable cnhuxal condmens may reader cells more
Tesistant to some viral wfections and thewr subsequent effects, 8o ton,
Ppoor eell putrifion may make celleless able to support viral wnfections.
An intriguing example of this concept hag heen presented by Morcaw
and hia colteagues (Mongan, 1956; Jomwsox avo Mongaw, 1956;
Hzcore avo Moroax, 19563 Moncax ano Bapen, 1957; Moncan,
1957). The experments do not deseribe 41 viral careier eultares
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a likeness to the situation which exists in some latent infections in
nature,

A viral carrier culture which has certain similarities to the persistent
ypoliomyelitis infection of Hela cells deseribed, but which also has fun-
damental dufferences, is that of a prolonged and continuous adenovirus
infection of Hela cells (Ginsnrre Axp Bovig, 1956; GInsnere,
1957a). The demonstration by Rowr and coworkers (1953} that
adenoids contain adenoviruses which cannot be detected until they
are “unmasked™ by in vitro culture of the adenoid tissue implied the
role these viruses may play as latent agents, The biologic character-
isticy of adenoviruses (GinsnERre, 1957b) have further suggested the
possibility that these viruses may establish an unusual and perhaps
stable relationship with nfected cells. These factors stimulated the
notion that it might be possible to mimic in tissue culture the situation
attained by ad uses in certain fymphoid tissues in man,

It was possible to establish, with relative ease, a type 3 or 4 adeno-
virus infection of Hela cells which did not consume all cells of the
culture and which could be maintained and subcultured in series for
at least 30 passages with persi of infectious virus, but without
ohvious cytopathic changes in the culture. The essential factor ap-
peared to he that active cell metabohsm and matosis be maintained
by human serum in a concentration as high as 40 per cent. This fiuid
was added one hour after infection with a relatively large quantity of
virus, It mast be emph d that type-epecifi lizing antibody
was present in sera employed unless special precautions were taken
in the selection of blood donors. Throughout the prolonged culture
series infectious virus was always demonstrable in washed cultured
cells, but not in the fluid containing scrum. Upon removal of the
growth fluid and addition of a maintensnce fluid which would not
support us propag: of cells, cytopathic all jons rapidly
appeared and eventually involved all cells in the culture,

Despite the fact that the adenovirus-infected culture had the
appearance of an uninfected culture when growth fluid was present,
study of fixed and stained prep d d the prescnce of
2 small proportion of cells (0.5 to 5.0 per cent) which had nuelear
changes characteristic of infection with the adenovirus employed
(BovER ET AL 1957). Evidence obtained by clone cultures and by
finorescent antibody studies tended to confirm the evidence that a
relatively few eclls were infected. Not only were the cultures derived
from cell clones not infected, but also, of the 114 clones selected, none
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showed a signifi 1 in ibility to subseq infec-

tion with homol. or } 1 !ypes of ad. i) .
Because n:u(mhzmg annbody was present in most human sera,

the role of antibodies in this p was i i d. Extensive

experiments indicated that a large quantity of neutralizing antibody
1m rabbit serum, in the absence of human serum, wa< not adequate to
mamtan the infected cultures without progressive cytopathie chan-
ges. On the other hand, human serum which when undiluted could
neutralize only 1 to 3 mfections doses of virus, when used at a 40 per
cent concentration could promote continued serial passage of infected
cultures, Rabbit immune serum did not inhibst viral multiphcation
in a previously infected culture, whereas 40 per cent human serum
with one-sixteenth the antibody titer of rabbit antiserum significantly
hindered propagation of virus Both flmds reduced viral cytopatho-
genicity. Despite these data it1s not possible to be certain of the exact
role wlich spenific antibodies or other serum mhibitors might play n
this phenomenon. Ttis dear, however, that these factors alone were
not for prol of the viral carrier culture.
The mechamsm by which a persistent adenovirus infection of the
bighly susceptible HeLa cells 1s imtated and maintained 18 not entire-
ly clear From the evidence described, however, the following hypo-
thesis may be deduced: Relatively fow cells are wfected and under
the cultural cond ployed, viral 18
but not letely intubited, The d in viral growth apPean
10 be effeoted by the high concentration of human serum, but not
solely, if at all, by the specific antibodies. It would appear, rather,
that the very active cell metabolism stimulated by the human serum
lumts viral propagation and perhaps cell mjury as well, The virus
produced can persist because of 1ts favorable intracellular position
and 1ts considerable stability under adverse conditions. The uninfected
cells remain susceptible to vuus, so that when the cultural conditions
are made less ble, viral ! newly prod
virus spreads to surrounding cells, and extensrve damage of cells occurs,
Just as highly favorable cultural conditions may render cells more
resistant to some viral infections and their subsequent effects, so too,
poor cell nutnition may make cells less able to support viral mfections,
An mtngming example of this concept has been presented by Morean
and his colleagues (MorcAn, 1956; Jornson anp Morean, 1956
Hecore AN MorGaN, 1956, MoRGAN AND BADER, 1957; Morcan,
1957). The expenments do not describe true viral carmer cultures
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a likeness to the situation which exists in some latent infections in
nature,

A viral carrier culture whick has certain similarities to the persistent
poliomyelitis infection of HeLa cclls described, but whick also has fun-
damental differences, is that of a prolonged and i d irus
infection of HeLa cells (Ginsncre anp Boyer, 1956; Ginsserc,
1957a). The demonstration by Rowr and coworkers (1933) that
adenoids contain adenoviruses which cannot be detected until they
are “unmasked” by in vitro culture of the adenoid tissue implied the
role these viruses may play as latent agents. The biologic character-
1tics of adenoviruses (GINSBERG, 1957b) have further suggested the
possibslity that these viruses may establish an unusual and perhaps
stable relationship with infected cells. These factors stimulated the
notion that 1t might be possible to mimie in tissue culture the situation
attained by ad uses in certain lymphoid tissues in man,

It was possible to establish, with relative ease, a type 3 or 4 adeno-
virus infection of HeLa cells which did not consume all cells of the
culture and which could be maintained and subcultured in series for
at least 30 p ges with persi of infectious virus, but without
obvious cytopathic changes in the culture, The essential factor ap-
peared to be that active cell metabolism and mitosis be maintained
by human serum in 2 concentration as high as 40 per cent. This fluid
was added one hour after infection with a relatively large quantity of
virus. It must be emphssized that type-specifi lizing antibody
was present in sera employed unless special precautions were taken
in the selection of blood donors. Throughout the prolenged culture
series infectious virus was always demonstrable in washed cultured
cells, but not in the fluid containing serum. Upon removal of the

growth fluid and addition of a mamtenance flurd which would not
support continuous propagation of cells, cytopathic alterations raprdly
appeared and eventually involved all cells in the culture.

Despite the fact that the adenovirus-infected culture had the
appearance of an uninfected culture when growth fluid was present,

study of fixed and stained prep d d the p of
a small proportion of cells (0.5 to 5.0 per cent) which had nuclear
changes cb i of infe with the ad iru loyed

ploy
(BavEr ET AL., 1957). Evidence obtained by clone cultures and by
@uorescent antibody studies tended to confirm the evidence that a
relatively few cells were infected. Not only were the cultures derived
from cell clones not infected, but also, of the 114 clones selected, none
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showed a 1 in bility to subseq infec-

tion with | or b 1 types of ad il .
Because neutralizing antibody was present in most human sera,

the role of antibodses in this pk was investi; d. Extensive

experiments indicated that a large quantity of neutralizing antibody
1 rabbit serum, in the absence of human serum, was not adequate to
maintan the wfected cultures without progressive cytopathe chan~
ges. On the other hand, human serum which when undiluted could
neutralize only 1 to 3 infectious doses of virus, when used at a 40 per
cent concentratton could promote continued senal passage of infected
cultures, Rabbit immune serum did not inhibit viral multiphcation
in a previously infected culture, whereas 40 per cent human serum
with one-sixteenth the antibody titer of rabbit antiserum significantly
hindered propagation of virus. Both flmds reduced viral cytopatho-
genicity. Despite these data it 1s not possible to be certain of the exact
yole which specific antibodies or other serum inhibitors might play 1n
this pbenomenon. Ttis clear, however, that these factors alone were
not for prol of the wral carrier culture.

The mechamsm by winch a persistent adenovarus infection of the
ughly susceptible HeLa cells 1s mitiated and maintained 1s not entire-
ty clear From the evidence described, however, the following hypo-
thesis may be deduced: Relatively few cells are nfected and under
the cultural cond: ployed, viral multip) 19
but not completely inhibated, The red in viral growth appears
to be effected by the high concentration of human serum, but not
solely, of at all, by the specific antibodies. It would appear, rather,
that the very active cell metahohsm stimulated by the human serum
femits viral propagation and perhaps cell injury as well. The virus
produced ean persist because of 1ts favorable intracellular position
and 1ts considerable stabihty under adverse conditions. The uninfected
cells remain susceptible to virus, so that when the cultural conditions
are made less ble, viral newly
virus spreads ding cells, and ived feell

Just as nghly favorable eultaral conditions may xender eells more
Tesistant to some viral infections and their subsequent effects, so too,
poor cell nutrition may make cells less able to support varal infections.
An intrigmng example of this concept has been presented by MorcaN
and his colleagues (Morcan, 1956; Joranson axp Moreaw, 19565
Hecere axp Morcan, 1956; MoRGAN AND BaDeg, 1957; Moreax,
1957). The experiments do not descnibe true viral carner eultares
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a hkeness to the situation which exists in some latent infections in
nature.

A viral carrier cultore which has certain similarities to the persistent
poliomyelitis infection of HeLa cells described, but which also has fun-
damental differences, is that of a prolonged and continuous adenovirus
infection of HeLa cells (Ginsperc AND Boven, 1956; GinsBeRG,
1957a). The demonstration by Rowe and coworhers (1953) that
adenoids contain adenoviruses which cannot be detected until they
are “unmasked” by in vitro culture of the adenoid tissue implied the
role these viruses may play as latent agents. The brologic character-
istics of adenoviruses (GInsBERG, 1957h) have further suggested the
possibility that these viruses may establish an unusual and perhaps
stable relationship with infected cella. These factors stimulated the
notion that it might be possible to mimicin tissue culture the situation
attained by adenoviruses in certain lymphoid tissues in man,

It was possible to establish, with rclative ease, 2 type 3 or 4 adeno-
virus infection of HeLa cells which did not consume all cells of the
culture and which could be maintained and subcultured in series for
at least 30 p ges with persi of infe virus, but without
obvious cytopathic changes in the culture. The essential factor ap-
peared to be that active cell metabohsm and mitosis be maintained
by human serum in a concentration as high as 40 per cent. This fluid
was added one hour after infection with a relatively large quantity of
virus. It must be emphasized that type-specifi antibody
was present in sera employed unless special precautions were taken
in the selection of blood donors. Throughout the prolonged culture
series infectious virus was always demonstrable in washed cultured
cells, but not 1n the fluid containing serum. Upon removal of the
growth flmd and addition of a maintenance flusd which would not
support continuous propagation of cells, cytopathic alterations rapidly
appeared and eventually involved all cells in the culture.

Despite the fact that the adenovirus-infected culture had the
nppearance of an unmnfected culture when growth fluid was present,
study of fixed and stained prep d ed the p of
a small proportion of cells (0.5 to 5 0 per cent) which had nuclear

changes char ic of ion with the ad s employed
(BOYER ET AL., 1957). Evidence obtained by clone cultures and by
fluorescent antibody studies tended to confirm the evidence that a
relatively few cells were infected, Not only were the cultures derived
from cell clones not infected, but also, of the 114 clones selected, none
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i infections were plished in a relatively few strain L
ce]]s which resisted the lethal effects induced by wcs!em equine en-
cephalomyelitis virus in sister cells. In some cultures thus established,
virus was lost after several days to a few weeks. In others, however,
virus persisted for as long as 25 months in several sertal subenltures,
The cultures which showed no detectable cytopathic changes as a
result of continued viral multiplication were resistant to subsequent

hallenge with lurge q of homol virus. §
of virus often occurred, or cul!\ms could be “cured” of
viral mfection by inclusion of specificimmune serumin the fld medsa.
‘When virus could no longer be demonstrated 1n cells or fluid, the cells
‘were once more sensitive to the cytopathic effect of western equine
encephalomyelitis virus. It was suggested by CrnavBers that non-
infectious virus protected cells from viral infection and subsequent
necrosis by automnterference. It was further postulated that penodic
loss of fectious virus from indivadual cells rendered
these cells susceptible to viral infection, and thus supplied some cella
in which virus propagated for long periods of tume. If spontaneously,
or by the presence of all cells Jost
& comp susceptible population of cells appeared. This mecha-
nism 1s similar to the one suggested by DEINHARDT ET AL. for infec-
tions produced m resistant cell Lines (1957; BERcs, 1938). The hypo-
thesis proposed 1s not an unreasonable one to explain certain types
of persistent viral infections in rvitro or even in riro. Additional evi-
dence, however, concerning such points as the number of infected cells,
actual presence of viral matenal in resistant cells, number of resistant
cells, and ability of resistant cells to adsorb varus would be desirable
to support the proposed contention.

Summing-up

From a number of laboratories within the past 2 to 3 years have
come reports of cells being grown in vitro zhmngh many generations
by = % waxzl ™ some of the

cultured cells, Most of the persistent viral infections described are
still under active investigation, and many of the experimental results
which appear necessary to permit accurate interpretation of data are
not yet attamed. Thus, an appraisal of these studies places the review-
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because each is confined to a single culture lasting from 7 to 28 days.
Nevertheless, the data obtained may have profound significance for
the subject at hand and therefore warrant discussion.

Chick embryo tissues and strain L cells are highly susceptible to
infection by psittacosis virus, Under conditions of nutritional de-
ficiency, however, it was discovered that the cells could be infected
but the virus was not d ble untd proper ients were added to
the culture fluid. Viral multiplication then d within 24
hours and progressed so that virus attained high titers. Virus could be
maintained in a noninfectious state in “starved” cells for as long as
15 days, after which viral synthesis could be stimulated by the proper
nutnients. Duning this lengthy latent penod virus could not be de-
tected and was considered to be in a noninfectious state, although
quantitative considerations have not been eliminated as the reason
virus was not measurable. To obtain virus in relatively high titer it
was only y to add water-soluble vitamins, glucose and certain
amino acids, The amino acids ial for i i virus propag
tion in L cells were: threonine, hil leuci
tryptophane, leucine, valne, cystine (or cysteine} and tyrosine. For
chick embryo tissues phenylalanine and tryptophane were necessary
for viral multiplication. It 13 clear from these experiments that the
nutntional factors required to be added to cells to permit them to
support viral synthesis were relatively simple. It must be realized,
however, that these studies shed no light as to the stores of metaboli-
cally active materials and enzymes which persist in cells even nﬁn‘
prolonged starvation, Thus, although the ik
present a2 model whereby in culture virus can persist in a state unde-
tectable by usual methods, but remains capable of propagation, the
data do not necessarily indicate the building blocks required for
peittacosis viral synthesis. Indeed, it cannot be inferred that the situa-
tion described simulates the condition of mency for psmacom virus
in birds or man, but rather this i one
mechanism by which it is possible for a virus to permt in host cells in
an jnapparent state. The experimental situation developed by Mor-
cAN and colleagues with psittacosis virus in nutntionally deficient
tissue culture cells resembles the inapparent or avirulent infection
with lymphocytic choriomeningitis virus in folic acid deficient mice
by Haas and his coworkers (1956, 1957).

Another means by which a viral carrier culture can be established
in susceptible cells has been described by CuaMBERS (1957). These
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i infections were plshed in a relatively few stram L
cella which resisted the lethal effects induced by western equine en-
cephalomyelitis virus in sister cells. In some cultures thus established,
virus was lost after several days to a few weeks. In others, however,
virus persisted for as long as 25 months in several senal subcultures.
The cultures which sbowcd no detectable cytopathic changes as a

Ttiol

Tesult of inued viral 100 Were to 7
chnllenve with large q es of homol virus Sp

of virus often ed, ot cuhures could hc“cured" of
viral infection by ncl of specifi in the flnid medza,

‘When virus could no longer be demonstrated in cells or fluid, the cells
‘were once more sensitive to the cytopathic effect of western equine
encephalomyelitis virus, It was suggested by CHAMBERS that non-
infectious virus protected cells from viral mnfection and subsequent
necrosis by automterfexcnce, It was further post\ﬂated that periodic
loss of i virus from individual cells rendered
these cells susceptible to viral infection, and thus supplied some cells
m which virus propagated for long periods of time. If spontaneously,
or by the pre!ence of antiserum, all cells lost interfering materials,
a compl 1 lation of cells app This mecha-
nistn 15 eumilar to the one suggested by DEINEARDT ET AL. for infec-
trons produced in resistant cell Lines (1957, Bexes, 1958). The hypo-
thesis proposed 15 not an unreasonable one to explam certam types
of peraistent varal infections in ritro or even in vivo. Additional evi-
dence, however, concerning such points as the number of infected cells,
actual presence of viral matenal in resistant cells, number of resistant
cells, and abihty of resistant cells to adsurb virus would be desirable
to support the proposed contention.

Summing-up

From a number of laboratones within the past 2 to 3 years have
come repom ul‘ cells bemg grown in vitre through many generations
i viral multipl mn some of the

caltured cells. Most of the persi viral 1nfe described are
stll under active investigation, and many of the experimental results
which appear necessary to permut accurate interpretation of data are
Dot yet attamed, Thus, an appraisal of these studies places the review-
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because each is confined to a single culture lasting from 7 to 28 days.
Nevertheless, the data obtained may have profound significance for
the subject at hand and therefore warrant discussion.

Chick embryo t1ssues and strain L cells are highly susceptible to
infection by psittacosis virus, Under conditions of nutritional de-
ficiency, however, it was discovered that the cells could be infected
but the virus was not detectable until proper nutrients were added to
the culture fluid. Viral multiph then d within 24
hours and prog d so that virus d high titers, Virus could be
maintained in a nomnfectious state in “‘starved” cells for as long as
15 days, after which viral synthesis could be stimulated by the proper
nutrients. During this lengthy latent pertod virus could not be de-
tected and was considered to be in a noninfectious state, although
quantitative considerations have not been eliminated as the reason
virus was not measurable. To obtain virus in relatively high titer it
was only y to add water-soluble vitamins, glucose and certain
amino acids. The amino acids essenml for p-xttacosxs virus pmpava-
tion in L cells were: th
tryptophane, leucine, valine, cystine (or cysteine) and tyrnsme For
chick embryo tissues phenylalanine and tryptophane were necessary
for viral multiplication. It is clear from these experiments that the
nutritional factors required to be added to cells to permit them to
support viral synthesis were relatively simple, It must be realized,
however, that these studies shed no hght as to the stores of metaboli-
cally active materials and enzymes which persist in cells even after
prolonged starvation, Thus, although the exp described
present a model whereby in culture virus can persist in a state unde-
tectable by usual methods, but remams capable of propagation, the
data do mot necessarily indicate the building blocks required for
psittacosis viral synthesis. Indeed, it cannot be inferred that the situa-

tion described simul the condti oflalem:y for psil!acnsis virus
in birds or man, but rather this i one
mechamsm by which it is possxble for a virus tn persls! in host cells in
an inapp state. The exp developed by Mor-
GAN and colleagues with psittacosis virus in nutritionally deficient
tissue culture cells bles the inapy or avirulent infecti

with lymphocytic choriomeningitis virus in folic acid deficient mice
by Haas and his coworkers (1956, 1957).

Another means by which a viral carrier culture can be established
in susceptible cells has been described by CuaMBERS (1957). These
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Table 1 Summary of possible mechanisms for mamntenance of viral camer states in
‘s culture

Virus-Cell System Mechansm
Reference
Viruy Host Cell Primary Secondary
NDV, MV, MCN, Resistant. Interference Demnbardt,
-6 Lung-To cells phenomenon | et a1 (1957)
Bergs (1958)
Coxsaclue A9| HeLa Reastant Active cell Takemoto
cells growthend | and Habel
metabolsm | (1958)
NDV HeLa Reastant Puck and
eells Crecwra (1957)
I
Eastern Rat Resistant Bang and
equine fibroblasts | cells Gey (1952)
Pauttacoss | Chack embryo| Celt Morgan
Leells starvaton L (1956)
Western Leells Interference Chambery
equune phenomenon (1957)
Pohomyehtis | HeLa Anubody Selected Ackermayn
resustant cells|  and Kotz
(1955)
—
Adenovirus | HelLa Actvecell | Antbodyor | Guasberg
growthand | otherserum | and Boyer
L metabolsm | sahibitors 1936)

phenomena by comparing them with viral carrier statea or latent -
fechions in the ntact ammal It would not be inconcervable that
mechanisms similar to those postulated to be the basis of the viral
carrier cultures might be operative 1n persistent viral infectrons
nature, The hmiting factor in such comparnisons, however, 1s that the
‘means by which the viral carrier state or latent infection 1s attained
1 ammals cannot be mvestigated as readily as the in vitro models.
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er in a less enviable position than that assumed by a contemporary
historian who describes and interprets recent but already completed
events, Despite these obvious difficulties, a ing-up of infe
tion avmlable and discussion of its possible significance may be of
value to those investigators concerned with these or similar problems.
In general, the viral carner cultures which have been described
were discussed in 3 main groups. The persistent infections were cate-
gorized as those established and maintained in: 1) cell cultures in
which the majority of cells were primarily resistant to infection with
the agents employed; 2) resistant cells which were selected by pres-
sure of viral action from a papulation of cells, the majority of which
were killed by the viral infection; and 3) cells which were highly
susceptible to viral infection. In the persistent viral infections des-
eribed, none could be formally compared to the situation of lysogenic
bactena. In most instances the data clearly indicate that the number
of cells supporting viral infection was only a small proportion of the
entire population. In some, although relatively few cells ined
infectious virus, it was suggested that most of those remaining were
made resistant by noninfectious viral material. The model of HeLa
cells infected with Neweastle disease virus appeared to be one in
which the majority of cells contaned infectious virus; further expe-
riments, however, are necessary to establish this important point
(Puck anp Cicerura, 1937).

Despite the variety of viruses employed, the divergence of cell
types used, and the differences in the reactions of the viruses with
host cells, only a few mechanisms appear to be involved in these viral
carrier states. They are summanzed 1n table 1. In some of the virus-
cell systems described it is possible that more than one mechanism
was operative. One basic and essential factor which appears to be
germane ta all of the viral catner states deseribed, however, is that
the majority of cells in culture were resistant to the injurious effects of
the virus, This state of relative insusceptibility was attained by seve-
ral different means: 1} natural or selected resistance; 2) nutritional
starvatijon of the host cells; 3) presence of noninfectious viral material
initiating interference with infection by active particles; 4) spefiﬁc-
antibody or other serum inhibitors of viral infection; and 5) mainte-
nance of cells in a state of high metabehe vigor and active cell pro-

pagaﬁon. L
Because the varal carrier state in tissue culture is a pure in tifro

model, it would seem profitable to eval the signifi of these
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Foble 1 Summary of posuble (erbanisens for maintensuce of viral casmer states m
riswe cultars

Vasus-Cell System Mecharsm

Refeveace
Host Gl

Tuterference
phenomenon

TFessant
petls

Deimharit,
exal {1957}
Bergs {(1958)

Hela Resstant
cells

Actnecell
growth and
metabolistm

Takemote
end Hsbel
2938

Puck end
eenra (1957

Rat
fihroblasts

Remact Bang aad

Cey (1953}

Chick embryol
Leedls

Morgan
{1936)

Interfevence
phenomentn

Chambers
€1957)

Polomyehtss

Selected
resistaut cells

Ackecenana
and Kurta
958

Acuve eelt
growth 3l
metabolum

Ansibody at
ather serna
inhgbiiors

phenomena By companng them wath viral carrier states or Tateut w-
Fections 1o the wmtact animal, 1t wonld not be meoncervable that
mechamsms eumlar to those postulated to be the basis of the viral
caprier culiures pught be operative in persistent viral mfections u
nature, The hmuting factor1n such comparisans, however, is that th

ceans by which the virsl camner state or latent wfection 15 attane

g unimals eannot be mvestigated as readily ss vhe in witrs modela.
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There are several examples of persistent viral infections in which
the animal 1s infected either in utero or very early in life, and there-
after viral infection continues and infectious virus can be readily
demonstrated although the animal apparently remaing healthy. Two
examples of this situation which have been thoroughly investigated
and well deseribed are the chronic infections of mice by lymphocytic
choriomeningitis virus (TRAUB, 1936), and TREILER’S virus (THEILER,
1937; THEILER, 1941). The exact mechanisms by which these infec-
tions are maintained have not been elucidated, but the following
hypothesis would explamn the known facts; Infectious virus coufd
persist by multiplying in a relatively few susceptible cells 1n tissues in
which the majority of cells are insusceptible, or by propagating in
cells which support viral synthesis but which are not injured by the
viral infection. Spread of infectious virus to ptible cells then is
Limited by specific neutralizing antibody, or cells may be made par-
tially resistant by noninfectious viral material which interferes with
subsequent infections. The hypothesis proposed as the modus ope-
randi by which persistent infections 1n mice with Tae1LER’S or lym-
phocytic chori ingitis virus are maintained is based upon me-
chanisms which are probably operative i certain of the tissue cul-
ture models described.

Latent or recurrent infections such as infection with herpes simplex
virus in man (ANDERSON AND HAMILTON, 1949) or pneumeonia virus
in mice (PVM) (HorsrarL anp Hany, 1940, Horsrary, 1958) exem-
phfy the situation in which virus is not demonstrable after primary
1nfection, and disease does not occur until provecative factors initiate
active viral multiplication, cell damage and a localized chnical in-
fection, Certain of the mechamsms mvolved in the vrral carrier states
1n tissue culture could be similar to those which pertara in latent in-
fections of man or amimals. In herpes simplex viral wfections or
other latent infections there 1s no evidence as to the state of the virus,
infectious or noninfectious, during the silent periods of the infectious
pracess. With PV, however, virus is not detectable while the animal

is healthy. The inability to detect virus may be merely a quantitative

matter, as suggested by BEARD for Shope papilloma virus (BEARD,

1956), or may be the xesult of the i valrus and

antibody when are ob d for virus isol Thus, in the
ples under id ion, virus may propagate in relatively few

cells whose damage may not be detectable, and surrounding cells are

ot affected because they have assumed a resistant state, The relative




The Sigruicence of the Virel Carrier State in Tissae Culture Systems 35

msuscepnlu!ny of a\muwxdmg ceﬂs may be a consequence of specific
aatibady iz ia} Bui or stional facsors, or of
noninfectious virat maxcmls invoking the interference phenomenon,
b3 tion to active infe may be lished by: 1) Redue-
tion. of anttbudy in the fuid bathing lhc celh either 23 a resuit of
dimunished total antibedy or d 003 2} reduction of
the metabolie activity of the ding cells and dimi of
their vigozous cell growth thereby decreasing their resistance to viral
infection; 3) imcrease in susceptibility of the cells by alteration in
their nutntional status; or 4) reduction of the quantity of interlering
noninfectrouy viral matenal Any of the above means to increase the
suseeptibilaty of the majority of cells permits virus to spread from
the fow affected cells and thus imuate an active infecuon.

One cannot disregard the biologie properties of the agents mvolved
in such srtuations for they must be able to persist for lang periodsin a

fatively few cells, Ad appear particularly well suited to
thas task. they axe qute stable to adverse condations of pH and tem-
perature (GInspERE, 1936): they multiply m nucler of cells (Kyerren
ET AL, 1935; MoRCAN BT AL, 1956 HARFORD ET AL, 1956} and only
2 small proportion of the V\:ux aynthesized emerges from cells to be
exposed to such as ibodies {GinsBERG,
1958); and perhaps most important, they apparently do not lyse and
perhaps de not even kil the cells in which they multiply (Cixspene,
1957).

Tt is apparent frow this duscussion that the actual mechanisws by
which viral carrier states or latent infections are mamtamed in the
whole animal are not cleatly defined. The various models of the viral
carner state m tissue enlture which bave been descnbed suggesl tha:
the base h relative cell resi: which
operative in all of the models, may he attained by several means, Conr
exderation of simlar carrier states in ammals permuts the use of ths
netion of relative cell resistance 1 the majonty of eells to explain the
chrome, inapp or latent nfs Thus, alihough there are
still many questions to be answered and a wumber of detasls to be
elarified, the a=ve!opmem of a variety of viral carrier states i ussue
culiure has sugg for aimilar inf in nature, and

pproaches for elucid of these probk
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There are several examples of persistent viral infections in which
the animal is infected either in utero or very early in life, and there-
after viral infection continues and infectious virus can be readily
demonstrated although the animal apy ly remains healthy. Two
examples of this situation which have been thoroughly investigated
and well described are the chronic infections of mice by lymphacytic
choriomeningitis virus (Traun, 1936), and THEILER’S virus (THEILER,
1937; TuEiLer, 1911). The exact mechanisms by which these infec-
tions are maintained have not been elucidated, but the following
hypothesis would explain the known facts; Infectious virus could
persist by multiplying in & relatively few susceptible cells in tissues in
which the majority of cells are insusceptible, or by propagating in
cells which support viral synthesis but which are not injured by the
viral infection, Spread of infectious virus to susceptible cells then is
himited by specific neutralizing antibody, or cells may be made par-
tially resistant by infectious viral 1 which interfercs with
subsequent infections. The hypothesis proposed as the modus ope-
randi by which persistent infections in mice with TueiLER"s or lym-
yhocync choriomeningitis virus are maintained is hased upon me-

i which are probably operative in certain of the tissue cul-

ture models de!cnbed

Latent or fections such as infe with herpes simplex
virus in man (ANDERSON AND HaMiLTOR, 1919) or pneumonia virus
in mice (PVM) (HorsFALL AND Hanw, 1940; HorsraLr, 1958) exem-
plify the sitvation in which virus is not demonstrable after primary
infection, and disease does not occur until provocative factors initiate
active viral multiplication, cell damage and a localized clinical in-
fection. Certain of the mechanisms involved in the viral carrier states
in tissue culture could be similar to those which pertain in latent in-
fections of man or animals. In herpes simplex varal infections or
other latent infections there is no evidence as to the state of the virus,
nfectious or noninfectious, duning the silent periods of the infectious
process, With PVM, however, virus is not detectable while the animal
is healthy. The inability to detect virus may be merely a quantitative
matter, as suggested by BearD for Shope papilloma virus (BEARD,

1956), or may be the result of the interaction of virus and neutralizing
antibody when ials are ob a for virus isolation. Thus, m the

ples under ideration, virus may propagate in relatively few
cells whose damage may not be detectable, and surrounding cells are
not affected because they have assumed a resistant state, The relative
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msusceptibility of surrounding cella may bea consequence of specific
mubody in i fal fluid, b or ional facmrs, or of
fections viral jals invoking the i

to active jnfection may be lished by: 1) Reduc-
tion of antibody in the fluid bathing lhe cells either as a result of
diminished total antibody or & lation; 2) reduction of
the metabohe acuvity of the ding cells and diminution of
their vigorous cell growth thereby decreasing their resistance to viral
infection; 3) increase in susceptibility of the cells by alteration 1n
their nutritional status; or 4) reduction of the quantity of interfering
noninfectious viral material. Any of the above means to increase the
susceptibility of the majonty of cells permits virus to spread from
the few affected eells and thus imtiate an active infection.

One cannot disregard the biologic properties of the agents involved
in such situatsons for they must be able to persist for long periods in a

latrvely few cells. Adenoviruses appear particularly well suited to
this task: they are quite stable to adverse conditions of pH and tem-
perature (GINSBERG, 1936): they multiply in nuclei of cells (KIELLEN
ET AL.,1955; MorcaN £1 AL ,1936; HARFOBD ET AL., 1956) and only
a small proportion of the vmls synthesized emerges from cells to be
exposed 1o i i such as hodies (G
1958); and perhaps mnsl unportant, they appareatly do nnt lyse and
perhaps do not even kill the cells in which they multiply {G1¥sBERG,
1957).

It 1s apparent from this di that the actual mech by
which viral carrier states or latent wnfections are maintained in the
whole animal are not clearly defined. The varicus models of the viral
carrier state m tissue culture which have been described suggest that
the basie hani relative cell which app Iy is
operative in all of the models, may be attained by several means. Con-
sideration of sumlar carrier states in animals permits the use of this
notion of relative cell resistance in the majority of cells to explain the
chronic, inapparent, or latent infections, Thus, although there are
still ;any questions to be answered and a number of details to be
clarified, the development of a vanety of viral carrier states in tissue
culture has a hanisms for stmilar infe

pproackes for of these probl,

in nature, and
Tucidati
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ADVANCES
IN THE STUDY OF THE ENTEROVIRUSES

By JOSEPH L. MELNICK

Because of therr many similanitics, the poliomy ehus, Coxeackie,
and ECHO groups of viruses have recently heen brought together as
a single family of enterotiruses (C on the Ent
1957). The number of newly recogmized viruses of the human mtes-
twnal tract has grown rapidly 1n the last few years, at the present
writing 51 distinet varuses are known (Table 1), and many more Cox-
sackie and ECHO strains distinct from the estabhshed types remain
to be classified Other viruses, particularly those of the adenovirus
group, occasionally may be found m the intestinal tract, but they are

Table I Number of Fnteroviruses Presently Clasmfied

Vaeus Group Number
Pobovirnses 3 types
Coxsackie Viruses
Group A 19 types
Growp B S types

ECHO Viruses 24 types
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easily recognized as beng different from the true enteroviruses, The
virus of infectious hepatitis might well be included when more is
learned about 1ts properties. In this review, only selected aspects of
current research in the enterovirus field will be considered.

Polioriruses

Not long ago poliovirus was considered to be strictly neurotropic,
but now 1t is universally held that invasion of the nervous system is
the unusual event during an nfection with this agent In fact, many
of the stramns 1solated from normal individuals have such a low
affimity for primate neurones that their very existence would not
have come to light if 1t were not for having in sutro tissue culture
systems as indicators of their presence. Thus attenuated strains of
all three polioviruses have been isolated directly from inapparent
human carriers (RAMOS-ALVAREZ AND SABIN, 1954; HoNiG ET AL.,
1956; Fox, 1957). In addition, attenuated strams have been ob-
tamed by manipulation of virulent strams in the laboratory (SaBIN
ET AL., 1954; MELNICK, 1954, L1 AND SCIAEFFER, 1955; KoPROWSKI,
1955, LEPINE, 1957). Such stramns are being considered as pessible
Iive virus vaccines, to be given orally either alone or after vaccination
with killed virus The reader 1s referred to the recent publication,
“Cellular Bology, Nuclew Aads, and Viruses™ (New York Academy
of Sciences Specral Publications, Volume V, 1957), where this subject
15 dealt with by several investigators: SasiN, Paur, Korrowsxki,
Lering, Fox, Stuarr-Harris, Dick, and StopE.

Enteric infection after Salk vaccination, When the Salk vaceine was
first mntroduced, the question was raised as to whether it might not
interfere with the natural immunity which follows mapparent m-
fections. If such were the case, then paralytic polomyelitis mught
only be postponed for some years, perhaps to a period when the
disease would be more dangerous than that of childhood. Studres
have been undertaken m order to determine whether persons im-
munized by Salk vaceme are as likely as those not vaccinated to
become intestmal carners of poliovirus upon subsequent exposure.
In studies 1n which attenuated pohoviruses were fed to human sub-
jects (Samm, 1957; PAUL ET AL., 1957), mtestinal infection with
attenuated viruses occurred as readily in persons exhibiing anti-
bodies acquired from previous Salk vacoine as i persons without

antibodies. Sumilar observations were made on vacemnated children
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exposed to natural contagion from healthy carniers (GELFAND FT AL.,
1957) In a study of the fical excretion of poliovirus among house-
told contacts of chntcal cases of polumyehitis (Davis 1 AL, 1938),
again, no signifi duff n sirus excretion was found hetween
children who had recetved vaccine, and thece who had not heen
previously vacemated. No effect could be demonstrated upon the
duration of virus exeretion nor upon the amount of virus present
in the feces, The over-all evidence to date suggests that infection in
the first year after the vaccine 13 given results in a boost 1n immunity.
The consequences of infection at a later period, when vaceine-n-
duced antibody has disappeared, remains to be determined

From the results of these studies, it would appear that the amount
of gion and the d of poliomyelitis infection, in contrast
to paralytic dicease, may not be significantly reduced as a result of
Salk vaccination, Thus, the rate of infection within the community
should not differ from that obsersed before the introduction of vac~
aination, and the oppartunity should remain for active immumty
resulting from infection to be superimposed upon that acquired from
vacanation, This may he a more desirable situation than of the virus

were eventually to be elimmnated. since 1f this were to oceur, the
population would then be entuwely dependent for protection upon
arnficial quently, 1f were allowed
to lapse 1n adult Life with & resulting fall in antibody levels, the stage
mught then be set for a serious emidemmic, when the poliovirus was
remtraduced wto the population—as it would almost certawnly be,
m view of 1ts prevalence throughout much of the world

Genetic stabilty of attenuated poliovirus strains Perhaps the most
serious question to be answered 1n the studies with live virus vac-
cines is the stabihity of the virus in the commumity, after 1t has been
excreted by the person wha swallows the attenuated form of the
agent (Sapiy, 1957, HORSTMANN ET AL., 1957; KoPRowsK( ET AL.,
1957; Dick anp DanE, 1957). There is ample evidence to show that
nfection spreads readily to those in enntact with children who ex-
crete the virus (PAUL ET AL., 1957) Attenuated viruses when fed in
high doses produce infections cven m mdividuals who have anti-
body—although to a much lesser extent in those with naturally 1n-
duced antibodies as against the almost 100 per cent 1nfections 1n thase
with Salk yaccine-nduced antibody. It 1s perhapg even more impor-
tant 1o deternune the stability of attenuation after virus multiplies
in persons with antibodirs, as 1t 15 1n those without antbodies




Fig 1 Plaque formation of sirulent (MA10NEY) polios irus at dufferent concentrations of sodum
Dbicarbonate a< indicated Fach culture recessed the same dose of virus Approximately the same
number of plaques 1s present on the 4th day after seedingywhen the photographs were taken
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Fig 2 Plaque formation of an attenuated (Y-SK) poliovirus Conditions were thbe same as those
(f ;led for Figure 1. Virus growth under agar was delayed as the concentration of bicarbonate

B eeceased No plaques developed at the lowest concentration of bicarbonate.
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Because it 13 so labonious and expensive to determine the neuro-
irulence of peliovirus by inoculation into monkeys, an in titro
arher of this character 15 sorely needed. An ymportant Irad in this
irection was made by VoGT ET Av. (1957), who recogmzed a genetic
fference between neurovirulent straine and ccrtain attenuated
raine of poliovirus, namely the lessened capacity of attenuated
rams to produce plaques under a shghtly acid agar overlay, Be-
ause they are unable to produce plaques, or produce delayed pla-
ues, under the acid overlay, they are designated d, 1 contrast to
he wild type, d*. In bottle cultures alio the concentration of brear-
onate 1n agar overlay affects the plaque formation of attenuvated
s of poliovirus (Hsie~e anp MeLvick, 1958b) In contrast te
walent d*+ strains (Figure 1) which grow equally well under agar
ontaining low (0.11 gm per cent) or bugh (0.45 gm per cent) con-
entrations of eodsum bicarbonate, attenuated d strains grow poorly
nd form relatively few plaques at the low bicarbonate concentration
Figure 2). Adjusting the mitial pH of the agar by addition of NaOH
r CO, did not influence plaque development of d strams

tr

Fig 3 Titration of pobovirus recosered from a chuld fed attenuated Type 1 LSc
strain Amount of bicarbonate m overlay 0 45 gm per cent Inoeulum 0.1 ml of
first passage tusue culture flund, at concentration of 104 (left), 10> (middle), and
10 (right). Photographs taken 4 days after sceding
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Fig 4 Titration of same matenial as shown 1 Figure 3, but at bicarbonate concen-
tration of 0 1 gm per cent No plaques present at virus final inoeula of 10 2 through
10'%, representing challenge concentrations of over 12000 PFU (when measured
at the igher bcarbonate concentration)

In hquid medium the concentration of bicarbonate n the range
of 0.11 to 0.45 gm per cent did not affect the attachment of virus
to the cell nor the pattern of the growth curves either of attenuated
strams or of virulent ones. This lends support to the conclusion of
Vocr anp Dursecco that under shghtly acid agar, the susceptibility
of the cells to attenuated strains hecomes reduced only after a pertod
equivalent to a single growth cycle of the virus.

Hsiung anp MELNIcK (1958b) have analyzed a large number of
pohiavirus stramns for the d character, to determine whether this
might provide an in vutro method for differentiating virulent from
attenuated strains of poliovirus as they occur m nature, and 1n stools
of persons fed attenuated strains of poliovirus (Fgures 3 and 4).
First it was established that strains passaged n monkey spinal
cord retamed the neuropathogenic character of the parent hine, When
the original moculum was a virulent virus, the strains on further
passage an tissue culture yrelded d* viruses. Sumilarly, when the
parent virus was attenuated, the tissue culture progeny were of the
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d type, eren afier multiplication in the nerrous system. However, two
exceptions were encountered where d* progeny were produced from
d parents, but the d*+ progeny still behaved as attenuated strains,
in that they were almost free of intracerebral neurapathogenicity
for the monkey. Sanix (1957} has also observed that the d* character
may at tumes be associated with polioviruses of the atteuated variety.

A number of natural and newly izolated strams, consisting of

virus particles as present in human stools and in early tissue culture
progeny, were also analyzed (Hsiuxc AND MeLnicK, 1958b). In gen-
eal, epidemiologically paralytogenic strains had a high efficiency of
plating in low bicarbonate medium, the property of a d* virus.
Strains which were epidemiologically mild, or which were recovered
from normal children 1n mnter-epidemic pertods, fell into both the d
and d* categories. Thirty-two 1solates were tested, both for the d
character and for neurovirulence 1n monkeys. The d* strams proved
tobe usually paralytogeme for the monkcy but sometumes pathogen:-
aty was d ble only by histologi ion of the spinal
cord, In contrast, the d strains 1n this group faled to produce any ap-
parent disease 1n the test monkeys, however, lesions of a Lmited
character were nduced in the spial cords of a number of the amimals,

Testing for the d character of a poliovirus (and for its mutation
to d*) 1s a convenient method for determining the genetic stabilty
of attenuated, Live virus vaccines. When an attenuated d strain was
fed to human beings, this was followed usually by the excretion of
the parent d varus, but in certain mdividuals by the excretion of d+
viruses (HORSTMANN ET AL., 1957; HsionG anp Mernick, 1958b).
However, the d+ mutants were still of low neuropathogenicity for
the monkey.

The recent work on the d character of poliovirus suggests that a
mutation in the d & 13 iated with but that
attenuation may also result from other genetic changes mn the vrrus,
The results on finding attenuated d* vanants in the progeny of d
strains (Hstowe Anp Mrinics, 1958b; Sammw, 1957; Dursecco,
1957) supports the view that any reverse mutation to virulence is
the result of a series of step-wise alterations wathin the genetic con-
stitution of the virus.

Lm»; aAnp Meumick {1958) have discovered 1hat virulent and
may also be diff d in vitro by their
growth chaxaclemllcs on a monkey kidney continuous cell hne, The
growth patterns of the three strains of poliovirns used in the pre-

5 Virology, Ve
K 6y Vol 1
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Fig 4 Titration of same matenial as shown in Figure 3, but at bicarbonate concen-
tration of 0 1 gm per cent. No plaques pre-ent at virus final inoenla of 10 2 threugh

105, rep challenge of over 12000 PFU (when measured
at the higher hicarbonate concentration)

In liquid medium the concentration of bicarbonate m the range
of 0.11 to 0.45 gm per cent did not affect the attachment of virus
to the cell nor the pattern of the growth curves exther of attenuated
strams or of virulent ones. This lends support to the conclusion of
Vocr anp DuLsecco that under shghtly acid agar, the susceptibility
of the cells to attenuated strams becomes reduced only after a pertod
equivalent to a single growth cycle of the virus.

Hsiung AND MELN1ck (1958b) have analyzed a large number of
poliovirus strans for the d character, to determme whether this
mght provide an in titro method for differentiating virulent from
attenuated strains of pohovirus as they occur in nature, and in stools
of persons fed attenuated strains of poliovirus (Figures 3 and 4).
First 1t was established that strams passaged in meonkey spinal
cord retained the neuropathogenie character of the parent line. When
the original inoculum was a virulent virus, the stramns on further
passage in tssue culture yielded d* viruses. Similarly, when the
parent virus was attenuated, the tissue culture progeny were of the
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naked eye at autopsy. Brain involvement may be characterized by
apparent softening of the tissue, Although striated muscles are at-
tacked by group B viruses, the myositis is focal and hmited. The
Iesions most useful in charactenzing the group B viruses are dege-
neration of the brown fat, the i pular fat pads,

lacia, and—to a lesser degree—hepatitis, myocarditis, and necroms
of the acinar tissues of the pancreas.

The pancreatic lesion has been used by Howes (1951) as a means
of titrating group B strains. Mice in the titration series are inocu-
lated intraperitoneally with trypan blue, and four hours later, when
the animals are sacrificed, the pancreatic lesions have become stained
and visible to the naked eye.

Mouse pathogenicity has been regarded as a cardimal charac-
teristic of the Coxsackie viruses. However, recent studies of natur-
ally-occurning strains have shown that the mtuation is, 1m some re-
gards, sizular to that which occurs with the polioviruses, in that a
number of strains, avirulent for the mouse, have been isolated
tissue culture. Thus, at least 35 strams {(belonging to A-9 and to
B-1 to B-5) have been observed (HABEL et al., 1957; Davis anp
Mernick, 1958) which could be isolated in tissue culture, but all
of which gave negative tests in suckling mice, Even after passage m
tissue culture, a number of these straing still remained avirulent for
suckling mice. It must be emphasized that there are also Coxsackie
viruses which have been 1solated in suckling mice but which have
falled to grow In tissue culture, even though other strams of the
same type are cytopathogenic for monkey Lidney.

One strain of Coxsackie A-14 has been adapted to sdult mice, and
produces poliomyeltis-like lesions in them (DALLDORF, 1957). The
adapted virus retains 1ts pathogenicity for suckling smice, in which
1t produces only myositis. In monkeys, the adult-mouse adapted
stram produces pohomyelitis-like lesions, even thongh these are not
extensive enough to result 1 overt paralysis, Coxsackie A-7 strams
have also been found to induce such CNS lesions in monkeys (DaLL-
DORF, 1957; Jonnsson AND LUNDVARK, 1957; HAsEL AND Looyrs,
1957; CHUMAROY ET AL., 1956; HORSTMANN AND MANUELIDIS, 1957).
Tuis of interest that C and his i 1solated Ci ki
A4l from patients with poliomycltis-like paralysis, and that the
strain isolated by them produced paralysis in monkeys.

Antigenic variants among the Coxsackie viruses. Recent results in
two lahoratories {SABIN AND Wi1GAND, 1957; MeLnick AND Kanpa,
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paration of vaccine (Mahoney, MEF, and Saukett), and those of
three attenuated strains (LSc, Y-SK, and Leon), were studied in
pnmary monkey kidney (MK) and in a continuous stable cell line
derived from this source (MS), In cultures in fluid medium, all six
strains yielded approximately the same titers in MK and in HeLa
cultures; however, in MS cultures, the LSe, Y-SK, Leon, and Sau-
kett strains yielded titers as low as 0 01 per cent of the values ob-
tamed in MK cultures. When assayed by the plaque method, all 6
strams on MK monolayers yrelded values between 107 and 10°*
PFU per ml, and the plaque size was between 13 and 18 mm by the
sixth day. Agamm, there were marked differences on the MS mono-
layer cultures: nghly virulent Mahoney and MEF produced plaques
of 3 to 5 mm diameter, while the remaming 4 strams yielded much
Jower titers and plaques less than 1 mm in diameter. Thus in
addition to the restricted growth of most attenuated polioviruses at
low bicarbhonate concentrations, described above, another marker for
attenuation seems to be their restricted growth on MS cells. The
poor growth of the attenuated strains, and of Saukett, is in agree-
ment with their low degree of neurovirulence for monkeys.

DuBes Anp WENNER (1957) have been able to select poliovirus
variants of decreased neurovirulence by isolating progeny which grow
in cell cultures mamntained as low as 23° C. In their experiments,
t 1-dilution end point passages in cell cultures resulted in the
emergence of viruses of reduced neurovirulence. Further reductions
in virulence were obtamned by sequential adaptation of the varuses
to multiply at 30° and then at 23° C. These 1nvestigators helieve that
the relative avirulence of the cold-adapted virus is due to 1ts reduced

capacity to multiply at 37°.

Coxsackie Viruses

The Coxsackie viruses have been separated into groups A (19
types) and B (5 types), depending upon the disease produced in
infant mice and the attendant character and distribution of the
lesions in these animals (DALLDORF, MELNICE, AND CURNEN, 1958).
Members of group A produce a prostrating paralysis, and death soon
follows. In such animals there is a generalized and widespread myo-
sitis, and tissues other than striated muscle are spared. Group B
viruses produce tremors, spasticity, and a spastic paralyeis. Changes
in the intrascapular fat pads may occur which can be seen with the
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eytopathogenic agents—originally called “orphan™ viruses or human
enteric viruses but more recently LCHO (enteric cytopathogente
buman orphan) viruses~—were fsolated from the haman intestinal
teact. Prelimmnary studies wndicated that different antigenic types
existed, This has heen borne out by subsequent work which has
differentiated 24 antigenically distinct types, lsted 1 Table 11,
None of the prototype vituses produce disease in laboxatory animals,
mcluding infant wice,

The Comnuttee on the Enteroviruses (1937) has heen set up to
aseust 1o the ch ion and classification of new pratatypes of
any member of the human jras group. This Cormitsee {1955)
had defined the ECHO viruses as a group of agents sharmng the follow-

ing properties: (1) They are cytopathogenic for monkey and human

Table LI1. Last of Anvgenucelly Distinet ECHO Verases

Type Prototgpestoen  Geoprapis origa  Olacws i perso vieldung favevtigaige

prototype virea
1 Fusouk Eeypt none Mebmek
2 Cornebs Connecticat Aseptic memmgrtis Melmek
3 Momnsey Conpecticut Asepuc memagitis Melmek
4 Pesaycek Convecueat Aseptic menmngitis Melowek
5 Noyee Maine Aseptic menngtts Metnack
6 D'Amen Rbode fsland  Ascptic menimgitin Melnek
7 Wallace Ohio none Ramos-Alvares, Saban
8 Bryson Olso nane Ramos-Alvasez, Sabu
s Ha Okhio none Ramos-Alvarez, Ssbin
10 Lang Oto aone Rames-Alvarez, Saben
31 Gregory Ohio none Ramos- Alvarez, Satan
12 Travs Phidigpine fslands noge Hammon, Ladwig
13 Hampht!  Philippine Tilsnds none Hammen, Ludwig
4 Tow Rhode Island Aseptic menmgitie Malmek

15 CH9-51  WenVirgma  sone Ormsbee, Melasck
16 Hammgton Massachwsetts  Aseptiememwptin Kibewk, Enders

17 CHHE-29 Metaco Ciry aovne Ramos-Alverer, Sabw
B Mealf Oheo Diarchea Ramas-Abysrez, Sabin
13 Buzke Qb Duarchea Ramos-Atvarex, Sobm
2 V-3 Weshaagton, D € Fever Roten

2l Faos Massachaserts  Aseptic memngstes Enders, Kibruck

22 Hams Ot Drarehea Salun et 4l

2 Wilbamia  Qhio Dhaxhea Sebn €5 a1

20 DeCawp  Ohug Diarthea Saban et ol
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Table IT Anugenic Vanation Within Coveackie B Types*

Serum Titers vs 100-32 TCDs; of Virus
Type Stram
B-2 B-3 B4
B2 Oluo-1 630-1100 0 0
9 new strams 6-75 0 0
B-3 Naney 0 150-1300 0
9 new stratns 0 <2-210 0
B4 Powers 0 0 125400
9 new strains 0 0 14-160

* Data taken from SaBIN ANp WicanD (1957) and MeLnIcE AND Kanpy (1957)
0 Indicates less than 10
Ralstts were immunized with the reference strams (Ohio-1, Nancy and Powers)
The neutralization titers given are ranges of serum titers obscrved in both Jabora-
tores.

1957) have shown that Coxsackie B strains recently isolated in tissue
culture do not cross completely with the reference strains. Some
results are shown in Table I1. Some strains of the same type are more
difficult to neutralize than others, and also some strains are anti-
g more complex. Both lab ies noted, b » that even
the strains agamst which the reference antisera yielded the lowest
titers, or megative titers, at the end of an 8-day neutralzation test
in tissue culture, nevertheless did exhibit some neutralization and
Ligher titers at earlier readings (after 3 to 5 days). This type of
breakthrough, which occurs in tube cultures, may be overcome if
plaque neutralization tests are done (MeLnick, 1957; Davis AND
MELnICK, 1958). On passage of mouse-adapted Coxsackie B viruses
through tissue cultures, variants may appear which are not identrcal
antigenically with the parent strain. Typing sera for the Coxsackie
viruses have recently been prepared under the direction of the Com-
The National F dation for Infantil

teall

mitzee on the E; @
Paralysis (1957), and are now available to virus laboratories.

ECHO Viruses

Soon after tissue culture rechnigues were introduced into labora-
tories concerned with the jsolation of viruses, large numbers of new
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eytopatkogenc agents—enginally called “orphan™ visases or human
enterie viruses but more tecently ECHO {enternc cytopatbogeme
buman orphan) viruses—were isolated from the hurmsn intestinal
tract, Preliminary studies andicated that different antigenic types
existed. This has been borne out by subsequent work which has
dufferentiated 24 antigenjeally dsstinet types, hsted to Table III.
Nene of the prototype viruses produce disease in labora tory ammals,
sncluding infagt mice.

The Committee o the Emcrovnuses {1957) bas been et up ta
assist in the ch ion apd clasnf of new pi of
any member of the homan group. Thas £ 3 {\955)
had defined the ECHO viruses as 2 group of agents shanng the follow-
ing properties: {1} They are cyropathogemic for monkey and bumman

Toble F17 Yast of Antigenecally Drsunce ECHO Viruses

Tree © 9 MWaew Tavertgater
racatype vinws
1 Farouk Egypr none Metmek
2 Cornehs Counecticur Aseptic memngitiy Melarek
3 Yornsey  Connerwrot Anepuie menugitis Melmck
4 Pessscek  Connechem Aseptae mentagstss Melmek
S Noyee Masre Asepte meminptar Melacks
§ DAmom  Rbode Ind  Aseptac menmguas Meluck
7 Wallace Oho nose Ramos- Alvarez, Sabia
% Bryson Oho none Rawes- Afvarez, Subm
9 mr Okio none Ramos- Alvazez, Sabin
0 Lang Olng none Remos. Alvarez, Sabun
L Gregory Okeo none Rarwoe Alverez, Sabm
1T Tras Philippine Inlands vone Hammos, Lndwiz
13 Hamptull  Phabppice Iedands nons Rammon, Ledwig
14 Tow Rhodelsand  Astpuie mrzongazs Melmek
15 CHY6-51  West Vigiua  nome Orrabee, Mekuck
15 Hamogton  Massachusetts Avcptre mewnptsd Kevewek, Enders
12 CHHE-29  Mexieo Gty nane Ramos-Atvarez, Sabm
1B Metcalf Obso Distrhica Ramon-Alvarez, Sabin
19 Darke Obio Diasrhea Ramos-Alvarer, Sabia
O L ) Waskigton, ¥ & Fever Rosen
% Farna Hassackusetts Aseptie mengitis Enders, Ksbnick
2 Hams (I Duarrhea Saban et 3t
2 Wibamewn  Obie Punhea Sabun et a8

2 DeCamp  Oho Diarckea Sabun et ol
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Table II. Antigenic Variation Within Coxsackie B Types*®

Serum Titers vs 10032 TCDsg of Virns
Type Stran
B-2 B3 B4
B2 Ohio-1 630-1100 0 0
9 new strains 6-75 0 0
B-3 Naney [ 150-1300 °
9 new stramns 0 <2-210 0
B4 Powers 0 o 125-400
9 new strains 0 o 14-160

* Data taken from SABIN AND WiGAND {1957) and MELNICK AnD KanDa (1957)
0 Indicates less than 10
Rabitts were immunized with the reference strams (Obuo-1, Naney and Powers)
The neutrabzation titers given are ranges of serum titers observed in both Jabora-
tonies

1957) have shown that Coxsackie B strains recently isclated in tissue
culture do not crosz completely with the reference strains, Some
results are shown 1n Table I1. Some strans of the same type are more
dufficult to neutrahize than others, and also some strains are anti-
ically more plex. Both lak noted, h , that even
thc strains against which the reference antisera yielded the lowest
titers, or negative titers, at the end of an 8-day neutralization test
in tissue culture, nevertheless did exhbit some neutralization and
higher titers at earlier readings (after 3 to 5 days). This type of
breakthrough, which occurs in tube cultures, may be overcome if
plaque neutralization tesis sre dome (MELMIcR, 1957; Davis anD
MELNICK, 1958). On passage of mouse-adapted Coxsackie B viruses
through tissue cultures, variants may appear which are not identical
antigemcally with the parent stran. Typing sera for the Coxsackie
viruses have recently been prepared under the direction of the Com-
mittee on the Enteroviruses of The National Foundation for Infantile
Paralysis (1957), and are now available to virus laboratories.

ECHO Viruses

Soon after tissue culture techniques were introduced into Iabora-
tories concerned with the isolation of viruses, large numbers of new
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pathogenic agent. ginally ealled “orpban” virwses or humsn
m\em viruses but more recently ECHO (enterie cytapathogenic
homan otphan) viruses—were isolated from the human intestinst
tract. Prebmimmary studies intheated that different nntigenic types
existed. This has been borne out by euhsequent work which has
Aiffereniated 33 anngenicslly distinet types, luted in Table III
Wone of the pratotype viruses produce disense in Iaboratory avimals,
including infant mice,

The Commtiee on the Enteroviruses {1957) bas been set vp 10
awmst in the and classification of new protutypes of
any member of the kuman enteravicys graup. This Comanittee (1935}
had defined the ECHO viruses as » group of agents shanng the follow-
ing propestiess (1} They aze cytopatbogentc for monkey and human

Tuble 11T Lant of Autrgescally Distmet ECHHO Viruses

Type Pruoiypestean  Grogaphse ongn  Uluews s porssa yiling. favestiyator

provotrye v
1 Farouk Egypt none Meluek
2 Coruels Conaccticut Aseptic meningitss Melnsek
3 Morsisey Conneeticut Aseptic mewngis Melnick
5 Pessarrk Connertsent Aweptse memangitis Melniek
S Noyee Maene Aseptic menmgites Metsek
6 D'Amon Rbode {stand  Aseplic menmptis Mefudk
7T Wallace Olwo none Ramos-Alvarez, Sabin
3 Beywon Chue gane Ramoy-Alvarer, Sabwm
LI E Ohao noue Rameos-Alvarez, Sabin
10 Lang Ohan none Ram os-Alvarez, Sakin
H Gregory Olue aans Remos-Alvarer, Sab
2 Travs Phiippiot Tatands aone ammon, Lndwg
13 flamphut Phibppioe lslands none Hamsmon, Lodwsg
B Tow Rkode Thnd  Aseptic meomgats Melmuck
15 CIEgs-st West Vugama none Ormasbes, Melausck.
16 Hamnglen Massacbasetts  Asepicmenwmgmin Kibnek, Enders
17 CHRHE-2  Mexwo (ny nene Ramar-Alvater, Sabis
B Yetealt Gl Diarchea Rawaos-Alvaret, Sapin
1 Burke Do Diarehea Rezaos Alvascs, Sabu
v Wastungop, D € Fever Boren
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eells in culture. Monkey kidney cells are more susceptible to the
viruses as they exist in human hosts than are HeLa cells. (2) They
are not neutralized by pools of the three types of poliomyelitis anti-
serum. (3) They are not neutralized by antisera for Coxsackie viruses,
and they fail to induce disease in infant mrce. (4) They are not related
to other groups of viruses recovered from the alimentary tract
{throat or mntestine), such as herpes simplex, mumps, measles, vari-
cella, and adenoviruses. (5} They are neutralized by human gamma
globulin, and by individual human sera, indicating that they infect
human bengs,

The ECHO viruses were separated from the Coxsackie viruses,
because only the latter were pathogenic for newborn mice. Classifi-
cation problems have arisen as a result of the findings that the 1956
European and subsequent strains of ECHO-9 (but not the proto-
type and other strains} produce paralysis in mice (Jomnsson, 1957;
QUERSIN-THIRY ET AL., 1957; BOISSARD ET AL., 1957; TYRELL ET AL.,
1937; GODTFREDSEN AND VON Macnus, 1957; McLEAN AnD MEL-
NICK, 1957; SABIN ET AL, 1958). Mice develop a widespread myositis
like that produced by Coxsackie A viruses. However, unlke the
Coxsackie viruses, the ongmnal matenal collected from the ECHO-9
patients faled to praduce disease in newborn mice. Passage wmn tissue
culture was required in order to select out mouse pathogenic virus
particles, but even after tissue culture passages, only a certain pro-
portion of the strains proved mouse pathogenic. EGGERs AND SABIN
(1958) bave studied quantitatively the variation among ECHO-9
strams. They found that some fail to multiply in mice regardless of
the dose inoculated, while others multiply even when as little as
3 TCD;, of virus are injected, with larger doses necessary to cause
paralysis. That the mouse pathogenic variant was identical to the
parent virus grown m tissue culture was shown by neutralization
tests carried out in newborn mice as well as in tissue culture, with
both lines of varus (MeLNICE, 1957b).

Some ECHO-10 strains also produce s disease m muce simular in many respects
10 that of Coxsackie B (DatLbonr, 1957; Santv, 1957) However, this virus is so

Reference antisera. In the course of the establishment of a proto-
type strain, reference prototype sera have to be prepared and crossed
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with the previously known types. In order to expedite work in this
field, large pools of antisera have now been prepared in rabbits and
1o monheys, under the sponsorship of The National Foundation for
Infantile Paralysis, acting through the Committee on the Entero-
viruses. Standardization of these sera has recently been described by
the Committee (1957).

Reference antisera are now available, All have high titer except
in the case of type 4 serum. However, 1f this antiserum is tested by
the more sensitive plaque reduction method, then its titer is satis-
factory (1:2000). Others (Catn ET AL, 1957; Irom anp MELNICE,
1957) have also commented on the difficulty of detecting neutralizing
antibodies with type 4 virus in tube neutralization tests. In one
series of experiments, 1t was only by the plaque reduction method

that 1t could be d d that chumyp ponded to ex-
posure to the varus by developing L bod

Within certain ECHO types there exist strams which are not uni-
form 1 antigemcity (MELNICE, 1956; 1957; Karzon, 1957, Saniy,
1957; Hammon, 1957; Committee on the Enteroviruses, 1957) Such
broad antigemc strains have been called prume strains, Although
antiserum to a prime strain neutrahzes other strams wathin 1ts type,
the prime strain itself may be poorly peutralized by antisera pre-
pared agamst other strams of the same type. To date, prime strans
of type 6 have heen recavered most frequently. Karzox (1957) sug-
gests that dunng the course of a type 6 epidemic, vanants of the
virus appear with modified antigenicity. Noteworthy are the 6-prime
stramns that produced typical ECHO plaques (Hsrune sNp MeLNICK,
19574a), whereas the 6 protatype stramn bas not Naturally occurring
straws belongng to types 5,7, 9, 10, 11, and 13 are known which also
exhibit only partial crossing with their respective prototypes

Cross relationships beticeen ECHO types. The crossng which has
existed 1n certamn passages of types 1 and 13 1s now believed to he
due to a mixture of the two viruses (HAMMON, 1957; Commuttee on
the Enteroviruses, 1957). However, the crossing found between types
1 and 8 cannot be explained on this basis because plaque-punfied
type 8 virus passed in the presence of type 1 antiserum stul mani-
feats the same partial lization. Some 1ll e data of
BenyEsn AnD MeLnick (1957) are shown m Table 1V. The crossings
which have been found to exist in neutrahization tests are also mam-
fested in cross complement fixation tests (ARCRETTI ET AL, 19573

Commttee on the Enteroviruses, 1957).
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Toble IV. Cross Reactions Between Plaque-Punfied Prototype ECHO Viruses 1
and 8 And A Newly Isolated (Hall) Strain®

(90% Plaque Reduction Endpoint)

Serum Titers

Vi Vieus Dose
(PFU)

£CHO1 | pcHos | Ecmoa | medos

(Monkey) | (Rabbm) | (Rabbu) | (Rabbuj

ECHO-1 (Farouk) 650 31250 50 250 10

ECHO-8 (Bryson) 500 1250 | 6250 10 1250

Hall 850 6250 | 6250 25 600
Nentralization Ratio == ~ o titsst beeroub oo

ECHO-1 1.00 001 100 001

ECHO-8 004 100 004 100

Hall 0.20 100 010 050

* From unpublished expenments of BENYESH AND MeLNICK, 1957. The Hall strain
was kindly provided by Dr LEoN RosEN.

A report (Krees, 1957) on erossing between ECHO-9 and herpes
simplex virus could not be confirmed (MeLvick, BEnvEsH, AND
WARREN, 1957). When cross neutrahization tests were carried out
with falling dilutions of the reference monkey ECHOQ-9 antiserum
and a guinea pig herpes antiserum agamst fixed doses of each virus,
only homol neutrali: n was achieved. The herpes virus tests
were carried out in human ammon cells, the ECHO-9 tests in monkey
kiduey cultures. Cross complement fixation tests also failed to indi-
cate any crossing between the viruses.

Properties of the Enteroviruses in Tissue Culture®

Polioviruses. It was the growth of pohovirus in tissue culture
(ENDERS ET AL., 1949) that stimulated much of the current actvity
in virology and cytology. The recently pubhshed Proceedings of the

* An extensive review of tissue culture metbods used for the enteroviruses may
be found in the chapter by J. L Mervick m “Diagnostic Procedures for Virus and
Ruckettnial Diseases”, 2nd Ed, (Amer. Publ Hlth. Association, New Yark 7056
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Decennial Review Conference on Tissue Culture (1957) and the vo-
lume, Cellular Biology, Nucleic Acids, and Viruses (1937) bear ade-
quate testimony to this fact. In this latter volume, PARKER £ AL.
(1957) discussed alterations in cells carried 1n serial culture. As is
well kniown, monkey hidney cells are highly suscepuible to poliovirus,
but certain types of altered cells which anse from such cultures fail
to support the multiplication of the virus. The cell changes 1n such
cultures seem p for the polioy tant cells i

to multiply indefintely even in cultures in which the parent cell type
disappears.

An alteration in the opposite direction has been reported by
WESTWOOD ET AL. {1957). Rabbit kuidney cells in pnmary culture
are not susceptible to poliovirus. In the course of serial passage, the
cells became altered n appearance, multiplied at a more rapid rate,
and became susceptible to poliorirus (SuEFFIELD AND CHURCHER, 1937).
Two Amencan investigators (DREw, 1957; TyveLL, 1957) have con-
firmed the British work.

Perhaps even more kable than the ibility to poho-
P P ¥ to p

virus sequired by the altered cells 1s the change in antigemcity of
the cells. MeL~ick aND HABEL (1938) observed that the alte-
red rabbit cells no longer contamed rabbit-species antigens, a fin-
ding confirmed by a number of investigators (SaBIN, CORIELL,
WESTWOOD ET AL., McLivans. While the rabhit kidney passage
cells reacud strongly with anti-Hela and ant-human kidney sera
m fixation tests and in cytotoxic antibody teste, they
failed !o react with anti-rabbit sera, Stmilar reactions were given by
Hela and monkey kidney antigens. Reciprocally, the anti-HeLa
serum yielded sumilar end points (1:256 to 1:512) when 1t was titrated
agamst a constant amount of altered rabbit kidney antigen, or HeLa
antigen Rabhit kidney antigens failed to react with the anti.HeLa
and anti-human kidney sera. Tests for Forssman antigen ruled out
the possibility that these results could have been due to 1ts presence
1 the rabbit and human cells. Whether these cell changes—which
are accompanted (1) by a change from resistance to susceptibility to
poliovirus (2), by a loss of rabbut antigen, and (3) by the acqusition
of a pnmate antigen—are related in some manner to carcinogenesis
19 not known. While the altered rabbit cells share antigen with human
cancer cells and with human cell knes denved from normal tissues,
they failed to react serologically with the 5-180 hne of mouse cancer
cells
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A recent study (KLEINFELD AND MELNICK, 1958) has been carmed out on the
adjustment and selection of monkey kidney cells leading to 1n vira growth The
results emphauze thie frequency of cellular aberrations that exist even in the pmary
cultures, the only approv ed source matenal for pohomy clitis vaccine used m human
beogs The mutotic activity of the prumary monkey kidney eultures reached a prak
three to five days after seeding, and rapidly declined if the medium was not changed
With replenishment at 48 hour sntervals a hugh mtotic rate was mamtaned through
the eighth day Cultures subjected to a glyeme- and plucose.deficient medium
showed a sharp decline n mutotie activity 23 hours Later When such enltures were
replenushed a burst of mutolic activity occurred 20 to 30 hours later Mitotic aber-
rations such as multipolar spindles, anomalous spindles with scattered chromo-
somes, lagging of precocious movement of chromosomes, chromosome fragments
and chromasome bridges were found 1n all cultures ranging from 16 to 40% of the
dividing eells Non-mitotic sherrations such as grant nucles, multinucleate cells,
nnclear fragmentation, micsopucler, nuclear inclusions, and phagocytosis were found
" 1y 3 1o 7% of the non-diniding celt

Monkey kidney cell cultures have been found to release a prote-
olytic enzyme, and also an activator of plasminogen,into the culture
fluid (BARNETT AND BARON, 1958). Certain lots of commercial polio-
myelitis vacoine have been found to contain both the activator and
the proteolytic enzyme.

ECHQ visuses. Viruses of this group grow preferentially tn rhesus
and cynomolgus monkey kidney cells. However, they also multiply
in human amnion cells (EnpErs, 1957) and Maben carcinoma cells
{OrsbEE AND MELNICK, 1957) Although they usually do poorly in
HeLa cultures, they have been adapted to such cells (ARCHETTI ET
AL, 1957). Cells of the South American capuchin monkey (Cebus
capucina) support the growth only of type 10 (RAMOS-ALVAREZ AND
SABIN, 1956), and those of the African red grass monkey (Erythro-

Fig.5 Normal monkey kidney epithebial eells, 6 days old Low power, fixed m
Carnoy's flud and stamed vath bematoxybn and eosm (Fugures 5-8 are from
unpublished data of Onmsaer, Reissic, and MerNics, 1955)

Fiz 6 Monkey kadney ccll coltore 2% hours after moculation with ECHO-1 virus
Rounded infected cells are scattered throughout the field

Fig 7 A more advanced stage of the infection (66 hours sfter moculation) than
that m Figure 6 Infected cells are scen as foca of rounded, densely-starmg cells
Tnfected cells are aleo scattered singly and in small grougs throughout the cell sheet

Fig 8 A late stage (90 hours after moculation) of the ECHO-1 nfection seen 1
the precediag photographs Many mfected cells have left the glass Most of the
remaining cells are rounded due to virus infection, although an appreciable number
of normal-appeaning cells are still present
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cebus patas) only of types 7, 8, and 12 (Hsiunc AND MELnIcK,
1957b). Cells of the Afnican green and tantalus monkeys (Cercopi-
thecus aethiops sabaens and C. aethtops tantalus are as susceptible, 1f
not more so, for the types tested (Drouner, 1955, Hsrunc Anp MEL-
NICK, 1957D).
The pattern of infection m tissue cultures has recently been sum-
manzed (ORMSBEE AND MeLNICK, 1957). In most cases the appear-
ance of mrtial focal lesions is followed by the appearance of widely
distributed infected cells around which secondary lestons subsequently
develop. (See Figures 5 through 8). With some types the number
of lesions remam small. The infection appears to spread largely by
cell-to-cell contact, and only occasionally to produce new and sepa-
rate foci of infection. In such instances the majonity of the cells in
cultures receiving even undiluted stock virus never seem to be infec-
ted by the time the end point in the titration has been reached. The
cytologic picture seen in ECHO virus mfections of cells in culture 1s,
by and large, indistingmshable from that seen 1n sumlar infections
with poliovirus, or with those Coxsackie types which grow i mon-
key kidney cells {BARSKI ET AlL., 1955; DUNNEBACKE, 1956; Re1ssic

ET AL., 1956).

7 e N z Y /
N 2 X < EcHO-1
- ’ - S .
L POLIO-1 coxs -As | oy S
e Fallea v

Fug. 9 Rhesus bottle cultures of poliovirus type 1 (Maboney). Coxsackie virus 4.9
. howing charactenstic plaque morphology

(Grigg). and ECHO virus type 1 (Farouk) o
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Plaques of ECHO viruses on rhesus kidney monolayers usually
appear a few days later than those of poliovirns and Coxsackie virus
{Hsrune anp MELNICK, 1957a) Plaques of ECHO viruses are irreg-
ular in shape and their boundaties are diffuse, except for types 7,
12, and certatn strains of type 8, which produce large, clear plaques

Fig10 Plaques i monkey kidney monolayer eultures under agar produced by
ECHO-12 (Group B), and ECHO-13 (Group A), 7 days after seeding Plaques of
ECHO.12 recemble those of wald strams of poliovirus

with sharp boundaries, resembling those of poliovirus It 1s note-
worthy that it 13 the patas-positive strains which produce the polio-
virus-Iike plaques on rhesus cultures, and ECHO viruses with these
two chatacters have been placed 1n group B, as against the ECHO
viruses in the major group, A (See Figures 9 and 10)

Certam ECHO and Coxsackie viruses agglutimate human Group 0
erythrocytes GOLDFIELD ET AL. (1957) found that the hemagglu-
tinms are associated with the infectious virus particle, for they are
sedimented together 1n the ultracentnfuge, and also they are ad-
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sorbed together by erythrocytes durng the process of agglutination,
The virus and agglutinin may be eluted and in the process, the red
cells become exhausted. ECHO viruses may be divided into two
groups: one in which the hemagglutinm titer is fTected by carry-
ing out the reaction at 37°C as against 25°; and a second in which
the titer at 37° 1s greatly reduced. It 1s of nterest that the viruses
with the highest hemagglutinin titer (over 1:1000) retain thewr
hemagglutinating power at 37° and that these viruses belong to the
group B viruses proposed by Hsiune AND MELNICK (1957D).
Comparative susceptibility of cells of t1co monhey species, rhesus and
patas, to poliomyelutis, Coxsackie, and ECHO viruses. Table V shows
a companson of rhesus and patas cell susceptibility to poliovirus
type 1, Coxsackie virus types A-9 and B-1, and ECHO virus types 1
and 7. This mdicates that the same dose of poho-1 or of Coxsackie
B-1 yields twice as many plaques on patas cells as on rhesus; ECHO-7
yields equal numbers of plaques on cells of both species, whercas
Coxsackie A-9 and ECHO-1 fals 1o produce typieal plagues mn

Table ¥ Susceptibility of Rhesus and Patas Cells to Representative Enteroviruses *

. pro - |
Virve rus
Dilutiwa S .
e | Legtaer | (TSN | Logine ‘
{Av po) | (PFU/mN® | (Av no) (PFU/mY)
Polio-1 107 89 76 25 8.1
1067 185 89 [
Coxsackie A9 o0 o | <10
Coxsackie B-1 1042 17 65 335 68
10°¢° 212 84 [
FCHO1 10710 o | <10
ECNO-7 1059 253 74 220 74

* Plaque-formng umts
¢ With cultures from cestain lots of patas monkeys (approximately 20%), about
100 tiny, delayed, slow-growing plaques have appeared with the large dase of
virus It has not been possible to pass viable virus into patas cells from such
plaques, although virus could be recovered by transfer of the plaque extract to

rhesus cell cultures.
+ From H3IUNG AND MELNICE, 1958a.
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patas cultures, In exploring the reasons for the differences in suscep-
tbility of Ludney cells from thesus and patas to the three groups of
enteroviruses, the ad<orption of these viruses to cells of both monkey
species was iny estigated (see Table V1) (Hstunc anp MeLvics, 1958a).

Poliovirus, which yields a hugher plaque count on patas cells than
on thesus, was adsorbed by patas to about the same degree as were
the two viruses Coxsackie A-9 and ECHO-1, which failed to produce
plaques on patas cultures. Obiviously the difference between the lugh
susceptibility of patas to poliovitus and its extremely low suscepti-
lity to the Coxeachie A-9 and ECHO-1 must he due to some factor
ather than adsorption of virus particles to the cells

In patas cells, neither ECHO-1 nor Coxsackic A-9 virns produced
plaques under ager, nor cytopatine changes 1 fluid medinm when
the virus moculum was used in low concentration. The virus dis-
appeared within an hour after the moculation of as much as 500
rhesus plaque-forming units (PFU) of Coxsackie A-9 virus and could
1ot br detecied thereafter 1 enther the fimd phase or the cells. That
this theappearance was not solely due to thermal inactivation at
37°C 13 shown by the fact that virus inoculated nto control tnbes
without cells did not become completely inactivated unul 24 to 48
hours after inoculation But when the wnocula were large, both viruses
prew n patas cultures, to a humited degree. It 1s snteresting to note
that although the virus yeld in patas cultures was less than in yhesus,
the shapes of the growth curves were similar 1n both monkey gpecies.

Although plagues faled to form in cultures of most patas monkeys
even with an woculum of 10 million virus particles (as measured by
plaque-forming units on rhesus monolayer cultures), occasionally tiny,
delayed, atypical plaques did appear in cultures from some patas
monkeys. Ths ph fes the physalageal

gical r
of of d strains of of
tiny, delayed plaques under agar overlay commmm low concentra-
tion of bicarbonate (Voer ET AL, 1937; HSIU“IG AND MELNICK,
1958b) Single Coxsackie A9 and ECHO-1 plaques of the uny,
delayed type on patas cells were picked but farled to produce virus
n patas cultures; however, virus could be recoyered in rhesus cul-
tures. Since the poliomyelitis, Coxsackie A-9, and ECHO-1 viruses
vsed 1n these expenments had been plaque-punfied, mixed viral
i could not be responsible for the obcervations reported.
‘Cossachie 1iruses OF the mineteen members of group A, only
A-9 grows in kidney cultures of macaque monkeys (see Figure 9),
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and even this type fails to grow in cells of the Afncan red grass
wmonkey (Hsiove anp MeLnick, 1937b). HeLa cells support the
growth of group A types 11, 13, 15, and 18 (SICKLFS ET AL., 1935).
The Coxsackie B viruses grow more readily in cultures; all five types
grow 1 monkey and in HeLa cells, and recently pig kidney cells
hase been found susceptible (GUERIN Anp GUERIN, 1957). Earlier,
STULBERG ET AL. (1954) had found that Coxsackie B-1, 1n contrast
to Coxsackie A-1, was cytopathogenic for mouse cells in cultuze,

Coxsackie B viruses multiply 1n HeLa cells even when these are

pl d back to the p I cavity of rats. On consecutive
pansave through the solid HeLa carcinomata which develop in the
rats, the viruses develop an mcreased capacity for destroysng these
solid tumors (SUSKIND ET AL, 1957). Hues~ER has raiced the inter-
esting possibility of removing cancer tissue from humen bLengs,
adaptng 1t to grow n rats, and then adapting the Coxsackie virus
to 1t. Once the virus 13 adapted to the tumor and 1s able to destroy
1t completely n rats, 1t might then be tned out in the patient If
the virus 15 tried 1n patients before adaptation, the process might
not be nearly ag effective 1 1ts oncelytic activity in man,

Miuxed wnfections betieen the enteroviruses Almost all laboratories
engaged 1n 1solating enteroviruses from human beings have encoun-
tered specimens contamning more than one type of enterovirus Be-
cause these viruses have common properties, BENYESH ET AL. (1937)

to d whether ) might occur be-
tween viruses of each group The onginal work—suggesting pheno-
typic miang between poliovirus type 1 and ECHO-1 virus—has been
reported m summary fashion (MeLnick, 1957b), and the work has
since been continued to include studies by the smgle cell technic of
double infections of cells with ECHO-7 and Coxsackie A-9 viruses
(170w ET AL, 1958),

Monkey kidney monolayer cultures were infected with both vi-
ruces. Dunng the eclipse phase the cells were dispersed with versene
and single cells 1solated 1n microdrops under oil. Incubation was then
allowed to proceed to virus production, The viruses from the ndi-
vidual cells, and therr progeny, were charactenzed serologically and
by their pathogemeity to newborn mice True genetic recombinants
could not be detected, but phenotypic mixing did occur. Some cells
produced marked doubly antigenic vitus, while others gave iter-
mediate results or yiclded only the parent ECHO or Coxsackie virus
The ongwal mucrodrop fluids were plated under agar without anti-




82 MELNIEK, Advances in the Study of the Enteroyiruses

scrum, and the resulting plaque extracts were again characterized
lly Plaques i both parental type< were obtaned
upon passage of the virus with double antigenieity. The doubly anti-
genic particles in the single cell harvests behaved as phenotypic mix-
tures, for they segregated into particles of parental types during the
multiplication cycles attendant te plaque formation. Inheritable
changes wn antigemcity were not found among one thousand spe-
cimens of progeny obtamed by plaque passage. When tested for mouse
pathogenicity, the results were consistent with the antigenic findmgs:
viruses which typed as Cox<ackie A-9 were paralytogemc for mice,
while those which typed as ECHO-7 were not.
In work of this kind, it is of the ntmost importance to have readily
distmguishable genetic markers for each virus. The advantage of
using plaque morphology as well as antigeme markers for detecting

€100-71
POLIO+ FAR
AS

Fig 11 Use af chesus bottle cultures for detecting mixtures of viruses in genetic
studies Plating of progeny of a single plaque (C-100-71) gave plaques characterrstic
of poliovirus and of FCHO viruses in the bottle on the left, where no antiserum was
added In the bottle second from the left, pol was added,

the poliovirus and leaving only the charactenistic small, srregular ECHO plaques,
i1 the next bottle, only ECHO antiserum was added, neutralizing the ECHO virus
but leaving the pohovirus unncutralized In the bottle an the right, anticera to
Dboth viruses were added, and both viruses were neutralized
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mixtures in the progeny of sungle plaques is illustrated in Figure 11
{BENYESH ET AL, 1957). Plaques of two types were present in the
progeny of a single plaque. The large plaques were extinguished by
pohio antiserum and the small plaques by ECHO antiserum.

Size and Morphology of the Enteroviruses

The sizes of these agents have been studied by a variety of meth-
ods, including (1) filtration throngh gradocol membranes of known

porosity, (2) d i of sedis in the ultza-
fuge, (3) direct ination of purified prep in the
electron microscape, and (1) determi of rate of i jon by

jonizing radiation. Altbough only a small nnmber of the entero-
viruses bave been studied, and only pohiovrrus by all of these methods,
the avadable data indicate that the enterovaruses, except for ECHO-
10, bave a suze about 25 to 29 myin diameter. The viruses which
have been studied 1 addition to the polioviruses include Caxsackic

o0

o
b
Q

 COXSACKE A9
* POV |

§

AFECTIITY OF CLARFED PREPARATION

;1

£ 200 366 50
AVERASE PORE DEMETER N MILLMCRONS

Fig 12 Filtration of ECHO, Coxsackte, and polioviruses through gradacol mem-
branes The Lnutmg APD (average pore diameter) 13 38 mi The diameter 13

calcylated as 0.64 of the luniting A P.D For the enteroviruses, this caleulation
yrelds 28 mge
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f the virua particles
are packed m crystalline arrays in which each particle measures 28 myt m drameter
Free spherical particles of virus are seen on the right (BREESE AND BRisss, 1953)

viruses A-1, 2, 4, 9, and 10, B-1, 2, and 3, and ECHOQ viruses 1, 2,
3,7,8,9,10, and 11 (HIMMELWEIT ET AL, 1950; MELNICK ET AL,
1951; BRrEESE AND Briers, 1953; SABIN ET AL., 195%; ScaweroT,
1957, BENYESH ET AL., 1958: Ranmos-ALvarez, 1958).

The results of one senes of ultrafiltration experrments on a number
of uses (ECHO, C kie, and polioviruses) are plotted m
Figure 12 All of the varuses behaved m a similar fashion and a single
Iine has been drawn through the pomnts. If a factor of 0.61 is used
to convert imiting pore diameter (that which just allows a virus to
pass) to estimated particle size (BLACK, 1958), the diameters of these
enteroviruses are all about 24 my¢ Infective particles passed through
pores having diameters larger than 38 my, but they were held back
completely or to some degree by 38 my APD membranes. Except
for ECHO-7, which had unusually lmgh mtial titers, all filtrates from
30 my APD membranes were negative.

Ultracentnfugation 1 the partition cell of an analytical rotor, or
through sucrose gradients 1 tubes n an angle rotor, yielded <edr-
mentation constants of about 150 to 175 § and diameters of about
25 to 30 my for poliovirus and for Coxsackie A-1, 2, 4, and 10, and
B-1, 2, and 3 stramns (MELNICK ET AL, 19513 BREESE AND BRIEFS,
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1933). Darect examination of punfied preparations of Coxsackie A:2,
4, and 10, B-3, and of the polioviruses in the analytical ultracentri-
fuge and in the electron microscope yiclded values of 28 my (se
Figure 13) (BREESE AND BRIEFS, 19335 MatTERN A%D DUBuY, 1956;
Tavror anp McCoranick, 19565 Scnwerot, 19537)

Polioviruses have recently been obtained in crystalline form
{Scnwerpr, 1957), and this also has been achieved with one of the
Coxsachie viruses, A-10 (MATTERN aAnp DuBuy, 1957). The viruses
are spherical m shape, and form crystals on storage 1n the cold {sec
Figure 14). As for the Coxsackie A-10 virus, the erystalline matenal
has a titer of 10" LDy, per cubic centimeter. As this volume con-
tans about 46 X 10' particles of 28 my diameter, the ratio of
number of particles to number of infective umts in the crystal was
about 4600 to 1 Both the punfied poliomyelius and the punified
Coxsackie viruses contamed nucleic acid of the nbose type. Evidence
13 beginming to accumulate that, as with tobacco mosaic virus, the
viral infective unit )s contaned 1n the nucleic acad part of the virus
particle. A full discussion of thus feature will be found in the chapter
by CoLreR in this solume.

Fig 14 Crystals of Covsnckie A-10 virus under dark-field allamination (MarTER™
and DuBuy, 1936)
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The methods of ultrafiltration, ultracentrifugation, and electron
microscopy are now standard practice in virus laboratories, but that
of ionizing radiation (PoLLARD ET AL, 1955) has not been widely
used. An advantage of ionizing radiation methods over electron mi-
croscopy 15 the direct relationship between the biological activity of
the unit and the experimental observations, There are advantages

over ultrafiltration and ult rifugation in precision, and also in
the fact that one can determme by romzing radiation how large a
portion of the virus particle 1s d with various functions. The

results obtained by wradiation methods are not entirely comparable
to those obtamed by electron microscopy, ultrafiltration, or ultra-
centnfugation because the size determined by ionizing radiations
gives the size of a unit, 1 which damage to any part will destroy the
activity under ideration. This radiati itive umit does not
necessanly correspond to the whole of the particle measured by other
methods.

If there are radiation sensitive properiies other than that of mfec-
tiousness, the rate of loss of each property will be proportional to the
size of the unit which governs the property in question In this way

o 000
o
oo
\
3 3
o o =
£ H
» 0O g
H H
& g
0
rnoo-
oo
v 2 I3 7 ri0”

3 < 3
wonzarions fom?

Fig 15 Effect of hugh energy electron srradiation on two properties of ECHO-1
viras+ mfectivity and complement-fixing activity. From the amount of energy

necessary to brng each actvity to the 37 o, survival point, the sensitive diameters

were calcalated to yield the results shown on the chart
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the size of the complement-fiving antigens within the virus particle,
as well as thas of the infections unit, has been determined for several
enterovyeuses (BENVESH ET AL., 1958).

Figure 15 dlustrates the inactivation by high energy electrons, at

4°C, uf twe Jlifferent properties of ECHO-I vices: mfectivity, and

fiung antigeniaty. Their is platted on the
same do«uwc unle. but two different activity scales are used. The
dameter of 26 mpu fur the infectise unit was determined by caleu.
lating the amount of energy necessary to bring the infective compo-
nent to the 379, survnal point.

The plot of virus infectrvity on a loganthmic scale s ersus dose of
wrradiation gave a straight hine, indicating one hit per inactivatan,
In contrast to the infectivity plat for this sirus and ale to the com+
plement-fixang acuvity for pohiosirus, the plot of residual eomplement.
frung activiey for ECHO-1 had 2 defimte shoulder. The descendisg
porhion of the cunve ndicates a diameter of 13 my for the seasitive
poruon of the complement-fixation antigen. Extsapolation of the
deseending portion of the curve to the ordinate gives an mtercept
at about 600 %,

The inactivation data of different units of a sirus particle may
give smportant leads as to 1ts structure. For example, the mze of the
complement-fixing antigenic units of all the enteroviruses studied
felt mto a smaller size range (7 to 13 my) Thie 1s about the size of
@ readerately Jarge protewn. Thus the CF antigen appears to be ewther
a moderately large structure or else a labde group attached to a umt
along which a charge can be conducted Tt 15 not posuble, on the
basis of the preeent cxperiments, to 82y whether theee units are -
dependent of the infective umit or & portion theseof. The inttial slow
rate of inactivation of the complement-ficing antigen of ECHO-1
has led to the following mterpretations:

1. Duning the first portion of the process new nnll;,cmc units may
be formed-possibly by

o pl Ths process
would be at first b.ﬂanccd by am) )nwr 6upp]an!ed by inactyyation,

2. There may be several antigenie umts on the virns parncle
spaced so closely that ealy about 110 6 can react with complement
Thus unni alf 6 1 a given area (or perhaps this 15 the totat per
partrcle) are inactrs ated, the complement binding pow er 1« ynaffected,

3. The antigenic umit may be more reqistant to maetrs atson than
the snfective unit, and the complement bunding power Jost only after
the amt ka< been kit about 6 times,
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Clinical Features

Infections produced by the enteroviruses vary from the very
serious diseases, such as paralytic pohiomyelitis, to the very mild,
subchical infections produced by many of the Coxsackie and ECHO
viruses. The views of the Commuttee on the Enteroviruses (1957} in
this regard have recently been set forth as follows:

“For establishment of etiologic association the virus must have
a much ligher prevalence among patients with the disease than in
healthy individuals of the same age and socio-economic status hiving
1n the same area at the same time as the patients. Antibodies against
the virus must develop durng the course of the illness. Virologie or
serologic evidence must he negative for concurrent infection with
other agents that already are known to cause the same chnieal syn-
drome. Eunologic probabiity is inereased if the virus is isolated ni
significant concentration from body fluids or tissues manifesting the
leston, as from the cerebrospinal flund 1 cases of aseptic meningitis,
or the heart muscle in cases of myocardins.”

Of the three types of pohovirus, type 1 continues to be the agent
most often associated with clinical disease. With the continued im-
provement and simplification of tissue culture methods, it has been
possible to put together a simple portable tissue culture “Jaboratory”
which is adequate for the study of epidemics of poliomyehus 1n any
part of the world accessible by arr travel (Mernick, 1938).°

As regards Coxsackie viruses, all 5 types belonging to group B
have been found to be associated with clinical illness. Of special 1m-
portance are the recent associations of the group B viruses with
neonatal myocarditis, as first shown by the South Afncan workers,
and reviewed elsewhere in this volume by Dr. GEar, With group A,
only A-9 has been regularly associated with aseptic meningitis, even
though A-7 has been at tumes.

* For example, 1t was posuble 16 carry tissue cultures and diagnostic reagents
into the first epulemic occurnng 1 British Guians, m 1957 In the course of one
week's stay 1n the area, 1t was found (1) that type 1 pohovirus was the agent res-
ponwible for the vutbreak, although type 2 was slso active, (2) that othet entero-
aruses were infecting some of the patients diagnosed ay having poliomyehitis, and
(3)that type 1 polioviras was prevalent but to a leaser degree among contral chuldren
of the same age as those afficted with chinical pohormy ehitis. Serological tests in the
field were luited to the performance of complement fixation teats with polioviras

antigens
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Evidence of the causal relationship of Coxsackie viruses B-1 to
B-5 and A-9 to aseptic meningitis has recently been strengthened by
the 1olation of all 6 Coxsackie viruses from the spinal fluds of asep-
tic meningitis cases (data reviewed by Dartoonr, MELNICK, AND
CURNEN, 1958). The question has been raised as to whether the find-
ing of virus n the spinal flud always impheates the virus as the
agent of the disease. In severe diseases, the blood-bram barner might
be lowered to such an extent that the virus might be present in the
spmal flud merely as an incidental finding. Thus, the finding of Cox-
sackie virus m the spinal flud of two patients with bramn tumors is
of particular interest (BENYEsH AND GoLDBLUM, 1955). The question
has been raised as to whether the Coxsackie virus, which is known
to have an affimty for newborn tissue, found young cells 1n the bram
tumor n which 1t was able to multiply.

Menmgitis induced by Covsackie virus may often be complicated
by the fact that pleurodyma occurs 1n the same patients. Thus, m
some epademics the patients may exhibat pleurodynia alone, memne
git1s alone, or both mamfestations, all caused by the same virus

Recent work from the Soviet Unton has indicated that type A-7
may also be associated with paralysis i children. The Soviet workers
wolated a varus which produced paralysis and lesions m monkeys
typical of poliomyelitis, and also showed that this virus could be
passed m todents (CHUMAKOY ET AL., 1956) The Russian strams of
this virus do not appear to be umque, for subsequent to therr work,
strams rsolated 1o the United States bave been tested and found to
be pathogensc for both monkeys and suckling mie The A-7 virus
has also been associated with aseptic memmngitis 1n Sweden and in
the Unsted States (JounssoN AND LUNDMARK, 1957).

As regards the group A viruses, types A-7 and A-9 have been
associated with aseptic meningitis, as mentioned above. However,
the most common disease caused by the group A viruses is herpan-
gna, a syndrome produced by types 2, 4, 5, 6, 8, and 10 (HueBNER
ET AL, 1952).

Many members of the ECHO group have been found to cause
illness. ECHO-4, first 1solated from patients with aseptic memngitis
(MELNICK ET AL, 1953), has been found to be responsible for large
outbreaks of this disease (CHIN ET AL., 1957), as well as for sporadic
cases m other areas (ORMSBEE AND BELL, 1957). A rash was observed
n some of the pahents 1 a Swedish epidemic of ECHO-4 aseptic
memngins {Jonnsson, 1957). ECHO-6 has also been found to cause

T Vurology Vel 1
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epidemic aseptic meningitis (KARZON ET AL., 19565 Davis anp MeL-
NICK, 1956; voN ZEIFEL AND SvEDMYR, 1957; JonunssoN LT AL.,
1957; HABEL ET AL., 1957; KIBRICK LT AL., 1957). In some of the
cases, muscle weakness and mild to moderate paralysis were observed;
with the passage of time, recovery was usually complete.

The recent widespread outbreaks of ECHO-9 infections mvolving
thousands of patients gave investigators an opportumty to record
1ts chinical behavior (Nmouvr anp Quensin-Tuiry, 1957; Boissarp
ET AL., 1957; Jounsson, 1957; McLean axp MeLnick, 1957; Bav-
MANN ET AL., 1957; GODTFREDSEN AND vON Macnus, 1957; Sasin
ET AL, 1958; and others), ECHO-9 may produce the following clinical
pictures: aseptic meningitis, undifferentiated febrile illness which may
be accompanied by an exanthem and enanthem, or—rarely—a more
extensive involvement of the central nervous system. The incidence
of rach decreases with age. Thus SaBIN ET AL. (1958) found that rash
veeurred 1 70 % of patients under 4 years of age, in 4£ % in those
5-15 years of age, and in only 7%, of patients over 15 years of age.
Conjunctivitis may also be present, Virus may be detected in the
spinal flud even in the absence of pleocytosis, ECHO-9 virus may
be responsible for illnesses more severe than that usually associated
with aseptic meningitis. Muscle weakness and spasm may persist for
weeks. The virus has been recovered in high nter from the medulla
of an infant dymg within a day after becoming 1ll with fever and
coma (VERLINDE, 1957).

ECHO-10 has been associated with steatorrheic ententis i hu-
mans and with a 1d coryzal synd in chimp
(SaB1x, 1957), but the precise clinical pattern remains to be determined.

ECHO-16, hike some of the other ECHO viruses mentioned, may
also produce aseptic menmgitis (K1BrIck ET AL., 1957), NEVa (1957)
has shown that the etiological agent of Boston exanthem (NEva ET
AL., 1931; NEVA anD ZUFFANTE, 1957) 1s antigenically related to
ECHO-16 virus.

ECHO-18 has been reported to cause infant diarrhea (Ramos-
ALVAREZ AND SaAniN, 1958; EICHENWALD ET AL., 1938). In older
persons, 1t has not been assoctated with illness. Evidence has been
obtained (RAMOS-ALVAREZ AND Samin, 1938) to suggest that in
young children different ECHO viruses (especially types 6, 7, 8, 12,
14) may cause diarrheal disease, and ECHO-20 a febnle disease in-
volving both the respiratory and enteric tracts (ROSEN ET AL., 1958).
ECHO types 2, 3, 5, and 14 have also been ascociated with aseptic
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meningitis cases, with types 5 and 14 having been isolated from the
cerebrospinal fluid (MeLaick, 1953, 1957b; OrvsBee AND Berr, 1957).
For many of the enteroviruses, no disease entities have yet been

described. However, even the virulent enteroviruses are charactenzed
by the fact that they produce large numbers of inapparent infections.
The vaniety of disease entities produced by the enteroviruses is shown
1 Table VII

The enteroviruses have been studied in the highest laboratory
prnumate avadable, the chimpanzee. The pattern of infection of these
anthropoids 15 the same with the polioviruses (HowE ET AL, 1950;
Merntex anp Homstyany, 1947); the Coxsackie viruses (MELNICE
axp Kapraw, 1033); and the ECHO viruses (Iron AND MELNICK,
1957) Illness was a rare event in these orally infected amimals, but

Table V11 Diseases Associated with Fnteravaruses
Enterosiruses Associated Diseases
Poboviruses Paralysis (complete 1o shght muscle weakness)
Aseptic memngitis
v d ebrile 1Mlness dunng the summer

Coxsackie viruses  Herpangina (Types 2, 4, 5. 6. 8, 10)

Group A febrle illness during the summer
Asepuc memngites (Types A7, A.9)
Febrle illness wath rash (Type A-9)

Covsackie vimuses  Aseplic meningitis
Group B Pleurodyms (Bornbolm disease)
VUndifferentiated febnle illness wath pharynzitis
Myocarditis or encephalomyocarditzs dunng neonatal
peniod and early childhood
V22 parslysis %) or encephaling

ECHO veruses Aseptic memogites (Types 2,34, 5,9, 14, 16,21)
Febrile illness with rash (Types 4,9, 16, and probably other<)
Boston exanthem (Type 16)
Undsfferentiated febnle illaess particlarly darng the summer
Mild paralysis (%) (Types 6 and 9) or encephalis (Type 9)
Susmmer diarrhea of nfants and chuMren (Type 18 and others)
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epidemic aseptic meningitis (KARzoN ET AL., 1956; Davis anp MEL-
NICK, 19565 vON ZEIPEL AND SvEDMYR, 1957; JOHNssON ET AL,
1957; HasewL ET AL., 1957; KiBRick ET AL, 1957). In some of the
cases, muscle weakness and mild to moderate paralysis were observed ;
with the passage of time, recovery was usually complete.

The recent widespread outbreaks of ECHO-9 infections mvolving
thousands of patients gave investigators an opportumty to record
ats climical behavior (Ninour anp QUERSIN-THirY, 1957; Boissarp
ET AL., 1957; Jonnsson, 1957; McLeAN Anp MeLvIck, 1957; Bav-
MANN ET AL, 1957; GODTFREDSEN AND VON MacNuUs, 1957; SABIN
ET AL., 1958, and others). ECHO-9 may produce the follewing chnical
pictures: aseptic meningitis, undifferentiated febrile illness which may
be accompanied by an exanthem and enanthem, or—rarely—a more
extensive mvolvement of the central nervous system. The inadence
of rash decreases with age. Thus SaBIN ET AL (1958) found that rash
occurred 1 70 % of patients under 4 years of age, i 44 % in those
5-15 years of age, and 1n only 79, of patients over 15 years of age.
Conjunctivitis may also be present. Virus may be detected in the
spmal fluid even in the absence of pleocytosis ECHO-9 virus may
be responsible for llnesses more severe than that usually associated
with aseptic meningitis. Muscle weakness and spasm may persist for
weeks. The virus has been recovered m high titer from the medulla
of an infant dying within a day after becoming 1ll with fever and
coma (VERLINDE, 1957)

ECHO-10 has been associated with steatorrherc enteritis in hu-
mans and with a common-cold coryzal syndrome n chimpanzees
(SABIN, 1957), but the precise climcal pattern remains tobe determmned.

ECHO-16, like some of the other ECHO viruses mentioned, may
also produce aseptic meningitis (K1BRICK ET AL., 1957). NEva (1957)
has shown that the etiological agent of Boston exanthem (Neva ET
AL., 1954; Ncva AND ZurrFaNnTE, 1957) is antigemcally related to
ECHO-16 virus

ECHO.18 has been reported to canse mfant diarrthea (Rayos-
ALVAREZ anND Samin, 1958, EicnenwaLD ET AL., 1958). In older
persons, 1t has not been associated with illness, Evidence has been
obtained (RAMOS-ALVAREZ AND SABtN, 1958} to suggest that in
young children different ECHO viruses (especially types 6, 7, 8, 12,
14) may cause diarcheal discase, and ECHO-20 a febrile discase m-
volving both the respiratory and enteric tracts (ROSEN ET AL, 1958’)‘
ECHO types 2, 3, 5, and 14 have also been associated with aseptic
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Fig 16 Per cent of stool specirnens yieldmg eatenc virnses, each month over &
3uyear period (1951 through 1953) Specimens were obtamed from healthy chidres

1n conteasting socio-economic distnicts of Charleston, W Virgima, and Phoenix,
Arnaona, dunng a nonepidemmc period

almost all of the virus 1solations were made 1 the summer and fall,
except from the lower gocto-economuc district of subtropical Phoenix,
where viruses were recovered more evenly throughout the year.

The frequency of virus excretion m the lower socio-economie
district of each city was 3 to 6 tumes as great as in the middle to
upper middle class distnets with good environmental sanitation. If
the combined figures are examined {Table IX), of 1540 specimens
tested from the lower districts, 176 or 11 4%, were positive, whereas
from the upper distniets only 2.6 % (37 of 1427 specmes tested) yrel-
ded virus. Among the 213 viruses isolated 1n monkey kidney cultures,
529, were ECHO viruses, 24 % were polioviruses, and 24 % were
Coxsackie viruses.

Hammox and his colleagues (1957) have recently carried out a
study of infection rates of two enteroviruses in a selected area 1n the
Philippine Islands Age specific rates were calculated from the num-
Ber of persons who developed neutralzng anubody durng a four
month peniod of ob when were aculating
silently. The infection rates for children were 90 %) for ECHO-1 and
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wfection was readily demonstrated by the presence and persistence
of virus in the throat and in the feces, and by the type-specific anti-
body response. It 1s noteworthy that with enteroviruses, virus may
sometimes be found n the throat for as long as, or even longer than
in the intestine (Coxsackie B-2, ECHO types 4 and 6).

Epidemiology

The enteroviruses have a global distribution. Recent investiga-
tions with the Coxsackie and ECHO viruses show that their epi-
demiologic patterns are simlar to those of the polioviruses. For
example, the carrier rate for the ECHO viruses decreases as age in-
creases. Thus, as shown in Table V111, in Cincinnati 5.2 %, of children
aged 1-4 years excreted virus, but only 0.2 % of those 10-14 years
of age (Rad0s-ALVAREZ AND SaBiv, 1956). The difference in rates
between the very young in Cmemnati and in Mexico City is similar
to that which has been observed in children hving under contrasting
socio-economic environments within single cities. In a longitudinal
study (HoNig ET AL., 1956; IsacsoN ET AL., 1957} of the endemic
occurrence of enteroviruses among several hundred normal house-
holds, approximately equal numbers of stools were collected each
month from children under the age of 5 years. As shown in Figure 16,

Table VI Tsolation of Enterovaruses from Rectal Swaba of Healthy Children
Mexico City and Cincannati®

Nusmber of Virus Dolated
Cry Age Group o
st Coxsachie and
Tested Poluoviruses | C2

{m) ‘. %

Mexico City 1-4 1491 33 156

Cincinnaty 14 154 06 5.2

59 537 03 26

20-14 683 o2 02

15-17 154 00 oo

|

* Data from RAMOS>-ALVAREZ AnD SamIN (1956)
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summer months was not constant, but varied 10 the same commumty
from one year to the next, ranging anywhere from 10 to 100 per cent.
The changing annual pattern was not only related to the frequency
of virus occurrence but also to the type. For example (MELNICK ET
AL, 1951} in one area, Muskegon, Michigan, of 31 Coxsackie strams
1solated w sewage during the xummer and fall, 26 belonged 10 a
single type, A-1. On the other hand, in Topeka, Kansas, A-5 predo-
mumated in the first part of the warm season, to be replaced by A-6
m the fall of the same year. In Albany (KeLry, 1957), in one year
A-5 and A-6 were the predomnant types, a year later, they had been
replaced by types A-4, A-8, and B-2. Thus thts method of enterovirus
survullam:e allows one to determine when a new virus becomes
i d m a y. The lable data have already
shown that the persistence of an enterovirus for several months
during the summer and fall season may actually be a semes of waves
of dufferent types spreading through the aity
A recent two-year study of aseptic meningitis cases 1n Connecticut
{Davis axp Mrusick, 1938) indicated the extent to which different

Table X Distnibution of Enterovirus Isolations from Cases of Aseptic Memngitss i

Connecticat
Namber of Tolations
Viruses Saolated
Feorm 137 canes Trom 82 cave From totat of
stwired m 1955 studied 1 1956
Polovirus Total 28 6 33
Type 1 21 4 31
Type 3 1 2 3
Coxsackie Total 15 13 28
A9 1 6 7
B2 s 1 5
B3 2 4 6
B4 1 2 9
ECHO Totat 25 1n 36
Type 5 1 o 1
» 6 22 9 3t
v 1 2 2 4
Total 8 30 9
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Table IX. Per Cent Distnbution of Enlenc Viruses Isolated from Healthy Chuldeen

in Popul of C " Level During a Nonepidemic Period
(1931-53)
mbes Per Cent Yielling Viruses
Populution Group ?,,,’.“,‘;.1:,’ , o M J
ented Palio- J Cousackie | ECHO } Al entene J
iruses “eraes virmer | virmes
Charleston, W Va
Lower 597 23 23 37 83
Upper 1028 05 15 08 27
TPhoemix, Aniz
Lower 913 30 20 83 133
Upper 299 10 10 03 23
TOTAL:
Lower . -1 1590 28 21 66 114
Upper 1427 06 13 06 z6

70 % for pohavitus, for adults these were 40 and 36 %, respectively.
‘The results were simylar to those observed earlier during an epidemic
peried m North Carohna (Mernicx anp Lepinko, 1933), when
matched sera from healthy children were obtamed at the beginming
and at the end of the epidemue, and analyzed for a variety of anti-
bodies. High nfection rates were found for polioviruses type 1 (45 %
and 7% for lower and upper groups, resy ly),
type 2 (262 and 14%), and a Iocal Coxsackie virus, A-4 (332 and
46 %). That the results were specific 1s shown by the fact that there
was almost no evidence for infection with other agents (t}'pc 3 polio-
virus, and strep

virus, mumps virus, infl

Epidemics produced by the enteroviruses occur in the temperate
zones during the summer and early fall seasons, although cases may
continue into the winter. The seasonal prevalence of enteroviruses is
well illustrated in the consecutive tests which have been carmed out
for enteroviruses in sewage and flies (MELNICK, 1947; RiODES £T AL,
1950; GeAR, 1932; MELNIcK AnD Dow, 1953; MEL~ICK ET AL, 1954
Ketry, 1957) Tn almost every area studied, virus could be found
i1n some of the specimens whith were collected in the summer and
fall seasons, Duning the cald months, virus was only rarely found,
indicating that it was not widely disseminated in the commumty
during this period. The frequency of svirus recavery even daring the
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members of the enterovirus group may simultaneously be responsible
for the same chnical syndrome. The age, sex, and seasonal distribu-
tion, as well as the clmical course of the illness, simulated that of
nonparalytic pohomyeltis. As can be seen from the data in Table X,
ECHO viruses (types 6 and 14) and Coxsackie viruses (types A-9,
B-2, B-3, and B-4) were as frequently 1solated from this group of
patients as were the polioviruses. Antibody responses were speaific
for the virus recovered. Sumlar studies have been carried out by
HapeL ET AL, (1957), voN ZEIPEL AND SVEDMYR (1957), KIBRICE
ET AL. {1957), and others. In the course of the study in Connecticut,
confirmation was obtained of the effect of Salk vaccine in mncreasing
the poliomyelitis antibody preval and d g the inaid of
poliomyehitis 1n the vaccinated group. In contrast, the vaccine had
no effect on the d of aseptic gitis due to G kie or
ECHO viruses. In the course of the above study, an enterovirus anti-
body survey was carried out, which yielded the following results (see
Table XI):

Fifty-esght per cent (28 of 48) of the unvaccinated children de-
monstrated antibodies for pohovirus type 1, while 35 per cent (17 of
48) and 23 per cent (11 of 48) demonstrated antibodres to types 2 and
3, respectively. Even though a higher percentage of the adults was
posttive, 18 per cent (11 of 61) of the adults tested failed to demon-
strate any poliomyelitts antibodues.

The prevalence of Coxsackie A-9 antibodies was essentially the
same as for poliomyehtis with 20 per cent of the children and 49
per cent of the adults bemg positive. For the Coxsackie B viruses,
using essentially the same sera, 11 per cent of those under 15 years had
B-1 antibodues, 33 per cent B-2, 23 per cent B-3, and 27 per cent B-4,
while among the adults, 6 per cent had B-1 antibodies, 38 per cent B-2,
40 per cent B-3, and 61 per cent B-4. Antibodies agamnst 4 ECHO
varuses were tested in a similar manner. Among those under 15 years
of age, 19 per cent showed ECHO-2 antibodies, 6 per cent ECHO-5,
17 per cent EGHO-6, and 9 per cent ECHO-9, while among the adults
the corresponding figures were 36, 16, 23, and 19 per cent respectively.

Studies of the families into which the enteroviruses were introduced
demonstrated the ease with which these agents spread, and the high
frequency of infection in thase without pre-existing antibodies from
carlier exposures. This was the case regardless of the viral type under
study. Thus the rapid, and usually silent, dissemination of the entero-
\aruses in households 1s another property which they share. Hosprtal-




MELN1CK, Advances in the Study of the Enteroviruses 929

cimen is tested by the plaque method (see Figure 17). When found
together in a patient, 1t is difficult to say the extent to which each
contnbuted to the overt illness. It 1 evident that infections by the
poliomyelitis, Coxsacke, and ECHO groups have many features in
common, and that studies on the epidenuclogy of any one group
require consideration of the other groups

BIBLIOGRAPHY

Awcuerr, 1, WestoN, 1, and Wenner, H A Adaptation of ECHO virnses in
HeLa cells, their use 1 complement fixation Proc Soc exp Bl N Y 95
265-270 (1957)

Bawnerr, E V, and Baron, S Studies of cell culture produced activator for
seram proteolytic proenzyme and its presence 1 commercial pohiomyelitia
vacame Fed Proc 17 503 (1958)

Baxnsky, G, Rormveavy, R, and ENpo, M Evolution of the cellular lesson 1nduced
by pohiomyelitis varus “1n vitro” as studied with phase contrast mucrocinemas
tography Ann N Y Acad Scv 61 899-901 (1955)

Bavmany, T, Bargen, M, Marti, R, HassiEr, A , and Kreca, U 1 Erkrankun-
gen durch ECHO-virus type 9 Eine kbmsche und
serologasche Studse, Schweiz med Wachr 87 307 (1957)

Benvesw, M , and GoLoarom, N The etiology of non-bacterial meningo-encephaly.
t1s 10 Tsrael Harefuab, J med Ass Israel 48 58 (1955)

Benygsn, M, Itom, H, Istune, G D, and Mewnick, J L Mixed infections
between ECHO and pohioviruses Fed Proc 16 406 (1957)

Benvesm, M, Poutarp, E €, Oeron, E M, Brack, F L, BELLAMY, W D, and
MerNick, ] L Size and structure of ECHO, pohomyelitis, and measles viruses
determined by 1wmizng radiation and ultrafiltration Virology, 5 256-274 (1958)

Buack, F L Relationshsp between virus particle size and filterability through
gradocol membranes Virology, 5 391-392 (1958)

Boissarp, G P, B, Macras, A D, Stoxes, J T, and MacCALLuM, F O Tsola-
tion of viruses related to ECHO virus type 9 from outbeeaks of aseptic menm-
mtis Lancet 272 500 (1957)

Breese, S S, Jr, and Brigrs, A Certam phymeal properties of a herpangina
strain and a plenrodynia stramn of Covsackie virus Proc Soc exp Biol, N Y.
83 119-122 (1953)

Cam, T D Y, Beran, G % and WennER, H A An epidemicllness associated
with a recently recogoized entere virus (ECHO varas type 4) II, Recogmition
and dentification of the etiologic agent Amer J Hyg 66 76-84 (1957)

[» MP,rran éth ‘onference In press (1958)

Cruxaxov, M P, Yorosutova, M K, Zmevaxprova, V I, Miowova L L,
IrzeLs, F. 1, and Ronrveon, 1 4 Probl Virology, I 16 (1956)




98 MELNICK, Advances in the Study of the Enteroviruses

ized patients may not give a true picture of the extent of illness
caused by an enterovirus in a community. Thus a survey during an
ECHO-4 outbreak, in which 27 cases of aseptic meningitis were re-
ported in a town of 20000, revealed that 16 % of the population had
a compatible illness (LEHAN ET AL., 1957). Similarly, during a period
when 149 inhabitants of a city of 740000 were hospitalized with
ECHO-9 discase, 1t was estimated that approximately 5 %, or 45000
persons, had a compatible illness (SaBIx ET AL., 1958).

The similanties m the eprdemiology of the duffe iruses
may be briefly summarized. Viruses of all three groups induce in man
infections associated with speafic antibody responses. In the human
host, agents of different groups may be carried for some time, with
the greatest incidence of carriers among young children. They may
cause erther izable disease or mnapy infection. The entero-
viruses are encountered most frequently during the warm seasons of
the year. They may be recovered not only from man but also from
flies and sewage, and at times viruses of the different groups may be
found i the same specimen, as 1s strikingly revealed when the spe-

Fig 17. Culture, jnoculated with a stool specimen containing a mixture of polio
4od ECHO vruses, snd overlaid with agar By picking the large or small plaques

for passage. the pohossus ar the ECHD sirus, respectively, could be isolated.
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Mice infected with Group B strains develop weakness, tremors,
spasms, and paralyus. The pads of fat between the scapulac macro-
scopically show whitish degeneration; microscopically there is necrosis
associated with an acute inflammatory infiltration, which may be
followed by calcification of the affected areas. This Jesion of the fat
pad is b i of Coxsackie B virus infecti n mice. In
2ddition the brain may show focal lesions with degeneration of neu-
rones, with pyknosis and fragmentation of the nucles, followed by
dissolution or “fall out” of the aflected cells. Areas of softenmng and

faction and a p: lar and diffuse infil of infl 34
cells may also bc seen. The heart muscle often shows foci of necrosis
with of seg of muscle fibres with loss
of !(nallon. wnh pyknnm. and fragmentation of the nuclei and an

y cell

To weaned mice these viruses usually produce no signs of infection
but some strains have been adapted by passage to cause lesions
adult mce, Notable ples are the deg and dissol
of the parenchymal cells of the pancreas caused by infection with
certain strains of Group B type 3 viruses, and the lesions of the cen-
tral nervous system caused by certain straina of Group A viruses in
both adult mice and monkeys. These viruses may also cause fatal
disease in adult mice treated with cortisone.

The pathological findings in mice resnltng from infection with the
Coxsackie viruses are noted because of their relevance to the imnfec-
tions m buman beings, particularly newborn babies.

Cotsackie Group A viruses have been incriminated as the cause
nf herpangma. of some nbort pyrexial illnesses, and of some cases of

id of an illness associated
with n rash, lymyhadcnopathy, nnd often with aseptic meningitis
have been traced to infection with the Coxsackie A-like Echo 9 virus.
Whether any of these illnesses are more severe in newborn babes than
1n older children and adults has not yet been assessed, but 1t may
be expected that newborn babies whose mothers lack 1mmumty will
suffer more severely. AncmETT1 AND Bortorozzr (1953) have sug.
gested that such infections may sometimes he fatal, and indeed this
seems likely, However, the role of Coxsackie A viruses m causing
discase 1n newhorn babies has not yet been clearly assessed and cer-
tainly ments further study.

Cowsackie Group B viruses have been imenmumated as the cause
of epidemic myalgia, plenrodyma (Bornholm disease), and as one of
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COXSACKIE VIRUS INFECTIONS
OF THE NEWBORN

By JAMES H. S, GEAR

Coxsackie viruses were first isolated in 1947 by DALLDORF AND
S1ckres, The jsol was achieved by the i lation of newh
mice. The pathogenicity of these viruses for newborn mice is one of

their characteristics, The relative lack of pathogenicity for adult
1 animals d for their escape

wice and for other
from recognition before this time,

Later studies have revealed that there are 2 groups of Coxsackie
virus which have been separated from each other on the basis of the
lesions produced in baby mice and named respectively Group A and
Group B. Mice infected wuh Coxsackle Gmup A virus strains develop
flaccid paralysis and on histolog; ion show easinophili
hyalin e g ion and acute infl. ion of the voluntary striated
muscles, Lesions are not seen in the other organs. The diffuse muscle
destruction associated with an acute inflammatory infiltration, and
an absence of lesions elsewhere is characteristic of Group A Cox-
infections. Ni serotypes respectively named Al-19

sackie virus
have been identified.
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only one examined a Coxsackie Group B type 3 virus was isolated.

These two outbreaks illustrated the two cotumon senous forms of
disease caused by Cowsackie Group B virus in newborn babies. In
some the brunt of the mnfection 18 borne by the heart and in athers
by the central nervous system.

A third gutbreak to be i ignted ocomrred ina ity home
in Southern Rhodens (MONTCOMERY ET AL., 1935). Three newborn
babies were affected Two recovered after bemg ill about one week,
the 1hird died on the 12th day after birth, and on postmottem exa-
mination the heart showed focal myocarditis. A virus jdentified as
Coxsackie Group B type 4 virus was isolated from the faeces and
the caccal cantent of the baby who died and from the facces of one
of the babies who recovered.

In 1935 a Coxsackie Group B type 2 virus was isolated from the
heart muscle of a 9 day old baby who died soon after admission to
the Transvaal Memonal Hospital for Chuldren, with fever and signs
of myocarditis. Sections of the heart showed an extensive focal myo-
carditis mmilar 1o that desenibed in the previous cases. The relation-
shup of Coxsackie Group B virns to this condition was thus proved.

The aetiologreal rale of Coxsackie Group B virus i causiag dwsease,
often fatal, in newbom balnes was convincingly confirmed 1 1935
m Holland by vax CREVELD ARD DE JAGER, by VERLINDE, VAN
Toxcerex anp Krer, and by Dexxixe. Full clinical, pathological,
and virological studies of four cases were carried cut. The first of
the patients concerned was a 7 day old boy who had heen born
prematurely one month before term, and who died one day after

ion to hospital. P showed a myocarditi pb

Ltis, and hepattis, The second patient was an 8 day old gurl who was
admitted to the Clinic 1n a cysnotic collapsed etate and who died
the day after ad Postmortem ination revealed myo-
cardits and fori of inflammation in the pencardium, pleusa, kidney,
and bramn. The third case was a premature boy admitted to hospital
when aged 3 weeks with myocarditis and meningo-encephakitis, This
thild died 9 days after admission to hospital Postmortem examin-
ation confirmed the presence of myocarditis and meningoencepha-
s, The fourth case was a boy born at term who suddenly on the
Tth day of Lfe collapsed and died one hour later. Postmortem showed
the cause of death to be myocarditis. A Coxsackie Group B type 4
virus was isclated from the brain and heart muscle of the first case,
and from heart muscle of the other three cases.
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the commonest causes of the aseptic meningitis syndrome. These
infections in older children and adults are generally presumed to be
benign and almost never cause a fatal illness, However, it is now
clear that infection with Coxsackie Group B viruses may cause a
severe often fatal illness 1n newborn babies, in which the prominent
pathologieal finding 1s an acute extensive but focal myocarditis,
sometimes associated with focal lesions in the central nervous system,
the liver, and other abdominal organs.

Recent Outbreaks of Encephalo-Myocarditis Ne Associated with
Cozxsackie Gmup B Virus Infections.

The first evidence incriminating Coxsackie Group B virus as a
cause of encephalomyocarditis in newborn babies was given by GEAR
AND MEasrocm, who studied an outbreak which occurred in a ma-
ternity home in Johannesburg in October and November 1952.

The clinical features of these cases were later described in detail
by Javett and his associates, and the pathological features by Pepler
and Lurie, and these will be briefly noted. Ten newborn babies be-
came jll whilst in or soon after their discharge from the materity
home in which they were born. They had fever and developed signs
and symp of acute my ditis and in some cases signs of

i phalitis. Four r d and app ly have suffered
no senous scquelae. Six died after an acute fulminating 1llness ending
in circulatory collapse, Postmortem examination revealed that the
cause of death was an acute ive but focal ditis asso-
ciated in some cases with focal lesions mn the brain and occasionally
1n other organs. Coxsackie Group B type 3 virus was jsolated from
the faeces of one of the babies who recovered. Some of the baby mice
in litters i lated with -pared respectively from the
heart muscle and brain of two of the fatal cases developed wenkness
and tremors, and on histologi ination showed d
and acute inflammation of the fat pad and focal lesions of the brain
similar to those of Coxsackie Group B infections.

Shortly after this, in December 1952, another outbreak involving
three babies occurred in another maternity home, These babies all
showed, in addition to fever and marked tachycardia suggestive of
sngns of meningo-encephalitis including a pleocytosis of
pi 1 fluid. All d, and from the faeces of the

myocarditis,
the
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only one examined a Coxsackie Group B type 3 virus was isolated,

These two outbreaks illustrated the two common serious forms of
disease caused by Coxsackie Group B virus i newborn babies. In
some the brunt of the infection 13 borne by the heart and in others
by the central nervous system.

A third outbreak to be investigated occurred 1n a matermity home
in Southern Rhodesia (MONTGOMERY ET AL., 1955). Three newborn
babies were affected. Twao recovered after hemng ill ahout ane week,
the third died on the 12th day after birth, and on postmortem exa-
mination the heart showed focal myocarditis. A virus identified as
Coxsackie Group B type 4 virus was isolated from the facces and
the caecal content of the baby who died and from the faeces of one
of the habies who recovered.

In 1955 a Coxsackie Group B type 2 virus was isolated from the
heart muscle of a 9 day old baby who died soon after admission to
the Transvaal Memorial Hospital for Children, with fever and signs
of myocarditis. Sections of the heart showed an extensive focal myo-~
carditis similar to that described in the previous cases The relation.
ship of Coxsackie Group B virus to this condition was thus proved.

The aetiological role of Coxsackie Group B virus in causing disease,
often fatal, n newborn babies was convinemngly confirmed m 1955
m Holland by vaN CREVELD AND DE JAGER, by VERLINDE, van
TonGEREN anD KRET, and by DEREING, Full chimcal, pathologieal,
and virological studies of four cases were carried out. The first of
the patients concerned was & 7 day old boy who had been born
Prematurely one month before term, and who died one day after
admission to hospital. Postmortem showed a myacarditis, encepha-
lits, and hepatitis The second patient was an 8 day old girl who was
admitted to the Chnic m a cyanotic collapsed state and who died
the day after ad P revealed myo-
carditis and foci of inflammation in the pencardium, pleura, kidney,
and bramn, The third case was a pxema!\ue boy admmed to hospital

when aged 3 weeks with and
child died 9 days after admssion to hospital. Ponmonem examm-
ation confirmed the presence of my and

Litis. The fourth case was a boy born at term who Auddenly on the
Tth day of fe collapsed and died one hour later. Postmortem showed
the cause of death to be myocarditis, A Coxsackie Group B type 4
virus was isolated from the bram and heart muscle of the first case,
and from heart muscle of the other three cases.
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In 1956 KisRrick AND BENIRSCHKE reported their findings in a
study carried out in 1954 of a case in a newborn infant, who died
scven days after birth by caesarean section. At birth the condition
of this infant appeared good, but several hours later she developed
a croupy cough, On the 3rd day her rectal temperature Tose to
100.2°F. On the 4th day she was afebrile, but on the 5th day the
fever recurred and a lumbar puncture revealed the presence of a
pleocytoss and an increased protein content. On the 6th day her
condition abruptly grew worse and she collapsed and died on the
Tth day.

A complete postmortem examination revealed a diffuse myo-
carditis and a d -phalomyelitis with an infiltration of
cells 1n the meninges and focal lesions in the cerebellum, pons, and
spinal cord. A Coxsackie Group B type 3 virus was isolated from the
spinal cord in tissue cultures of human renal cells. They concluded
that this infection had been acquired in utero from the mother.

More recently the ENDERS group in Boston have reported briefly
the isolation of a Coxsackie Group B type 4 virus from a similar case.

From a review of these studies it is now possible to present a clear
composite picture of the epidemiological, clinical, pathol 1, and
virological aspects of this condition of -phalo-my ditis of new-
born babies caused by Coxsackie Group B virus infections.

Epidemiological Features

Season. Most outbreaks and cases have occurred in the warm
summer and autumn months when Coxsackie virus as well as polio-
virus infections are most prevalent. Two of the Southern African
outbreaks and the cases in Holland occurred when Bornholm disease

was epidemic. At such times opp ities for the ination of
ity homes will ionally occur.

Source of infection. Most ly the infection appears to have

been i duced by an exp mother, lly by a member

of the nursing staff. The babies acquire the infection either directly
from their mothers, or from a member of the nursing staff or from
other babies in the nursery.

In the outbreak reported from Southern Rhodesia and in the
cases reported from Holland, the mothers or some other member of
the family bad suffered from a short pyrexial illness shortly before
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of shortly after their babies’ birth. Retrospectively this illness was
idered to be due to C kie Group B virue infection,

In the case reported from Boston, the mother coucerned was il
with an uppet respiratory infection with coryza, sueezing, and ma-
lase, followed two days fater by the passage of bleod per vaginam
wnmediately before the delivery of her baby by caesarean section.
After reviewing the case 1t was considered that the infection bad been
transrmtted through the placenta to the baby in the last days of
s . When such congenital 1afection occurs, the haby roay
have signs of Mlness at birth or develop them soon afterwards.

It 1s not yet known whether Coxsackie Group B virus infections
cause congemtal malformations or death of the foetus an utero. This
aspect of the problem needs further study.

Presumably mothers who are immune ay g result of & previons
wfection will pass on thewr smmunity passvely to their offspring.
Presumably, too, habies who are susceptible at birth have been born
of mothers lacking the corresponding antibodies.

Clinico! Features

Incubation. pertad. The incubation period way be assessed from
the ages of the infants at the time of onset of their llness, In the
matermty home in Johauuesburg this vaned from § to 17 days, In
the outbreak in Sonthern Rhodesta swo of the babies were 4 and 8
days old respectively. As their mothers bad no immounity subse-
guently, theie wfections must have been acquired after hirth The
incabatian period of the illness 1n the ane baby was 4 days or less
and 1n the other, 8 days or less.

In the 4 cases wn Holland the ages at onset were reepectively 7,
8, 21, and 7 days. It may be deduced that the age at onset is fre-
quently about 7 days and that the cubation period 1 frequently
less than 7 days and may be less than # days.

Course of diness. In some cases the dlness showed a tendency to
& diphasie course. The first phase was relatively midd and would have
passed usrevognized but for the fact that the babies were having
thur temmperatures taken at yegnlar mtervals, In additron 1o fever
lasting one to three days, it was noted that the baby went off 1s
feedd, gowe developed toryza and others had loose staols contaming
mucus The frst phase was fallowed by apparent recovery for one
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In 1956 Kierick anp BeninscKE reported their findings in a
study carried out m 1954 of a case in a newborn infant, who died
seven days after birth by caesarean section. At birth the condition
of this infant appeared good, but several hours later she developed
a croupy cough. On the 3rd day her rectal temperature rose to
100.2°F. On the 4th day she was afebrile, but on the Sth day the
fever recurred and a lumbar puncture revealed the presence of a
pleocytosis and an increased protein content. On the 6th day her
condition abruptly grew worse and she collapsed and died on the
7th day.

A complete postmortem examination revealed a diffuse myo-
carditis and a disseminated encephalomyelitis with an infiltration of
cells 1n the meninges and focal lesions in the cerebellum, pons, and
spinal cord. A Coxsackie Group B type 3 virus was isolated from the
spmal cord in tissue cultures of human renal cells. They concluded
that this infection had been acquired in utero from the mother.

More recently the ENDERs group in Boston have reported briefly
the isolation of a Coxsackie Group B type 4 virus from a similar case.

From a review of these studies it is now possible to present a clear
composite picture of the epidemiol 1, clinical, pathological, and

2! 1 aspects of this condition of encephalo-my ditis of new-
born babies caused by Coxsackie Group B virus infections.

Epidemiological Features

Season. Most outbreaks and cases have occurred in the warm
summer and autnmn months when Coxsackie virus as well as polio-
virua infections are most prevalent. Two of the Southern African
outbreaks and the cases in Holland occurred when Bornholm disease

was epidemic. At such times op for the jon of
ity homes will lly oceur.

Source of infection. Most ly the i; ion appears to bave

been i duced by an exy mother, lly by a member

of the nursing staff. The babies acquire the infection either directly
from their mothers, or from a member of the nursing staff or from
other babies in the nursery.

In the outbreak reported from Southern Rhodesia and in the
cases reported from Holland, the mothers or some other member of
the family had suffered from a short pyrexial iliness ehortly before
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g of the fontanelle, nech sufiness, and a pleocytosns m the cere-
brospmal fluid Jaundice was noted in several cases,

Laboratery tests. Routine laboratory tests were done on most of
the reported cases, but revealed nothing of unusual sigmficance.
Microscopic and chemical examination of the urine showed no ab.
normalities Blood counts showed a normal or shightly increased total
Teucocyte count. Blood cultuses for bactena remained sterile.

Outcome of illness In the cases who recovered the fever subuided
usually within a week, the condition of the infants improved rapidly
and they were disch d from hospital app ly normal two to
four weeks after admission. Several cases have now been followed up
for four years and have shown no evidence of permanent cardiac
damage

In the fatal cases, the patient’s condition deteriorated with extra-
ordimary rapidity, the complexion became an ashen grey colour, the
temperature often dropped as arculatory tollapse progressed, and
death took place sometimes within a few hours of the apparent onset
or within a few hours of the recrudescence of the fever,

Pathological Findings

Postmortem studies of several cases, notably those carried out by
PePLER AND LURIE 1n the first outbreak m Johanneshurg, have given
a clear picture of the pathological features

Macroscopie Appearances The mfants usually have appeared well
nounshed and have shown no external evidence of disease, mury,
or congemtal abnormalities,

The perstoneum and sac have shown some oedema, but no other
significant abnormality. The pleura has shown few petechial hae-
morthages, occasionally an area of lack of lustre, and a shght fbrnous
exudate,

‘The pericardial sac often contamed an excess of flnd and occasion-
ally has shown petechial haemorrhages.

The heart 1n some cases has been almost normal 1 macroscopic
appearance In most it has been noted that 1t was shghtly enlarged
with dilatation of both aunicles and ventncles, the muscle was flabby,
somewhat thuckened, and showed areas of pale motthng

The upper respiratory tract has usually appeared normal, occa-
sonally was congested and contamed mucus. The lungs have shown
marked congestion and areas of atelectass.

9 Nuology,vma
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to seven days, then the severe illness of the second phase began. In
some of the reported cases this biphasic course was not observed and
the baby was desperately ill from the apparent onset. This severe
phase of the illness was characterized by fever, a rapid grunting
respiration, and a rapid pulse, followed by cyanosis of the Lps, and
a dusky mottling of the skin to be succeeded by the grey ashen pallor
of circulatory collapse.

Hareh
¢[sTel7fefe ]yl

1039

N

YT7 5 e [5Te]7]els

Days of Disease

Tamperature
Diad 12th Mareh ~F

The heart rate was rapid and often the tachycardia was extreme
with rates of over 200 beats per minute, At first there was no enlarge-
ment and the sounds were normal. Later signs of enlargement appe-
ared. Arrhythm:a and gallop rhythm also were noted, Sigus of falure
became apparent, In the chest there were signs of congestion, oedema
and atelectasis, the abdomen was often slightly distended and in
some cases enlargements of the liver and spleen were detected. Some
cases also developed oedema of the legs and back. The systolic blood
pressure also showed a marked fall.

El diographic changes. El diog have been pre-
pared in several cases. Ope of the cases in Holland showed inverted
QRS complexes in Iead I, with flattening of T waves iz leads I, II,
AV and V3 and V6. In V5 and V6 the R tops were absent and the
ST segments were elevated. VAN CREVELD AND DE JAGER have noted
that such an electrocardiogram shows a marked resemblance to that
of an infaretion of the anterior wall of the heart. In other cases pro-
longed P-R interval and flattening of T1 have been noted. These
changes are indicative of myocarditis.

In several of the babies eigas of involvement of the central ner-
developed. These included drowsi stupor bulg-

vous system also
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corpuscles have been mereased in size, and in many a central necross
has been found with pyknosis and fragmentation of the cell nuclei
associated with a proliferation of the reticulum cells.

Sumilar changes were noted 1 the follicles of some lymph glands
which also showed marked cong and i h hag
The thymus thyroid and parathyrod glands and the pancreas showed
congestion only.

The voluntary muscles and brown fat has e niot yet been adequately
examned, but small fragments attached to other tassues drd not show
any pathological changes.
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Of the abdominal organs the liver, spleen, and kidneys have shown
marked congestion and some enlargement. The suprarcnal also has
shown marked congestion and in one case gross haemorrhage.

Microscopic Findings. The outstanding features were found in the
beart. The pericardrum occasionally showed some inflammatory cells
The endocardium often showed some thickening and oedema and a
few focal infiltrations of inf), y cells including lymphacytes
and a few polymerpl lear and phil leucocytes. The myo-
cardmim showed some congestion and a most striking pleomorphic
cellular infiltrate, whick was often patchy and focal, occasionally
more diffuse The focx were not sharply circumscribed but faded inta
relatively normal cardiac muscle, In the focr the muscle showed Joss
of striation, swelling and eosmophilic degeneration and often frag-
mentation assoctated with an mfiltration of inflammatory cells con-
sisting of lymphocy tes, lear cells, r lum cells, histocytes,
plasma cells and polymorphonuclear and eosinophil leucocytes, In
these areas of mflammation, cells with pyknotic nuelei or pyknotic
fragments of nuclei were frequently seen. Oceasionally basophilie
granules, somewhat suggestive of incluston bodies, but possibly in-
gested nuclear fragments were seen in the cytoplasm of histocytes.

In some cases the pleura has been found to be thickened and

and to be nfil d with mft y cells. The surface
may be covered by a thin layer of fibrin contamung inflammatory cells.

The lungs always have shown marked congestion and dduuuon

of the alveolar capillaries, often iated with the ex of
blood and oedema fluid mto the alveoli
The ltver usually has shown marked congestion and dilatation of

the sinusoids and central vem with disapp

ance of the central parenchymal cells. The portal tracts have shown
an infiltration of mnfl 'y eefls. Occasionally in addition there
have been foci of infl y celis, mneluding lymphocytes, nentro-

plul and eosmoplul Jeucocytes.

The kidneys have shown congestion of the glomerul and inter-
stiteal trssue, and tn one case an nterstitia) small focus of inflamma-
tion consisting of lymphocytes and some eosinophil leucocy tes.

The suprnrl‘ﬂa] g]:mds hase a]ua,s edu}med marked congestion

el emn Bie gl fany

ally emall haemorzhages have been seen in the pulp. 'Lhe Maipighizan
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corpuscles have been mereased m size, and in many a central necrosis
has been found with pyknosss and fragmentation of the cell nucle:

d with a prol of the lum cells
Simar changes were noted 1n the follicles of some lymph glands
which also showed marked and h h

The thymus thyroid and parathyrosd glands and the pancreas showed
congestion only.

The voluntary muscles and brown fat have not yet been adequately
examined, but small fragments attached to other tissues did not show
any pathological changes
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Of the abdominal organs the liver, spleen, and kidneys have shown
marked congestion and some enlargement, The suprarenal also has
shown marked congestion and m one case gross haemorrhage.

Microscopre Findings. The outstanding features were found 1n the
heart. The pericardium occasionally showed some inflammatory cells.
The endocardium often showed some thickening and oedemz and a
few focal infiltrations of inflammatory cells including lymphocytes
and a few polymorpt lear and phil leucocytes. The myo-
cardium showed some congestion and a most striking pleomorphic
cellular 1nfiltrate, which was often patchy and focal, occasionally
more diffuse. The focr were not sharply circumscribed but faded into
relauvely normal cardiac muscle, In the foci the muscle showed loss
of striation, swelling and cosinophilic degeneration and often frag-
mentation associated with an infiltration of inflammatory cells con-
sisting of lymphocytes, mononuclear cells, reticulum cells, histocytes,
plasma cells and polymorpl lear and phil leucocytes. In
these areas of inflammation, cells with pyknotic nucler or pyknotic
frn-mems of nuclex were frequcmly seen, Qccasionally basophihe

of bodies, but possibly in-
gested nuclear [ragments were secn in the cytoplasm of kistocytes.

In some cases the pleura has been found to be thickened and
oedematous and to be infiltrated with inflammatory cells, The surface
may be cos ered by a thin layer of fibrin containing mflammatory cells,

The lungs always have shown marked congestion and dilatation
of the alveolar capillaries, often assocrated with the extravasation of
blood and oedema flnd into the alveol.

The hver usually has shown marked congestion and dilatation of
the sinusoids and central vemn sometrmes associated with disappear-
ance of the central parenchymal cells. The portal tracts have shown
an mfiltration of mfl y cells, O lly in addition there
have been foc of 1nfl + cells, meluding lymphocytes, neutro
phul and eosinophil leucocytes

The kidneys have shown congestion of the glomeruli and inter.
STitiad 13550e, and in one tase an mtersibial small focus of inflamman

tion consisting of lymphocytes and some
The suprarenal glamls have always exhnluted marked cnngesnon
and in one case a gross haemorrhage, and in another a few small focs
of inflammatory cells, mostly of the Jear type in the medulla.
The spleen has usually been enlarged and congested, and occasion-
ally small haemorrhages have been seen in the pulp, The Malpighian
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corpuscles have been increased in size, and in many a central necross
has been found with pykno«s and fragmentation of the eell nuclei
d with 2 prolife of the lum eells.

Similar changes were noted m the follicles of some
which alto showed marhed on, and 5
The thymaus thyroud and parathyroid glands and the pancreas shawed
congestion only.

The voluntary muscles and brown fat have not yet been adequately
examined, but small fragments attached to other tissues did not show
any pathological changes.

lymph glands
Iy 5
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Lestons of the bram and spinal cord were noted in several cases,
The ges were d and oed ous and ionally show-
ed a slight diffuse ifiltraton with inflammatory cells. The bram
substance usually were congested and often petechial haemorrhages
were seen Focal collecti of 1nfl y cells, often iated
with nuclear debns, have been noticed in the substance of the bram
and 1n relation to blood vessels. The endothelm of these vessels
was often swollen

In the case described by KiBRICK AND BENIRSCHEE, in addrtion
to typical myocarditis, extensive mvolvement of the central nervous
system was found. Lesions occurred 1n the spinal cord, pons, and
cerebellum, 1n which there was destruction of some nerve tracts, de-
generation of ganghon cells associated with an infiltration of macro-
phages, and polymorphonuclear leucocytes,

Virological Studies

In each of the ontbreaks described there has been clear evidence
wmermunating Coxsackie Group B viruses as the actiologteal agent.
Convinaing confirmation of their role has heen obtained in several
of the recent cases by the rsolation of this virus from the heart
muscle and from the tissues of the central nervous system.

Isolanon of virus. Coxsackie Groop B type 3 virns was 1solated
from the facces of one of the patients 1 each of the first two out-
breaks in South Africa. Baby mice moculated with suspensions of
brain from two fatal cases mn the first outbreak exhibited lesions
stmlar to those found in Coxsackie Group B infections,

Coxsackie Group B type 4 virus was isolated from the faeces of
one of the two patients who recovered and from the faeces and
caecal contents of the baby who died m the Southern Rhodesian
outbreak,

The 1solation of virus from the faeces does not necessanly ineri-
munate 1t as the cause of the patients illness, nor does the demonstra-
tion of the subseq develop of y agamst this virus
However, final proof of the relationship of Coxsackie virus to this
condition has been provided by its isolatron from the heart muscle.
This was achieved m the case admitted to the Transvaal Memorial
Hospital for Children and also in the four cases descnbed by VAN
CREVELD AND DE JacER. Coxsackie Group B type 2 virus was i<o-
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lated from the heart muscle of the former case and Coxsackie Group B
type 4 from the heart muscles of the latter 4 cases, and m one of
them from the brain tissue as well. In Boston 1n the United States
Coxsackie Group B type 3 virus was 1solated from the spinal cord of
the case described by Kirick axp Benrscnxe. More recently
ENDERs has briefly noted the 1<olation of Coxsackie Group B type 4
virus from a ssmilar case 1n the same aty.

Types of Coxsackse Virus Concerned In the studies so far carried
out, Coxsackie Group B types 2, 3 and 4 have been incriminated
Types 1 and 5 have not yet been imphicated, but this of course does
not exclude them from being potential causes. Only future studies
will reveal whether one type is more hable than others to cause this
cendition,

These viruses have been 1colated by the mnoculation of suitably
prepared suspensions mto baby mice. The virus has also been 1solated
directly 1n tissue culture The identity of the isolated virus has been
establiched both in baby mice and i tissue culture protection tests,
using type specific antisera prepared agminst viruses of known type.

The baby mice have shown lesions of the fat pad, in the early
stages of whnch there 13 degeneration, necrosis, and acute inflamma-
tion, followed by calaification In addition to this umque lesion cha-
racteristic of Coxsackie B mnfection, lesions have alio been found
the brain, 1n which degeneration and destruction of individual neu-
rones with pyknosxs and fragmentation of the cell nucle: have been
observed. A lar cuffing with lymph and
of the blood \cﬂsels has been found 1n relation to such lezsons, Sof(en-
g and rarefaction of the white matter, and m seme wnstances a con-
siderable “fall out” of neuroncs best seen m the hippocampus has
been noted There 13 usually an associated shght mfiltration of in-
flammatory cells m the memnges The hearts of a number have
showed foe1 of phil @ and fr and dis-
solution of the muscle fibres, pyknosis of the nuclei, and an infiltration
of mflammatory cells. Occasionally other organs, notably the pan-
creas and iy er, have shown similar focal lesions.

These lesions obsersed m baby mice are simlar in character and
distnbution to those noted i the babies dying of this infection

Monhey Pathogemtcity of Strains. VERLINDE and his co-workers
tested the monkey pathogemeity of strains isolated m Holland, Two

cynomolgus monkeys, each about 6 months old, were moculated 1n-
tracerebrally. Both developed fever and virus was recovered from
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the blood. One of these monkeys developed a second peak of tem-
perature on the fifth day. Neither showed clinical signs of llness.

lated mt

One two-day old lgus monkey was i
arly with a suspension prepared from the second suckling mouse
passage of virus. The animal became severely ill on the second day,
the mamn symptom being dyspnoea This amimal was sacrificed and
virus was d rated by the i lation of suckling mice with
suspenstons prepared from the heart and brain. Histological examin-
ation revealed the presence of lestons in the heart muscle in which
the myofibrils had lost their striation, the nuclei were irregularly
shaped, and either hyperct 1c or pyknotic iated with a few
dispersed leucocytes, but no marked cellular infiltration,

Preventive Measures

The possibihity of preventing these cases and outbreaks has been
diseuseed by GEAR (1957). He r ded that when C ki
virus mfection 1s prevalent m the general population, precautions
should be taken to prevent 1ts mtroduction nto matermity homes.
Expectant mothers with a fevenish illness or who are known to have
been exposed recently to infection, should be admtted to a ward
where 1t would be possible to 1solate them and their babies from
others. Staff members developmg signs and symptoms of Bornholm
disease or other suspicious illness should be put off duty for about
one month. If an outbreak occurs in a maternity home, the affected
ward should be closed temporarly to enable all the babies and their
mothers to be evacuated. Before any new admussions are allowed the

d should be disinfected and the equip hised
Pregnant women may be tested for their immunity to the five sero-
types of Coxsackie B virus The immumzation of those lacking anti-
body to the prevalent type of virus may be feasible However, the
value of prophylactic vaccmation of prospective mothers and of the
admmstration of gamma globulin in protecting babies exposed to
infection has not yet been assessed.

Duscussion

Editorials i the New England Journal of Medieme (November
8th, 1956) and BLATTNER in comments on current Iiterature in the
Journal of Pedratrics (May 1957) in reviewng the reports of the above
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described outbreaks, have called atiention to the increasing import-
ance of myocarditis in infants and it has been suggested that the
condition ehould be termed *“acute aseptic myocarditis”™.

The eprdemuology of Coxsackie virus infections has many resem.
blances to that of poliomyehtis. With 1my t of dards of
lving and hygiene, a simlar idence of overt manfe
tions of infection may be expected. As the proportion of adults who
have escaped eatlier infection increases so will there be a correspond-
ing increase in the number of babies lacking protection passiely
acquired from thetr mothers. With this will go a corresponding 1-
crease 1n the number of babies hable to encephalo-myocardius.

However, although a problem of mereasing concern, myocarditis
bas been recognized as one of the hazards of infancy for many years,
Sapatrn 1941 gave a general review of the subject. Since that tume,
judzing from the reports in the hterature, it appears to have in-
creased in incidence. Series of cases have been reported by Sapnir,
Wie axp Remcob (194), by Ketter (1945), by Lo avp
Hurreuist (1919) and by WirLiaus, O'RestLy axp Wirriams (1933)
and by Drexaan (1933). Bowpex axp Frexcn (1951) have also
called jon to the imp of acute my ditis as a cause
of unexpected deaths m children.

In 1952 SToEBER reported on the pathological findings n 110

peied cases of epud dutia of infancy. Clinically the
cases were charactenzed by lo!s of appetite, by vomiting, cyanesty,
dyspnoea, tachycardia, hepatomegaly, and occasionally spleno-
megaly The illness was of short duration in those who survived. At

P cardiac dul; and some thick of the muscle
were seen. ‘This was often d wnh broncho-p tra-
L h and h ly. H 1 of the

hearts revealed m,omrduu with a picture simlar to that seen in
myocarditis of the newborn due to Coxsachse Group B virns. Howes e,
the peak incidence of these cascs occurred at one year of age.

Sarnir anp Conex (1957) have agam reviewed the literature con-
cermng this condition and have gien an account of five new cases
o fhess own. These e wlants, two of whom were 1 days did, one
11 days, and one 9 months, and one 12 months, died after a very
short illness Evidence of myocardsal changes was found chaically
and electzocardiographbically 1 three cases. At autopsy myocarditis
was found associated with necrosis of varying degree. of groups or
of ssolated muscle fibres
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the blood. One of these monkerys developed a second peak of tem-
perature on the fifth day. Neither showed clinical signe of illness.
One two-day old cy lgus monkey was i lated i seul-
arly with a suspension prepared from the second suckling mouse
pavsage of virus. The ammal became severely ill on the second day,
the main symptom being dyspnoes. This animal was sacrificed and
virus was demonstrated by the inoculation of suckling mice with
suspensions prepared from the heart and brain. Histological examin-
ation revealed the presence of lesions in the heart muscle in which

the myofibriln had lost their stration, the nuclei were irregularly
shaped, and either hypercl ic or pyknotic d with a few
dispersed leueacytes, but no marked cellular infiltration,

Preventive Measures

The possability of preventng thesr cases and outbreaks has been
dicusned by Gran (1957), He recommended that when Coxsackie
virum infection s prevalent in the general population, precautions
shoulil be 1aken to prevent its mtroduction into maternity homes.
Pixpectant mathers with a feverish illness or whe are known to have
been exposed recently to infoetion, should be admitted to a ward
where 1t would be possable 1o wsolate them and their babies from
others, Stall members developing signs and symyp of Bornholm
diseane or other suspicious illness should be put off duty for about
one month. If an outhreak occurs in a maternity home, the affected
ward shoulil he closedd temporarly to enable all the babies and their
mothern o be evacwated, Before any new adinisasons are allowed the
accammadation should be disinfected and the equipment sterilised.
Preguant women may be tested for their immamity to the five sero-
typen of Coxunckie 1V virus, The immunization of thoe lacking anti-
hody 16 the provalent type of vivus may be feasible, However, the
value of prophylactic saccination of prospective mothers and of the
administeation of gammn globulin m protecting habies exposed to
infection fe not yet been assesaed,

Diccuedian

Editariale in the New England Jowenal of Medicine (Noyember
el 1956) mnd BLAreseit in comments on current literntuee in the
Journat of Pedintries (May 1952) in revdewing the reporta of the nhove
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L1%D,J and Huereusst, 6. T. Jeolated myocardites in newborn and young infants
Amer Heart, J 38 123-129 (1919)

Moxteomerv, J , Grar, J . Parvatoo, F I, Kanv, M, and Knscn, Z. G - Myo-
carditis of the newbarn An ontbreak i a matermity home in Soutbern Rhiodesta

sociated with Caxsackie Group I8 virus nfection Sth Afr med. J 29 608612
(1955)

S4rnm, O Myocardits general review with analyns of 210 cases Arch Path.
32 1000-1051 (1931} - 33 88-137 (1912)

Sapnrz, 0, und Conev, N A Myocarditis m infancy Arch Path 6/ 436436
937

Semn, 0, Wite, 5 A. snd Resscon, [ M Myoearditis in children Amer J
Dus. Chid 67 293(193%)

Storsex, E. Wettere U h
berz) des Saughngs 7. Kinderherlk n m 336, 502-623 (1952)

VAN CREVELD,S ,and pE JacEm, I Myocarditi in newborns, caused by Coxeackie
viras Ann, Paediat 187 100-112 (1936)

VERuoE, J D, vas Toxesnex, H A E.and RRer, A Myocarditia i newborns
dne to Group B Coxsackiestrus Virusstudics Ann. Pacdiat 187 113-118(1936)

Witzians, H, O'Restiy, R 1. and Rieutans, A Fourteen cases of diopathre
myocarditis 1n infanta and children Arch Dio Child 28 271-283 (1933)
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They also analyzed the age incidence of 90 cases of myocarditis
reported since 1918, 47% were less than 6 months old, 71% were
under 1 year of age. Only 12 died after the age of 18 months.

Although virus studics were not carried out in their cases, they
believe that the histological features suggested that C kie virus
was probably the cause of the disease 1n their 2 seven-day old babies.
It 15 an mtrigming question not yet answered whether the cases in
older infants and in children have a similar aetiology. It is a problem
which certainly merits further and intensive inv estigation, the results
of which will be awaited with great interest by all those concerned
with the health of mnfants and children.
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achieved and these vaceines were withdrawn from use (1, 2). Further
trials of expermmental poltovirus vaccines were not undertahen until
Enders, Weller and Robbine (3) m 1949 reported the successful
growth of the virus i tissue culture. This finding, m addition to
providing a readily available source of high titer virus, also provided
an mdependent and sensitive means for the measurement of virus
actwvity, Early m 1953 (4, 5) a process was presented which, based
on hypothetical nactivation kinetics, was believed capable of pro-
ducing consstently a safe and effrctin e mnactivated poliovirus vaccine,
Plans were made for an extensive field tnal of such vaccine by the
National Foundation for Infantile Paralysis with the cooperation of
pharmaceutical manufactures

The 1951 Field Trial was carnied forward and evaluated as com-
pletely successful (6), and on April 12, 1955, the vaccine became a
lLicensed product under United States Public Health Service regual-
tions. The pharmaceutical manufacturers were licensed immediately
to distnbute pohovirus vaccine produced under the tentative Mim.
mum Requrements which had been estalilished on May 20, 1954,
almost a year prior to the heenang The hicensing was on the basis
of the manufactunng and testing experience obtained durng the
preparation of the 1954 Field Tral vaccines (supplied by 2 manu.
i and 5 prod who had mdependently adapted the
ongmal process to therr faciliies and manufacturing practices,
entered the market

During the develop and ad. of the desenb

P
laboratery pracess (5, 6) to the large-scal

extenswve expenmental data were obtamed which wmdsated the
simple and mviting theoretical concept that inactivation of poliovirus
with formaldehyde followed first order kinetics was open to question
and revsion (1-15). By May 26, 1955, 1t was evident that the experis
ences of the early 1930’ had heen repeated — a number of cases of

poliomyelitts was defimtel d with the ad of
vaccines, subsequently shown to contam residual lving virus (10,
11, 12). As a result of this develoy the Technieal C

on Poliomyehtis Vaceme was formed as a permanent pohovirus
advisory group to the Umted States Public Health Service on the
release of vaccine lots and to give guidance on vaceine prodaction
and testing. Tn a report (Junc, 1955) (13) the Commattee reviewed
the imtial standards, manufactunng practices and testing procedures,
and proposed measurs to deal with the then current and ako projee.
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Detroit, Michigan

EXPERIENCES IN THE PRODUCTION
OF POLIOVIRUS VACCINES

By I. Wa. McLEAN, Jr., and A.R.TAYLOR*

In the carly 1930’s vaccines aganst poliomyelitis were first used
in humans. On the basis of laboratory evidence and tests in monkeys
1t was believed that the treatments used would reduce the virus
pathogenicity for man ly to warrant chimcal trials, However,
by 1935 it was found that necessary mactivation had not been

* This senies of studies was made possible by the collaborative eforts of the
members of 1) the Virus Research Section of the Division of Microbiological Re-
search, directed by Dr FRED D SriMPenr, who was responeible for the integration of
the poliovirus vaccme development and production, and also served as the principal
Liason between Parke, Davis and Company and the National Institates of Health, 2)
the Biological Manufacturing Division headed by Dr Geoncz D Bricmast and Dr
Axvop E. Hooxk, Associate Director and Supervisor of the Polovirus Vacane
Prod Unit, and, 3) the of Chimcal T Dr.E C.Voxoer
Herpe and Dr, HarrY E CArNES were responsible for the elimeal evaluation stadies
and Dr. JEax K Westaw, Director of Clinteal Tavestigation, formerly Laboratory
Director of Research n Pathology with the Division of Pharmacological Research,
durected the polovirus vaceine monkey safety and potency testing programs The
pamstaking efforts and asustance of Muss CYNTIIA L W1xaYs and Mrs Lonmarve A.
Gruinas 1n the preparation of the manuscript ate gratefally acknowledged.
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achieved and these v accines were withdrawn from use (1, 2) Further
trials of experimental poliovirus vaccines were not undertaken until
Enders, Weller and Robbins (3) in 1919 reported the successful
growth of the virus 1n ticsue cultore This finding, m additson te
provading a readily ay mlable source of gh niter virus, also provided
an independent and sensitive means for the measurement of virus
activaty, Early in 1053 (4, 5) a process was presented which, based
on hypothetical mactivatton kinetics, was believed capable of pro-
ducing consistently a safe and effectis e ;nactivated poliovirus vacemne,
Plans were made for an extencive field tnal of euch vaccine by the
National Foundation for Infantile Paraly<is with the cooperation of
pharmaceutical manufactures,

The 195¢ Field Tnal was carried forward and evaluated a3 com-
pletely suceessful (6}, and on Apal 12, 1935, the vaceinr became a
heensed product under Umted States Public Health Service regual-
tions. The pharmaceutical manufacturers were licen<ed immediately
to distribute poliovirus vaceme produced under the tentative Mini-
mum Requirements which had been establiched on May 20, 1951,
almost 2 year prior to the heenaing. The licensing was on the basis
of the manufacturing and testing experience obtained dunng the
preparation of the 195t Fiekl Trial vaccmes (supplicd by 2 manu-
factarers), and 5 producers, who had independently adapted the
onginal process to therr faciliies and manufactunng practices,
entered the market.

Duning the develop and adap uhhc znally described
laburamry process (5, 6) to the larg 1} ,
extensive experimental data were obtamed which Indlc;\ted the
simple and mviting theoretical concept that nactivation of poliovirus
with formaldehyde followed firet order kinetics was open to question
and revision (7-15) By May 26, 1935, 1t was evident that the experi-
ences of the early 1930 had been repeated — a number of cases of
poliomyehitis was d with the ad ion of
vaceines, subsequently shown to contain residual living virns (10,
11, 12) As a result of this development, the Technical Commuttee
on Poliomyeliis Vacome way formed as a permanent poliovirus
advisor gronp to the Umited States Public Health Service on the
release of vaccine lots and to give guidance on vaccine production
and testing In a report (June, 1955) (13) the Commuttee reviened
the imtial standards, mapufactuning practices and testing procedures,
and rronos: d measures to deal with the then current and also projec.
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OF POLIOVIRUS VACCINES

By I. Wat, McLEAN, Jr, and A.R. TAYLOR*

In the early 1930’s vaccines agamst poliomyelitis were first used
in humans. On the basis of laboratory evidence and tests in monkeys
it was believed that the treatments used would reduce the virus
hogenicity for man sufficiently to warrant clinical trials. However,
by 1935 1t was found that necessary inactivation had not been

* Thus senies of studies was made posuble by the collaboratrse efforts of the
members of 1) the Virus Research Section of the Division of Mierobialogical Re-
search, directed by Dr Frep D S . who was responsible for th fomof
the p vacewe develop nd prod and also served as the principal
hiasson between Parke, Davis snd Company and the National Institutes of Health, 2)
the Biologieal Manufacturing Division headed by Dr Georce D. BRicitas and Dr.
Arsowp E, Hoox, Associate Director and Supervisor of the Polovirus Vaccine
Production Unit, and, 3) the Department of Climcal Investigation. Dr E. C. VospER
Hepe and Dr HARRY E, CARVES were responsble for the ehntcal evaluation studies
and Dr Jea~ K. WESTON, Director of Clinical Investigation, formerly Laboratory
Durector of Research in Pathology with the Division of Pharmacological Research,
durected the poliovirus vaceine monkey safety and potency testing programs, The
pamstaking efforts and sssistance of Miss Cyraus L Wivaxs and Mrs Lonrarve A
GELINAS an the preparation of the manuscript are gratefully acknowledged.
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leop The biol 1 actinaties and anti-
genieity) undoubtedly require the mtact particle for full expression
of their capacities, hut 1t was obhserved (16) that treatment with
gly ceral which appeared to remove the peripheral portion of the virus
particles did not produce complete loss of the capacity of the virus to
wnfect monkey tissue cells,

It has been shawn repeatedly that the capacity of ammal viruses
to wate wlection and vieus muluplication resides 1n the virus
nucleic acid portion, whereas certain speaific antigenic properties of
the virus seem to be associated with and are determined by the
protein motety. It has been suggested (30) that virus protein n the
form of an outer coating affords protection for the more labule geneti
cally specific nucleop portion (mulupl iation factor),
The penpheral protemn also contans the mechanism {receptors)
whereby the viruses attach to cells and mmuate infection. This
concept 13 particularly attractive m the case of poliomyelitis virus
(Figures 1 and 2).

Cultivation of Poliovirus in Tissue Culture

Following the demonstration (3) that puliovirus eould be eultivated

1 ussue cultures of non-neural eells of anthropoid onigan, a large
amount of work 1n a number of laboratonies indicated the practic-
alulity of this procedure for the preparation of large volumes of polio-
virus antigen Much of the early work leading to the preparation of
the first vacanes (4) was done 1n roller-tube cultures of minced
siman or human tissue embedded m a chick plasma clot. This pro-
cedure was, hawever, soon superseded by more efficient means of
producing the virue, and monkey kidney tissue became the standard
source of cells (31, 32) The first method to be used on a large scale
was developed by the group at Connaught Laboratones (31) and
employed minced monkey kudney tissue mamtamed mn suspended
culture in rockwng bottles Virns was grown by this method for
preparation of the majority of the vaccine lots prepared for the field
trials, and 1t 13 stll used by some vaccine producers, An alternate
method utihzing trypsin dispersion of the monkey kidney cells and
of the dispersed cells as layers directly on glass was

suggested by YoUnGNER (32) This later method gives, 1) greater viras
vields per kulney used, 2) fimds with lower extrancous protein
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ted long-range problems in the poliomyehtis vaccine production, To
alarge degree the changes and the revisions made were based empiri-
cally upon critical analyses of past manufacturing experiences under
amethod already suspect; subsequent expenence, however, has shown
that the vaccines produced and released during the next two years,
followmg the revised add ! poli litis vaccine dards (14),
were of acceptable safety and effectis eness,

A number of statistical and entical reviews of the procedures (8,
13, 15) have been published, but without the mtegration of certain
basic and fundamental information. Further retrospective review,
without critical consideration of certain aspects regarding the fund-
amental nature and properties of polios 1rus itself, the dynamics of in-
activation mechanisms mvolved, and the application and adaptation
of these fundamentals to the technologie details of v accine manufactur-
g, would seem futile and to a large degree meaningless, Therefore,
the exp al data ob d n the p g of the ines for
the Natonal Foundation for Infannle Paralysis field trals, detatled
studies of mactivation procedures, and the deductive integration of
these data into a combination mactivation process and the associated
testing programs have been the main theme of a series of publications
n the Journal of I logy from these lab 1es (16-21). The
purpase of this paper 1s to condense and present, as nearly as possible
1n chronological order of the factual developments, our expeniences
wn the praduction of poltovirus vaceines Necessatily, there will be
grouping of certam aspects under specific headmgs.

Poliovirus - Fundamental Properties

Early n 1953 punfied poliovirus particles were obtained by
concentration from tissue culture flmds. It was posaible to describe
the virus as a distinet particulate entity, 2pproxamately 30 myin over-
all diameter (16, 22, 23, 21), and composed of 22 to 30 per cent RNA
(16, 25) probably contamed in a central body approximately 20 my
in diameter. This virus, Iike other animal viruses (26, 27, 28, 29), 1s
compnsed of an outer 1 structure ting a plasm
which contains an internal nuclens-bike hody (16). The outer hydrated
peripheral layer, which collapses o elirinks on drying 1s less electron-
nd is probably largely proten in nature. The deuse electron-
[ core 14 most likely composed of the nucleic acid ardfor

opaque ai
opaque central
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Fig 2 Schemaue cross-section of poliomyehtis virus particle showing differences
In the concepts of the action of formaldehyde and ultraviolet wrradiation

content; 3) better control of extraneous viruses denved rmm the
tissue source, and 4) greater flexibility m
schedules. For these reasons several manufacturers nsed lhxs method
for cultivating poliovirus in the processing of vacene. One of the
vaccine lots grving good antibody response 1n the ficld trial (6) was
made from virus grown n this manner. However, one difficulty
1 with the tryp Il-produced virus was excessive loss
of virus activity when filtered by lhe asbestos pad method developed
with the *Connaught-type” flurds. Fnely dispersed cell debris tended
to work mto and plug the filter pads, Imtially, this problem was
overcome by changing to fntted glass filtration, but 1t 13 now known
that the more adequate and generally accepted *‘Sertz” filtration
can be utilized under proper conditions, The most important factors
are the storage conditions; namely, the peniod of time the flud 1s
heldbefore and the method of prel, yel used,
The use of other monkey tissues and of human or smian cells
maimtamed m conunuous culture has not been proven ta be practeah
on a production scale. It1s not unlikely, however, that future develop-
ments may result 1n mproved methods of growing poliovirus surtable
for the preparation of vaccines.
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Fig 1 Lefi Polovirus, Type 111 (Saukett) unshadowed The transrmssion image
13 14 10 2/3 the mize of the shadowed image Defimte spacing 1s observable in the
closely-packed arrays, and the dense electron-opaque 1mage suggests that it is an
structure 85000 X. Center Polovirus, Type II (MEF-I),
d. A teace of ch was evaporated on the specimen in
order to reader the peripheral portioas of the particles sufficrently opaque ot be

smaged by the electron beam 85000 X. Right Pohovirus, Type 11 (MEF-1), prepa-
et e . - 1 abety shadowsd with chro-

ternal puclear-like

. . . . .
an extensive study (Tavior and McComwics, Yale J Biol Med, 2o sov-217
(1936) of the morphology of poliovirus which led to the hypothesis that the characte-
ristic, approximately 30 myu diameter, particles of poliovirus are “cell-like, con-

ung & central body with a plasm by & kting

ta
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Fig 2. Schematic cross-section of poliomyeliis virus particle showmng differences
in the concepts of the action of formalehyde and ultraviolet rradiation

content; 3) better control of extrancous viruses derived from the
tissue source, and 4) greater flexibility 1n controlling production
schedules For these reasons several manufacturers used this method
for cultivating poliovirus in the processing of vaccine One of the
vaccine lots gving good antibody response m the field tral (6) was

made from virus grown n this manner. However, one difficulty

wath the tryp Tl-produced virus was Toss
of virus activity when filtered by the asbestos pad method deseloped
with the *Connaught-type” fluids Finely dispersed cell debns tended
to work mto and plug the filter pads Imtally, this problem was
overcome by changing to fritted glass filtration, but 1t 15 now known
that the morr adequate and generally accepted “Sertz” filtration
can be utibize d under proper conditions The most important factors
are the storage condittons, namely, the period of time the flnd 1s
heldbeforc trc atment and the method of preliminary clanfication used.

The u~ of other monkey tissues and of human or euman cells
mantaine d in continuous culture has not been proven to be practcal
on a production scale Tt 1s not unlikely, however, that future develop-
ments may result m improved methods of growing pohovirus sustable
for the preparation of vaccines.
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Inactivation of Poliovirus
A. Formaldehyde

1. Nature of Formaldehyde Reaction 1cith Organic Material,

Formaldehyde 1s a typical tanming agent and has been used for
many years to follow protem degradation by the quantitative de-
termination of ammo acids (33). The kinetics of formol reactions are
complex and of great theoretical significance, but the picture, in
relation to the actual kinetics of the reactions mvolved, is far from
complete (33, 31). Amino and imno groups appear to be the most
reactive, but, in addrtion, peptide inkages, ring structures, sulfhydryl
and hydroxyl groups will react. Most formaldehyde reactions with
protems proceed in 2 or more stages, the imtial stage being fully
reservible, while the later secondary reactions are irreversible. An
mitial equiibrium between free and reversibly bound !‘ormaldchyde
oceurs, followed by a gradual disapp of ch Iy d -
ble free {c 1dehyde. The ensuing Jary reactions are charact-
enzed by methylene and polymethylene bndging between sites of
initial reaction with the emergence of complex ring structures. Thus
a firmer, less flexible structure of the protein acted upon is evolved by
the gradual saturation of charged and reactive groups. The protein
is rendered less soluble and chemrcally (and biologically) more inert.
It is posaible to follow and analyze these reactions with same degree
of success only when a relatively pure matenal 15 being dealt with
and conditions can be controlled. Any interference with such a
highly Iabie system 1s apt to disturb dehcate equilibrium conditions
and thus produce a distorted picture Certain factors must be control-
lable at least to a degree; namely, concentration of matertal acted
upon, concentration of formaldehyde, pll, temperature and presence
of extraneous material—to name but a few In summary it may be
said that when formaldehyde and a protem interact, stepwise re-
action appears to bhe the rule and over-all inearity the exception.

2. Theoretical oAspects of Virus Inactivation by Formaldehyde.

Under tdeal conditions when a purified poliovirus suspension of
Luown concentration in a buffer system where the formaldehyde
rH, g ure, etc,, are all controllable, the re-
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action between the virus and formaldehyde could conceivably be
analyzed and some degree of reproducibility and predictability ex-
pected. Due to the complexity of the virus structure 1tself, however,
the reaction would not be expected to proceed stnetly according to
first order kinetics, but rather at least 2 distinct general effects,
possibly more, would be anticipated. First, a reaction would occur
with the protein coat matenal which presumably would be rather
rapd. Such is actually the case (7, 35, 36, 37); treatment of poliovirus
with 134000 formaldehyde produces an dately app rapid-
ly progressing loss of infectious capacity due erther to the blocking of
Teceptor sites, or to a hardening or tanning of the surface of the virus
particle. This could interfere with the release of the nucleic actd and

i of virus multipl in susceptsble cultures (20) Such a
reaction, proceeding mamly on the surface of the virus particle
(Figure 2A), would follow pseudo-first order reaction kinetics (7) as
long as the virus suspension were homogeneous and the medum
contamed an excess of free formaldehyde Secondly, there would be
oceurrng simul ly an ible chemical al of the
protemn and the vital nucleic acid of the virus which would lead
eventually 1o complete destruction of the capacty for multiphcation
(true mactivation). This reaction alse would be pseudo-first order 1n
the presence of excess formaldehyde, but would occur at a slower
rate Therefore, the final result would entail in our 1dealized situation
at least 2, possibly 3 or more, steps The outer

rotem coat woull

have to be d pletely with fi 1d, » the formal-
dehyde then would have to diffuse through the hydrated protein
layer and react with the nucleop to render 1t ducti:

Thus, even with a purified virus suspension where there are obviously
at least 2 general sites of competition for the formaldehyde wathin the
virns particle itself (Figure 2), the analysts could be expected at best
to be only the summation of a series of psendo-first order reactions.
In the actual very complex situavton the virus, not necessanly mono-
disperse, 19 suspended m tissue culture flud where the medium
constituents, amno acids, growth substances, and monkey kidney
cell pratemn are all ; varrable and are all

for the avalable formaldehyde. In this situation the analysis of th:
lunetics, which are very mvolved, would be further comphcated.
Certain essential factors of this complexity have been elucidated by
the work of Garp (35), Haas ET aL. (36), Wessten 1 Av. (37),
LYCKE ET AL. (38) and others (7, 20, 39). There are, m additron,

13 rology, Val
1 Veslogy, Yl 1
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certain difficulties 1n later stages of the reaction, the “so-called”
taihng eflects due to aggregation or other factors. This will be ds-
cussed in more detail below, However, in summary it may be stated
that the d. ration of an app straight-line inactivation
over a limited portion of the reaction is theoretically possible (4, 9).
But such a demonstration is dependent upon chance selection of
conditions and the data so obtained are not adequate for practical
application 1 controlling vaceine production (7, 19, 20).

3. The Nature of Formaldehyde Inactivation of Polioirus.

Durnng the production of the earhest commercial vaccines for the
1951 Field Tnals, it was chserved in this laboratory that formalin-
b

tics

treated susp of virus appeared to have
of growth in tissue culture than nontreated suspensions (7, 18, 19, 20).
Figure 3 1s reproduced from the official report on the processing of the
first commerc:al lot of poliovirus vaccine (20). These flmds (1 pool of
each virus type) had heen prepared on Maitland-type cultures. They
were treated in December, 1953, with 1:4000 formalin following the

ded procedure (5, 40). Sampl ! from the bulk
pool at 21-hour intervals were titrated in 15 minced monkey testicular

5\ 6 0oy reading
D tubes /diL

9] \. 410 Dy reading
15 tubes/dil.

o,

- Orssene Goes, 16 0 Pesomel_ e

TITER LOG,
N ow b

120

24 48 2 95
HOURS OF FORMALMN TREATMENT
AT 3°C

op

Fig 3. Formaldebyde mactivation rate test of the Maboney strain, Type I, com-
ponent of Connaught Lot No 1 J Immunol. (20)
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tube cultures per tenfold dilution. The cultures were incubated at
37°C. and examined daily, and the cytopathogenic endpoint titers
determined from 6- and 10-day readings of the tubes. Only the data
for pool C-No. 1 (Type I, Mahoney strain) are shown. Stmilar results
were obtaned on parallel tests of the MEF-1 and Saulett strains.
The titers estimated for the treated samples from the 6th day readings
are lower than those for the readings 4 days later due to the contin-
uing development of poative tubes. No increase was observed in
titer or late appearance of positives with the nonformalimzed control
tests The apparent ncrease in titer of the rate samples becomes
greater as the time of formalin treatment progresses; in other words,
there was a delay in appearance of positns ¢ cultures n formaldehy de-
treated virus.

The formaldehyde inactivation process (4, 5, 9, 13, 14, 40, 41) was
assumed to have a margn of safety which was achieyed hy measuring
the rate of inactivation, dunng the first 72 to 96 hours, then adding
a caleulated time of add 1 formalin But,
since the mimmum inactisation time as estumated by extrapolation
of the rate line 13 dependent upon the period of observation of the
test cultures, this method of estimating complete inactivation could
not be relied upon. Also, this finding proved that a prolonged obser-
vation period of the tissue culture safety test cultures was not only
dicated, but imperative—the tissue cnlture safety test heing the
only valul control of the inactivation process.

Extension of the tissue culturs safety test evennlally to a total of

35 days of obser (19) was ) d m these
laboratories (February 1, 1954) and a detaled itegrated study of
the formalin 1nact dure wa« undertaken (7). Data were

collected from pmducnon rate curies and also from speafic rate
cxpenments m which all of the potential vanables were changed one
at a tume to permit detaled study of the effect of each variable upon
the reaction These changes included formaln concentration, tem-
perature, pH, and media alterations Experiments were included 1
which vanious degrees and types of filtration were employ ed to permit
evaluation of the degree of clanty or “monodispersity™ of the virus
suspensions upon the rate and course of the mactivation pattern All
samples and controls were run in dupheate or triphcate to ensure
that the data obtained represented the true pattern of the reaction
and could be used as a factual basis for the development of large-
scale manufactuning techniques
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certam difficulties n later stages of the reaction, the “so-called”
tailing effects due to aggregation or other factors. This will be dis-
cussed m more detail below. However, in summary it may be stated
that the demonstration of an apparent straight-line inactivation
aver a limited portion of the reaction is theoretically possible (4, 9).
But such a demonstration 15 dependent upon chance selection of
conditions and the data so obtamed are not adequate for practical
application 1 controlling vaceine producton (7, 19, 20).

3 The Nature of Formaldehyde Inactivation of Poliovirus.

Duning the production of the earhest commercial vacciues for the
1954 Field Trials, it was observed in this laboratory that formalin-
treated susy of virus apy d to have diffe charactenstics
of growth in tissue culture than nontreated suspensions (7, 18, 19, 20).
Figure 31s reproduced from the official report on the processing of the
first commercial lot of poliovirus vaccine (20) These flmds {1 pool of
each virus type) had been prepared on Maitland-type cultures. They
were treated in December, 1953, with 1:4000 formaln following the

ded procedure (5, 40). Sampl d from the bulk
pool at 24-hour intervals were titrated in 15 minced monkey testicular
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tube cultures per tenfold dilution. The cultures were incubated at
37°C. and examined daily, and the cytopathogenic endpoint titers
determined from 6+ and 10-day readings of the tubes. Only the data
for pool C-No. 1 (Type I, Mahoney strain) are shown. Similar results
were obtained on parallel tests of the MEF-1 and Saukett strains,
The titers estimated for the treated samples from the 6th day readings
are lower than those for the readings 4 days later due to the contin-
wing development of pusitive tubes. No increace was observed
titer or late appearance of positives with the nonformalimzed control
tests, The apparent increase i titer of the rate samples becomes
greater as the time of formahn treatment progresses; in other words,
there was a delay in appearance of positive cultures in formaldehyde-
treated virus

The formaldehy de mactivation process (4, 5, 9, 13, 14, 40, 41) was
assumed to have 2 margin of safety which was achieved by measuring
the rate of mactivation, duning the first 72 to 96 hours, then adding
a caleulated time of add: ! formalin But,
since the minimum inactivation time as estimated by extrapolation
of the rate line is dependent upon the period of observation of the
test cultures, this method of estimating complete mactivation could
not be rehed upon. Also, this finding proved that a prolonged obser-
vation penod of the tissue culture safety test cultures was not only
indicated, but mmperative—the tissue cnlture safety test bemng the
only vald control of the mactivation process

Extension of the tissue culture safety test eventually to a total of
35 days of ohservation (19) was immediately nstituted in these
taboratories (February 1, 193%) and a detailed integrated study of
the formalin inactivation procedure was undertaken (7). Data were
collected from production rate curves and alsy from specific rate
expertments in which all of the potential vanables were changed one
at 2 ime to permit detatled study of the effect of each vanable upon
the reaction, These changes included formaln concentration, tem-
perature, pH, and media alterations, Experiments were included
which yarious degrees and types of filtration were employed to permat
evaluation of the degree of clanity or “monodispersity” of the virus
suspensions upon the rate and course of the wactis ation pattern All
samples and controls were run in duplicate or tnphcate to ensure
that the data obtained represented the true pattern of the reaction
and could be used as a factual basis for the development of larpe.-
scale manufactuning techmiques.
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It was found (7) that during the first few hours of formaldehyde
treatment there is apparently a sharp drop in infectious titer of the
virus which 15 then followed for the ensuing 48 to 120 hours (Figure 3)
by an apparently hnear, progressive loss in titer at a slower rate than
that of the mitial dechne (7). This pattern persists regardless of the
expenimental conditions, even though the absolute rate of the reaction
can he varied by changes m pH and temperature, and in formalin
and extraneous protein concentration,

It was pointed out (7, 18, 19, 20) that the reaction could not be
treated as first order, even1f the “tailing” effects observed n the later
stages of the mactivation are not considered. This very real problem
has been discussed recently in detail by Garp (33) and cannot be
nunmuzed It has been shown that there is a progressive increase in
light scattermg due to an increase in suspended particalates in tissue
culture suspenstons of pohovirus treated with formaldehyde (39, 42).
This aggregation due to protemn denaturation or formaldehyde brid-
ging (34, 36) could well result mn the incorporation and protection of
trace amounts of virus. It 1s more important perhaps to filter ir-
mediately after the addition of the formaldehyde and the result of an
experiment carned out in early 1955 demonstrating this1s summarized :

Unfiltered Type 1 virus was divided. One-half (Vaceine A) was
filtered through a senes of coarse, medium, fine and double ultra-fine
sintered glass candles, adjusted to pH 7.0 and 1.4000 formalinized.
The ather half (Vaccine B) was formalimzed before filtration through
a simular series of candles and then pH adjusted to 7.0. Both vaceines
were incubated at 37°C. Starting at § days, samples were removerd
and the results of comparative safety tests (a total of 500 ml. per
test in 10 monkey kidney cell culture bottles) (19) arc shown m
Table I. The slightly lower total formaldehyde content of Vaccine
B mught indicate that there was a slight Joss on the cell debris removed
by the filtration.

It is noteworthy that trace amounts of active virus were still
found in Vaccine A after 17 days of incubation with formaldehyde,
whereas mactivation was cowplete after 9 days of incubation in
Vaccne B. The safety test bottles were observed daily and the nme
that a cytopathogenic effrct was first noted in each test is recorded.
As wall be di 1 subsequently, the trace q ities of virus re-
mamung after formaln treatment are usually detected in the 3rd
week of the safety test. It is probable that these results, at Jeaat in

are due o clumping of the virus particles. Freshly filtered

part,
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Toble J Effect of filtrattan smmeduately folfowing the sdditiom of formatdehyde
wpon total tume requsred for complets wnsctivatton of poliovirus

Vacene A Vazeme B

Tume Terted Fitered Before Filtered After

Afuer Treatment ¥ Added  Formaldehyde Added
S Days 10/10 ( 7 Daya} * /19 (16 Dayn)
TDays 10/10 (10 Days) 3710 (12 Dayn)
9 Daye 8/19{ 7 Days) oo

11 Days 118 {21 Daya} )

13 Days 5/10 (16 Days) oe

15 Days oo 010

17 Days** /10 (18 Days} 0710

* Ten cultare bortlex were moealated with each sample numerator of fraction
indsenten number of botiles poutave Day of st appearance of positive cultures in
cach test w8 wdicated 1 pazenthests

** Vacowe A comtmmed 120 gamma and Vacase B, 108 gamma of total
formaldehyde at the end of 17 days of trestment

matenal contmns very sizeable aggregates, Figure4 However, if
formalin 1s present dunng the Sitration, the microscopsc, but never-
theless violent, shearing effects and agtation inherent in the filtration
process result an the breaking up or filtenng out of cluraps, and alse
achieve a more effectsve exposure of the virus partickes 1o the formal.
debyde

Sumilar “tarhing” effects, but of different snid usually lesser degrees,
have been observed with all iactivation procedures studied (heat,
ultraveolet, as well as other chemucal trutments) varwus etp!anﬂv
tiony of the, such as of p
reactivauon, and the Lke, ehould not be exduded wnhou: cnxeful
censideration,

4 Formaldehyde Inactivation Compared with Inactiiation by Other
Chemical and Physical Agents.

The effect of other chemical and phymeal agents upon poliavieus
compared with the effect of formaldehyde revealed f

of the greatest with respect to the practical
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Fig 4 Electron mucrograph of centrfugal clarifier residue (18) of freshly filtered
poliovirus tissue culture flud This Mlustrates the fact that filtered suspensions
still contawn aggregates and particulate matenal in the size range of nckettsiae
44000 X

use of formaldehyde as an mactivatung agent. In an attempt to further
clanify and define the mechanics of the inactivation, pohovirus was
partually mactivated (20) by various chemscal and physical agents;
formalin (124000 didution of 37%, formaldehyde for 24 hours at 37°C.,
then neutralized); ultrasviolet irradiatzon (18 merdent watts, 600 ml.
per munute); iodine (I3, 25 ppm for 10 minutes, then neutralized);
beta-propiolactone (0029, for 2 hours at 37°C.); heat (56°C. for
16 hours). The plaque titration test modified by Hsuine and MeLNICK
(43) was used since it permitted a more quantitative measurement
of the amount of infectious Virus and it« rate of appearance. The
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petcentages of total plaques appearing at daily intersals were used to
compare the rate of initiation of infection by the vanously treated
matenals, It had been noted earler (7, 18) that wath formalin.
treated virus a lag phase occutred before infection of cells by resdual
virus which was more pronounced than the delay required for in-
fection by diuted untreated virus or that treated by ultraviolet
awrradiation, Figure § 13 a bar graph showing the comparative rates of
plaque appearance with the different types of inactis ation. In all but
the formalin-treated preparations the majority (80 to 909} of the
plaques had developed by the 3rd day. In contrast, only 0 to 139}
of the total plaques had developed by the 3d day and anly 25 to 502
by the 4th day in the formalin-treated poliovirus tests These results
show that formalm 13 unique among the agents studied 1 producing
mactivation 1n that with the formahn-tzeated virus alone there was
a marked delay mn the appearance of plaques when the variously
treated viruses were tested in parallel at the same time and on the
same Jot of cultures

Various factors were studied to determine, 1f possible, why this
delay phenomenon occurs only with the formaldehyde-treated virus.
The time of t with fi 1dehyd. ely i d the
delay;1t was most pronounced withType k. somc“hazlesemlhT)pesll

Pra Conr Prsducs Aprcaanc a7 Dase Wrcrvmss
3 & 3

<
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ws, RESOUAL Trta

an § Rate of plaque appesrauce by pobioviruses trested with vanaus e
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Fig 4. Electron merograph of centrifugal clanfier residue (18) of freshly filtered
poliovirus tissue culture flad. This illustrates the fact that filtered suspensions
still contamn aggregates and particulate matenial in the size range of nckettsae.
11000 X

use of formaldehyde as an inactrvating agent. In an attempt to further
clanfy and define the mechanics of the inactivation, puhovirus was
partially mactivated (20) by various chemical and physical agents;
formalin {1:4000 dilution of 37%, formaldehyde for 21 hours at 37°C.,
then neutralized); ultraviolet jrradiation (18 incident watts, 600 ml.
per minute); iodine (T2, 25 ppm for 10 minutes, then neutralzed);
beta-propiolactone (0.02°; for 2 hours at 37°C.); heat (56°C. for
16 hours). The plaque titration test modified by Hsuivg and Meenicx
(43) was used since it permitted a more quantitative measurement
of the amount of infectious virue and 1ts rate of appearance. The
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percentages of total plaques appearing at daily intervals were used to
compare the rate of initiation of infection by the vanously treated
matenals. It had been noted earher (7, 18} that with formalin-
treated sirus a lag phase occurred before infection of cells by residual
virus which was more pronounced than the delay required for in-
fection by diluted untreated virus or that treated by ultraviolet
aradiation. Figure 515 a bar graph showing the comparative rates of
plaque appearance with the different types of inactivation. In all but
the furmalin-treated preparations the majority (80 to 90%) of the
plaques had developed by the 3rd day In contrast, only 0 to 13%
of the total plaques had dex eloped by the 3rd day and only 25 to 509;
by the 4th day 1n the formalin-treated poliovirus tests These results
show that formalin 13 unique among the agents studied in producing
mactivation n that with the formahin-treated virus alone there was
2 marked delay in the appearance of plaques when the vanonsly
treated viruses were tested in parallel at the same time and on the
same lot of cultures.

Various factors were studied to determne, 1f possible, why this
delay phenomenon occurs only with the formaldehyde-treated virus.
The tune of with formaldebyde progressiv el ! the
delay:1t was most pronounced with Type I,comewhat less with Types TT

H
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el nneons
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Fig 5 Rate of plaque appearance by pehioviruses treated with vanous chemical
end physical sgents Each bar 1 marked to mdicate the cumulative percentages
of plarues appeanng after incubation periods of 3 to 7 days, the designated day 1s
encircled Early plaque development areas (3 days) are shaded J Imenunol (20)
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and 111 in that order, but =till highly significant in degree. When the
effect of furmalin concentration was incorporated into these experi-
ments, the total extent of inactivation appeared to be the important
factor in relation to the delay phcnomenun. The inactisation can be
produced more rapidly \utb 1i fon, but the
delay in initiation of i i O ively as the inacti
vation treatment progresses, If pnhonrus is treated with formalin,
then the formaldehyde neutralized or removed by dialysis, the
delayed effect may be reserved to a degree. In retests, after storage
for 1 week, the delay was less evident and the increased final titers
obtamed (20} indicated poesible recovery of the ability of the residual
virus to initiate infection. This trend was even more pronounced
when the samples were again retested after a 12-week period of sto-
rage. The method utilized for the removal of excess formaldehyde did
not affrct the delayed rate of appearance of plaques, but if the buffer
effect in the medium used in the test bottles was increased by the
use of added hicarbonate andfor calf serum, an increased rate of
plaque appearance was observed However, in spite of the more
rapid imitiation of infection, the final titers (PFU/ml,) attained were
not increascd. Therefore, the more rapid appearance of plaques was
not causcd by an increase in the number of :nfectious units but only
in their rate of app The cather apy of positives in the
no-called hugh pH safety test devised by Hamerr (44) and studied
extensively by all of the manufacturers was quite probably another
aspect of this phenomenon, The average size and over-all rate of
growth of the plaquea was the same for treated and untreated virus
regardless of the concentration of, or the presence or absence of,
serum or bicarbonate, This indicates that the decrease in the delay
time of plaque appearance was not duc to an absolute increase n

rate of virus growth. Further, there was no difference in the rate of
Ticating that formalin

growth of early- or Inte-app plagues i
treatment as such shows no evidence of a selection of genetic vanants.

Thi« prolongation of the latent period required for the initiation of
cellular infection by formaldehyde treatment indicates a modified
“avidity” of the treated virue for cells. Two possible mechanisma
were nuggested (20), u deficiency sn ability to adsorh onto eells, or a
delay in of infection following the hment, Also, the
towered “avitity™ may be assaciated with an initial weaker virus-
cell bondd and the effect could be considered as duc to an incrense in
the “disancintion constant™ of the virns-cdll eomplex,
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5. 1 of Fe tdehvde Inactivation Info i
- 8

In actual practice 1t would appear that inactivation of pohiovirus
by formaldehyde could be pictured as a 3-step sequence of related
reactions as shown in Figure 6. The reversible lst stage, A, of rapid

i ldehyde complex fon i P ble for the initial
rapid apparent loss of actmaty (1) aud, if this reaction could be
projected to “base line” levels, it would be complete in a relatively
short period of tume. This stage 15 tnggered by heat (37°C.} since it
is not demonstrable when formaln is added to virus-flud at refri-
gerator temperature. However, if the flnid is at 37°C. when the
addition of formaldehyde is made, the initial drop in titer of virus
oceurs even though the mixture is rapidly chilled, but such apparently
1mactive virus could be mistaken for completely noninfections virus
1n short-term tests for activity (1 e,, rate tests), Although this reaction
concervably should be near completion within a few hours for the
majorty of the virus population in a suspension, actually this imuial
stage, A, progresses in a matter of 2 to 6 hours into the 2nd stage, B,
where the wutal rel: ly loose vi d binati

48 72 %6 |
HCURS OF FORMALIN TREATMENT
AT3TC

Fig.6 Schemanc of of potiovirus. A,
first zapid virformaldelyde comples formatien t least partially reversble B,
secand firm complex formation which occurs at a slower rate than A A combination
of A and B under certain conditiont has been nsed to obtam & “base hue® intercept,
a0d to predict imactivation tume (sec text) C, represents the somcalled “tailing™
effect due 10 aggregation, tanmng, resitant virus (*mi

sked" or “oceluded” varus).

1 Vurology VoLl
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and ITT 1n that order, but still lughly significant i degree. When the
effect of formalin coneentration was incorporated into these experi-
ments, the total extent of mactivation appeared to be the important
factor 1n relation to the delay phenomenon. The inactivation can be
produced more rapidly with i 1 f 1 ion, but the
delay 1n initiation of infection increases progressively as the wmactrs
vation treatment progresses. If poliovirus 1s treated with formalin,
then the formaldehyde neutralized or removed by dialysis, the
delayed effect may be reserved to a degree. In retests, after storage
for 1 week, the delay was less evident and the increased final titers
obtamed (20) indicated possible recovery of the ability of the residual
virus to mmtrate infection. This trend was even more pronounced
when the samples were again retested after a 12-week period of sto-
rage. The method utilized for the removal of excess formaldehyde did
not affect the delayed rate of appearance of plaques, but if the buffer
effect in the medium used in the test bottles was mncreased by the
use of added bicarbonate andjor calf serum, an increased rate of
plaque appearance was observed. However, in spite of the more
rapid initiation of infection, the final titers (PFU/ml ) attained were
not increased Therefore, the more rapid appearance of plaques was
not caused by an merease m the number of infectious units but only
1n their rate of appearance The earlier appearance of positives in the
so-called high pH safety test devised by HampiL (44) and studied
extensively by all of the fi was quite probably another
aspect of this phenomenon. The average mize and over-all rate of
growth of the plaques was the same for treated and untreated virus
regardless of the concentration of, or the presence or absence of,
serum or bicarbonate, This indicates that the decrease in the delay
time of plaque appearance was not due to an absolute increase in
rate of virus growth, Further, there was no difference in the rate of
growth of early- or late-appeaning plaques indicating that 1

treatment as such shows no evidence of a selection of genetic variants,

This prolongation of the latent period required for the imtiation of
f

cellular infection by fe Idehyde t indi a

“avidity” of the treated virus for cells. Two possible mechanisms
were suggested (20), a defcxcncy in ability to adsorb ento cells, or a
delay in initi of i fc g the h Also, the
lowered “avidity” may be assaciated unh an initial weaker virus-
cell bond and the effect could be conmdered as due to an increase in
the “dissociation constant” of the virus-cell complex.
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5. Integration of F Idehyde Inactivation Inf

In actual practice 1t would appear that snactivation of poliovirus
by formaldehyde could be pictured as a 3-step sequence of related
reactions as shown in Figure 6, The reversible lst stage, A, of rapid

{ ldehyde complex f ion is responsible for the mutial
rapid apparent loss of activity (1) and, if this reaction could be
projected to “base ine” levels, it would be complete in a relatively
short period of time, Thus etage 1s triggered by heat (37°C.) since it
18 not demonstrable when formalin is added to virus-fuid st refn-
getator temperature. However, 1f the flmd is at 37°C. when the
addition of formaldebyde is made, the initial drop in titer of virus
oceurs even though the mixture 1s rapidly chilled, but such apparently
inactive virus could be mistaken for pletel fectious virus
in short-term tests for activity (i. e., rate tests). Although this reaction
concervably should be near completion withm a few hours for the
majonty of the varus population m 2 suspension, actually this mitsal
stage, A, progresaes in a matter of 2 va 6 hoars into the 2nd stage, B,
where the initial rel ly loose £ ldehyd \: i

PR

TITER WOGe
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24 48 12 =)
HOURS OF FORMALIN TREATMENT
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Fig.6 Schemane of of poliovizus A,
fixat rapid virusformaldehyde complex formation at least partially reversble B,
secand firm eomplex forsmation which occars at a dower rate than A. A combnstion
of A and B under exrtam conditions has bten nsed to obtain a “base ine™ mtercept,
and 1o predsct wmactivation time {sec text) C, represents the sorealled “raing™
#fect due 10 aggregstion, tanning, resistant virus (*masked” of “occluded™ varus)

1 Virelogy, Yol.1
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progressively becornes a more firm union. If this stage were to be
projected, as has heen the practice, it would indicate a “base line”
intercept or zero tter within say 48 to 96 hours depending upon the
time of the selection of the “rate-samples™. Suck 2 progressive mixed
reaction situation is not unique in the inactivation or alteration of
biological systems and a great deal of additional data will be required
before conclusions can be drawn conmcerning the actual Linetics
involved. More important 1 a practical sense is the fact that the
formaldehyde inactivation reaction 1s not simply “first order”, and
this 1s apparent from data obtainable durmg the first 48 to 72 hours
of the reaction where the analyses are straightforward. .
The possible explanations for the apparent dufficulty in inactivat-
ing the last traces of viable virus with formaldehyde in a suspension
are myriad and, smce quantitative studies in this area are difficult to
design, much speculation exists. This speculative 3rd stage, C in
Figure 6, is represented by the lag in mactivation of the very small
“resistant” or “masked” virus particles. In our ex-
P T g with Ideb is required to
produce ¢ompletely inactive vitus (up to 21 days in some cases). It
might be postulated that, whatever the protective mechanism is
that produces the “tailing” effect in the pattern, the last stages of
formaldebyde inactivation procedure are completed by thermal ef-
fects rather than by the formaldehyde. In other words, formaldebyde
inactivation alone as utiized 15 m reality a combination procedure.
Evidence from heat inactivation studies indicates that variation
the varus pof jon an :pibility to el d ) e is
quite marked (45). Clumping or aggreg of virus p
protection of virus by cellular debris s almost surely a contnbuting
factor in the “taling” of the formaldebyde “rate curve”. Aggrega-
tion may be directly induced by the formalin treatment (39, 42}, or
some few virus particles, and the protemn cell debris may be tanaed
or fixed by f hin, thereby dering the virus incapable of in.
fecting the cell until “unmasked” by enzymatic action in tissue, That
is, a small proportion of virus may not sctually be mactivated in o
true sense by formaldehyde. However, Iack of monodispersity is not

entirely responsible for the “tailing™ effect and the importance of
ivation by reversal or recombination,

proportion of ¢
i 1

icles or

1 genetic it N
ot other unknown factors remain to be assessed.

The unique ecytopatbogenic delay effects observed v_aith formal-
dehyde-treated virus, and the fact that formaldehyde inactivation
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proceeds as a sequence of reactions at varying rates rather than as
a single “first order™ type of reaction, would indicate that the “pro~
jection™ of the inactivation “rate-curve” canuot be relied upon to
estimate pl i of poli

B, Ultraviolet

1. Inactization Effect of Ultraviolet Irradiation on Pohovirus

Concurrently with the detailed study of formalm inactivation
duting 1933 and 1954, the application of whtravialet irradiation as
» method of was being investigated {17, 18), Tnactiv-
aton rate studies were made upon the 3 strains of polovirus ia the
form of freshly harvested wnfectious tissue culture fluids {medmm
199) from trypsinized monkey kidaey cultures. The fluids were filt-
ered immediately prior to ixradiation. Inactivation rate and uitra-
violet absorption spectrum studies were made on virus concentrated
{20%) by cold alcohol precipitation,

The centnfugal Smer (“Centsi-Filmer”) (46), developed by
Orresnemter and LevisoN (47) and engmeered by the General
Motors Research Staff {Special Problems Depattment), provided the
basic mstrument in which the irradiations were carried out. Deve-
fopmental and operatioual details of the wstrument as well as the
methods of calculating the effective incident levels of ultraviolet
energy used, are given 1 previous publications (17, 18, 48).

The primary compovent of the filmer is 8 vertical 15-inch stainless
stecl bow] (Figure 7) which rotates at a fixed speed (1750 rpm.). The
nner walls of the bowl are inclived outward at a I-degree angle so
that fluid fed onto the bottom of the rotating how! is centrifugally
spread o an extremely thin Slm as it flows upward due to centn-
fagal force. In operation, 6 ultravioler lampy (General Electric
G18T6) 1n a special water-cooled holder (30°C.), are suspended in-
€ide the rotating bowl so that approximately a 750 sq. cm, area of
the wade surface of the bowl with its flowing thin flm of Buid ree-
eives incident. let energy of Hable i ity. The effec-
twe incident ultraviolet energy produced by the lamps can be varied
{from approximately 5 watts to over 30 watts by varying the number
of Jamps used and the mput voltage and current to the lamps. This,
in turn, can be combined with different flow rates of the fiuid bewg
iradiated to provide vavious degrees of ultraviolet exposure, The
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progressively becomes a more firm union. If this stage were to be
projected, as has been the practice, it would indicate a “base line”
intercept or zero titer withm say 48 to 96 hours depending upon the
time of the selection of the “rate-samples”. Such a progressive mixed
reaction situation is not unique in the inactivation or alteration of
biological systems and a great deal of additional data will be required
before conclusions can be drawn concerning the actual kinetics
involved. More important in a practical sense is the fact that the
formaldehyde inactivation reaction is not simply “first order™, and
this is apparent from data obtainable during the first 48 to 72 hours
of the reaction where the analyses are straightforward. ’
The possible explanations for the apparent difficulty in inactivat-
ing the last traces of viable virus with formaldebyde in a suspension
are myriad and, since quantitative studies in this area are difficult to
design, much speculation exists. This speculative 3rd stage, C in
Figure 6, 1s represented by the lag in inactivation of the very small
proportion of “resistant” or “masked” virus particles. In our ex-
perience prolonged incubation with formaldehyde is required to
produce completely inactive virus (up to 21 days in some cases). It
might be postulated that, whatever the protective mechanism is
that produces the “tailing” effect in the pattern, the last stages of
formaldehyde inactivation procedure are completed by thermal ef-
fects rather than by the formaldehyde. In other words, formaldehyde
inactivation alone as utilized is 1n reality a combination procedure.
Ewidence from heat inactivation studies indicates that variation in
the virus population n susceptibithty to elevated temperature s
quite marked (45). Clumpmng or gation of virus particles or
protection of virus by cellular debris 1s almost surely a contributing
factor in the “tailing” of the formaldehyde “rate curve”. Aggrega-
tion may be directly induced by the formalin treatment (39, 42), or
some few virus particles, and the protein cell debris may be tanned
or fixed by f¢ lin, thereby rendering the virus incapable of in-
fecting the cell until *“unmasked” by enzymatic action in tissue. That
is, a small proportion of virus may not actually be inactivated in a
truc sense by formaldehyde. However, lack of monodispersity is not
entirely responsible for the “tailing” effect and the importance of
resistant genetic variants, reactivation by reversal or recombination,
or other unknown factors remain to be assessed.
The unique cytopathogenic delay effects observed with formal-
dehyde-treated virus, and the fact that formaldehyde inactivation
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Fig. 8 Inactivanon rate curves of three types of prbomyzhins virss uwiag succesure
Towatt mcrements of snerdent ltravifoet enecgy J. Immonal (17)

the reduction in film thicknese, Another means whereby the inac-
tivation rate curve could be xade linear was by dilntion of the tissue
culyare sedm 395 with sahnt solutions, Neither the reduction of
the rate of flow nor the dilution of the medium was of practical im-
portance hecause hoth yrocedures resulted 15 reduced antigenic po-
tential of the greparations (17}

3. Rate of Inectivation and Ultraviolet Absorption of Concentrated Virus
in Buffered Soline

Concentrated polioviras in buflered saline solution waswliraviolet-
treated uang the same T-watt increments and revealed the same
nonexponential relation eeen in Figure 7. Here, however, the non-
linear relation was due to some degree 1o the absorption of ultrayiolet
by the virus wteelf (17) Comp of the ultraviclet ab
epectra of irradiated to unirradhated virus revealed shat t}ze irra-
diation results in a shuft of the ch istic nucleie acid ab
maxioum at 260 mp toward the shorter wavelengths, At the same
time there is an increase i Yhe absorption from waveleagth 255 to
220 mp and in the region 130 10 280 my. Thus,in’ hu"\:ly concemmted
and parnally purified p

T t of
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courctig
o

Fig 7. Diagrammatic vertical section of centnifugal filmer, “centn-Filmer®, for the
exposure of flmds to ultraviolet irradhation w the form of thin-fowing flms J.

Tmmunol (17}

thickness of the flud film is propertional to the ratc of liquid flow;
at 100 ml./minute the average film thickness is approximately 15
microns; at 600 ml./minute, approximately 75 microns,

2. Rate of Inactivation of Poliovirus in Medium 199

Successive T-watt increments of incident ultraviolet energy were
apphed to a series of filtered virus strain pools, wrradiated at 600 ml.
per minute, and the resulting inactivation rate curves are shown in
Figure 8. Log reduction of activity (initial titer minus jrradiated
titer) is plotted against the time of exposure and also the dosage (17)
of ultraviolet. None of the curves follows a constant exponentral
course; the ymtial increment produces an average log loss in titer of
2.25, the successive ones decreasing steadify unti the 4tk gives an

verage of only 1 log. Using the same sequence of 7-watt increments
of incident ultraviolet energy and pling, aliquot portions of strain
pools of filtered tissue eulture virus were iradiated at 2 slower rates

of flow. At 300 and 150 ml. per minute, the rate of inactivation was
d to be exponential, probably duc to

much more rapid and app
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careful tonsideravion and evaluation of the effects of the shsorption
characteristics of the medium,

Expenence gained in these studies has shown that if the viruy
fiter of current poliovirus tissue culture fluids (medwmm 199) is red.
uced from 4 10 7 logs hy means of ultraviolet irradiation at 15 to 25
watts of iovident ultraviolet energy at a flow rate of 600 ml. per
minute, this arradiated material 18 highly sensitive to other inactiv.
ation treatments. For instance, the virus may then be completely
inactivated (pepahive safety test) by means of 10 to 16 days of mild
heat treatment at 37° to 40°C. Such matenal retains a high degree
of antigemesty (52, 53). In the following section it will be shown that
a combination of formalin and ultraviclet may also be used to pro-
dace haghly sanigeme mactive virus rapudly and cossistently, It
should bc pointed out that i all probability the mechanism of in-

by vliraviclet involves the fon of some degree of
orgasization within the virus particle or “cell” (17) and lmdouhtcdly
18 quite diffivent from the b of fx dehyd,

(?: the latter can be considered 23 a chemical tyye of 1activation
{denatvration by mmased bondmv), while the former is predomin.

antlyaphysical Both the formal-
dehyr!e and ultraviclet inactivation efects are depicted in Figure 2.
Ex<p of the virus susp to the irradiation in the form

of a thin film makes it possible to mamntain an essentially uniform
density throughont the film, Practically, it mny bc sald all virus
particles receive Iy the same exp from the
bowl wall is & major factor in the over-all net exposure (17).
Earliet studies of the effect of ultravicler irradiation upon viruses
were carrsed out in quartz cells or open dishes, or in relatively thick
films, and required prolonged exposures wn terms of time: 15 10 40
Dunutes were required to produce 6 logs of loss i titer (27, 50, 51).
Such reradsation tecbniques entail drastic over-irradiation of the hulk
of the particles m suspension causing great loss of antigenicity as
well as activity. With the present refinements and controls in the
precision “Centri-Filmer”, 1t 15 possible to introduce into a given
volume of suspension mn a matter of less than a second, the same
quantity of ultraviolet energy which formerly yequured many minutes
of exposure. This thin-flm principal of 1rradiation has been used in
these laboratories for a number of yeats for the preparation of vac-
cines with marked success, Such vacemes are relatively more highly
antigeme and more stable than those wactivated with chemicals,
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inereaned ultraviolet absoeption in effect progeessively “manks™ the
rewtedtal nctive vie (49),

4, Integration of Ulraviolet Irradintion Studies

That ultravialet wilt produee inactivation of polioviens i generally
known (50), but dmta relaring the Jovel of the Sncident intensity
applicd to the jeradintion effects upon the virus ltaelf are meager,
It was learnedd quite casly fn these atudien that it wax nat practicol
to praduce ¢ complete kill of paliovieas with ultraviolet alonn because
the antigenic patency way xerlously affected, Ultraviolet-treated vireus
was faund ta shaw agecteancagie evidence of inteenal reacrangement
af the vuelele acid or pucleoprotein moiety of the virns and this,
undee contralled conditions, conld he asocliuted with loss of the Ine
fectlvity while the antigenie properties were getalned,

No attempt wan made to trent the fnactivation rate data (Figure B}
sathematfeally or to enleulate the abwolute quantity of energy ine
volved §n the vieus inactivation beeause there has been no means of
qquantitatively exthmating the relative amonnts of ultraviolet encrgy
alworhed by the vieun and by the culturs medium, Forther, the film
thicknes in the flmer and the almol 1 thme are dependen
upon & unmbers of factorns viseasity, temperature, suefoce tensfon and
feictional resistance ta flow, and caleulations of the allocation of the
squantity of ulteaviolet beyond the total incident energy Jevel delive
ered at the flm sorface, ax indieated in the detailed report (17), haa
listhe menning heyond the theoretical,

Fxaminntion of the rate curves (Figurs 8) will seveal that, within
the Jimits of the ereor of the titrationw, uniformity of effeet i obtajn.
able Trom ot to Yot of views, Ax han hren supgested by Foun (51),
the departurs frons Hnearity olwerved might ho due to the prescnee
of virus pacticlen eapecially realstant to the frradintion. However,
fuctoen ather than the primary phutochemical juaetivation reaction
are knuwn to be aperntive and to affeet the curves of the inactivation
rate s measneed by viewn titeatlons (50}, The selative overalf afi.
sorption of ultraviolet by the medium (containtog smino acids) wis
fur grenter than that of the views itoelf, the maximum acenring in
the 260 sy wavelengtl eeglon, This ohservation served to esmphasiye
the advantages of the thin film prinelple for the effective jeendiation
of infectlans materials, and caprclally, it indiented the peed for a
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careful consideration and evaluation of the effects of the absorption
charactenstics of the mediam,

Experience gained in these studies has shown that if the virus
titer of current poliovirns tissue culture fluids (medium 199) is red-
uced from 4 to 7 logs by means of ultraviolet irradiation at 15 10 25
watts of inerdent ultraviolet energy at a flow rate of 600 ml. per
minute, this wradiated matenal 13 highly sensitive to other inactiv-
ation treatments For wostance, the vitus may then be completely
inactivated {negative safety test) by means of 20 to 16 days of mild
beat trestment at 37° to 46°C. Such material retarns a high degree
of antigemerty (52, 53). In the following section it will he shown that
a combination of formalin and oltraviolet may also be used to pro-
duce hughly antigemse wnactive virus rapidly and consistently. It
ehould be painted out that m all probability the mechanism of i

by ul let mvolves the al of some degree of
arganszation wathn the viras patticle or “eell” {17) sud ondoubtedly
{s quite diffirent from the ics of f ddeh
(7): the latter can be considered as a chemical lyye of inactivation
(denatuxanon by increased bonding), while the former is predomin-
i ) Both the formal-
dehyde and ultraviolet inactyvation effects are depicted in Figure 2.

E of the virus suspensions to the & in the form
of & thin flm makes 1t possible to mamtain an essentially aruform
density throughout the film. Practically, it may be said all virus
particles receive Uy the same il from the
bowl wall is & major factor in the over-all net exposure (17).

Earhier stodies of the effect of wtraviolet irradiation upon viruses
were carned out mn quartz cells or open dishes, or in relatively thick
films, and required prolonged exposures 1n terms of time: 15 to 40
mmutes were requited to produce 6 logs of loss in titer (17, 50, 51).
Such irrad h ental drastic irradiation of the bulk
of the particies 1 suspension causing great loss of antigenicity as
well a3 activity With the present refinements and controls m the
precision “Centri-Filmer™, it is possible to ntroduce into a given
volume of suspension 1n a matter of less than a second, the same
quanhty of witraviolet energy which formerly required many minutes
of exposure. This thin-flm principal of srradiation has been wsed in
these laboratories for a number of years for the preparation of vac

cines wath marked success, Such vaccmes are relstively mare highly
anhigenic and more stable than those mactivated with chemicals.

Tt
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i d ultraviolet absorption in effect progressively “masks” the
residual active virus (19).

4. Integration of Ultraviolet Irradiation Studies

That ultraviolet will produce inactivation of poliovirus is generally
known (50), but data relating the level of the incident intensity
applied to the irradiation cffects upon the virus jtsell are meager.
It was learned quite early in these studies that it was not practical
to produce a complete kill of poliovirus with ultraviolet alone because

the antigenic potency was ly affected. Ultraviol d virus
was found to show ap ie evid of internal rearrangement
of the nucleic acid or nucleopmtem moiety of the virus and this,
under lled diti could be iated with loss of the in-
fectivity while the antigenic proy were ined.

I\o attempt was made to treat the inactivation rate data (Figure 8)
ically or to calculate the absolute quantity of energy in-
volved in the virus mnactivation because there has heen no means of
quantitatively estimating the relaive amounts of ultraviclet energy
absorbed by the virus and by the culture medium. Further, the film
thickness in the fitmer and the absolute exposure time are dependent
upon a number of factors: viscosity, temperature, surface tension and
fricti to flow, and calculations of the allocation of the
quantity of ultraviolet beyond the total incident energy level deliv-
ered at the film surface, as indicated in the detailed report (17), has
little meaning beyond the theoretical.

Examination of the rate curves (Figure B) will reveal that, within
the himits of the error of the titrations, uniformity of effect is obtain.
able from lot to lot of virus. As has been suggested by Focr (51),
the departure from linearity observed might be due to the  presence
of vitus particles irradiati

ially resi to the 3
factors other thaa the primary photochemical inactivation reaction
are known to be operative and to affect the curves of the inactivation
rate as measured by virus titrations (50). The relative over-all ab-
sorption of ultraviolet by the medium (containing amine acids) was
far greater than that of the virus itself, the maximum occuring in
1he 260 my wavelength region. This observation served to emphasxze
the advamages of the thin £lm principle for the effecti

of i and especially, it indicated the need for a
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ecareful consideration and evaluation of the effects of the absorption
charactenstics of the medum.

Experience gained in these studies has shown that if the virus
titer of current poliovirus tissue culture fluids (medium 199) is red-
uced from 4 10 T logs by means of ultraviolet irradiation at 13 to 25
watts of incident ultraviolet energy at a flow rate of 600 mi. per
roinute, this wrradiated material is highly sensitive to ather inactv-
ation treatments. Tor instance, the virus may then be completely
mactivated (negative safety test) by means of 10 to 16 days of muld
heat treatment at 37° to 40°C. Such matenal retains & high degree
of antigeniaity (32, 53). In the following section iv will be shown that
2 combination of formalin and altraviclet may also be used to pro-
duce highly antigemic smactive virs rapidly and coamsistendly, It
2hould bc pointed out that 1n all prohahility the mechanism of in-

i by ultraviolet mvelves the of some degree of
organization within the vitus particle or Ycell” {17) and undoubtrdly
is quite dufferent from the hanics of ft Idehyd,

{7); the latter can be considered as a chemical typc of wmactivation
{denaturation by mcressed bnndmg), while the former is predomin-

b 1 ). Both the :
dﬂxyn:lc and nlnawu!ex mavtwmon effects are depmted m Figare 2,
E of the virus suspensions 1o the irrad m d;e form

of a thin flm makes 1t posuible to maintain an essentially uniform
depaity thronghont the film. Practically, 1t may be eaid all viras
particles receive jally the same expos B from the
bowl wall is a major factor in the over-all net exposure (17).
Earber studies of the effect of ultraviolet xradiation upon varuses
were carned out 1a quartz cells or open dishes, or 1n zelatively thick
films, and required prolonged exposures 1 terms of time: 15 to 40
minutes were tequu! to produce 6 loge of loss in tter {17, 58, 51).
Such irrad; iques entad) drastic i ion of the bulk
of the particles n suspension causing great loss of antigematy as
well as actvity. With the present refinements and controls in the
precision “Centn-Filmes”, it is posuible to introduce wmto 2 given
volume of easpenmon w2 matter of lass tken 2 2econd, e tome
quantity of ultraviolet energy which formerly required many roinutes
of exposure. This thin-flm priacipal of wrradiation has been vsed in
these loboratories for a number of years for the preparation of vae-
cines with marked success. Such vaceines ase relatively mare highly
antigenie and more stable than those mactivated with chemicals.
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Combination Inactivation Mcthod for the Preparation
of Poliovirus Vaccine

With the availability of more detailed information concerning the
pature and dynamics of formaldehyde and ultraviolet inactivation
of poliovirus and the progressive integration of this information with
the difficulties encountered with the formalin inactivation process on
a production scale, it app d to us that a bination of methods
might offer many advi Combination of 2 hods, each
diffening in mode of action and each alone capable of reducing the
infectivity of poliovirus fluids by a factor of one million (10-6) or
more, should yield a safe product without overtreatment with either
agent. It, therefore, scemed unlikely that any given infective particle
in several million resistant te 1 methad of inactivation would also
be refractory to both to the same degree,
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In an extensive series of preliminary experiments (18}, it was
shown that a relatively short meubation period of 3 days at 37°C.
with farmaldehyde, either before or following ultraviolet irradiation
{20 watts), wnuld produce letely iabl vum

P
mono- or with 1, Al potency
and safety tests were carned out according m the standaxds 14).
An experiment representnuve of the type used to establish the com-

bination inacti P 15 described briefly helow. This type
of blishes the ion and alteration by the ultra-
violet of the delayed ummnon of infection phenomenon noted with
formakn-treated virus, and i the rationale for comt

a
chemical (formaldebyde) and a physical (ultraviolet) method of -
activation

1, Accumulative Inactivanion Effect of Formaldehyde and Ultraviolet

When 7-watt increments of incident ultraviolet energy (17, 18)
were combined with 12-hour increments of formalin (1:4000) in-
activation at 37°C., 1t was possible to show that the effect appeared
to be more than additive and posubly synergstic. The flow sheet
(Figure 9) details the plan of the experiment. The samples at the
respective levels of treatment were titrated in triplicate and showed
an average spread of less than 03 log. The averages are plotted
graphically 1 Figure 10. The combiung of two 12-hour formalin
1wcrements (1-By-Ba), ay expected, did not give twice the result of
the first mcrement. T £T AL, (7) have demonstrated that during
the first few hours of formaldehyde inactivation the rate of iter loss
18 rapid, followed by a decreasing rate. The two 7T-watt increments
of ultraviolet are additive (Ar-Aq) agam, as expected (17), for this
virus concentration and part of the rate curve. The use of 7 watts
of ultraviolet followed by 12 hours of formabn I-A1+A3 gmives essenu-
ally additive results and ahout the same lowerng of titer as two
increments of ether ultraviolet or formalin treatment, The greatest
lowering of titer 15 seen mn the combiation of 12 hours of formahn
followed by 7 watts of ultraviolet, I.B1-By; the reduction m titer i
a log greater than any of the other combinations. This result has
Proved to be quite consistent and may well he related ta the known
catalytic effect of ultraviolet Lghv. on many chemical uamons 34,

36). In other words, molecul ption in the nucleo.p, portion

of the virus is indicated by the sp h ic studies and, con-
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LOGiy REDUCTION OF ACTITY

12
TIME iN HOURS.

Fig. 10. Graphie recording of the log Tosses of activaty obtained followang the use of

and detalled in Figure 9. Note that
the comlunation of 12 hours of formaldehyde inactivation with seven watts of
ultraviolet results 1n one log greater loss of titer than any of the other combinations.
J. Immunel, (18}

jecturally, it may be said that the cyclic bonding of the formaldehyde
reaction is quite probably potentiated in the protein moiety of the
virus by the ultraviolet so that the normal course of the formaldehyde
inactivation is enhanced. (Note Figure 2 where the 2 inactivation
reaction concepts are compared.)

As pointed out earlier, formalin-treated virus in tissue culture fluid
where the virus titer has been reduced several logs shows a delay in
the imtiation of the cytopathogenic effect when inoculated into sus-
ceptible monkey kiduey tissue cultures. This finding is illustrated in
Table II where the 3- and 7-day plaque titers of the control virus
suspension 1 and the 4 final samples are tabulated, It will be observed
that in the d eontrol 1, diluted approxi; ly 4 logs,
virtually all the plaques potentially available were present on the
3rd day of observation; very few more had grown out by the Tth
day and a final 7/3 day ratio of 1.03 was obtamed 'I‘be Az samplc
derived frora the two Z-watt of ul
was quite similar, showing no delay in the apy of
the total number of plaques. In sharp contrast is the result obtained
with the By sample which had received the two 12-hour increments
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Table I1. Flaques ave counted on the third and seventh days and ratios obtained,

The rate of the devel of the plaques ( 1sinfluenced by the

type of mnactvation treatmeat, The delayed cytopathogenscity 19 characteristie to
tbe formaldehyde J. Tmmuvol. (18)

Accumslative inactivation - Formaln ultraviolet — Formalin effect on - Rate of
plaque development

TolFla-abordea- 230 | Raue
Sample Dl Tested | Tiorepers 30 2ty
e, Thdey sary

1 Control 1050 10-8¢ 204 210 103
Azuv-ov 1020 10-29 135 154 L1
Aguv.F wie 10-27 41 106 2.58
By F -uv 100 1014 9 35 611
ByF -F 1008 10-24 1s 168 1120

of treatment with formaldehyde at 37°C. Here there 15 2 most signi-
ficant delay m the 1ate of plague development, Only 15 plaques of a
total of 168 eventually obtained on the Tth day were observed on the
3rd day. The ratio was 11.2 as compared with the 1.03 obtaned for
the control material. The ratios for the Az and By samples where
combmauons of formahn and ultraviolet weve used for the partial
mactivation were mtermediate. It is of particular interest that the
ratio obtamed, when the sequence was ultraviolet followed by forma.
Lin, was Jower than that observed when the formalin was followed by
the ultraviol This ph of delayed cytopath
genic response has been discussed in more detail above and, 1t should
be secalled, 16 unique to formaldehyde treatment (7, 18, 19, 20).

2. Di of Production Experi, with the Fo hyde
Ultrauiolet Method

In meeting desired vaccine standards (that is, the production of
vaceines with consistent and acceptable safety and a high degree of
antigenic potency), 2 years of costly trial and error had shown that
the formahn process alone required repeated filtration and prolonged
ineubation, both potentially del, to antj

In an mterim
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LOG;o REDUCTION OF ACTIVITY
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2
TIME N HOURS
Fig. 0. Graphic recording of the Iog losses of actvity obtsined following the use of
and dehyd detailed in Figure 9, Note that
the combination of 12 hours of formaldehyde mactivation with seven watts of
ultraviolet results in one log greater loss of tater than any of the other combinations.
J. Immunol. (18)

jecturally, 1t may be said that the cyclic bonding of the formaldehyde
Teaction is quite probably potentiated in the protemn moiety of the
virus by the ultraviolet so that the normal course of the formaldehyde
inactivation is enhanced. {(Note Figure 2 where the 2 inactivation
reaction concepts are compared.}

As pointed out earlier, formalin-treated virus in tissue culture fluid
where the virus titer has been reduced several logs shows a delay in
the nitiation of the eytopathogemc effect when inoculated into sus-
ceptible monkey kidney tissue cultures. This finding is illustrated in
Table II where the 3- and 7.day plaque titers of the control virns
suspension 1 and the 4 final samples are tabulated. It will be observed
that in the untreated control matenal, diluted approximately 4 logs,
virtually all the plaques potentially available were present on the
3rd day of observation; very few more had grown out by the Tth
day and a final 7/3 day ratio of 1.03 was obtained. The Az sample
derived from the two 7-watt increments of ultraviolet irradiation
was quite similar, showing ne si; delay in the app of
¢he total number of plaques. In sharp contrast is the result obtained
saith the By sample which had recerved the two 12-hour increments
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days and ebserved at 3, 7, 10, 14, 17 and 21 days; positive tubes to be
confirmed or ruled nonspecific. Blind passages were 1o be made from
the onginal tubes at the end of 7 days and these passage tubes were
10 be subcultured (2nd blind passage) after 7 days of incubation, All
tubes were discarded at 21 days. This test was required {February 1,
1934) for each stram component before pooling to form the trivalent
vaccines for use in the field trial. An mtracerebral test in monkeys
was done on these final vaccines.

It was our belief that the tube culture procedure, as prescribed,
d1d Dot test a sufficient quantity of vaccine to assure safety. The use
of more tubes was impractical because of the large number of cultures
mvolved so the bottle test was developed. Starting on February 1,
1951, 1n addition to the tube test above, two 16-ounce bottles (MKC)
were moculated with 25 ml of dialyzed stramn component, plus 75 ml.
of medium 199, and observed for 28 days and subcultured at 7, 14,
and 21 days. The subcultures, 0 5 m ftube, 5 tubes per bottle were
observed for 7 days. Twa control bottles were catried in parallel. Oa
March 22, 1954 this test was extended by the addition of one more
bottle and the bottle size increased to 32 ounces with 50 ml. of vaccine
tested. On May 20, 1954 (Girst working draft of Mimmum Require-
wents, U S, Public Health Service) the bottle test was made official
and wncreased to 5 or more containers (effective volume 0.1%,) and
applied to both trivalent vaccines and strain pools, In this official
version, however, the bottles were to be held only 14 days.

The specific exp studies d d above, Tarly the
delayed cytopathogeme phenomenon, provided the rationale and
led to the attempts to imprave the sensitivity of the test by: 1) testing
much larger volumes of vaccine in larger contmmners — 32-ounce
presenption bottles, and 2) by holding the test for as long a period as
practicable, Since July 14, 1954, all routie poliovarus vaceine pro-
duction 1n this laboratory has been tested as follows: at least § or
more origmal cultuze bottles are inoculated wath 50 ml. of sample
and 50 ml. of medium 199, held for a total of 28 days with weekly
subcultures, This, with the 28-day subculture, makes the total dura.
tion of the test 35 days. The trivalent vaccines are tissue culture safety
tested in duplicate on at Jeast 2 different cell lots, Detals are con-
tained in the earher report (19).
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This combination of formaldehyde inactivation with ultraviolet
irradiation resulted in a safe and effective vaccine. To obtain compa-
rable negative safety tests with a ble degree of i 'y on
material inactivated by formalin alone requires, according to our
experience, at least 12 to 21 days of jncubation at 37°C. Even with
this p ed ! active strain pools were en-
countered. Further, material on which the initial strain pool test was
negative often showed up positive on later tests in the trivalent stage.

The incorporation of repcated filtration and clarification proced
(4, 13) is quite effective in reducing the persi cytopathog
virus in formalin-treated materials (contained in aggregates), but may
have an adverse effect on the over-all potenacy. This appears to be
true especially of the Saukett strain, which is not only more sensitive
to bath ultraviolet and formalin, but appears relatively more sus-
ceptible 1o removal from solution when inactivated or partially in-
activated ) d or d virus solutions are filtered (7).
The other 2 strains (Maboney and MEF-1) are affected likewise, but
10 a Jesser degree.

The manufacturing expertence under the revised requirements
{14) indicates that a safe vaccine can be produced with some sacnifice
of potency by using formaldehyde imactivation incorporated with

repeated filt extended fo Idehyde . and i d
safety testing. Statistical analyses of the results point out that, even
though safety and i y bave been established, the safety tests

(both tissue culture and cortisone monkey) must be the final critical
line of appraisal (15).

Poliovirus Vaccine Safety Testing

Even before the development of the reliable large-scale combina-
tion inactivation method for poliovirus, it was found necessary te
develop a consistent method of testing for the nonviability of the
pohovirus in i 1. At first (September 18, 1953),
tissue culture safety tests used for the preliminary studies were car-
ried out in monkey kidney cell {(MKC) tube cultures (0.5 ml. vacene
samples in at least 10 tubes held for 10 days and observed daily}. No
subcultures were made, but any cell degeneration observcfl was
coufirmed as positive or negative for virus, On January 13, 1951 this
1est was extented to consist of 40 tubes (20 ml. tested) beld for 21
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Table J11. Eagly vaceine lots produted by the wse of formatdebyde mactvation

aloge are compared in parallel safety tests with and without serum in the medmm.

No sperific virus inhubition in these tests can be attnbuted to the presence of the

serom. Note that in vacemes 1, 3 and § the majornty of positives otcar at 21 days or
later, J. Tmmunol. (19).

Summary of positive tissue cultare safety tests on trvalent pools

Ne Bottles Pusitive at {days)
Vecane| No. Bty Yedm 9 - I
R et * 1 14 £ k1]
1 17 059 Calf seram. ° ) 3 ° 1
1 No seram 0 1 1 ° 21
2 1" 0.5% Calf serum. o 4 0 0 1,2,3
17 No servm ° 8 1 ° 1
3 n No scrum ° 2 3 2 2
3 2 050 serum 1 1 [ 0 2
L H l 52 0 5% serum ° 0 4 ° 2,3
L L
vty are dered. Note the multiphicity of strains found and

the length of time required to demonstrate them. Most of the positive
cultures were found at the time of the 14. and 21-day subcultures,
but in vaccine 5, positives were not observed before the 21st day
subcultures and in vaccine 3, the majonty of the positives occurred
in the 21- and 28-day subcultures. The multiphcity of strains appear-
ing in these vaccines is especially noteworthy. In 4 cultures of the
31 found positive among 160 on test, more than one type of virus
‘was recovered. This finding is not improbable on the basis of chance
alone However, when one considers that the origwal strain pool
tests Were negative, it invites speculation on the possibility of inter-
type reactivation. Possibly certain conditions could permit reactiva-
tion of “inacuvated” particles or the multiple strains observed could

bly sxise from the sup ion of some cells by more than
one partially inactivated particle, It is known that the exposare of
susceptible cells to two or more inactivated viruses sometimes results
in Live progeny (56, 57). It 18 difficult under comparable conditions to
design experiments to test such a posubility because of the very low
incd of such The ph

of delayed plaque
appearance described sbove due to prior treatment of the virus with
formabun s also in the picture and 1t would scem advisable to exercise
theutmost precaution in the design of the safety teat for poliovirus (58).

1 Virslogy, VaL1
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1. Safety Tests on Materials Inactivated roith Formaldehyde Only

Of 469 strain pools inactivated with formaldehyde alone (October
1954 - October 1955) for periods varying from 7 to 17 days, the strain
pool type was recovered in all cases where positives occurred. Con-
sidered as a group, the total percentage of tests with positive 21- or
28-day subcultures was: Type 1, 15,5%; Type II, 17.2%; and Type
111, 11.59%. Some of these also showed earlier positives in the same
serres of test cultures, but if those tests showing only late positives
(21st day or later) were considered, the percentages were lower but
still very mignificant: Type I, 9 tests or 6.1%; Type II, 15 tests or
8.6%; and Type III, 5 tests or 3.4%. In other words, a total of 29 of
the 469 stramn pools would have been considered negative for virns
and carried into trivalent vaccines had the 21- and 28-day subcultures
not been run (19). This late demonstration of living virus in formaln-
treated suspensions both mono- and trivalent is coupled with the fact
that the more prolonged the formaldehyde treatment the more
delayed the appearance of the cytopathogenic eflect becomes (Frgure
2 of Reference 20). This is confirmed also when the data from these
tests are expressed as the number of effective bottles positive at the
time of the weekly subcultures. In this case, all tests were considered
as terminated with the appearance of the first positive bottle (Table
5A of Reference 19). The percentage of positive bottles first observed
in each test decreased from 8.27 on the 7th day to 5.28 to 2.32 10 1.08
for the 2nd to 4th weeks, respectively. In 30 of 2777 cases, the 1st
posmves were detected in the 28th day subcultures. Thus with the

d formaldehyde t up 10 a total of 21 days, delay
the appeﬂrance of positives was observed to at least 28 days. The
corresponding trivalent vaccines also showed a similar delayed cyto-
pathogenic effect with the highest mstance of st positive bottles
(2.94%,) appearing 1n the 21st day subeultures. In this case only
0.449% of the positives was evident by the 7th day. Each of these
vaccines was prepared from strain components that had appeared
inactive on the prevouis mdividual stram pool tests. {Alsa 28 days
plus subculture.)

The combined results of the total tissue culture safety testing of

5 of the early trivalent vaccines which were found to be positive are

summarized 1 Table IIL. No specific virus mhibition 1 these tests

can be attnibuted to the presence or absence of serum (19} when the
babl

s of pl q and vi i in cell
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cedure of the cortisone treatment and intraspinal inoculation has
further increased the sensitivity of the ammmal test (10, 11, 12).
However, no positive monkeys have been encountered on our produc-
tion lots since the mtroduction of the prolonged tissue culture safety
test, using adequate test volumes, for all strain component lots prior
to their inclusion 1 trivalent vaccmes.

Filtration in the Inactivation Procedures

The additional fil duced into the process
to achieve “consistency” (9, 13, 41, 60) were justified as bewg ne-
cessary to establish the “lhcoumal projection”. It was also stated
that duffe in filtration prac and tech 1 details of the
application of the onginal process to manufacturing were responsible
for certain inconsistencies 1n the commercial vaccines. There is little
question but that the filtration can contnbute to the obtaining of
consistently negative safety tests. However, its mtroduction as an
expedient measure did not acknawledge the probable major source of
the difficalty.

Although repeated filtration (I3) and the combined inactivation
process {18) were introduced simultaneously, the results indicate to
us that the latter was the more important change. On a limited scale
n the laboratory (18}, it was possible to mactivate unfiltered polio-
virus tissue culture fwd with the combined treatment. Aliquots of
the same matenal treated in all other respects by the standard forma«
Tin procedure (9, 14) were umformly positive, In additio
zepeated £l do not el the delayed cy
effect observed for formalin-treated paliovirus and other virnses {2 o).
This would indicate clearly that the removal of occluded virus
(“sokid phase”) by fltration resolves only part of the difficulty,
Prolonged sacubation of tissue culture virus suspensions with formal.
dehyde alone praduces a progressive increase 1n the size of particnlates

(39) whach can be shawn pb ically {42). The imp of this
pbenomennn and the problem of aggregates in general 1s shown by
dai hed from this la} y such as the

following: A gample (600 ml) of 2 poliovirus preparation that still
abnmd an occasional positive bottle on safety test after 17 days of

1dehyd was angle centrifuged at 6000 X graviry
for 2 hours, The upper portion of the fluid from each tubewas removed
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2. Safety Tests on Materials Inactivated with the Formaldehyde-Ultra-
violet Combination Method.

In these Jaboratories, after October 1955, all poliovirus for the pre-
paration of vaccines was inactivated by the combination process (18).
In July 1956, the quadruple ultra.fine sintered glass fltration was
replaced by double Seitz filtration. These changes, both in the in-
activation process and degree of filtration, resulted in a dramatic
reduction in the number of inactivation failures. Furthermore, while
the over-all number of positives is small, there is clearly less of u

d for the apy of late positives. This was anticip
since it bad been shown that the combined treatment resulted in a
significant decrease in plaque delay time associated with an equivas
Jent degree of inactivation achiesed by formaldehyde alone (18, 20).
This s clearly ill din the data d d in Table 5 of Beard-
rore et al. (19). Of 7727 bottles tested beyond 14 days, only 1 positive
‘was observed. In contrast, the earlier materials treated with formalde-
hyde alonehad 132 positives among 4085 bottlesin test beyond 14 days.

These data indicate the importance of wiilizing an extended
observation period beyond the 14-day subculture (14) for the tissae
safety test.

3. Safety Testing in Monkeys.

The inadequacies of the original monkey safety test have been
reviewed (59). However, it is stnking that many of the positive vac-
cines were detected by this procedure (13). With nonformalinized
pohovirus it can be d d readily that tissue culture methods
are a thousand- to a millionfold more sensitive. Unpublished experi-
ments, done in this laboratory, indicate that this difference in sensiti-
vity {monkey vs. tissue cu)zme) diminishes progressively during the
process of formaldehyde i ion. Type I poliovirus was tr:ated
to “base line” levels with f ldehyde and i lated into key
and tissue cultures simultaneously. The residual activity can be
detected equally well in the two systems at this stage of inactivation.
We cannot resolve at this time whether the demonstrable change in
relative sensmvlty is due to particulated material or the delayed
cytop: Tt is i ing to speculate that in
vico condiuuns are more conducive to the unmasking of occluded or

hemically d ged virus. The i duction into the original pro-

B
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basic working tools, but 1t has been our experience that different
serum preparations give varying estimates of potency on the same
series of antigen preparations. Thus, at present, uncontrollable va-
riables negate companson of results from test to test if the serum lot is
changed. The tests that depend on measuring the level of antibody
response in a imuted group of animals (including the standard monkey
potency test) are inadeq ford day use because
they reflect too greatly the varymg xequmse potential of the test
animals at different times and under different conditions of nmmmn,
health, previous i etc. The most p g have
been those procedures employing graded dose, particularly the guinea
pig assay suggested by GARD (69). This test 13 of particular value for
experimental work since gumea pigs do not respond differentially to
active or inactive pol. Unfor ly, the relatively ngh cost
of gumea pigs and the difficulty of mamtaining large numbers under
crowded conditions makes use of adequate number per dose imprac-
tical for process control.

In July, 1955, a senies of experiments were undertaken to compare
the responsiveness of a number of readily avalable laboratory ani-
mals to active and mactive pohiovirus. In the course of this work, 1t
was found that 7- to 21-day old chicks responded well and umformly.
Since then, baby chicks have been used extensnvely 1 this laboratory
for the eval of 1 on pol antigen
and have proven sa!ufactory m every regard (21) They are readdy
available and mexpensive, large numbers can be confined in 2 small
space, and most standard breeds are highly inbred and genetically
uniform. There 13 a difference in responsiveness between breeds and
the so-called “egg-breeds” (e. g., White Leghorns) give lower levels
of antibody than the “meat-breeds” (e. g, barred Rocks) (70). Eather
a smgle moculation or multiple inoculation schedule may be used and
optimal bleeding time is about 5 days following the last dose, or even
carlier 1n the case of a single dose. We have found 1t most convement
to gacrifice the birds and collect blood directly from the eht Jugular
vein.

Recently the American Drug Manuf: Association and the
Division of Biologice Standards, of the National Institutes of Health,
have been engaged in a large-scale cooperative evaluation of the use
of baby chicks on an antigen dilution type potency test for poliovirng
vaccine, This program seems to be giving quite promusing data and
‘may well result in a revision of the current potency requirements.
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carefully and pooled. The lower portions were also pooled and the two
300 ml. samples safcty tested in parallel on 6 MKC bottle cultures
each. The fluid from the upper portion of the tubes was completely
negative, while the lower portion showed 4 positives after a prolonged
incubation period. This cycle sequence in the centrifuge would sedi-
ment particulates the size and density of rickettsia and larger, but
not monodispersed poliovirus, Parenthetically, particles of this order
of size (rickettsia) could contain possibly 1000 virus particles. Parti-
culates of this type are illustrated in the electron micrograph shown
in Figure 4. It is of interest to note that these agglomerates measure
approximately 250-350 my and were obtained by centrifugation of
polio vaccine immediately following ultra-fine sintered glass filtration,
These results were instr 1 in the incorporation of the centri-
fugal clarification into the combined process (18).

Filtration during the course of inactivation, as is currently required
(14), has certainly contributed to the safety of the commercial
vaccines, However, the Saukett strain, in particular, is more readily
removed by filtration and is also more susceptible to both formalde-
hyde and ultraviolet inactivation (7, 18), The current question of the
possible inadequate potency of recent commercial vaccines may well
be a result of the i d fil when bined with prolonged
formahn tr Thus, the “adequate margin of safety” (9, 41)
claimed was achieved eventually, but at the expense of the potential
potency of the vaccines. That s, i ing the filtration requi
without consideration of all aspects of the mechanisms involved in
the inactivation procedures may have resulted in a safer but less
potent vaccine.

Potency Testing of Poliovirus Vaccine

bined f Tin-ul et i
ravolet

In the develop of the
tion procedure, the Jack of a truly quantitative and consistent method
of estimating potency was a senous handicap. Many tests have been
proposed which are based on graded antibody response, or on the
509, response level to graded vaccine doses in animals (53, 61-69),
or on the in tiro estimation of antigen content by either complement-
fixation (70) or antibody-combining capacity (71). .

These methods have all been investigated and were fol.u‘ad in-
adequate for our purpose. The in titro procedures are promising as
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Table I, Effect of thumerosal o infectmity of poliovirus type If (MEF-1 stran)

T. C. (MKC) Tuters After Holding At 36°C. For:
0Days 2Days 4Days 6Days 8Days

1 Varus Alone 55 46 38 31 32
2. Plus 1 5000 Thimcrosal 46 Trace Neg  Neg  Neg
3 Plus 110000 Thumerosal 52 35 Neg  Neg  Neg
4 Plus } 20000 Thimerosal 49 42 Trace Neg Neg
rather to d d d products, the fq ion of which

4

was catalyzed by certain metallic 1ons (e. g., copper). If lughly punified
thirerosal was used and a chelating agent also added, then the
degradation was greatly retarded and a satisfactory shelf-life for the
preserved poliovirus vaceine zesulted Several manufacturers, there-
fore, continued to use thimerosal in their product, but also added
dihydro-disod hyl diamil ic acid® to chelate ca-
talytic heavy metals. If this procedure 1s followed, it is imperative
that only freshly prepared thimerosal be used, otherwise degradation
products may already be present.

As soon as the cause of the vacane instabiity was found, we
undertook an ig: 1n search of al preserva-
tives The most sumitable proved to be punfied and recrystallized
benzethonum chloride*® (74). This compound, when used i con-
centrations ranging from 1:20,000 to 1:100,00015 an efficient bacter.
iostatic and fungstatic agent and does not decrease the stability of
the poliovirus antigen In fact, we have stored active poliovirus,
Type I, for uver 18 months at refrigerator temperature in the presence
of 1:10,000 benzethonium chlonde with no loss of mfective tater.

Summary and Conclusions
1. The culti of pol on 1 of trypsinized
monkey kidney cells when compared with suspended cell cultures
yields harvest fluids with greater quantities of virus and contains
1/5 %0 110 the total quantity of extraneous monkey cell protein,

: Trade-mark pame+ Versene; Versencs Inc., Framingham, Mass,
* Teade-mark name- Phemerof, Patke, Davis snd Co , Detroat, Mich.



158 McLean/Tayror
Preservatives for Poliovirus Vaccine

The first requirements for poliovirus vaccine specified the use of
0.01%, thimerosal® as a preservative since multiple dose containers
were to be used for the field trial ines, Following ¢
and use of these lots in the trials, it was found in this laboratory that
even after short periods of storage a serious loss of potency had
occurred. This effect was most marked with the Type I component,
parncul:xxly if at any time the product had been held for a period above

perature. The deleterious effect was more prominent
wnh lots prepared on trypsin cell monolayers because of the lower
extraneous protein content of these materials. On stability studies
with certain of the field trial lots, we found that a detectable drop in
potency for Type I occurred after 2 weeks of storage at 4-8°C. and
almost all of the Types I and III antigen were destroyed after a day
or two at room temperature. As soon as these findings had been
firmed (41) the specifications were changed making the use of a
preservative optional. However, a large amount of vaccine already
prepared for use in the contemplated 1955 studies was lost.
It was impossible, at this late date, to assess the effect of the
inclusion of thimerosal in the vaccine on the results of the 1954
Field Trials. The different lots of vaccine were used after varying
periods of storage and the manner 1n which they were handled in the
field also was extremely variable. Certainly, in all cases, the results
would have been more uniform if the potency had not been degraded
to an undetermined degree by varying storage time and handling.
The mercurnal preservatives are potent mactivators of pohovirus (72)
and eather it had been considered that possibly the thimerosal might
be added at the same time as the formaldehyde in order to assst in
the mactivation process. Table IV ill the effect of thi ]
on the infectious titer of Type II poliovirus. With the 1:10,000
concentration (employed as preservative in early vaccines) no in-
fectivity was demonstrable after 4 days. Similar results were obtained
with Types I and IIL Thus, one might speculate that the use of
thimerosal as a preservative in the early vaccines may have coatrib-
uted to the inactivation as well as the loss in potency.
Tt was later demonstrated (73) that the potency loss observed in
the vaccines was not due to the effect of the thimerosal directly, but

ion

€ prep

¢ Trade-mark pame: Merthiolate; Eli Lally and Co, Indianapolis, Tnd.



Experiences 1n the Production of Polioviras Vacemes 161

Association (December, 1957) that: - “Three years of increasingly
widespread use of... {Salk) polio vaccine have coincided with un-
precedented reduction in reported cases of pobomyelitis (in the United
States). A p larly low d and low paralytic rate are the
outstanding features of the 1957 season.™
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2. Departure from a Linear relation obviates the use of inactivation
rate titrations as an indication of the time required for total inacti-
vation of the virus in the production of vaccines.

3. Formaldebyde-treated poliovirus shows a unique delay in the
imtiation of cellular infection when it is inoculated into susceptible
tissue cultures. This effect influences the results in both titrations and
bottle cultures used in safety testing.

4.Careful analyses of theinactivation rate curvesrevealed that there
are at least two, possibly more, distinct stages in the formaldehyde
inactivation of poliovirus, Quite probably a combination of chemical
and thermal reactions is involved. Theoretical and practical implica-
tions are discussed.

5. Controlled ultraviolet irradiation of poliovirus fluids results in
the loss of the major portion of the virus activity and produces a
marked increase in the itivity of the virus to chemical inactivation.

6. Ultraviolet irradiation, when used in combination with formalde-
hyde for inactivation, reduces the characteristic delay in cytopatho-
geme effect due to formaldehyde treatment,

7. A consistent and reliable bination inactivati d
(formaldehyde-ultraviolet) for the production of vaccines was evolvzd
within the imuts of the regulations. Compared in potency and anti-
genicity with previous products (formaldehyde only), the product was
shown to have at least equal, in most cases greater, stability and anti-
genic potency in both animals and humans. Theoretical and practical
aspects are discussed.

8. Develop of, and the practical utiization and i
of, a rehable tissue culture mfe!y test was found to be dependenz
upon the gration of fund: 1 facts regarding the i
of the inactivati dures (for ple, the unique delay in

cytopathogenic eﬂ'ect produced by formaldehyde-treated viras).

9. A 28-day tissue culture safety test in bottles, subcultured at
‘weekly intervals (total test penod 35 days), was developed and, when
used with the bi dure, no positive safety
tests have been detected in more than 200 strain pools produced
(over 6200 tested culture bottles).

10. The use and effectiveness of preservatives for polomyelitis
vaccines are di d and d.

1. In lusion, the over-all effecti: of peliovirus vaccina-
tion on = large scale appears to have been firmly eslabhshed ConrieLr
reported (75) to the 11tk clinical session of the American Medical
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INFLUENZA, 1957
A VARIANT AND THE PANDEMIC

By KEITH E. JENSEN, FREDERICK L. DUNN,
and ROSLYN Q. ROBINSON

“. . The one great feature of nfluenza which has not been manifested in. ihe periad of
effective research 13 the major pandemsc Unul the natural hustory of such an eprsods has
been elucidated, st will be smpossible euther to understand the schole influenza situation or
10 devase measures to mamumizs the effect of a subsequent pandemic " (BOURNET, 1950)

I. Introduction

The 1937 pandemic 1s the first since the development of virology
s a szence. Tools and concepts, which were unknown at the hme of
the 1918-1919 pandemuc, have provaded virologsts and emdemolo-
gists with unparalleled opportumties for study of a unique pheno-
menon, After almost 25 years of laboratory experience with etiologic
agents of influenza and development of diagnostic and control meth-
ods, ideal conditions suddenly were presented. Concepts developed
{rom studies of mfluenza and of 1ts etiologic agents have been success-
fully applied to problems n a wide range of communicable diseases,
but the erucial test in a pandeoue situation had not yet been carried
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INFLUENZA, 1957
A VARIANT AND THE PANDEMIC

By KEITH E. JENSEN, FREDERICK L. DUNN,
and ROSLYN Q. ROBINSON

%.. The one great featurs of 1nfluensa which has not been manifested 1n the prriod of
effective research is the major pandemic Until th natural history of such an eprsode has
been elucidated, st will be 1mpossible exther to understand the schole snfluenza situation or
to devise measures to minimuze the effect of  subsequent pandemic ™ (BURNET, 1950)

1. Introduction

The 1957 pandemic is the first since the development of virology
as a scrence. Tools and concepts, which were unknown at the time of
the 1918-1919 pand have provided virologists and epidemiol

gists with unparalleled opportunities for study of a unique pheno-
menon. After almost 25 years of laboratory experience with etiologic
agenta of influenza and development of diagnostic and contro! meth-
ods, ideal conditions suddenly were presented. Concepts developed
from studies of influenza and of 1ts etologic agents have been success-
fully apphed to problems in a wide range of communicable diseases,
but the crucial test in & pandemic situation had not yet been carried
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out. There was a sense of urgency in many minds, therefore, that full
-

advantage be taken of all ilabl q knowledge, and
facilities 1n prompt and rational action {Bunngy, 1957).
When 1t became app that demie infl could be

P
expected again in 1957 on the basis of laboratory and epidemiologic
intelligence, personal memones of the 1918 disaster burned brightly
and for some people there were moments of panic. The world will not
soon forget that series of cpidemics whith gave meaning to the word
“pandemic” as infiuenza swept through country after country.
Almost everyone who 1 at Jeast 50 years old today can remember the
influenza which attacked half of the population of the world, Freqn-
ently they can recall 2 death in the family or in their circle of friends
as the world death total mounted to more than 20 millions. Since that
time, however, the disease usually has been so much mulder that it
has often been confused with colds and i inal upsets.

The AfAsian strans of influenza virus have produced a true pan-
demic since their first appearance in China in February, 1957, This
pandemic has fulfilled the requirements set forth by Frost (1919):
“The special ch istics of infl pandemics are their wide and
rapid extension, their high attack rates, and their great effects upon
general mortality rates.” While the mortahty rates bave been affected
strikingly, they do not approach those of 1918-1919. Furthermore,
there are significant differences in the age distribution of fatal cases
for the two pandemics Epidemiologically, the 1957 pandemic
resembled the pandemic of 1889-9) far more than that of 1918-19.
Curiously enough, seralogical studies suggest that the virus responsi-
ble for the disease of 1889-91 may be rather closely related to the new
stran antigerscally (MULDER, 1956; JENSEN ET AL., 1957; Daven-
PORT, 1957a; BocER AnD Liv, 1957)

At this time we cannot hope to present more than a partial re-
counting of the enswing actwvities in the fields of virology and epi-

demiology which took place during the pandemic and are still con-
and other ication media have

tinuing. Newspap
kept many persons wiormed concerning the early history of the
pandemic, but a more complete picture is now available and will be
delineated in the witial sections of this report. The plan has been to
present a review of the epidemiological aspects first and then to
describe studies with the vital agents. Later sections are concerned
with problems of vaccine production, standardization, and evn}m-
tion. Throughont this commuaication the reader should be advised
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that we cannot attempt a comprehensive reviews it is our intention
only to present a progress report based on information which has
become available to us.

11. International Spread of Asian Strain Influenza
The summary p d below was piled from inf i

recerved by the Influenza Survellance Umt of the Communicable
Disease Center, U, S. Public Health Service. Much of this information

1s prehminary and, m some cases, fi y. Sources of inf i
included. Personal from many auth World
Health Orp ion Weekly Epidemological Records; Foreign Epi-

demiological Summaries of the U. S. Public Health Service; Morbid-
ny and Moxtahty Repom, U S. Nanonal Office of Vital Statistics;
fl Reports; dispat-

ches from tbe ma)or wire services.

The precise pownt of ongin of the new strain of type A influenza
will probably never be determined. It is reasonably certan, however,
that the first outbreaks occurred in the hinterland of China (Taxc
AxD LIAKRG, 1957). The disease was first reported in Kweichow pro-
vince near Kweryang at the end of February, and by the first week of
March 1t had spread into Yunan province. By the middle of March
the new strain was reported to be prevalent all aver China. Asian
strain viruses were isolated m Peking, Chang-Chia-Kow, Lo-Yang,
and Changehun, An iwolate forwarded by TaNG 1o the Influenza
Centrein London was identified as a typical Asian strain (PAYNE, 1957).

Early in April the disease appeared 1 Hong Kong m epidemic
form, perhaps carried there by travellers from the mainland of China,
Soon after the onset of the Hong Kong epidemc new epidemics were
reported in Taiwan, Singapore (L1 ET AL., 1957), and Borneo, Al-
though the virus was introduced at this time into Japan, an epidemic
did not immediately take place in that country. Virus isolates obtain-
ed from these early epidemics and charactenzed in several labora-
tones (MEYER ET AL, 1957; JENsEN, 1957a; Daveneort, 1957;
Isancs, 1957; HaLE, 1957) alerted the world for the posability of a
new pandemic.

During May many add;tional countries of eastern Asia reported
epidemic influenza, in most cases confirmed by wirus isolation,
Malaya, the Philippines (TAYBACK AND REves, 1957), Sarawak,
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North Borneo, Australia, Okinawa, Guam, Cambodia, India, and
Indonesia were affected during the month. In some cases it was
possible 10 identify ships or aircraft, bearing passengers and crewmen
with influenza, as the means responsible for the ission of the
disease to new countries, Opportunities for transmission, however, were
i ble and far more 1 g d than were d

No amount of quarantining could have prevented the spread of the
disease, During late May a number of cases of confirmed Asian
strain influenza were reported among travellers from the Far East
recently arrived 1 the United States. By the end of May two of the
earliest epidemic arcas, Hong Kong and Bomneo, reported a marked
subsidence of the disease.

In June at least 24 countries of eastern and western Asia, East
Africa, and Europe were affected for the first time. A distinct west-
ward pattern of sprcad was apparent in Asia as the disease moved
from Burma and India through Pakistan into Iran, Iraq, Saudi
Arabia, Bahrein, Yemen, and Aden (Fawbny, 1957). At this time
Moslem pilgruns bound for Mecea were knowa to have played a role
in the transmission of the virus westward from West Pakistan, Late
in the month the disease jumped the Red Sea to Eritrea and Mozam-
bique on the east coast of Africa. A number of confirmed cases arrived
in the Netherlands from Indonesia by ship and aircraft, and Romania
and Czechoslovakia reported outbreaks during the month. Ceylon
and Korea became involved, and the United States and Alaska
reported freq new i d and localized outbreaks. By the
end of June most of the countries first experiencing iafluenza in May
had passed their epidemic peaks and reported declines. Japan reported
an eprdemic peak in mid-month, principally involving school children.
The epidemics in Taiwan and Singapore were at an end early in June.

In July major spread occurred in the Middle East where Syna,
Jordan, Lebanon, Kuwait (GUTHRIE CT AL., 1937}, and Afghanistan
were affected, and in eastern Africa where French Somalifand, Sudan,
Egypt, and South Africa became involved. During the month declines
frora epidemic peaks occurred in Thaland, Laos, Vietnam, Burma,
and Korea. Slow di ination of the virus c d in the United

N PR L B DU )

Latagiiases s 1 . - . )
characteristically mild illness in camps, military installations, and

institutions of vasious types. In Australia, which was first affected in
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May, the vast size of the land and the scattered population perhaps
contributed to the relatively slow buildup of the epidenme. Some
areas were little affected even at the end of July. New Zealand re-
ported the first outbreaks during this month and reports began to
come to the World Health Organization from the widely scattered
islands of the southern and western Paaific regton.

‘Without any proven sources of introduction epidemic Asian strmn
influenza appeared dramatically m South Amenca early in July.
Bolivia and Ecuador were the first countnies to report epidemics, but
by the end of the month Chile, Colombia, Panama, and Mexico were
also affected. The epidemics i Chile (Houser, 1957) and Bolivia were
particularly severe and widespread, while the ies nearer the
equator were apparently less heavily affected. Qutbreaks in such
&verse places as southern Italy, Greenland, Mauritis, and New-
foundland appeared before the month was over, demonstrating
strikingly the jmportance of modern means of transportation m
spreading the infection around the globe.

The month of August saw continuing epidemic dechne m the
Middle East and eastern Asia. Epidemic influenza was on the upswing,
however, in the rest of the world. In Scuth America, as the Chilean

pidemic gamned A and Uruguay also became
heavily involved. Later 1n the month British Guiana, Peru, southern
Brazil, Trinidad, and, in Central America, Costa Rica and El Salvador
reported outbreaks or epidemics, Puerto Rico noted the onset of an
epidemic late 1n the month that was to sweep the island with great
vigor during September. Europe and North Amenca reported thexr
first true epid The d of i into southern
Ttaly 1 July Jed to the first country-wide European epidemic in
August and September. In the Umted States, the first major com-
munity epidemil d m several > states 1 early
August, Elsewhere in the world many new islands of Oceania were
affected during August, and in Africa, Kenya and Tanganyika jomed
the other epidernic countries of the east coast. The interior of the
pparentl d free of infl as the disease jumped
to the west coast (to French West Africa, Senegal, Nigeria, and the
Ivory Coast) during the month.

September was charactenzed by massive invasion of Europe,
North Amenca, aud northern South America. Only Libena joined the
Liet of epidemic countries in Africa. Except for Egypt, the north coast
remained Dittle affected while across the Mediterranean influenza

13 Virelogr, VoL 1
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swept through Italy, Sicily, and flared up in Switzerland, Belgiom,
Greece, France, Poland, Bulgaria, and Portugal. England (Braprey,
1957) and the Netherlands began to experience an increase in the
weekly number of cases after several months of sporadic eccurrences.
During September it was learned that outbreaks earlier in the sum-
mer in Yugoslavia and R, ia had been confirmed as due 1o the
new Asian stram. While the countries of the sonthern half of South
America veported the ends of their epidemics, French Guiana, Suri-
nam, northern Brazil, and Venezuela were in the midst of epidemics
during September. G 1a, Hond and a number of Caribbean
islands were also heavily involved during the month. In the United
States and Canada, with the opening of schools, influenza rapidly
became widespread, Canada, like the United States, had noted in~
creasing sporadic illness and a few local outbreaks during the summer
(Lossing, 1957).

By late September the Middle East and eastern Asia were virtually

free of epidemic Asian gtrain influepza, In Auvstralia decline was

PP after a prol d epid which eventually affected all
states. It js of 1nterest that Israel, relatively isolated from contact with
the rest of the Middle East, only noted the onset of an epidemic during
this month when the other countries of the area were reporting de-
clines or absence of influenza.

October was a peak epidemic month for Europe and North Ameri-
ca. Virtually every country of Europe reported the onset or peak of an
epidemic at some tume during the month, The Scandinavian countries,
as a group, were the lust to be affected. The USSR apparently ex-

a wid d during October also, although

jously isolati from poradic cases had been reported from

vanaua parts of the country. An A/Asian strain isolated near Moscow

in May was made available for study m July at the Influenza Center
for the Americas.

The epidemics or outbreaks in the Caribb inued with some
vigor but mwost South American countries were free of epidemic
influenza by this time, Only Paraguay, geographically jsolated,
became affected for the first time during this month. In Africa, as in
Sonth America, the epidemic areas rcported declnes by Jate October.
Ghana and the Belgian Congo were the only west coast countries with
active disease at the end of the month, and most other African areas
were epidemic-free, the north coast had still reportedly experienced
little more than sporadic jllnesses and outbreaks.

p
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In Asia, only Japan reported epidemic Asian strain influenza
during October. Japan, a northern Asiatic country, had experienced
an epidemic of app sizeable proportions during the spring while
most other areas of the northern hemisphere remained free of the
disease, This first epidemic reportedly peaked in mid-June and had
ended by mid-July. August was an influenza-free month but in
September influenza again began to be reported and within a few
weeks a sizeable excess mortality had built up. Reports indicate that
hundreds of schools were aflected. It is not yet clear whether this
ucond wave of Asian strain influenza (the VIrus has been identified

ly from both epidemics) has affected p dy those indavi-
duals who were not attacked in M:;.-June-]u!y (tbat is, a =plit epi-
demic), or 1f this represents a true second wave with a high proportion
of reinfections. Preliminary studres suggest that reinfections may be
relatively rare (Kosiya, 1957). No other country has reported such a
second wave of influenza although certain communities in various
countries (West Pakistan, Lebanon, Ecnador) have described second
outbreaks, In none of thesc areas have the necessary virus confirma-
tions been made, however, as they have in Japan. In late October
even Antatetica was struck by febrile respiratory illness in epidemic
form with the arrival of spring supply ships.

November was & month of epidemic decline in almost all parts
of the world. North America and Europe were clearly less beavily
involved than in October. No countries reported new cpidemics or
sccond epidemics, and it eeerned probable at the end of the month that
the pandemic was dying out. Every continent and almost every
country and major island had experienced epidemic influenza by the
middle of November. Ouly a few isolated 1slands and remote countries
had not reported outbreals. In Africa a large portion of central and
north Afnea had remained apparently unaffected. It is very likely,
however, that lack of reporting rather than non-oecurrence of influen-
za 13 responsible for most of the gaps in the records. A final analysis
of the international spread of the new strain will not be possible until
many months have passed after the end of the pandemic.

If any generalization can be drawn from this type of discussion
and review, it1s that season has been the most important determinant
of the dustribution of the new strain of influenza, During our spnng
and summer the pandemic was clearly restricted to the southern
bemisphere where the winter scason was in progress, The countries of
Europe and North America, and even northern South America, were
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not affected until the arrival of fall when suddenly and dramatically
an upsurge of illness took place. How much this seasonal correlation is
related to school attendance patterns is not clear at this time, In the
United States the onset of the epidemic correlates well with the
opening of the schoals regardless of the climatic variations from state
to state. Conditions of crowding have also contributed to the pattern
of epidemics this year, Clearly, where crowding is prevalent, attack
rates have generally been higher and spread has been more rapid.
While crowding has been an fmportant determinant of attack rate
and rapidity of epread it has not, however, affected distribution of the
disease in the final analysis, for virtually every corner of the world
has been affected regardless of population density, These points are
claborated further in the next section which is devoted to influenza
epidemiology.

I11. Epidemiological Notes

Asian strain influenza affected virtually every major country in
the wotld within six months after the disease spread from the main-
land of China to Hong Kong. The virus was disseminated extensively
around the world within three months, however conditions were not
ripe at that time for epidemic influenza to occur 1n many of these
countnes. The spread of the virus through Europe and North America
during the summer months set the stage for epidemic disease with the
arrival of the fall senson. The six-month period required for world-
wide epidemic spread contrasts with the eleven months or more
retquired for a roughly similar degree of spread in the 1889-90 pande-
mie. The 1918-19 pandemics, in tetms of time required for epidemic
spread, stands somewhere in between the other two pandemics
considered here. The effect of increasing human mobility upon increas-
ing the mobility of disease has never before been so dramaticnlly
demonstrated. Dozens of outbreaks in previously unaflected areas in
the early weeks of the pandemic could be directly traced to passengers
and erewmen of air and surface vessels recently arrived from epidemic
regions.

As an epidemic disease, influenza was largely confined to the
southern hemisphere during the winter and fall scasons of that half
of the globe. With the arrival of fall in the northern hemisphere the
epidemic disease shifted to the northern hemisphere. In 1889 there
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£a1l invol

was a similar of in the northern
hemisphere with southward spread vpon the arrival of fall in the
southern hemisphere, From March or April on, however, the seasonal
pattern was not as evident, In 1918-19 a northern-southern hemis-
phere seasonal pattern was Jess appatent for the world as a whole,
although the greatest epidemies in Evrope and North America took
place in the fall and early winter. In the epidemics of inter-pandemic
penods the seasonal pattern conforms fairly well, Epidemic influenza
rarely oceurs 1 the summer season of the respective hemispheres,
Epidemics in Chile or Argentina ase apt to oceur in the fall and winter
wmonths of April through August, just as they occur between October
and February in Europe and the Umited States. Season is often
distinct from chmate, of course, and factors other than weather, per se,
are involved. For example, epidemics: were reported in the United
States with the arrival of the fall season regardless of the chmane
character of the state, Arizona, Oregon, New York, Florida and
Hnois exp d epidemics almost sl sty Tuis ing
to speculate that scasonal 1ation of epidemic infl is in some
way related to the length of day, the factor which makes the word
“season’ meaningful i many parts of the world. Although some
studies of this nature have been 1 progress for several years, there 1s
great need to further our understanding of varied host susceptibilities
as they relate to physiclogical changes resulting from eavironmental
differences 1n various seasona.

At least sn the United States, the fall season also comcides with
the opening of schools, and 1 1957 school epidemics Very often broke
out {regardless of the geographic area of the scheol) within twe to
three weeks after the school opened for the semester. Schools in the
United States are often crowded institutions and, as mught be expect-
ed, experiepced hugh attack rates. Crowding was everywhere in-
criminated as a major factor contributing to high attack rates, whick
were generally high m 1957 as they have been m all pandesucs,
Crowding also contnbutes to the speed of spread of the dusease
through an area but it does not affect the ultimate distnbution of the
disease. It became evident 1 1957 that spread could occur very
zeaddy even in the absence of intense crowding, This is amply sup-
ported by analysis of the details of the mternational spread of the
chscase. Many jsolated areas of low population density were affected
as readily as the meore populous regions, although they were usnally
nat affected as early in the course of the pandemiec.
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not affected until the arrival of fall when suddenly and dramatically
an upsurge of illness took place. How much this seasonal correlation is
related to school attendance patterns is not clear at this time, In the
United States the onset of the epidemic correlates well with the
opening of the schools regardless of the climatic variations from state
to state. Conditions of crowding have also contributed to the pattern
of epidenucs this year. Clearly, where crowding is prevalent, attack
rates have generally been higher and spread has been more rapid.
While crowding has been an important determinant of attack rate
and rapidity of spread it has not, however, affected distribution of the
disease in the final analysis, for virtually every corner of the world
has been affected regardless of population density. These points are
elaborated further in the next section which is devoted to influenza

epidemiology.

II1. Epidemiological Notes

Asian stram influenza affected virtnally every major country in
the world within six months after the disease spread from the main-
land of China to Hong Kong. The virus was disseminated extensively
around the world within three months, however conditions were not
ripe at that time for epidemic influenza to occur in many of these
countries, The spread of the virus through Europe and North America
during the summer months set the stago for epidemic disease with the
arrival of the fall season. The six-month period required for world-
wide epidemic spread contrasts with the eleven months or more
required for a roughly simular degree of spread in the 1889-90 pande-
mic. The 1918-19 pandemics, in terms of time required for epidemic
spread, stands somewhere in bhetween the other two pandemics
considered here. The effect of increasing human mobility upon increas-
ing the mobility of disease has never before been so dramatieally

d d. Dozens of outbreaks in previously ffected areas in
the early weeks of the pandemic could be directly traced to passeagers
and crewmen of ait and surface vessels recently arrived from epidemic

regions.
As an epidemic disease, influenza was largely confined to the

southern hemisphere during the winter and fall seasons of that half
of the globe. With the arrival of fall in the northern hemisphere the
epidemic disease shifted to the northern hemisphere. In 1889 there
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experience, also have fewer chances for infection due to decreased so-
cial mobility,

The disease was clinically mild wherever it appeared. Onset was
ususlly sudden, and the three-to-five-day course was rarely complica~

ted. B heless, the 1957 pand bad a pi effect on
1 i In many ies excess mortality due to
infl and p da was d with some precsion. A

reporting system incorporating 108 major aities in the Unites States
provided weekly data for the U, S. Public Health Service. Excess

bty due to infl andp: iabegan 1o Tise at the heginn-
ing of October, peaked in 889 deaths for the week ending November
9, and declined to a nearly normal level (about 400 deaths per week
at this season) by early December. Thus the epidemic was reflected by
excess mortabty for a period of about ten weeks for lhe nation as a

whole. Dunng this pertod the esti d number of i
ed deaths for the Umted States was m excess of B 000, This excess
may actually have been ded 10 several i d

experienced 1n the United States during the past several decades
This represents a considerable increase above seasonal expectancy
but 15 only a emall fraction of the total number of deaths which
occurred 1n the United States as a result of the 1918-19 pandemic.
Dunng the same period the United States National Health Sarvey
estimated that approsimately 80,000,000 persons became 1ll duting
the epidemics. Thus represents a S0 per cent attack rate. For compara-
tive purposes, 1t has been recorded that probably 50 per cent of the
world's population had been 1ll by the end of the 1918-19 pandemic
(VAN ROOYEN AND RutonEs, 1948).

The age distrihution curve of mortality was Usshaped—highest
rates 1n young children and old persons, a3 1n 5l previously studied
eprdemics or pandemics except that of 1918-19, In that pandemie
there was a marked increase in young adult mortality so that a
‘W-shaped curve of age specific fatality Tates (CoLurns, 1931) resulted.
Maost plications have been p: OF the the
laxgest proportion bave been p l, at Jeast in the United
States. Only about 10 per cent of reported influenza-associated
pneumonia cases 1 the United States have been stapbylococeal. The
vast majonty of the pneumoma deaths, however, have been 10 dns

"‘,amﬂl p ia group, The p
prewmonias have, in general, renponﬂea very wen to antibiotic
therapy. A small number of sterile influenzal pneumonua deaths have
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Just as in 1889, ¥918, and in many lesser epidemics; military
camps, children’s eamps, youth conferences, penal and medical
institutions experienced consistently high attack rates. These close-
contact groups were often affected well before the general populanun
in the same area, Attack rates, & % of the type of p
averaged higher than in & doubtless a result
of very high susceptibility of alt populmons in 1937, As in previous
pandemics, urban areas wers generally involved hefore rucal areas,

Foverty could often be associated with high attack rates in 1957,
and in sinular fashion high mcxdence was experienced i certain

lations with social ing in fly large b
uf close multipersonal contact.
Ag in previous epidemics and pand no clear-cut important
differences in xmde and female susccpnbﬂity were detected in 1957,
Nor were any d in racial bility di d although

attack rates in a number of counmcs were higher in one racial o
culmral greup than another. In all such cases a readiy apparent
in ic or social ditions between the two groups

could beoffered as thelikely explanation of the diffe inattackyates.
Age-specific attack rates dttermmed for several majot epideruics

in the Umted States closely resemble those for 1918 and other smaller
epidemics. From maximnm attack rates ranging from 50 to 75 per
ecent among children of school age the rates decline on the one hand
to about 20 to 40 per cent in the pre-achool age groups and on the
other hand to 10 10 25 per vent i the adult age groups, with the
lowest age-specific attack rate m the oldest adults. It is probable
that both factors of close association (1. e. crowding in schools, school
busses) and those of prior immunslogieal expentence (Francs, 195333
DAVENPORT ET AL., 1953} underhie these rates. It secms likely that
elements of anmunity may play the more muportant role amonyg the
adults, while factors of contart may be deminant 1 determining the
attack rates for schocl-age and younger children. If immwunologic
prior experience were the only factor detesmining age-speatfic attack
rates, the rates would be expected to be highest in the youngest
children, and Jowest in the oldest adults, The actnal curve, however,
while Jowest among the oldest adults, is also low tn the under-six age
groups. This can be partially explamed by the fewer opperinmties
for contact that are available to pre-school children than for children
of school age. It should be pointed out, of course, that the oldest
aduits, who p:csumab]y bave had the greatest amount of immusologic
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that these characteristics include at least three factors; (1) a novel
antigenic structure, (2) resistance to physical stresses encountered in
transfer from person to person, and {3} virulence, i.e. ability to
produce disease when infection is established. The dynamics of the
interplay of these factors are by no means clear, but it1s evident that
antigenic differences alone are not sufficient to produce widespread
disease. Other variants which have heen isolated in recent years have
been antigenically removed from the previously prevalent forms but
large-scale epderics did not occur. Some of these appeared to
transfer readily because they were obtained from many parts of the
world. In addition to the vanability in antig; p among
strains or virus isolates (JExsEN, 1957h) differences mn resistance to
inactivation by physical and chemical stresses have been noted
(Brropy, 1950), Attempts to compare the virulence of strains for
laboratory animals and tissues are uften recorded In this section we
will diseuss some of the observations made with these agents which
antigenically form a new group within the type A, and have been
designated as Asian or Far East.

A. Antigemic Relationships

One of the most kable achi in modern p

mediane was the prompt recoguition of the viral wsolates from Hong
Kong and Singapore as being type A variants with immunologically
sigmficant differences (MEYER ET Av., 1957). These conclusions were
reached with relatively few tests; confirmation came as rullions of
new cases developed. This can be seen as the logieal and fruntful
application of many ad: in und; ding of the igeni
relationships among influenza viruses [JENSEN, 1957b). The Promised
Land of efficient control by ummumzation may net yet he in sight,
but the early proneers in this field must feel a sense of satisfaction
and the novices are thrilling to the chase.

Even before the first vaccine trials many investigators yeahzed
the iwp of atquiring fand L inf ing the
extent of antigeni ions among infl Viruses (ancxsvmn
Macrir, 1938; Sarre AND ANDREWES, 1938), As 13 often the case with
infectious agents, these viruses comprise several distinctly different
sntigenic groups and subgroups Each of the isolates obtained from
wfluenza cases in humans and swine during the last 26 years conteins
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been reported, and an even smaller number of influenzal eomplica-
tions or influenza-related deaths have been due to myocarditis and
encephalitis, Only one of the infl 1 phalitis deaths reported
in the United States had been confirmed as due to the Asian strain by
early December (McKek, 1957). Several others, however, were
suspect on strong epidemiological grounds.

In the United States considerable evidence has heen gathered
(LANGMUIR ET AL., 19583 DUNN ET AL., 1957) on the pattern of spread
of Asian strain influenza through the community. In general, the
first reports from new commumties referred to school children.
Usually the high school children (13-18 years) were attacked first.
Vanous explananons have been oﬂ'cred for this now well-documented
fact but no pletely ion has yet been forthco-
ming, A few days after the high Eclmol children first became ill in a
given Yy el y school (child aged 6-13 years)
absenteeism beg:m o rise, szt cases amung the adult and pre-school
groups apy d soon thereafter, but the epidemic peaks
for these groups followed those of the school children by one to two
weekas, This impression 1s supperted by data from an industrial
absentee reporting system which was established by the U. S, Public
Health Service in cooperation with industries in 36 cities of the
United States. Industrial absenteeism rose one to two weeks after the
onsets of school epidemics in many of the cities, Excess mortality
was the last index of the eprdemic to rise and fall. This lag is probably
attnbutable to several factors among which could be: 1) the duration
of illness before death, and 2) the time required for the disease to
spread from the adult population to the infants and oldest members
of the family, who are in general the individuals in any family with
the smallest number of close daily contacts with other members of the
family. At the same time they arc most likely to develop a fatal
complicating illness when attacked by influenza. It will be interesting
to learn whether the same pattern of spread through the community
was observed in other countries.

IV. Virology

The earliest epidemiologic and lab ry i
i L
that the variant infl viruses p d all the
Recessary to produce a pandemic. It has been evident for some time
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influence the course of an epidemmic in vaccine trials (FRANCIS ET AL,
1947). Since that time data sumilar to those described for the PRS set
have been obtamned with the type A virnses 1solated during the years
1946-57. Thus set has been called A-prime because, although they
were selated to the older viruses, there was a major difference in
antigenic constitution. Each of the A-prime 1solates shared antigens
with the result that vaccination with any of these strains often
produced an antibody response in humans which was detectable with
all members of the set. The FM1 strain 1solated 1n 1947 {Rasuussen
ET AL, 1948), is a prototype virus of this set (JENSEN, 1957¢). This
FMI set of straims had been prevalent until early 1957. A majority
of the world’s population probably had been immumzed 1n some
manner with these agents because almost all sera examined recently
contained detectable niters of antibody with the FMI stram. The
emergence of a new set of type A viruses was therefore a predictable
event.

There have been many difications of within
the FMI set. Isolates obtamed dunmg the years since 1948 from sur-
veillance laboratortes collaborating with the World Health Orgam-
zation Influenza Program (PAYNE, 1954), have been exammed at
Influenza Centres in London and elsewhere with the purpese of
detecting si changes in . TIsolates for-
warded from these laboratornes during 1950-51, 1953-55, and 1956-57
were conspicuously different when compared 1n cross tests with ammal
sera (Isaacs ET AL., 1952, JENSEN AND FRANGCIS, 19535 HiLLEMAN,
1954; Jenser, 1957c). Compansons of antihody responses i humans,

i

however, indicated that 2 d of that de were
probably not of major immunologic sigmificance, although the com-
position of vaceines was changed repeatedly to contam recent isolates
(Davexport AND HENNESSY, 1957).

A change was apparent early 1 1956 when viruses obtained from
Holland, Canada, the United States, England, India, Hawan, and
elsewhere were found to be different from strams circulated 1 pre-
vious years Members of this group were designated the “Dutch 56
viruses (Issacs AnpD ANDREWES, 1956). They were obviously still
within the FML set of type A stramns. Epadenucs which vccurred m
Japan during December, 1956 were caused by representatives of this
group. Taflnenza cases were reported durmg January through Aprl,
1957, 1n many parts of the Umited States, Europe, and Asia, and all
isolates obtained were closely related antigenically to the Dutch 56
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nnngcns which relate it to one of four types, termed A, B, €, and D,
A d following infection or other antigenic experiences
are type- spccxﬁc~ each type is unrelated immunologically to any of the
other three groups. Amang the strains of type A many differences of
major or minor degree can be detected (JENSEN AND Francrs, 1953;
JENSEN AND PETERSON, 1957). Recently it has been suggested {Jex-
SEN, 1957a; ANDREWES, 1956) that what has occurred within the
type A viruses could be likened unto variations on four themes. The
new theme is heralded when a mutant with survival advantages
arises and becomes prevalent, Thus, {our sets of type A V‘u’use! have
emerged thus far, each with anti; position sufficiently diffe-
rent from the preceding sets so that the annbody-prepared host
popnlz\tmn is not immune to the new variant.
C g logical evid has been lated that straing
of the swine set probably caused pandemic influenza in 1917-19
(LarpLaw, 1935; Snore, 1936; DAVENPORT ET AL., 1953). Representa-
tive strains from this set possibly first appeared a few years before the
1918-19 pandemic, and 1t 1s evident that they were predominant until
at Jeast 1922-23, At that time a new set may have originated. Very
few persons who began life after 1923 have a detectable antibody titer
against the swine strains (DAVENPORT ET AL., 1955). Instead, many
of the people born during the years 1923 to 1933 may have had their
first experience with a strain closely related to the WS variant. The
epidemic experiences in 1928-29 probably were due to members of the
‘WS set of strains, The WS strain isolated in England in 1933 is some-
what antigemcally removed from the type A strains recovered from
Ppatients in succeeding years (BUurNET, 1937; JENSEN AND PETERSON,
1957). This was the first virus of human influenza to be studied and
other agents from that era are not available. Durmg xhc years 1934
10 1943 a large number of isolations were obtai , and
although many variations were observed, all the viruses were anti-
genically within a set of which the PR8 strain can be considered
prototypic. This fact was clearly demonstrated in the first experi-
ments where protection was afforded by vaccination (Framcrs,
1953b). Later delineation of the patterns of antibody in sera from
various age groups supports this conclusion, as well as do the results
of various antigenic analyses of strains (DAVENPORT ET AL, 1953;
JenseN anp FraNcrs, 1953).
Another major antigenic change among the A viruses came in

191647 and was recognized primarily by the failure of vaccination to
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and recently epitomized by DAVENPORT and HENNESsY (1956, 1957)
83 the “Doctzine of Original Antigeme Sin.” In brief, antibody
responses are often conditioned by previous experience with antigens
of related strams The anubody-forming mechanisms may be stimu-
Jated to increase the of ibody with the
speaific coding engendered by particul genic mosatcs of viruses
encountered many years before, perhaps dunng the first experience
with influenza strams of that type Data from studies utilizing anti-
body-absorption from sera by vanous strams have supported this
hypothesis {JENSEN ET AL., 1956).

One of the most interesting observations concermng the relation-

ship of the Asian viruses to previous influenza viruses and first
reported by MuLper (1957) is that sera from people who are 70
years or older often contain HI antibody agamst Asian 1solates.
Furthermore, anti-Asian titer increases have been found n sera from
this age group after mjections of type A vaccines which did not
contain an Asian virus (MuLDER, 1957; Daveneort, 1957; Bocer
anDp Lry, 1957) These reports are of particular terest hecause this
is good evidence that viruses prevalent during the time of the 1889~
90 pandemic contaned antigens which are shared with these most
recent A strains The incidence of HI antibody titers against Asian
variants was less than one per cent in pre-epidemic sera from persons
in the age range 0 to 70 years. There were a fow younger people
with speafic antibody agamst this set, however, before it became
prevalent thus year. Tt 13 possible that they had experienced an anti-
genic stimulus with a vanant which shared antigens with the Asian
et viruses, but a more probable expl: 19 that these individ

had formed a less specafic or more broadly reactive antibody than 1s
the usual case 1n response to previous experiences.

B. Virus Isolation Methods

The isolation of the Asian vanants from throat washings by
amuwotic inocul of 1l-day embry eggs was readily ac-
complished by laboratories with skl in these procedures. Several

investigators reported better than 90 Per cent virus recovery rates
from patients d d b logical

p to have been
infected. On the other hand, negatwe results were often obtained by
varnous lab with k ds of speci which had been
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strains, The last isolates of this group obtained to date were recovered
from a localized outhreak during June, 1957, in Canada,

Influenza oceurred in China during late winter-early spring of 1957,
but it was not until spaf were ived in April of an
epidemic jn Singapore that action was initiated and isolates were
obtained for study, Animal antisera prepared with a wide variety of
influenza viruses did not react with the new isolates. Antisera from
previous human cases did not neutrahze the virus, but results of
complement fixahon tests identified the new agents as iype A.
Sernm from animals immunized with several of the new isolates did
not react with older viruses, Serum from people whe had been
repeatedly vaccinated recently with different type A variants like-
wise did not neutrahze nor inhibit the new viruses. There was no
doubt that a new get had appeared and preparations were initiated to
follow the spread of these agents. At first the set was called Far East
or Singapore 57, but by July the term Asian was generally agreed
upon to designate this group of A influenza viruses. Since then, until
the time of this writing (December) over 200 isolates have been sent
to the International Influenza Center for the Americas and, with the
exception of six type B straing, all were closely related to the first
strain studied, AfAsian/Jepan/305/57. The FM1 set apparently has
been completely replaced by the Asian set just as the PR8 set dis-
appeared when the FMI set began its period of prevalence.

The antigentc relationships of Asian strains to earlier forms of
type A are most definitely illustrated from results of complement
fixation tests with convalescent phase serum from humans or ferrets.
The reaction can be demonstrated either with extracts of infected
tissues containing “soluble antigens™ or with the viral anugens in
fluids from infected embryonate eggs or tissue cultures. Even with

the more specific } lutinatron-inhibition (HI) techrique, cross
reactions may be geen with certam human sera. In routine serologic
tests to detect infections with Asian strzin influenza many laboratories
have reported a diagnostic rise 1 antibody titers measured in HI
tests with older stramns such as AfDenver/1/57 or PR8/34 with or
without a comparable increase observed against the Asian strain.
These reactions were obtained with serum specimens from patients
whose throat washings had yielded Asian-like viruses. It must be
assumed, therefore, that these patients produced antibody which
may be more Teadily detected with an older strain than with the
recent variant. The phenomenon is similar to that previously observed
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| gglutinin  titrati I dsorp ly provides a
more sensitive testing procedure for infl uudmwhlbc lop
ication to other virological

Monkey kidney cultures have been demonstrated to be of value
in studies with influenza viruses (TAKEVOTO ET AL., 1935; MocaBGAR
ET AL., 1955; HENRY AND YOUNGNER, 1957). There is some question
yet as to the relative efficiency of the chick embryo and monkey
Lkidney systems as isolation media for influenza viruses. Mocancas
has reported (1957) satisfactory results with Asian strain antigens
Produced in monkey kidney cultutes for HI and CF techques.

Several i g: have been in seeking more rapid
means of diagnosis than the two to #1x days routinely required by
isolation of the virus in eggs. Detection of CF antigens in nfected
t1ssues can occur within the first 24 hours after inoculation, but it is
not often attempted. Smears from nasal swabs and washings will give
speaific staining with fluorescemn-labelled antihody (Liv, 1956), and
this procedure, as well as that descnbed by GOLDWASSER AnD
SneparD (1938) with stamed complement are currently being eva-
luated m several laboratories as to their efficacy in diagnosis of
wfluenza

C. Serology

Quantitation of the number of cases of wfluenza 1 an epidemic
13 dependent upon data developed as a result of lab
tions of materials obtained from patients. Procedures which are
necessary for virus isolation are expensive and time-consumng so
that methods designed to measure the incidence of antigenic exper-
ience are superior when diagnosis of infection 13 to be attempted with
alarge number of panents, Routine serologic tests for mfluenza are

the b inkubation (HI) aud compl fixatron (CF)
methods. Although standard p have been described (Com-
muttee on Standard Serological Procedures in Influenza Studies 1950,

WIIO Exput Comnunee on Inﬂuenn 1933 JENSEH, 1956), many
icularlywiththe HI test.

Antibody which combines with lhe varal particles to prevent
gglutination of erythrocytes by the virus can also be measured 1n
\he antigen-antibody umon which fixes complement. There are,
however, other antigen-antibody complexes detected in the CF test
which are not apparent in HI tests. These conclusions are drawn
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improperly obtained or not shipped under ideal conditions. Many of
the suspect materials must have been from patients suffering from the
non-influenzal diseases which are so difficult to differentiate from
influenza on clinical grounds (DincLe Anp FELLER, 1956). The
difficulties encountered were typical of those which ordinarily attend
attempts at infl virus isolati Often iotic fluids from
njected embryos did not contain sufficient concentrations of virus to
permit detection with erythrocyte suspensions, but when these fluids
were inoculated into a second group of eggs, the hemagglutining could
be demonstrated. Many isolates agglutinated red blood cells from
guinea pigs and humans more readily than those from chickens in the
first few transfers in eggs in a manner similar to that frequently ob-
served in the past with type A viruses (BurNET AnD BuLi, 1943;
Brrony, 1950).

One of the most ing innovations described during this
epidemic is the “Adsorption-hemagglutination test for influenza virus
in monkey kidney tissue culture” reported by VocEL AND Surrokov
(1957). These investigators have found that monkey kidney cultures
grown in monolayers and maintamed in tubes in the usual media
often support the propagation of influenza viruses from throat
washings, Their method of detection 13 umque because the phenome-
non of hemadsorption is utilized. Erythrocytes from guinea pigs,
chickens, sheep, monkeys, and humans have been tested, aud the
guinea pig cells appear to be most satisfactory. The reaction is viewed
under low power of a mucroscope. When positive, characteristic
patterns are formed with the red blood cells firmly attached to the
cell culture sheets. It is very striking to find individual tissue cells
with “rosettes” of the erythrocytes, and chains of erythrocytes may
be formed near groups of tissue cells. This reaction can be demon-
strated in some cases as early as 24 hours after inoculation of the
tissue cultures. Tubes which are negative at that time can be incuba-
ted for several more days with the red blood cell suspensions and
periodically examined. When the positive reaction is demonstrated,
the cell sheets are harvested and homogenized for transfer of the
agent into additional cultures. Serologic typing of the viruses can
be plished by specific inhibition of h d ion with immune
sera. The method is being evaluated in several laboratories and
promising results have been reported. Often cytopathic effects of the
influenza viruses are duficult to detect in tissue cultures and the
production of hemagglutination can be too limited to permit usual
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Vibrie cholerae cudiures {vAN per YEEN anp Murprs, 1950}, tryptic
dagestion (SAmPA10 AND TsArcs, 1933}, and oxidation with periodate
solutions (BURNET anp Lisn, 1953). Severa) dufferens pon-specific
inhibiting substances are found in sera, and the evidence indicates
that they are lysacchandes and proteins., T of
seya with vibnio filtrates (sometimes referred to as RDE or receptor
destroying enzyme) or trypsin will result in the destruction of in-
hibntors (mucoprotein} which combine with many strains, but these
methods have not been of value in handling the problem with non-
specific nbibitors which uaite with the Asian isolates.

In current experiences, satisfactory results have heen obtained

vathay date method in ing pecific inhibitory materiala
from ferret, chucken, and human sera. The “ammal-lure” strains of the
Asian set were 1 ptible to the 1nhibi which can be
destroyed by pers The method which has beer

ded is a modifi of tbat first deseribed (BumNer avp

Lo, 1954), and consists of mixing one volume of seram with 1wo
volumes of M{90 patassiam periodate solution 10 distified water. This
mixture is held at 4° C overnight {16 to 18 bours). It 3s important that
the perodate solution be freshly prepared. At the end of the incuba-
tion penod, a volume of one per cent glycerol-sabine (pH 7.2) equa)
to that of the periodate volume 15 then added to reduce the excess
periadate. This technique has been routinely successful 1 many
Yaborateries and dors nat affect the titer of specific antibody (Robin.
SON ET AL., 1957).

The methods 1y employed at the Infl Center for the
s et

and ded to eollaborating lab ies and other
state and diagnostic service agencies, are essentially as outlmed
previousty (JENSEN, 1956). A standard HI test procedure for labor-
atomes i the Americas is 10 test varying dilutions of serum wath four
hemagglutinating unts of virus, allowing 30 minutes for incubation
at room temperature before adding 05 per cent suspensions of
chicken eryfhrocytes, The volumes ordimanly employed are 0.25
o for the serum and for the virus suspension and 0.5 ml of the yed
cells, Tests are read after 45-60 minutes at room temperature dursog
which time the edlle wnntde T dhamatariadin ganias, wad du e,
ddution of serum which causes inhubition of hemagglutination 1s
t2ken as the endpoint and titer of the antibody 1n the serum. The
complersent fixation procedure followed uses two optimal units of
sntigen and complement with an overnight fixation period at 4°C,

28 Viookoor, Yol g
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{from observations that the antibody response is more specific in
HI tests than in CF tests, and in some cases significant increases in
antibody can be detected with the CF test which are not demonstrable
with the HI technique. This raises the question as to whether varia-
tion among strains, in their affinity for antibody, may not account
for some of these differences. It is well known that the activities of
some isolates are more readily lized by specific antibody than
are other viruses which are closely related antigenically (Hirst, 1943;
VAN DER VEEN AND Murper, 1950; Isaacs ET AL, 19525 MuLDER
ET AL., 1956). Work with the viruses first isolated during the Asian

epidemics made it clear that some did not measure antibody responses
lization tests following iZ from the

in HI or in ovo
disease while significant differences in antibody titers were seen with
the paired sera in CF tests with the same viruses. With other viruses
from the same epidemic the production of antibedy could be demon-
strated. The phenomenon was first called P-Q phase variation by
VAN DER VEEN AND Murper (1950) and has been under investigation
for some time. Extreme examples of Q-phase condition were found
with some isolates. Sera from ferrets or humans who had been infected
recently with those varjants showed an antibody response measurable
in HI tests with related stramns but net with the infecting strain.
When these viruses were transferred serially in ferrets and mice and
subsequently in eggs, the strange antigenic behavior is lost (Isaacs
ET AL., 1952; JENSEN ET AL., 1957a). Several of the viruses obtained
from the Asian epidemic have been s0 manipulated in the Jaboratory
1o eliminate the Q-phase condrtion. One of these, the AfAsian/Japan/
305/57 strain, after transfers through four eggs, one ferret, three mice,
and then in eeveral additional eggs, was shown to be over 60 per cent
more efficient in HI test diagnosis of cases than the virus whick had
been passed 1n only a few eggs. The animal line of Japan/305 was adop-
ted as a standard Asian virus for production and distrbation of diagno~
stic reagents from the International Influenza Center for the Americas.

Another vagary of the hemagglutmation-inhibition test is that
ific ishibition b; Is in sera which combine so

of P Yy
effectively with certain jsolates that serotyping identification can

not be carried out. Diagnostic rises in specific antibody concentrations
are obscured (VAN pEr VEEN anp Morper, 1950; HiLLemay ano
WerNER, 1953; JORDAN AND OsEasonn, 1954). It is necessary to
find means of removal or destruction of these inhibitors and three
methods have had routine use. These are: digestion with filtrates of
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With a group of 496 cases diagnosed by either method, it was found
that the CF test more frequently led to a diagnosis than did the HI
technique. In only 260 cases were the results of both tests posttive.
As it will be noted from inspection of the data, only one or the other
of the tests was positive in the remaining 236 cases and this was more
often the CF method. A group of investigators directed by Houvser
(1957) has reported a similar observation and their data indicated
that some of the daffe might he ble to variation in the
period of time elapsed between the collection of the first and second
serum specimens, and that the antibody detected by CF tests probably
increased in some cases more rapidly or earlier than that measured in
HI tests. This suggestion s being investigated further in several
laboratories.

V. Sero-Epidemiology
In every eprdemic there are individuals whe experi infe
without evident disease, Many projects have been imtiated therefore
to learn the effect of the passing epidemics on antibody patterns in
different age proups (HENNEssY ET AL, 1955). Hypotheses and
concepts which many investigators are testing were formed from
results of studics combinmg the serological and epidemiological
procedures. One of the questions foremost in the minds of many
people in the ficld of public health concerns the incidence of clinically
napparent infections dunng the 1957 pandemic. Preliminary data
ate already available from a few sources,

During August 1957 a major community-wide epidemic of Asian
strain influenza occurred in the United States in Tangipahoa Parish,
Lowsiana, This was the first Aman strain-epridemic to involve the
general population in North America. It is of interest that schools
were open at the time of the epidemic in ths parish while they were
closed in most other parts of the country. An extensive epidemiologic
study was imtiated, the results of which have not yet been pubhished
{DONN ET AL, 1958). As a part of this study surveys were made
during the fall to obtan information on the serological attack rates
for comparison with the attack rates recorded by epidemiologic
techniques (CAREY ET AL., 1958). The largest samples were obtained
among children of high school (13-20 years) and elementary school
(8-14 years) age.
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before addition of the hemolytic system. Endpoints and titers are
read as the greatest dilution of serum which zesults in fixation of
compleraent so that not more than an estimated 35 per cent of the
sensitized sheep red cells are lysed, For this test veronal buffer is the
diluent and volumes of 0,1 m] are used of antigen and serum, 0.2 mi
complernent, and 0.2 m! sensitized sheep cells. Antigens for use in
both H1 and CF tests which have been prepared and distributed to
T ing lab ies were all ic fluids harvested from embryo-
natc egga mfected with ene of the following strans: A/Asum/Jayan/
305/57, A/Denver/1/57, and B/CL/1739/54. The Denver/57 js an
isolate from a February epidemic in Colorado, U. 5. A, (MEIstEI0DN,
1956), and closely related antigenically to the Dutch-56 viruses, and
the B/GL strain, fsolated ot Great Lakes, Hlinois in 1954 (Seax, 1954)
is prototypic of all recent type B jsolates. Over 30 fitess of these
materials were dispatched in the early months of the epidemic in the
U. 8. A. Typing scra also distributed for use in HI tests with isolates
obtamned in vanous lab ies were prepared in adult chickens by
1t and peri 1 injections of allantoic fluids from
infected eggs.

Results of serologic tests have been reported to the Center by
many of the State Health Lab and other investig:
collaborating with the World Health Organization infiuenza program
(JENSEN AND HoGAN, 1958). It was of interest to learn the compara-
tive efficiencies of the HI #nd CF tests a9 compiled from the data
submitted where hoth methods had been used to test pairs of sera.
The information available at this writing is sutmmarized in table I.

Tabls f. Compasative Rates of Serologic Dragnosis* by Complement Fixation or
Hemagglutination Inbbition Tests

Test Methed Number  Per cent

Tota] cases disgnosed by either test 496 100.0
439 88

Total cases dsaguosed by complerment fixation
‘Total cases di d by b a 6.0
Cases positive by both teats 260 524
Cases positive by complement fixation only 173 360
Cases positive by hemagglutivation-inhbation only 57 s

* Convalestent phase scrum containing at least four times as much antibody as
found in the acute phase veram,
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With a group of 496 cases diagnosed by either method, it was found
that the CF test more frequently led to a diagnosis than did the HI
technique. Tn only 260 cases were the results of both tests positive.
As it will be noted from inspection of the data, only one or the other
of the tests was positive in the remaining 236 cases and this was more
often the CF method, A group of investigators directed by Houser
(1957) has reported a similar observation and their data indicated
that some of the diffe might be attributable to variation in the
period of time elapsed between the collection of the first and second
serum specimens, and that the autibody detected by CF tests probably
increased in some cases more rapidly or earlier than that measured in
HI tests. This suggestion is being investigated further in several
laboratories.

V. Sero-Epidemiology

In every epidemic there are individuals who exp infe
without evident disease. Many projects have been initiated therefore
to learn the effect of the passing epidemics on antibody patterns in
different age groups (Hewwessy Er L., 1935). Hypotheses and
concepts which many investigators are testing were formed from
results of studies combining the serological and epidemiological
procedures. One of the questions foremost in the minds of many
people in the field of public health concerns the incidence of elinically
inapparent infections during the 1957 pandemic. Prehminary data
are already available from a few sources.

During August 1957 a major community-wide epidemic of Asian
strain influenza occurred in the United States in Tangipahoa Parish,
Louisiana, This was the first Asian strain-epidemic to involve the
general population in Nerth Amenca. It is of interest that schools
were open at the hme of the epidemuc in this pansh while they were
cloged in most other parts of the country. An extensive epidemiologic
study was 1nitiated, the results of which have not yet been published
(Duns ET AL, 1958). As a part of this study surveys were made
dunng the {all te obtain information on the serological attack ratea
for comparison with the attack rates recorded by epidemiologic
techniques (CAREY ET AL., 1958). The largest samples were obtained
among children of high schoal (13-20 years) and elementary school
(8-14 years) age.
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Sera were obtained two to threc months after the epiderics
occurred. Tests were carried out by the hemagglutination-inhibition
test previously described. The distzibution of antibody titers in scra
from 298 high school children is presented in table I1. Almost identical
results were obtained with sera from 131 elementary school children.
From examination of these data it can be seen that at least 88 per
cent of those in the sample considered to have had clinical influenza
by the simple questioning technique used, bad actually been infected
by the Asan strain virus. The samples for the two school age groups
have been shown to be representative of the larger school populations
sampled n the epidemiologic study. It has thus become apparent
that the very high attack rates among school children in the parish
(60-70% or more, depending upon the school) recorded in the epide-
muelogic survey were probably accurate, The serological data show,
furthermore, that subclinical infection, while present, was much less
common than clinical infection (Table ITI),

Table II Distribution of I Tati Inhibition Antibady Titers in Sera
from 298 High School Cluldren
Tuter with Tilness (Toral 191) No Tintsa (Totah 101
sian/Japan/305|  Number Per Cent Number Per Cent
21 110 52 9.6
2 1.0 0 00
7 37 3 2.8
4z 222 18 168
65 310 21 19.1
I 23.0 1z 2
10 53 1 0.9
c0 0.0 0 00
L

Table II1, Summary of Sero-Epidemiol E: of Tangi] Pasisk High
School Chuldren (Total 298)

Seralogically Detected Tnfections

InBaenza Detection Rates
Not PexCent  (Total 223}

Number Per Cent

Method Tofected Tnfected Tnfected
i 5.3
3t 223 75 750 Chinieal lea 7!
Fon? 642 Subchinical 53 231

Fpidemiologically 191 107
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In the group which had not reported an illness there were ap-
proximately 50 per cent who had heen infected as shown by specific
antibody titers. Distribution curves of antibody titers for those with
subclinical and chnical 1llness were vartually identical. Among those
with signi antibody after the epid a sub-
clinical infection rate of approximately 25 per cent was found. Ounly
25 per cent of the total population sampled had not developed anti-
body detectable by this test.

These results are believed to be representative of expenences in
comparable age groups in the United States. Additional studies are
underway with compl phng of ities 1 an effort to

ine rates of anti . and illnesses in all age
groups. Tt 1 of interest to point out that the ratio of chnically appa-
rent infections was much higher in this study than in those previously
measured. For example, it was shown by the Commission on Acute
Respiratory Diseases (1918) at Fort Bragg, North Carolna in a type
A eprdemic in 1913 that app Iy 79 per cent of sexologicalk
proven wnfections were clinically inapp This differs signifieantl
from the 25 per cent inapparent infection rate found in the high
school children this year. Undoubtedly the antibody in many of the
acute phase sera of soldiers in 1943 influenced the clinical course of the
infections. Some observations relating to virulence of epidemic
influenza have been reported, but the principles underlymng the
phenomena have not yet been elucidated (Francrs, 1953a),

VI. Vaccine

The immediate reaction in public health quarters in the U, S. and
Isewhere to news of an approaching infl idemic with unlk

virulence potential was to imtiate steps necessary to provide specific
immunity by vaceination, The rationale was very clear; there are no
other effective means of control; no specific therapy for cases has
been demonstrated of value and there have been 15 years of frmtful
wvaccine field trials cond: d by the C ission on Infl upder
the auspices of the U. 5. Armed Forces Epidemuologic Board, as well
as studies by other groups in England and elsewhere (Francss, 1953).
Early reports from authorities in the Far East indicated that per-
sonzel yecently vaccinated with the old formula vaceines apparently
bad not derived any protective effect when challenged by this year's
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epxdemxc situation. This was very reminiscent of the 1947-48 ex-
P when ination did not noticeably affect the course of the
first FM1 set epxdenuc (Francs, 1933b), because the vaccine did
not contain suffi ities of antigens domi in the new set.
There was need, therefore, to utilize one of the new antigenic variants
obtained from the Asian epidemics in new vaccines.

Rapidly formed opinjon in the U. S, A. concluded that vaccines
should be produced as quickly as posslble 6o that these luc]oglcs could
be used on a scale never before ipted; the incid of
against this variant was extremely low in the general populanons
The task was to obtain larger quantities than ever before so that 60
million doses might be available in a few months. A very dramatic
race thus developed between production and use of this vaccine and
the advent of widespread epidemics in this country.

A. Production

In the United States six pharmaceutical companies are Licensed

to market infl ines and these companies began pilot studies
upon receipt of the new variant late in May. Although certain tnde
secrets are kept by theac compani ing various

prucesses, the basic methods are similar and each product must meet
specifications established by the Division of Biologics Standards of
the U. S. Public Health Service. Mnimal potency standards are set.
Furthermore, each Jot must pass requirements of bacteriologic and
toxicsafety, and no infectivity should remain in the viral suspensions as
determined by inoculations of embryonate eggs. There is some question
as to the imp of this latter spec:fication as a safety p i
becanse 1t is g Iy believed that jnfl illnesses do not result
from the parenteral injections of fully active virus.

The greatest problem in zll cases 1s to obtain good concentrations
of virus in allantoic finids pooled from eggs infected with new isolates.
It was found universally that very low titers were obtained with the
first Asian isolates. Various maripulations were tried in rescarch

3 of the panies in efforts to increase the yields,

cludmg rapid transfers of the agents in eggs, incubation of the eggs
at different temperatures and for various periods of time, use of eggs
from different breeds of chick and of the eggs with
cortisone (KILBOURNE, 1957). All resulted in no significant improve-




A Vanant and the Pandesuc 191

ment. The concentrations of virus obtained in production pools were
quly ene-tenth or Jess of thote found with ofd stock strans. Later in
the year otber variants were found which gave much better results
and after muh\ple transfer the progeny of the first isolates were
developed as ion strains. Although the manu-
[ac!uren are not requcd 1o indicase which strain of virus of the
Asian set is used 10 produce the vacane, it is known that the AfAsian
Japan|305/57, AjAsian{ §313/57, wnd AjAsian{Singaporef1{5T
sre most commonly employed.

The teveral methods used 10 concentrate virus from infected fluids
elude among others; P! lution from erythrocytes, differens
al i with ine and alumi
phosphate. Sedxmcntauun of the virus by high speed centrifugation
13 probably the most generally used method of those publicized. There
»s always an effort to punfy the viral suspensions so that less egg
protrins and poneviral materials are tontained in the vaccunes and
thus decrease pyrogenicity and other undesirable reactions. Two
‘methods are used 1o destroy infectivaty without great loss of autigenic
potency, namely by treatment with formalin or ultra-violet Jight,

The potency of mﬁuemz vaccines 1n the final analysis is de(exmm-
ed by the i d in reduoction of cases in i
humans as compared to the number observed i strictly comparable
groups of nonvacrinated persons. There must be other means of
appraising the antigemc potency of varions preparations hefore
farge-scale use, however, and the estimation of virus particle cons
centration appears to he an index of the quantity of viral antigen,
Yere again the capacity of influenza viruses to agglutinate exythroe
cytes 1s utilized to determine virus concentration because this function
18 ot drastically impaired by methody which desteoy wnfectwaty, The
method described by MitLer axp STANLEY (1934) hus been adopred
as a procedure with & degree of preaision for determunng the hemag.
glutinating activity of virus suspentions Results are expressed in
terms of chucken cell agglutioatiog (CCA) units per ml, Upon consulta-
tions with representatives of the vaceine producers during the seeond
week 1 June, 3t was learned that the vitws yield was not as great as
mual!y chtained, and therefore 1t would he difficult to produce
vaecine with more than 200 CCA nnits per ml. Harvested fluids
contained onty 10 10 90 CCA ns compared 10 the 300 or greater which
were usuaﬂy obtam:d with stock strains. It was agreed that a 200
CCA would be prable untsl more potent
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materials could be prepared, at which time the specifications would
be raised to approach the 500 to 1000 CCA vaccmes which have been
successfully used during the past in civilian and military groups in
the U. 8. A. Although the Division of Biologics Standards had requir-
ed in the past that protocols submitted with each lot of vaccine also
include potency tests in mice, such tests conld not be carried out on
the newly prepared Asian vaccine if the material was to be used in
time, and the new vaccine was released on CCA determinations alone.
During June and July the first experi 1 lots of !
{one strain) vaccine at the 200 CCA units per m) level were made
available for studies in human volunteers. Approximately 4 milhon
doses (1 m) given subcutaneously) were produced and released for
nse 1 August, 9 million in September, 17 million in October, and
8 million 1n November. Some manufacturers combined Asian strains
vaccme with that produced with older type A viruses and a type B
strain, and almost 5 million doses of these polyvalent (several strajns)
vaccines were refeased during this time. By the end of September the
manufacturers reported that much greater yields could then be
obtained and a new potency level of 400 CCA for monovalent vaccines
was set to become effective the first of December, During November
over 9 million doses at the 400 CCA concentration were made availa-
ble. In total, approximately 52 mullion ml of vaccine containing the
Asian variants were marketed during the four months of August
through November.

B. Distribution and Priorities.

In early planning meetings 1t was recognized that the demand for
vaccine would far exceed the supply for many months. The question
Ted di

of ibution and establish. of prionty groups within
the population was discussed at length. There were two basic con-
d in all these dehlb arising from the unknown

virulence factors in pandemic influenza. One problem was the public
health aspect of a mild disease with high morbidity rates sweeping
rapidly through the country; the other concerned the need to prevent
jnereased mortality rates associated with similar epidemics in the
past. In the first place, with the strong possibility of high attack
rates with lting disruption of normal ity life, an effort
should be made to immunize certain personnel such as those respon-
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wible for medical services, protection of the community or com-
munication and transportation. From a different point of view,
individuals who are classified as poor medical risks, such as patients
with cardiac or chronic pulmonsry disease Who might more frequently
die from relatively mild infectious disease, should be among the first
to receive vactination The consensus of opinion was that govern.
mental regulation should be avoided nnless ahsolutely necessary and
that the mual jent relationship be maintained. Medical
societies and state and lnca] bealth authorities were advised concern-
ing the use of the vacone. The pharmaceutical compames vo-
lantarily agreed to divide supplies of vaccune as they became availa-
Ble, 1n order that requests might be filled on an equitable basis
among the states.

VII. Vaccine Evaluation Studies

Although many facets of i hylaxis by i izati
with lalled vaccines have been carefully evalnated during the last
fifteen years, such great intercst was stimulated this year that at
least 56 studies by 33 investigating proups in the United States were
initiated during the perdemic. These were reported 1n a survey con-
ducted by the Public Health Service Influenza Research Committee
(Cote, 1957), Several large studies arc in progress in the Armed
Forces (Davexrort, 1958), and industries, as well as a number on a
smaller scale at umversities or conducted by the Public Health
Service and State Health Departments. At least 100,000 persons of
all age groups are represented in the atudies, Special experiments
wnvolve immunization of egg eensitive patients, pregnant women,
infants, aged adults, and persons with chromse pulmonary disease.
Unfortunately, not all of the trials include adequate controls, but
observations of lasting value will surely be made in several expen-
ments with superior design. In the maim, the questions being asked
concern optimal dose of vaccine and method of admimstration to
produce effective reduction 1n number of cases of influenza or most
efficient development of antibody. Some data have already been
collected and will be discussed in this section Details of the experi-

ments will not be given, 'howcver, Pendmg publication of completed
studies by the individual g pprop journals.
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A. Stimulation of Antibedy Producti

The correlation between antibody titers (as determined by neu.
tralization and HI tests) and immunity is such that the incidence of
influenza is greatly veduced in those individuals who possess higher
concentrations of arculating antibody. This does not mean that in
the absence of detectable antibody there 1 no immunity nor that the
development of specific antibody always provides protection, The
trend, however, is obvious, and measurements of antibody stimula-
tion have often served well 1o indicate the effectiveness of immuni-
zation procedures (Frawcs, 1953b; Sark, 1952; DAVENPORT AND
HEennESSY, 1957). Antigenic patcncy tests in humans with the new
Asian strain ines were th indicated as a first step in
evaluating their vseful It was gnized that several unusual
features might influence results obtained with this vaccine, The
Aman set viruses were so different that vacmunzmn wov.dd be the
primary antigenic experi in a vast majority of popul: This
condstion was quite unlike that found in recent experimcnts where
vaccines contained antigens clasely related to the immunologic

datien formed {com previ i {DAvENPORT
anp Hennessy, 1956, 1957; Jszvsmv ET .u.,. 1956) Furthermore,
the viruses used as seed for the production of vaccine antigen had
not undergone extensive lab Y ipulation and fers in
animals, as had the older vaccine strains.

The amount of virus as determined by CCA values contained in the
new vaccmca was less zhnn optima). Nevertheless, results of anima}

i ions ind d that derably more antigen was con-
tamcd in the prcpamhons than the CCA titer suggested. Several
were desh herefore, to test with even less than

200 CCA. Tests with the first available Iot were carned out in adults
in the age range 18 to 50 years using one ol intramuscular injections
of 50, 100 and 200 CCA units (JENSEN ET AL., 1957h). The antibody
responses as detexmined by HI tests, using sera from approximately
60 subjects in each group, are summarized in table IV. The hemag-
glutinin used was the Asian/Japan/305/57 strain after translers in
animals. The sera had been treated with periodate to remove non-

specific mhnblwrs as dcscnhed m a previous section, Titers are
S13 et of ashow vanments,

\ . - (LI each
. ated
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Table 1%, Tnndence of Antibody Production in Adults® Injected Subeatenconsly
with Three Concentrations of Monovalent Asias Vaccine

Vacome Response After Ope Dore Response After Twwo Dases
cA Per Cent wath Taters Per Cent vtk Titers
10** or greater  4Qovgreater  1Qorgreater 40 orgrester

50 354 42 139 435
100 4T 33 (329 s
200 588 137 811 30.2

* Tewts vath spproximately 50 per group.

** Tuters ave expressed as reciprocals of the greatest dilutson of eeram (hefore
nddstion of other reagents) which ustubited 4 hemagglstmating uoits of the Asian/
Japan/305/57 £4 F1 M3 E10 vorus, Sera were treated with penodate to remove
nbabitors.

+irws concentration. Sera were aleo chtamed at the cne, twe, four and
erx week intervals, The initial response was not detectable at one week
except ia one or two individusls, and titers were diminishmg after
four weeks, The volunteers were revaccinated at the four week
interval and bled again two weeks later. As can be seen from inspec-
tion of these resalts, production of antibody was suore often detected
n Ingher uter when the greater amounts of virus wers injected.
Serum obtained after & second dose of vaccne contamed H.I.
antibody twice as often as dud the specimens foBowing the first dose.
‘The proportion of subjests producing antihody was practically the
same regardiess of the virus concentration injeeted 1n the firat dose,
It was therefore evident that antibody production could be stunu-
lated in humans with thus vaceine and that a second dose would
result 1 a much hugher incidence of antihody production,

Data obtmned from CF tests with aera collected after the firsy
dose are summarnzed m table V. The proportion of eack group which
responded with foor-fold or grester wcreases of CF antibody are
presented. Some degree of specific antigenic response was noticed
because many more rising antibody titers were detected with the
Astan strain than with the PR8 or FM1 viruses, The soluble antigen
prepared from extracts of chorioallanteic memshranes from eggs
infected with the Japan/305 virus often & antibody §
and at rates comparable to those obtained with the viral particles in
allantows funds, There is reason 20 doubt the usefuluess of this antigen
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Table V. Per cent of Subjects® with Antibody Responses to Vaccination
as Measured in Complement Fixation Tests

Per Cent Responses with Type A Antigens

Total with PR8 or FMI1
Vacane CCA Any Antigen  Asian Viral Asan Soluble  Viral
S0 48.2 30.4 23.2 17.9
100 43.1 24,1 310 190
200 37 614 544 123

* Approximately 60 adults per group. Sera obtained 2 weeks after 1,0 ec subeuta-
neous infections of a lot of Japan/305 vaceine.

Only 4-fold increases in sntibody titers were considered significant and are here
tabulated.

for differentiation between post-vaccinati P and antibody
developed in convalescence (HENLE, 1933; Rosexsaum anp WooL-
RIDGE, 1956). Results of tests with control antigens (allantoic finids
and membrane extracts from non-infected eggs as well as from eggs
infected with type B strains) made it clear that the responses were
influenza type-specific. Again the per cent developing antibody was
greater in the group which had received the 200 CCA vaccine. A
surpnsing observation was that titers i these cases were not height-
ened following the second dose. For some reason the great majonty
of each group who were to produce CF antibody increases did so
with one dose and titers were not mereased after the second injection.
This is very different from the results obtained using the HI technique

and serves to emphasize the imp of further investigations con-
cerning the relationship between CF and HI antibody and immune
responses.
Several additional Iots of vaccine prepared with the Japan/305
seed by various methods were tested in other groups of adults, to
pare again the resp btained at the 50, 100, or 200 CCA
Ievels. Results presented from the first experiment are representative
of those found in these additional studies (JENSEN ET AL., 1957h).
There was considerable variation among lots of vaccine as to their
igenic potency although adj were made so that each
contained a standard CCA value. It was evident that some lots,
diluted to contain only 50 CCA, produced responses superior ta these
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found with four times as much virus in other lots, One of the hest
results demonstrated was with some vaccine prepared with the
AsianfFormosaf313/57 ued Ahqunts of lbn vaccme had also been
adsorbed to alumb No ge was noted with
this material because the meidence of antibody titers measured after
6 werks was not greater than that obtained in groups whick kad
received the same amount of virus suspended in saline, In all of these
experiments a trend toward better anubody production was seen
wath the mereasing coneentrations of virus (JENSEN £T AL, 1957¢).
In the next, vaccine containing 500 CCA units per ml was employed
{DULL ET AL., 1957). From the suromary of results obtained from this
experiment presented in table VI it will be seen that S00 CCA umts
eheited antibody significantly more often than did Iesser amounts of
virus. Observations by Daveneorr (1957} and Hnueman (1957
support the conclusion that superior antibody responses could be
ohtaned with lngher CCA Jevels and that the CCA value for mono-
valent vacaines of this type should be greater than 200 CCA units per
ml, As mentioned previously 1n this report, the standard was raised
10 400 CCA by the U. 5. Divasion of Biologics Standards (Murray,
1957).

Because the vacene was in short supply, many physicians at-
terpted ta i with i of 0.1 m despite
the fact that there were virtually no data concerning protection
afforded by vaccinating in this maoner., A series of experiments has
since been completed (JENSEN ET AL., 1957d), the results of which
indicate that the magnitude of antibody responses is exactly that

Table ¥I. Tordence of Antibody Responses® to 2 Standard*® Monovalent Anan
Strain Vacoine

Vacewe Per Crot Respouse by Tiers

cca 10 or greater 40 0r greater
50 483 267

200 661 03

w0 836 50.8

7 LT teats vath ser feom 50 wdults vaccinated 2 veska prevondly,
»* Standardlot of by Divinion of B s, 0.5, P LS,
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which is obtained when similar amounts of this antigen are injected
subcutaneously. With enly one-tenth as much antigen being used in
this procedure as when one ml is given subeutaneously, the number of
people responding is diminished, but the relationship is not kinear.
Antibody responses have been studied in school children (6 10 14
years) and adults, In two experiments arranged to define the diffe-
rences to be noted when 20 CCA units had been given intracutane-
ously or 100 or 200 CCA units injected subcutaneously, the rate of
response was one-half to one-third greater with the larger doses.
Comparable data have since been reported by Boer Axp L1v (1957).
In order to investigate the matter further, groups of 50 adults were
injected intracutaneously with 0.1 m! of various dilutions of vaceine
which originally contained 1,000 CCA units per m! (JENSEN ET AL.,
1957d}. The distribution of HI antibody titers demonstrated in sera

two weeks after one or two doses is shown in table VIL. Although one

group received only 12.5 CCA units, responses occurred just 16 per
cent more often in those who had been injected with 100 CCA units.

The data from tests after 2 doscs indicated an even smaller dxﬂ'erencc

in the total number of i antibody i C of
the geometric mean mers indicate that higher cnncenuauom of
antibody were more often educed with the greater amount of virus.

Table V1L Distribution of Tutis hibition Antibody Titers After
Intradermal* Vaccinations

After 1 Dose
Per Cent Response by Titer
Geometric
CCA Injected 10 or greater 40 or greater Mean Titer
izs 36 43 2.4
25 370 152 34
50 440 13.7 41
100 500 280 63
Aftec 2 doses
125 68.2 431 ns
25 650 425 108
50 735 510 189
22.5

100 50 54.2

* Groups of 50 adults mjected wath 0.1 ml at an interval of two wecks.
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"The trend toward superior responses found with larger CCA values in
vaceine injected subcutaneously is echoed by these experiments. We
cannot leave a discussion of these data without pointing out that two
injecnions given 2 weeks apart with 50 10 100 CCA matenal have been
demenstrated to stumulate goed antibody production, Results, in
terms of frequency and concentration, were similar 1o those found
after one injection of the most d (500 CCA) preparati

tested. Additional details and di: jons of these exp will
appear in future publications of completed studies. Brief communi-
cations from other groups of investigators (SICEL ET AL., 1957;
BoGeR Arp Liv, 1957) have recently appeared which provide support
for conclusions drawn in this section. A complete review of all vac-
cination studies mstigated this year 13 warranted in the near future.

B. Incidence of Clinical Reactions to Vaccine.

Despite multary expenence to the contrary,rumors were circulated
wthe U.S. A a high inad of febnle ions to the
vaccine. Although one lot of the first batches tested for the produe-
tion of antibody bad caused moderate reactions in many of the
subjects, that particular preparation had been d by the
adsorption-elution from erythrocytes technique and was quite opales-
cent. The usual experience with early lots was that very few indi-
viduals noticed any marked reaction. In none of the experiments
reported by other investigators have serious reactions occurred and
the moderate reactions deseribed were brief, usually lasting less than
24 hours, From one of the best studies of thig problem, SArRTWeLL
AND SELTSER (1957) xeponed that almost as many control subjects
(placebos of fe lized saline) as i d (250 CCA) plained
of contitutional symptoms. In these groups which totaled 2,127 m
ages ranging from 1 to over 40 years, there was an incidence of
systemic reaction of 10.5 per cent i the controls and 12.7 per cent
i the vacemnated gubjects. It is clear, however, that children more
often developed a febrile response than did adults, even when
smaller doses were given (QUILLIGAN ET AL., 1949). Data denved
from an experiment with families of Public Health Service Officers
at the Commumcable Disease Center illustrate this point These are
presented in table VIIL Fever was very transient as only eight persons
Teported elevated temperatures on the day following vaccination,
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Table VIIZ, Incidence of Febsile Reactions to a Lot of Influenza Vaceue
(200 CCA Units per cc).

Age Gronp Yacone Number PerCent with Fever*
04 0.1cc kH 53
59 0Scc 88 260

10-19 10ce 90 13

20 10cc 142 21

* Temwperatures of 101°F. or greater recorded the evening after vacomation,

When 93 of the children were revaccinated ome week later, only
2 developed a fever,

More tecently tests were initiated with several lots of 400 CCA
vacene in college students (JENSEN Ev AL., 1957b). The proportion of
clinical reactions to these materials in a total of 957 subjects is shown
1n table IX. In this case the saline plagebo did not have formalin added

Table IX Per Cent of Clinical Reactions to Vaccination with Vaned C
of Inflaenza Viruses
—_—

Subeutsneous Injection of 10 ¢c

Vaccine Pharmacentical Shght* Moderate Negative
CCAfece Company

200 3 13.4 31 835
400 1 344 3.7 619
400 2 250 62 628
400 3 215 0 8.5
400 4 21.7 48 615
400 5 326 33 611
700 poly-** 1 250 31 708
Sahne - 13.7 50 8L3

Tatracutaneous Injection of 0.1 ml

400 1 137 37 82.6
400 2 137 25 838
100 poly.*® 1 162 ] 838

he, Moderate = chills, nansea, backache or fever.

* Slight = sore arm or headacl
H 1 400 CCA Asian asd 75 CCA each of PRE, Swine,

»¢ Poly = polyvalent vacane wit!
PR301 sad B/GL.

Fach test was with 80-97 callege students per groop (16 to 30 years old)
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to it and even S per cent of this group complained of moderate
constitutional symptoms! Headaches and sore arms were reported by
13.7 per cent of these persons. The vaceines given mttacu(nnenusly.
0 that only 40 or 70 CCA were admi a
the same number of mmnor complants as did salme. and even 200
CCA subcataneously did not result in more reactions than in the
placebo group. ARl of the 460 CCA lots produced more sote arms and
headaches than did the saline, but the number of moderate reactions
was not increased. It was of interest to 6nd that the snbjects who
received the 700 CCA units per ml of polyvalent vaccine did not
report more reactions than did the groups receiving 400 CCA units.
In view of the fact that infiuenza vaccines are prepared in em-
bryonate eggs, an occasional severe reaction ¢an be expected in egg-
senstsve individuals, Sensiuvity to eggs and the existence of an acute
febnle illness are the only conditiona which are g i dered
contra-indications to vaccination The problem of vaccinatmgpatients
with histories of egg-sensitivity 13 being studied by at Jeast one aller-
gist (GarLrarp, 1957). Pauents with positive skin tests for egg
albumin bave been mnjected with minimal quantities of commercial
vaccine and sera have been obtaned for antibody determinations.

C. Euldence of Protection.

The crucial test is, of course, whetber vaceinated individuals are
more remstant to clinical influenza than are unvacunated persons.
Two kinds of mformanion relative to this matter are now available,
The ﬁnc was dentved fmm amﬁcnﬂy mduced Asian influenza in

d and S

dly, there are already
some prebiminary observations from nse of current vaccines under
field conditions

An experiment conducted by Beit AND Assoc1aTss (1937} during
the summer established that subcutaneous injection of 200 CCA
vaccine did provide protection for a majerity of subjects (ages 21 to
57 years) who were challenged two weeks Jater with throat washing
matenals from typical cases of Asian strawn inBuenza. Although
there were only fifty-five volunteers in the test and conclusions are
therefore subject 1o the varistion inberent in small numbers, the
effectiveness of the vaceine was indicated as 46 per cent. Esghteen of
the 23 who had not been vaccinated became ill while only 1of the 32

15 Vaslogy, Vo) +
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vaceinated individuals developed disease. The correlation between
HI antibody titers and immunity was evident. The attack rate among
those who had not been vaccinated and were without aatibody was
78 per cent. Those vaccmated who had not developed detectable
antibody were infected at a 60 per cent rate. In the group with
antihody levels of less than 40 the attack rate was 40 per cent, and
of those with antibody titers of 40 or grealer only 25 per cent became
ill. In view of the fact that the i
1,600 egg infectious doses per ml the intranasal mstxﬂatmn and
throat swabbmg with that amount of virus might constitute an
y severe chall as compared to that d in natural
i

cucumstnnccs The dlnesses which developed in the
subjects were typical of those described during the 1957 pandemic.
The impression was gained that the symptoms were usually milder
in the vaccinated subjects and “were less hikely to be disabling or
of as long duration”.

As director of the Commission on Influenza of the Armed Forces
Epidemiological Board, Davenrorr (1958) has released certain
news about preliminary observations made at military stations where
carefully controlled studies of inft ccines are jn progress.
Several different monovalent and polyvalent vaccines are being
evaluated. With the exception of one Iot prepared according to the
formula of the 1956 polyvalent vaccine without Asian virus, all other
test materials contain at least 200 CCA umts per ml, Vaccines with
250, 400, or 750 CCA units per ml of an Asian stramn have also been
injected in a sufficrent number of subjects at least ten days before
occurrence of influenza in control groups to allow estimations of
effectiveness. Although scheduled laboratory tests have not been
completed to define the incidence of influenza in various groups, an
approximation is possible on the basis of admissions to hospitals or
reported cases of acute respiratory illnesses. With these criteria the
rate has been approximately three cases in control groups to one in
the subjects vaccinated with 200 CCA units. More precisely, estimates
of the vaccine effectiveness range from 53 to 60 per cent. Attack rates
in a representative study were 70.2 per 1000 per week in a placebo
group and 28.4 per 1000 in those receiving vaccine. There was

id that the effecti of vaccines at 400 or 750
CCA levels would be on the order of 60 to 75 per cent. The details and
discussion of these experiments will appear in publications of com-

pleted studies.
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Although much has been wniten concerning the monovalent
Asian strain vaceine, hope of preventing nfluenza lies in the use of
multi-strain or polyvalent vaccines. There is httle room for argument
as to whether the vaccines of this nature are of value. The question is,
and has been for several years, how best to compound them, and by
what immunization schedule should they be given to provide a maxi-

mal prophylaxis against infl Tt is becomil ingly evident
that durable immumty agamst each set of variants can be established
by It can be predicted that of the course

and route of injections to obtain such a state will soon be thoroughly
understood and applied. A far greater challenge, however, will be to
compile facts ing the antigeni: of i virnses
with a logic that will lead us to a promised land of stout, high, im-
‘munological walls which are 1mpervious to, and cannot be scaled by,
troops of antigenic aliens.

VI Conclusions

Astan stram ifluenza had 2 profound impact upen the world in
1957. Mass communication media made the most of an eminently
newsworthy situation. The public was kept remarkably well-informed
of the progress of the discase, of vaccine reseaxch, and vaccine
production Indeed, persons concerned with influenza intelligence
at times found themselves relying upon the newspaper and wire
service dispatches for information about the latest events. Pubhc
interest in the new pandemic imtially was centered around three
1tems: was the pandemic to be hike that of 1918 1n terms of extent and
mortality; was there gomng to be a vaccine available m time to meet
the epidemic; and would this vaceme be of any value ? Virologists and
sd

P logists were i d in these questions, of course, but they
‘were even more din the possital that the pandemic might
provide for new ad in k ledge and for fi of

virologic and epidemiologic concepts that had heen long conceived
but never established for want of a major natural epidemic situation.

After some months it became apparent that the influenza was as
mild as the usual disease of the inter-pandemic epidemics of recent
years. Comphcations were few and deaths even fewer, although
mortality statistics were significantly affected. A vaccine was produc-
d of moderate effectiveness in a number of counties, inclading the
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vaccinated individuals developed disease. The correlation between
HI antibody titers and immunity was evident. The attack rate among
those who had not been vaceinated and were without antibody was
78 per cent. Those vaccinated who had not developed detectable
antibody were infected at a 60 per cent rate. In the group with
antibody levels of less than 40 the attack rate was 40 per cent, and
of those with antibody titers of 40 or greater unly 25 per cent became
ill, In view of the fact that the
1,000 egg infectious doses per ml the mtranasal mstnllauon and
throat swabbing with that amount of virus might constitute an
unusually severe challenge as compared to that encountered in natural
aircumstances, The illnesses which developed in the i
subjects were typical of those described during the 1937 pandemic.
The impression was gamed that the symptoms were usually milder
in the vaccinated subjects and *“‘were less likely to be disabling or
of as long duration™.

As director of the Commission on Influenza of the Armed Forces
Epidemiological Board, Davenrorr (1958) has released certain
news about preliminary observations made at military stations where
carefully controlled studies of ufluenza vaccines are in progress.
Several different monovalent and polyvalent vaccines are being
evaluated. With the exception of one lot prepared according to the
formula of the 1956 polyvalent vaccine without Asian varus, all other
test materials contam at least 200 CCA units per ml, Vaceines with
250, 400, or 750 CCA units per m! of an Asian strain have also been
injected in a sufficient number of subjects at least ten days before
occurrence of influenza jn control groups to allow estimations of
effectiveness. Although scheduled laboratory tests have not been
completed to define the incidence of influenza in various groups, an
approximation is possible on the basis of admissions to hospitals or
reported cases of acute respiratory illnesses. With these criteria the
rate has heen approximately three cases in control groups to one in
the subjeets vaccinated with 200 CCA units. More precisely, estimates
of the vaccine effectiveness range from 53 to 60 per cent. Attack rates
in a representative study were 70.2 per 1000 per week in a placebo
group aud 28.4 per 1000 in those receiving vaccine. There was

id that the effecti of vaccines at 400 or 750
CCA levels would be on the order of 60 to 75 per cent. The details and
discussion of these experiments will appear in publications of com-

pleted studies.
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many studics initiated this year can be reported. Only then will the
true picture of the pandemic come into sharp focus, and the value
of veeults denved from tremendous investutents of funds, time, snd
effort expended by tb of 3 can be assayed,

Postseript: Fasly in January the incidence of influenza began 1o
increase agam in the U.§. and many cases were seen during the
sext three wanths sa Jocahzed epidemics. Furthermare, a marked
dlevation n mortality rates was seen in Frbruaxy sud March which
may bave been mfivenza-associsted. Industrial and sckool absen-
teersm rates were not mereased duning the early Spring experience,
however,
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United States, the USSR, Enpgland, Germany, the Netherlands,
Switzerland, Italy, the Union of South Africa, Japan, Australia,
Canada, Brazil, Argentina, Denmark and Sweden. In a majority of
these countries epidemics arrived before the vaccine programs had
become fully established, but in a few, some vaccinations were carried
out before the full impact of the epidemic was felt. The United States
organized the Jargest scale program, and millions of doses were
available before the epidemic started. In those countries with vaccine
programs, priority systems were usually established. Initial supplies
went to doctors, hospital personnel, essential employees in other fields
vital to the community, and to old persons and the chronically ill.
In general, it was possible to vaccinate many of those persons in
prionty groupmngs 1n the few countries with available vaccine. As a
result of the great amount of activity in the vaccine field, a consider-
able body of new 10m 18 lating. The i logy of
influenza 13 rapidly being enriched and ideal prophylacti

are a reahstic future prospect.

As the pandemic progressed, the fears about a repetition of 1918
subsided. During the fall a greater cause of general concern was the
possibility of a second wave of epidemic disease in countries already
once affected. In Ni ber this jon app d o have d
in Japan. Investigations reported at the time of this writing, however,
suggest that in Japan a spht epidemic situation was probably, the
explanation of the apparent second wave rather than a true reinfec-
tion second wave. By early December it seemed more than hkely that
the pandemic was generally nearing 1ts end.* Most cp:demiologists and
virologists agreed, however, that the new Asian set would persist in
the population in a sub-epidemic or local outbreak fashion for some
years to come. Previous experience 1n this century suggests that the
Asian variant mght be dominant among type A viruses for as Jong
as ten years,

From the point of view of the professional person in the field of
public health the mobilization to meet the pandemic has been of
inestimsble value. An opportumty has been provided for unification
and improvement of many pubtic health facilites. Many laboratories,
previously ill-equipped for, and with Iittle skill in virus diagnostic
work developed pew facility before the end of the pandemic (JENSEN
anp Hocan, 1958). It will be several years before results of all the

* See Pastscrpt p. 205,
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TICK-BORNE SPRING-SUMMER

ENCEPHALITIS
By A. A. SMORODINTSEV
Introduction
Tick-borne spring phalitis (sy ick-b
halitis, Russian spring. halitis) is a seasonal virus

neum-mfecnon transmitted to persons by wood ticks of the family
Ixodidae. It was first detected (1935-1937) in the forest regions of the
Far East (Far East Forest encephalitis), and later (1938-1930) in
Sibieria and various regions of the European part of the USSR.

After 1948, it was described in many Central European countries
{Czechoslovakia, Bulgaria, Yugoslavia, Austria, Hungary, Poland).
The disease is endemlc to the many forest regions where ticks of the
Ixodes persulcatus or Ix. ricinus species are found.

The related disease entity (biphasic meningoencephalitis) may also
be transmitted peroraly by milk from goats bitten by ticks in the
forest pastures. -

The clinical characteristics of the sickness were first studied in the
Far East by Panov, A.G. (1936, 1938).
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The etiologic agent of the disease was discovered in 1937 (SitsER,
L.A. and co-workers, 1938, 1939 a, b, ¢). Epidemiological aspects
and the vectors of the infection were studied by the scientific expe-
ditions in 1937-1939 under SiLBER, L. A. (1938-1939), Paviovskry,
E.N. (1938, 1939), Suonronintsey, A.A. (1938, 1939a, b, 1910, 1944),
and Crouaxov, M. P. (1938-1940). Tn 1938-1939, a method was de-
veloped for producing active ity by a vaccine prepared from
f ized, kalled vrrus ( > A.A., Kacaw, N.V.,, and
Leveovrzce, E.N.). In 1949-1953, SMORODINTSEV, A. A., and Davi-
DENEOY, S.N. described, 1n addition to the classical paralytic form,
a so-called biphasic meningo-encepbalitis which 15 widely spread in
the European part of the USSR. Thus type of tick-borne encephalitis,
which runs a benign chnical couse, is frequently transmitted by the
drnking of infected goat’s milk (S)MORODINTSEV, A.A. and co-wor.
kers, 1949, 1953; DavipEskov, S. N. and co-workers, 1925). A
similar form of the disease 13 prevalent in Central Enrope (Brascovic,
1954; Lintxova, 1954 ; Rasga, 19545 RAxpas AND Gariia, 1919; van
ToNGEREN, 1955b; VERLINDE, 1936; KMET and co-workers, 1955;
Fornosy, 1954, Oxer Broa, 1956; Grinescrr, 1955; Przesyrycxi,
1951 a).

I. Biological and Antigenic Properties of the Virus

The viruses of the paralytic and double-phase type of disease are
similar but not 1dentical as regards their pathogeniaity for vanous
Iaboratory ammals. They have an identical antigenic structure, re-
gardless of the site from which they are isolated (patients, ticks,
warm-blooded ammals). The virus is closely related to the virns of
loupingill encephalitis of sheep 1 Scotland.

The diameter of the virus is 20-23 millimicrons {CEUSLAROY, M. P,
1944). It passes, without much loss of its infectvity, through Berk.
feld, Chamberland and Seitz filtres. It preserves ats activity for over
3 years when kept 1n the cold (0-4°C) m & 10-20% bramn suspension
or m small pieces of infected brain held in a 50% glycerol. It is more
stable when 1t 13 kept frozen at a temperature of 30 to —75°C, or
after 1t has been dned by Iyophilization. It is hughly sensitive to the
action of ultraviolet rays and is readily mactivated by heat. A 5%
brain suspension was inactivated in 5-7 days at 37°C, in 60 minutes
at 60°C, 1n 1-2 mnutes at 100°C. The senaitrvty to chemical agents
{formalin, lysol, alcohol) depends on the type of tissue i which the
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virus was grown. It is definitely lower in a 5% brain euspension than
in the allantoic fluid of infected chick embryos. The virus as present
in & §9%, brain suspension of infected mice was inactivated in 0.2%,
formalin jn 1-2 days at 37° 8-10 days at 18° and 21 days at 24°C,
(SMORODINTSEV, A. A., AND CO-WORKERS, 1941). The virus, inactivated
by f lin, retains its i genic activity after lyophilization,
evenwithout priorremoval of the fc linby dialysis or lizati

The virus multiplied preferentially in the brain of infected white
mice (log average titer 8.5), in Emnticy’s ascites carcinoma, and
significantly less in chick embryos (6.5-7.0) and in monolayer cul-
tures of the epithelium from monkey kidneys. The low potency of
the formalin-killed vaccine obtained from the tissues of chick em-
bryos compared to that of the vaccine from the brains of white mice
is explained by the difference in the original concentration of the
virus in the chick embryo and in the mouse brain, the difference
being 1.5 to 2.0 logio.

The best way of infecting the developing chick embryo is in the
yolk. The higher concentration of the virus is detected in the embry-
onic tissues (7.0) and in the yolk tissue (7.0), the lower in the allantoic
and amniotic fluids (5.5-6.0), and in the allantoic membrane (SLonmy,
1956}, The virns multiphes and itself when d in
suspended or monolayer cultures of human embryenic tissue, monkey
kidney, chick embryo, and mice without regularly producing cyto-
pathogenic effects. To propagate the virus under laboratory condi-
tions, suspended or monolayer cultures of chick embryo are very
useful, The cytopathogenic action of the virus in explants of the
allantorc membrage of the chick embryo is not very regular. More
constant changes are found in HeLa cultures, which are useful for
titration of the virus and for neutralization tests. The test in HeLa
cultures hecomes complicated because of the early appearence of
spontaneous degeneration of the cells. The concentration of the virus
after 3-8 days of culture in mouse muscle tissue or in chick embryo
lung tissue is 2.5-3.0; in human embryo muscle tissue and in HeLa

dually i i topath ic action

cells 6.5-7.0 (logpo). A g y g T o
was noted during 9 passages in cultures of the fibroblasts from ex-

plants of human embryo muscle. More intensive cytopathic changes
were obtained with laboratory strains than with freshly isolated
strains (LigKova, H., 1956; Oxer-Bros, N., 1956).

On fibroblasts from human embryo explants, the virus preduces
cytopathic changes whick are visible 24-48 hours after infecting the
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culture. The maximum titer of the virus 13 determined in 4-8 days.
The cytopathogenic affect could be maintamed for 9 consecutive
passages, and could be depressed by specific anti-serum (ZASUMINA,
G.D., anp Levgovites, E. N, 1957},

The antigenic structure of the virus stramns of tick-borne ence-
phahitis, which were 1solated m various geographical regions of the
Far East, Sibena, the Urals, in Western regions of the USSR, m
Central Europe (Czechoslovakia, Austria, Yugoslavia), is very homo-
geneous and does not depend on the climcal and eprdemiological
characteristics of the illnesses with which they were associated
{StrAUSs anp KoLMaN, 1954; PrsEx, 1954, Ponp anp Russ, 19553
BarDos, 1956; VESENJAK-ZMISANAC, 19555 GrINGsCHL, 1955). This is
equally true of the parent vrrus, louping 1ll, which does not differ

1ly from tick-b halitis virus.
Unexpected was the discovery that the etiologic agent of Omsk
b fever had an closely related to the

tick-borne encephalitis varus (CRUMAKOY, M. P., AND CO-WORKERS,
1954).

To study the of the viruses d above
we used: (1) complement fixation tests, (2) cross neutrabzation tests
1 white muce, (3) neutrahization tests in developing chick embryos

1 1 d

or 1 tssue culture, (4) cross neutralizanion tests with immune sera,
exhausted by hetemlognus su-ams, {5} cross resistance tests i mice
By testing the of ized mmce
Casars (1944) differentiated the virus of tick-borne spring-summer
encephalitss from that of Scotch encephalits (loupiag ill). This could
not be d 1 our lak y (P L V., 1954).

The viruses of the paralytic form (Eastern and Western variants)
and of the biphasic form were found to be identical to that of louping
ill of sheep The findings of some authors (SiLBER, Ln A, 1946;
IvaNENKo, A. 1., 1953) as to the possibility of differentiatimg these
Viruses 1n cross neutralization tests in mice can be explained by the
low precision of the method Conuiderable fluctuations in the results
may be due to the varying indvidual resistance of dufferent animals.
Considerably greater precision could be obtamed when the cross nen-
tralization tests were carned out i chick embryos or in tissue culture,
and the subsequent presence of free virus determmned by passage to
whte mice, or by complement fixation.
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I1. Experi ! Infection of Susceptible Animals

The viruses of the paralytic and biphasic form of tick-borne ence-
phalitis are pathogenic for a wide variety of laboratory, domestic,
and wild animals. The clinical prcture of the experimental infection
which most nearly resembles that in human beings occurs in monkeys
(Mac. rhesus) infected by the intracerebral route (ILjenko, V. I,
AnD Pokrovskaya, 0. A.,1958; Przesmycxl, F. ET L., 1954 b).

The virus of the paralytic form of tick-borne encephalitis produces
in monkeys a rapid development of flaceid paralyses of the upper
and lower limbs starting in proximal parts and gradually passing to
the distal. Epileptic-like fits with myoclonic, tonic and clonic con-
vulsions are frequently present, fibrillar twitchings of the affected
muscles and nystagmus are occasionally noted. Cerebellar ataxia is
absent (8. also SILBER, L. A., AND CO-WORKERS, 1953; SmuBLADZE,
A. K., and SwiwnER, L. A,, 1945).

The virus of Scotch encephalitis (louping ill) produces a completely
different chinical picture, the principal sign of which is the cerebellar
ataxa leading to a complete inability to perform eomplicated move-
ments, such as taking of food. The infected monkeys take food with
difficulty or mot at all, are incapable of holding on to the mesh of
the cage, etc. An intensive tremor and a horizonto-rotary nystagmus
of cerebellar type are developed. Epileptic-like convulsions are not
often present and then only in a wesk form (IL1ENKO, V. L, AND
Poxrovsgaya, 0. A., 1957; GORDON ET AL., 1932; Hurst, 1931).
There are no pnmlyses of the hmbs

The virus of the b
kcys clinzeal signs somewhat between those chal’ac(en!hc of the ex-
P 1 Scotch and tick-b -phalitis. More typical of this
type of virus is the develop of cerebellar atactic and
intensive tremors, whxch is analogous to, although less severe than,

!hat in Scotch encephalitis. On the other hand, in some animals,

form si and paraly are observed, similar in

theu clinical course to those pmduccd by the virus of the paralytic
k-b halitis (i of tendis reflexes, etc.).

halsti: d in mon-

form of ti
As can be observcd froxn Table 1, the clnical picture of the ex-
fecti keys permits us to diffe iate not only

(be viruses of the Scnzch form, but also the viruses of the paralytic
form from those of the hiphasic form of the tick-borne encephalitis.
White mice are useful for the laboratory differentiation of the
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Table I Principal Signs 1 Monkeys (Macacus rhesus) Infeeted
Tatracerebrally with Vartous Varuses of the Tick-borne Encephalitis Group

Nombre Tacrense
o oftafected | Pusntyses | FPFOC | iy engon | Corehar [ dmtention
— oo avaluons 2457000 | am cemes
“Sofin™
(Paralync form) | 6 6 2 - - -
“Absettarov*
{Biphase form) | 12 3 9 4 12 4
Scotch
(Loupg ill) 6 - 1 1 6 3
tick-borne and Scotch encephalitis viruses from the biologically se-

lated Japanese and Saint-Lows encephahtis viruses. The intracere-
bral inoculation of white mice with different encephalitis viruses
produces a farly umaform clinical pieture of a severe paralytio process.
However, sub or fe are sharply dif-
ferentiated by the hughly yathogemc strains (under these conditions)
of tick-horne encephaliis from the weaker viruses of Japanese or
Saint-Louis encephahtis (Orrrsky AND Casavs, 1948; PrzEsmyckr,
F. ET AL, 19548}

Three to ten days after mice have had a cerebral infection and
4-12 days after an ntraperitoneal infection with the tick-borne ence-
phalitic virus (differences in the length of mcubation depend on the
dose and the degree of virulence of the tested strain) they develop
s1gns of excitement and of increased sensitvity to tactile, sound and
pan irritations, and loss of equilibrium., The motor activity decreases,
tonre and clonic spasms develop, which pass mto paralyses of Lmbs
and back. A few hours after the onset of the paralysts, the ammals due.
Strains of the paralytic form often cause paralysis of the hind legs,
and strans of the biphasic form paralyes of the fore legs. Shortly
before the mice die their skin and rectal temperature drops to 23°C,

In mntrapentoneal infectron of white mice with small doses of the
paralytic or of the biphasic form a more rapid involvement of the
bramn 15 noted in the paralytic form than n the biphasic form, The
virus of the biphanie form mutiphes most mtensely m the first days
after the wnfection, in the spleen, is found regularly in the blood, and
it penetrates the central nervous system of infected mice somewhat
later than the virus of the paralytic form (ILtenko, V. I, 1956).
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In studying the dy ics of virus di; ination in mice after
ing them sub ly or lly, two principal phases in
the develop of the experi al infection can be observed:

(1) multiplication of the virus in reticulo-endothelium tissues
(spleen) with a scarce and slow development of the virus in the brain;

(2} explosive multiphcation of the virus in the brain, leading to a
rapid process of sickness in the animals and to their death.

The amount of virus in the internal organs during this period
decreases. Mice are most sensitive to the intracerebral infection, to 2
lesser degree to the intraperi ], i 1, int or sub-
cutaneous inoculation of virus, The amount {LDsg) in 1 gm of brain
tissue of infected white mice depends on the method of titration and
is expressed by the index logio; intracerebral infection 8.0-8.5, intra-

16.5-7.0, i 16.0, sub 4.0-5.5.
Virus strains of the biphasic form, freshly isolated from patients’
blood, goats® milk and starved ticks, frequently have low indexes of
activity in ext l {(such as intraperi 1, sub ) in-
fection of white mice. However they rapidly increase after 8-10
additional passages of the strains through the brains of white mice or
developing chick embryos (SmonopinNTsEy, 1936),

‘White mice are susceptible to peroral infection with 109, suspens
sion of infected brain (fed with food} and also to rectal infection; this
produces 50-75% of takes. The high sensitivity of white mice to

i doses of the tick-b -phalitis virus was a determining
factor in using them for the isolation of virus from the blood and
C.S.F. of sick pereans, from the brain of fatal cases, from vector ticks
and from warm-blooded animals. The virus may be isolated from the
brain in more than 80% of fatal cases, if the death occurs before 7 days
from onset of the disease and il the bram tissue is removed as soon
as possible after death. The virus may be isolated from patients’blood
during the acute fever period, but yzelds no more than 309, positive
results. Qnly rarely has virus been isolated from cerebrospinal flurd.

The virus from fatal cases is frequently ssolated in the first direct
passage in white mce. To isolate the vims from blood and cerebro-
spinal fluid, it is necessary to perform 2-3 supplementary blind
passages in order to enrich the virus, Similar increases in concentra.
tion of virus may be achieved by inoculating these specimens into the
allantoie cavity of 7-8 day old chick embryos. Four to 5 days after
incubation, a passage of the yolk sack and allantoic membrane is
made into the brains of healthy mice.
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Guinea pigs are susceptible to intracerebral infection; the virus in
adult animals multiples poorly, producing a light infection wath 2-3
days' rise in temperature, Infected newborn and young pigs develop
pareses and paralyses of the hmbs with fatal outcome Asn white
mice, the virus multiplies to high degree in the spleen and also in the
mammary glands of females, Guinea pigs are more useful in obtaiung
lugh titer complement-fixing antiserra (after immumzation with a
live varus).

Analogous changes i adult susceptibility are observed in white
rats, pigs, chickens and cats. Adults are fully resistant to the ntra-
cerebral infection, whereas newborn ammals are lighly sensitive to
all paralytic and biphasic strams of the virus and ako to that of
Scotch encephalitis (DROBYSREVSKAYA, A, 1., ILJEN®O, V. 1., FE-
DORCRUK, L. V., 1951, Pesex, 1936, Barnos, 1955). Adult and new-
born syrian hamsters are susceptible to the tick-borne encephahitis
virus. Couon rats are pot very susceptible to the intracerebral

of tick-b and Scotch halitis viruses and illness
1 pmdnced less regularly than m young whate rats,

In studying the relationship between the viruses of tick-borne
and of Scotch encephalitis (louping 1ll), great attention was pard to
ﬁndmvs on sheep which are natural hosts to Scotch encephalitis virus,

ion of sheep with tick-b halitis virus
pmduces fever (41-41.5°C), convulsions, prostration and death,
According to the data of S1LBER, L. A, AND SuvBLapze, A.K.
(1944) and Zamarova, M. S. (1919), virus of the Far East tick-
bozne encephalitis, after a 5-6 day mncubation period, produces in
sheep paresis and paralysis of the hmbs, and also vertigo with the
sheep walking mn large oircles The tick-borne encephalitis virus,
1solated from Ixodes ricinus ticks in Western regions of Byelorussia,
produces ataxia with an unsteady walk and sharp leap-hike move-
ments 1 a crcle. Towards the end of the sckness, paralyses and
pareses of Limbs develop In sheep the stram of Western tick-borne
encephalitis produced 3 different types of disease. (1) vertigo, (2)
paresss, (3) without any signs of nervous system mvolvement (ZARA-
®ova, M S., 1949). In ifected sheep the following prineipal syn-
dromes of the disease are observed: (1) vestibularcerebellar, (2)
comatose, (3) paretic, (4) subclhmcal (SiBER, L A, AND CO-WOR-
xERs, 1919).

Identical symptoms were produced by the Scotch encephaliic
wirus The authors observed the presence of cross-cerebral immunity

16 Voeolagy vl 1
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In studying the dy ics of virus di ination in mice after
infecting them suk Iy or ly, two principal phases in
the develop of the experil I infection can be ohserved:

(1) muhiphcation of the virus fn reticulo-endothelium tissues
{spleen) with 2 scarce and slow development of the virus in the brain;

(2) explosive oltiplication of the virus in the brain, leading to a
rapid process of sickness 1n the animals and to their death.

The amount of virus in the internal organs durmv lhls period
d Mice are most ive to the int ion, to a
lesser degree to the ntrap I, i 1, nt; or sub-
cutaneous inoculation of virus. The amount (LDsq} in 1 gm of brain
tissue of nfected white mice depends on the method of titration and
15 expressed by the mdex logio; intracerebral infection 8.0-8.5, intra-
peritoneal 6.5-7.0, intranasal 6.0, subcutaneous 4.0-5.5.

Virus strains of the biphasic form, freshly isolated from patients’
blood, goats® milk and starved ticks, frcquently bave low indexes of
activity m ext 1 (such as intrap in-
fection of white mice. However they rapidly increase after 8-10
additional passages of the strams through the brains of white mice or
developg chick embryos (SmoropINTSEY, 1956).

White mice are susceptible to peroral infection with 10% suspen-
sion of infected brain (fed with food) and also to rectal infection; this
pmduces 50-759%, of takes. The bxgh sensitivity of white mlce to

i doses of the tick-b litis virus was a d.
factor in using them for the unhuuu of virus from the blood and
C.S.F. of sick persens, from the hrain of fatal cases, from vector ticks
and from warm-blooded animals. The virus may be 1solated from the
brain in more than 80% of fatal cases, if the death occurs before 7 days
from onset of the disease and if the brain tissue is removed as soon
as possible after death. The virus may be isolated from patients’blood
during the acute fever period, but y1elds no more than 309, positive
results, Only rarely has virus been isolated from cerebrospinal flwd,

The virus from fatal cases 13 frequently 1solated in the first direet
passage in white mice, To 150late the varus from blood and eerebro-
spinal fluid, it is necessary to perform 2-3 snpplemcntary blind

passages in oxder to enrich the virus. Similar increases in concentra-
tion of virus may be achieved by 1ating these speci into the

Iantoic cavity of 7-8 day ol chick embryos. Four to 5 days after

incubation, & passage of the yolk eack and allantoic membrane is
1uade into the brains of bealthy mice.
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(1) Paralytic form of polio-encephalomyelitis A severe form oceu
1n the Far East and Siberia. The Eastern spinal variant produces
mortality rate of up to 25, A mild form occurs in the Europe:
part of the USSR, The Western meningeal vaniant produces a mo
tality rate of up to 5%. The chnical form of the disease was studs
by: Paroy, A.G. (1936, 1938, 1951, 1956), Suarovat, A N. (194
Grasunov, I.S., AND Snarovar, A N. (1910), Grasucuengov, N
(1941, 1941), Davipenkov, S. N. (1952), Davipengoy, S. N. a1
co-workers (1952), Hanzar anp HENNER (1954).

An acute onset is charactenstic of the paralytic form and a hy
fey er (39.5-10 5°) occurs 8-14 days after infrction There 1s a rap
development of meningeal symptoms such as neck ngidity, KErnic
and BRUDZINSEI's s1gns

Agamst a background of general tiredness, weakness, sleepine:
clouded consciousness, disorientation and dehrum, some of U
patients develop flacerd paralyses and a rapid atrophy of the musc!
of the shoulder blade, the regon above the shoulder blade, t
deltoid muscle, the biceps and triceps {more promounced mn t
proamal parts of upper imbs). After this there may be persiste
paralyses of the neck and shoulder muscles, and of the upper Lm
(Figure 1)

‘When the patient 13 comatose, the bulbar centers are affected T
pauent has difficulty in swallowing, breathing, and moving 1
tongue Death may occur after 1-2 days of sickness, but more fi
quently 4-7 days after onset. The percentage of mortality fluctuat
between 5% and 30%, Tt 1s hugher in the Far East and sigmficant
lower 1n the European part of the USSR

In 5-8 days the temperature falls by lysis, the ersis drop 13 ma
rare. Consciousness becomes clearer, and menmgeal symptoms gr
dually disappear, The recovery period 1s Jong, up to 1-2 months

As the duag of tick-b is has 1mp dint
past few years, the percentage of mlld cases has been 1ncreasing ai
the majonty of cases show meningeal symptoms without intens:
mvolvement of the central nervous system,

The clinseal vanations in the paralytic form of uck-borne enceph
lins are as numerous as i poliomyehtis. The disease may take
rapid, lightninglike bulbar form (in which a fatal outcome 1s ve

frequent): a form of acute pelicencephalomyehnis with facerd paz
lysis, a chromc progresuve form with an epileptic syndrome
KOJEVNIKOV type, or, finally, more bemgn or abortive meninge
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between the viruces of the Western form and of the sheep vertigo but
not between the viruses of the Eastern and Western forms of tick-
borne phalitis. The basic lusion of SILBER, L. A. that the
virus of tick-borne encephalitis, isolated in Western parts of the
USSR from Ixodes rieinus ticks, is identical to that of sheep vertigo,
remams open to dispute. The ahsence of disease among sheep in
the most active regions of infection of tick-borne encephalitis 1n the
Western parts of the USSR does not support this conclusion. An
mtensive (natural or experimental) contact of sheep with infected
carriers m forest stations stimulates the formation of intensive
humoral immunity, but does not produce vertigo. (FEDoORCHUK, L. V.,
1954 ; SMORODINTSEY, A. A., AND co-wmuu:xs, 1954 1955). At the
same time, the climcal diffe mn infe of sheep
with the Western or Eastern vanants, testify to a drlerent patho-
gemcity of these viruses in sheep.

In the expertmental peripheral infection of sheep with the para-
Iytic and biphastc form of tick-borne encephahtis virus, an asympto-
mate form of mfection develops. The virus 1s frequently secreted
with the mulk, whick may have epidemiological significance (Karrov,
S P., anp TiusaniAkova, M, K., 1958).

Goats are susceptible to the natural (tick-bite) and experimental
nfection of the paralytic and biphasic forms of tick-borne encephali-
t1s viruses Intracerebral inoculation of the virus is followed by the
rapid development of paresis and paralysis of the limbs terminating
m death (Levkovirew, E. N, Kacaw, N. V., 1941). Peripheral
infection of adult goats results in very mld or in an asymptomatic
wmfection, with the regular secretion of virus m the milk, mfection of
young goats results in paralysis and ataxia (SMORODINTSEY, A.A. and
co-workers, 1954 ; ILIENKO, V.I., 1956; VaN TONGERN, 1955 a, 1956).

The same was observed when goats were infected penpherally

with the viruses of Scotch phalitis or of Omsk }
fever (Drospov, S G., 1958). In contrast to the paralytic form, the
virus of the biphasic form frequently produces a biphasic type of

fever curve mn experimentally mfected goats‘

Cltnical Forms

Two prineipal elimcal forms of tick-borne encephalitis are known.
They are frequently encountered sporadically in various large ter-
ritories of the USSR.
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(1) Paralytic form of poho-encephalomyeltis. A severe farm oceurs
1 the Far East and Siberia, The Eastern spinal variant produces a
mortality rate of up to 25%,. A mild form occurs in the European
part of the USSR, The Western meningeal variant produces a mor-
tality rate of up to 5% The clmical form of the disease was studied
by: Panov, A.G. (1936, 1938, 1951, 1956), Suarovar, A. N. (1949),
Grasunoy, I S., anD Suapovar, A.N. (1910), Grasacuenxov, N.T
(1911, 1943), Davinenxkov, § N. (1952), Davinenkov, S. N, and
co-workers (1952), Hanzat ano Henner (1931).

An acute onset 13 characteristic of the paralytic form and a high
fe\ o (. 5-405°) oceurs 8-14 days after infection There 13 a rapd

of
and BRUD:H\SK\ s signs

Against a back a of general
clouded conscrousness, dicorientation and delitium, some of !hc
patients des elop flaverd paralyses and a rapid atrophy of the muscles
of the shoulder blade, the region above the shoulder blade, the
deltord muscle, the biceps and triceps (more pronounced in the
proximal parts of upper limbs), After this there may be persistent
paralyses of the neck and shoulder muscles, and of the upper hmbs
(Fgure 1).

When the patient 1s comatose, the bulbar centers are affected, The
patient has dufficulty m swallowing, breathing, and moving his
tongue. Death may occur after 1-2 days of sickness, but more fre-
quently 4-7 days after pnset. The percentage of mortality fluctuates
between 5%, and 30%. It 1s ligher in the Far East and sigmficantly
lower in the European part of the USSR

In 5-8 days the temperature falls by lys:s, the crsts drop 1 more
rare Consciousness becomes clearer, and meningeal symptoms gra-
dually disappear. The recovery period s long, up to 1-2 months,

As the d of has improved in the
past few years, the perventage of m\hl cases has been increasing and
the majonity of cases show g ymp without
molvement of the central nervous system.

The chmcal vanations i the paralytic form of tick-borne encepha-
litis ate as numerous as m poliomyelitis The disease may take a
rapud, hghtnimglke bulbar form (n which a fatal outcome 15 very
frequent); a form of acute pohoencephalomyelitis with flacerd para-
Iyms, a chrome progressive forma with an epileptic syndrome of
KoJeviikov type, or, finally, more bemgn or ahortive ‘meningeal

ymp! such as neck ngidity, Kesnig’s

i 1 1
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forms. However, the meningeal forms may be mild at the outset, but
they frequently pass mto a more severe polioencephalomyelitic form
(SteBLOYV, E. M., 1941; BELINKY, N. L., AND SHAPoOvAL, A, N, 1949;
Berwan, E. L., 1948, 1950). This never occurs in biphasic meningo-
encephalitis.

(2) Biph i -phalutis. This is 1 by menin-
geal symptoms, mild irritability and irregular encephalitic symptoms,
and biphasic temperature reaction. After 2 mild clinical course of the
first wave of the dicease, an afebrile peniod sets in, often simulating
complete recovery, after which most patients develop a more severe
second wave of disease. The ontcome of the disease is always favorable,
without death or permanent impairment of the central nersous
system (DAVIDEagOV, S. N., AND co-wORKERS, 1952, 1953, 1954;
Visax, E. M., AnD co-WoREERS, 1950; BEDJANIC, 1955; Juna, 1935;
GrinscHGL, 1955).

1

Fie I
Paratyses of muscles of neck and shoubler blade after
» parafytic form of tick-borne encephabiis (a-e)



3

ts£v. Tick-borne S




222 SMpRoPINTSEY, Tick-borne Sprng-Summee Encephalit

In the first fever wave, the general symptoms are characteristic;
they last for 2-8 days, and usually consist of shivering, headache,
gddiness, nausea, and vomiting. Meningeal symptoms are rare. The
face 15 hyperemie, the sclera are injected; there are pains in the
museles of back, neck, warst and himbs. Constipation 1s present; the
tongue coated.

After the temperature falls, there is an afebrile period lasting 5-8
days. The patients feel farly well, although most of them complain
of weakness, general malaise, headache which s worse m people who
stayed up during the first wave of the illness,

The second fever wave 19 more severe (Figure 2) The temperature
nises for 2-3 days up to 39°~40° and remarns elevated for 7-10 days.
An unhearable headache frequently develops. The patients e withont
moving, particularly avording any movements of the head. The face
is hyperemic, the sclera injected. It 13 pamnful to move the eyeballs;
the patient has photophobia and is hyp ive to sound and
tactile irntations. Psychie symp are: general deafy | d
memory and decreased reactton to his surroundings, and occasionally,
peycho-motor excitement, The majority of patients are extremely
apathenic and without energy; their sleep may be affected (insomnia
or drowsiness). The heart beat is dull, the pulse slow, the arterial
pressure decreased. Some patients have an enlarged liver and spleen.

Against the background of general toxemia neurological symp-
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phalitia. In the second phase, virus was olated from the cerebrospinal flanl,
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toms develop, pointing to the involvement of the cerebral membranes
and the brain aubstance.

In the majonty of patients geal symp , of mod. or
mild degree, are found; sometimes they are expressed only in rigidity
of the neck. The meningeal symptoms are usually transitory and
rapudly disappear. Lumbar puncture reveals a moderate lymphocy-
tous (50-T0 cells); when the spmal flud 15 left standing a cloudy
film frequently forms.

In a number of cases separate involvement of the penipheral ner-
vous system ocewrs. There 13 pam along the nerve trunks when they
are pressed or stretched, a decrease or loss of tendon reflexes, a
lowering of musele tonus, and a neurits of optical, factal or audstory
nerves.

In more than half of the rases, mild symptoms of involvement of
the cerebral parenchyma are found; such as mild pyramidal hemisyn-
drome, reﬂe‘(es of oral automatism, appearance of separate extra-

(arownia, tremors) F 1y a more defined
cerebellar syndromc develops, 1t can be more generalized (cerebellar
walk) or more local such as 1 y
Sometimes there 13 a true ntention uemnr. Vertigo 15 sharply ex-
pressed; 1t frequently interferes with the sitting up in bed of the
patient or 1t may cause an unsteady walk. In some cases, a thalamic
eyndrome 15 observed.

A number of cases had amsocora, myoss, difficulty w conver-
gence, optic sympathetic syndrome, and diplopia Numerous disrup-
tions m the vegetative nervous system are observed; sharp disturb-
ances in sweating (profuse hdrosis, occastonally dryness of the skin),
lowenng of bload pressure, sslorchea, disturbances of pam adspta-

tion, g b of lhermo-

regulating reﬂetes. tendency to hyp ,, d

ofthe peripheral nerves, and 1 ofthesph
Muscular spanal pasalyses do not develop n the desenibed forms

except for p y neuritis or radicul Ina

few 1solated cases these d i wete of lo-radical, In

15-25%, of patients only one wave was noted, the degree and length
of which usually corresponded to the second wave of the biphastc
manifestation

In the chnieal pacture of illness, symptoms of the nervous system
and very muld changes of the mternal organs are most promment The
pulse 15 elow, the bver and the spleen enlarged, and are pamfal
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In the first fever wave, the general symptoms are charactenistic;
they Iast for 2-8 days, and usually consist of shivering, headache,
guldiness, nausea, and vomiting Meningeal symptoms are rare. The
face 15 hyperemic, the sclera are injccted; there are pains in the
muscles of back, neck, waist and hmbs. Constipation is present; the
tongue coated.

After the temperature falls, there is an afebrle period lasting 5-8
days. The patients feel fairly well, although most of them complain
of weakness, gencral malaise, headache which is worse in people who
stayed up during the first wave of the illness.

The second fever wave 13 more severe (Figure 2). The temperature
rises for 2-3 days up to 39°40° and remams elevated for 7-10 days,
An unbearable headache frequently develops, The patrents lie without
moving, particularly aveiding any movements of the head. The face
15 hyperemic; the selera injected. It is painful to meve the eyeballs;
the patient has photophobia and is hypersensitive to sound and
tactile irnitations, Psychic symptoms are: general deafness, decreased
memory and decreased reaction to his surroundings, and occasionally,
psycho-motor excitement, The majonty of patients are extremely
apathetic and without energy; their sleep may be affected (insomnia
or drowsiness). The heart beat 1s dull, the pulse slow, the artenal
pressure decreased. Some patients have an enlarged liver and spleen.

Agamst the background of general toxemia neurological symp-

HRans

7l

1 T
T i 70 0 0 L
AYS 1 ALY
! T -
By i 0 b
o 0
s T -
T A
g3 0 0 1 2 O

Fig 2. Tempersture curve of 3 S-year-old-child sick with biphasic meningoence-

phalits I the second phase, virus was isolated from thr cerebrospinal fuid



Sst0R0DIATSEY, Trek-borne Spring-Summer Encephabius 223

toms dex elop, pomnting to the iy ols ement of the cerebral membranes
and the brain substance,

In the majonty of patents meningeal symptoms, of moderate or
mild degree, are found; sometimes they are expressed only i ngidity
of the neck. The meningeal symptoms are wvsually trapsitory and
rapudly disappear, Lumbar puncture reveals a moderate lymphocy-
tosis (50-70 cells), when the spimal flud 15 left standing a cloudy
film frequently forms

In a number of cases separate involvement of the peripheral ner-
vous system occurs, There 13 pamn along the nerve trunks when they
are pressed or stretched, a decrease or loss of tendon reflexes, a
lIowering of muscle tonus, and a neunitis of optical, facial or auditory
nerves,

In more than half of the cases, mld symptoms of tnyolvement of
the cerebral parenchyma are found; such as muld pyramdal hemisyn-
drome, reflexes of oral automatism, appearance of separate extra-
pyramdal symptoms (amuma, tremors). Frequently a more defined
cerebellar syndrome develops, 1t can be more generalized (cerebellar
walk) or more local such as asynergetic ¥
Sometimes there 13 a true intention tremor. Vertigo s sharply ex-
pressed; it frequently interferes with the sitting up 1n bed of the
Patient or 1t may cause an unsteady walk In some cases, a thalamic
syndrome s observed

A number of cates had anisoconia, myosis, difficulty 1n conver-
gence, optic sympatheti d and diplopia N disrup-
tiong 1n the vegetative nervous system are observed, sharp disturb-
ances m sweating (profuse hidrosis, occasionally dryness of the skin),
lowering of blood pressure, eialorshea, disturbances of pain adapta-

tion, d el of thermo-
regulating xgﬁev‘u tendency to hypoglyceml-‘l increased excitability
of the peripheral nerves,and ofth

Muscular spinal paralyses do not develop m the deseribed forms
except for occasional lempoxaxy neuntis or radiculoneunttis In a
few 1solated cases these d were of ! dicul) In

15-259%, of patients only one wave was noted, the degree and length
of whlch usually corresponded to the second wave of the biphasic
manifestation

In the cluncal pu ture of illness, symptoms of the nervous system
and very muld changes of the internal organs are most promment, The
pulse 18 slow, the Inir and the spleen enlarged, and are painfal
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during palpation; everything rapidly returns to normal. In some
cases kidneys are affected; pyelitis or pyelo-nephritis may be present.
Occasionally, a rapidly disappearing rash of erythematous character
is present. In the first days of illness, there 1s constipation, the appetite
is poor. L penia 1s found, lymphocytosis 1n the first fever wave,
and moderate leucocytosis with normal leucocytes durng the second
bout of fever. An mcreased monocytos:s was not observed in the
first ot second houts of fever. Erythrocyte sedimentation is usually
increased and remains high for a long time. No changes in the urine
are observed, if the kxdneys are not affected.

The of biphasi halitis, as a rule, is favor-
able. Not one of 2, 500 patients wlwm we observed died from the
original disease. The recovery from neurological disturbances was
usually complete, and only the involvement of the vegetative nervous
system persisted longer. After the illness, a prolonged state of inertia
or general neurotic symptoms of neurasthenic type were observed
fairly often; then conditions frequently require special treatment.

A chronic course of the disease was not observed 1n any of the cases.

There were no essentral differences mn the clinical course of the
disease, whether caused by tick-bites or by drinking infected milk.
The chmical picture of the disease in different geographical areas was
identical.

The clinical course of the biphasic form 1s so typical and standard
that physicians famuliar with this illness usually have no difficulty
in giving the right diagnosis on the bass of the chmical data. Typical
epidemiological properties of the disease are: the season, relationship
to a tick-bite or the dninking of raw goat’s milk. The charactenstic
clinical course dishnguished it from a number of simular illnesses
Y ; a 1 1

"The Iphasic discase differs from the classic type of tick-borne
encephalitis (Far Eastern and Western variants), by the absence of
atrophic paralyses, including those of the neck muscles. The bulbar
syndrome and the fatal outcome are not observed, nor is there

progressive involvement, in particular }\on:vmxov epilepay. In the
k-1 hitrs, no ¢ ion with

classic paralytic form of
drinking infected goat’s mulk was found.
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Epidemology

The basic epidemrolagical pattesn of tick-borne encephalitss as a
trans ble infection 15 a refl of ats natural history (Pavrov-
sy, E. N, 1941) In the hght of Paviovskiy’s, E N. stady on the
natural histery of the disease, the virus, which is transmutted by
bloodsucking Txodes ticks, 15 mamtamed 1n nature by the process
of its uninterrupted airculation between the vector and the wild and
domestic warm-blooded ammals which provide nouvnshment to the
blood-sucking vectors. The t of t

virus from one host 1o another 1s presumed because of the prﬁence
of certain fauna and of fas orable clrmatologieal factors

Charactenstic of the natural history of tick-borne encephalitis 1s
the correlation hetween the virus, 1ts donor, 1ts vector, and 11s reci-
pient which aroee 1n the process of evolution without any dependence
on man, who 18 1n most cases an acaidental Lnk in the arrculation of
the virus. Ecological, biol 1, and ph logical ch of
the vector are most mmy mn the eprd logy of trck-b.
encephalitia, as 1t 15 1n sny other transmussible disease (PavLovskry,
E. K., 1943),

The sectors of this diseace—wood ticks of the family Ixodidae,
Ixodes persulcatus and Ixodes ricinus— are important and permanent
reservors of the virus of tick-borne encephalitis in nature Isolated
!prue! such as parasitic mtes, jnfesting rodents® holes, and ticks

e concinna and D stltarum, may also curenlate
the virus, but their role a3 vectors remains to be determined (Fig 3)

The biological cycle m the wood tick's deselopment and the
dissemenation of the virus are ly tied to the blooded
animaly on which the vectors fred Adult ticks feed on cows, goats,
shrep, horses, elks, wolves and hares Larvae suck blood from wood
mice, shrews, field mice, and moles. Nympha feed on hares, chip-
munks (Eutamuas sibirzeus Lax), equirrels, and field mce. Burds play
an tmportant role i transporting infected ticks aver great distances,
thus encouraging the introduction of new hosts for tick-borne
encephalitis, Wild birds which are the most frequent earners of ticks
are: thrush (Turdus pilars L), nutcracker burd (Nucifraga caryea-
tactas Ly, trve pipn (Anihuy inviohs), hammer-bird. {Emberiza aitrr-
nella L) and others (Sororiev, V., D, 1939, 1941; Mosksrs, L. A..
1940; 5, 1xTSEY, A A. and kers, 1939; DROBYSHEVSKAYA,
A.J., avp Nevstnoey, V D, 1913.)
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Frequent additional carriers of ticks can be: hamsters, mce, field
mice, squirrels, forest mice, hares; and among the beds, jay bird,
bullfnck, chaffnch In a number of other animale larvae and nymphs
ate found oaly rarely {nuteracker bird, field muce, mole, harsest mice,
titmouse, ermine, water mice, magpie, weasel, and bank sw allow).

Althongh the number of hosts upon which the tick 1 cetars feed ia
very great and includes more than 100 different species of mammals
andl burds, the chief factor m maintaimng the infection 1n any area
depends upan the prevatiag anmals and birds, A periodic nerease in
the number of ticks 1 Czechorlovakia follows upon a year of sharp
merease m the mouse population (“mce years™ from Hanzar, F.,
1954).

Tick-borne encephalitis 15 endemic in wide furest areas {nccuprymg
about 50%, of the USSR terntory). It includes Sibenian forests,
mixed transional forests of the European part and the Far East,
narxced and broad-Jeaved forests along niver valley s, stream valleys and
forest regions m the steppes. Mixed and hroad-leaved forests,
honzontal and vertical belts, are the most dangerous for tick-horne
encephaltis {Fig, 4).

Attempts were made to classify the natyral hosts of tick-borne
encephalitis according to climane, and geographeal and botanical
characteristics of various forest areas. The specific biological charac-
tenstics of the host determine the principal ways 1 which the virus
aeculates i mter-epudemic and epdemc seacons.

These characterietics essentially influence the length of the epde-
mic season, which fluctnates in the Far East, depending on the mcro-
chimate. from 2 to 4 months At present, endemie areas are found,
not only m the Far East and Siberia, but also in various forest regions
of the middle and nortbern belts of the European part of the USSR
(Cnumxov. M. P. and co-workers, 1939, 1910, 1913, 1911},

X

hal
5

18 a very old disease
breeding m varions forest regions of the USSR and beyond the
frontier. Cases of tich-borne encephalitis, at the end of the last
century and the beginmng of this century, were found 1 the Far Fast
and the Urals (Sworonintsey, A. A, 19392, 1939b, Dankovskiy,
N.1.,1939).

The epreading of the dincase, for the most part, in thick foreat
regions, far removed from qualfied medical mstitutions, explams the
romplete unfamlianty of phymeians with 1t before 1935 (Panov,
A.G L1936}
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Fig 7 Tick Ixodes newnust, nymph 56 >

During this tume they merease in size up to 15 mm and they drop off the bost
the underbrush Within the next 40-100 dava the larvae turn into starving nvinp
with 4 pairs of fegs (Fig 7} The nymphs hibernate ond in the spring attack the
warm-bloaded hosts (mice, rodents, chipmunks, rabbuts, squirrels) and suck blor
for 5-6 days The satiated mymph, lead-grav m color and up to 3 mm m o1
changes in the depth of underbrusty, by auturn or the foflowing sprng, wto 1l
adudt male or female ek

The Jength of the entire exele, from the gy stage to ap adult tick, 15 3 year
durig thus tame the tick ehanges hosts threc times (PoxERANTSEY, B 1*, AND SE
DUEOYA, G,V ,1939, 1948) May and June 15 the period whert the greatest number
teks are found 1 the adult stage and when they are the most aggresne (active
therr uttachment to man and animal), after this period the tieks 10 thi sta
diappear

Larvae ond nympbs are found durng spring sud summer months

Ticks can become nfected with virus only through wild anumals, but n
through man The tick attached 1o @ man's body alwavs leaves after suckimg t
blood for a few days If a ratiated tick drops 1 & buikding 1t wall perish, beeau
¥t 1 not able to reshze 1ts metamorphons because of the lack of the neceswa
naturad condivians

The chmatic conditions of & geographic region determine the begwming of t
season 1 tick setvity In most areas of tick-horne encephalitzy 10 the USSR 1t
the muddle of Apnl, when the 28-hourly mean temperature of the asr s 3 to 4°
The ticks” attack on man occurs at & Zi-hourly mean temperature 10 10 12°C, wh
cortesponds ta the end of Apri) or begmmng of May.

The activity of ticks decreases at w temperature above 16°

The absolute number of encephalitis vectors in forests 18 1

always 1n proportion to he number of illnesses The latter 35 dete
mined by the percentage of virus-imfected nicks and the extent
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5. Tack Ixodes ricinus, hungry female 12+ 6 Tick Txodes recinus, satiated female, 6 x

male tick there is the thorax, dark brown 1n color, of hard chitin, 1t occupies about
half of the female’s lenght Behind the thorax there 13 a softer chitin, reddish-orange
1n color, it stretches in sucking In males all the back 13 covered with dark, hard
chitin, 1t does not stretch m sucking (Fig 5)

The fine sense of smell 1n ticks helps them to concentrate m the paths where
animals and people walk Ticks chimb on stems and grass leaves, but not higher than
¢ 5 meter from the ground W aiting for many days for a passng ammal, they spread
to the side therr front parr of legs with which they quickly attach themeelves to the
animals *fur or to the peoples’ outer clothing They attack day and mght, on sunny
or rainy days, hiding 1n the ground only dunng heavy rains, but there is a remarkable
penodicaty 1n tick actrvty duning @ single day

The male feeds only for a few minutes and sucksn only a little blood The female

sucks blood without mterruption, np to 9 days, at this tume 1t 13 fecundated by the
male.
The satiated female considerably inereases in size (up to 10-12 mm) and trans-
forms into a blood-filled egg-shaped sac of Jead-gray color (Fig 6). The satiated
female leaves her host sndependently and n 10-12 days lays 600 to 3,000 eggs 1
forest ground or in soil cracks; after that she dies

In the begmning of August, from the eggs tiny (lews than 0 5 mm) pale yeltow,
starving larsae develop, they resemble m shape the adult ticks, but bave only
3 pairs of legs

The starving larvae hibernate and wn the spring sttach themselves to small
vertebrates (mice family or insectivores) to il themselves with blood fur 3-5 days
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mumty to the tick-borne encephalitis virus which develops as
result of subchnical infection following repeated contacts with ticks.
The more intensive the circulation of virus in the vectors and the
more frequent their contact with persons, the higher is the number
of patients and the percentage of persons immune through exposure
to mfected tick-bites, Consequently a gradual decrease of sick cases
octurs amongst the old inhabitants of a given region. However, when
a new susceptible population maves 1nto an area where the disease 15
not overt, a large number of cases may occur.

The most wmportant habitat of ticks is the forest. The most
favorable habitats are mixed fir and leaf forests along the lowlands,
with growth of linden, older trees, and shrubwood Ticks are found
more rarely beyond forests and shrubwood. Ticks hibernate in all
thewr stages of development, except ova and hungry larvae. Hungry
larvac pensh at —7°C and lower.

The role of pasture ticks, Ixodes persuleatus and Ixodes ricinus,
as vectors is proved by the frequent isolation of encephalitis varus
when a suspension of ground starving ticks (gathered in nature) 1s
m)ected into the brains of white mice. This virus was found to be
identical to the virus 1solated from sick people (Mironov, V.S.,
1938; SmuBLADZE, A. K., AND SERDIUROVA, G. V., 1939; PavLoskry,
E. N. and co-workers, 1947; Ranras AnD Gartia, 1949; Smoro-
DINTSEV, A A. and co-workers, 1954).

The most sensitive and effective method of isolating the virus from
ticks found m nature 18 by wntracerebral injection of 4-6 white mice
wath a suspension of culture larvae, bred 1n the laboratory from
mdividual females, taken from the woods 1n a hungry state, or from
cattle 1n a satiated state, Every 5-7 days, 2-3 passages are done on
the brams harvested from wnfected mice.

In many regions of the European part of the USSR, the 1solation
of varus from hungry adult female ticks, which were tested in groups
of 20, was almost ml (one virus stram per 50-100 groups or per 1-2
thousand ticks) Similar groups in the larval state laid by mdividual
females (1,000-2,000 larvae from each culture inoculated mto a group

of mice) usually produce 5-25%, positive takes for virus This can be
related to the large number of larval samples tested and to the large
¢oncentration of virus mthem (Crunakov, M.P., 1944 ; SmoropINTSEY,
A.A.AND CO-WORKERS,1953;GuLAMOVA, V. P, ANDOLENEY, N.0.,1954).

Infected wood Ixodes ticks transmit virus to susceptible ammals
by bitng

M Virolagy, VL1



232 SMORODINTSEV, Tick-borne Spring.Summer Fncephahtis

which the population comes i contact with these ticks, Qutbreaks of
tick-borne phalitis have been described in regions with low
numbers of ticks not heavily infected with encephalitis virus, where
there was an intensive contact by a considerable group of people with
the natural hosts (MELNIKOV and co-workers, 1919). Many of the
known areas of tick-borne phalitis are well inhabited by man
and are i the direct neighborhood of towns and heavily populated
areas. Rare cases of infection eccurring in homes have also been
desenibed, through ticks brought into the house on bouquets of forest
flowers, on grass, or on hunter’s clothing.

The role of ticks m the infection of human beings is easily con-
firmed m most pati by epid logical investigati;

In the usual case history, there are definite indications of bites
and of the removal of sucking ticks 8-15 days before the onset of the
disease. The patients had been 1n the woods and exposed to ticks.

The curve of phali i ponds to the populatil
curve of the ticks m nature. The time of their appearance, their
maximal development, and the ceasing of their activity somewhat
precede the curve of infection. As the adult pasture ticks disappear
from nature, so does the 1llness decrease among people.

The quantitative distmbution of encephalitis cases 15 closely

lated to the 1 distribution of ticks: illnesses are more
numerous in fir and leaf mixed forests, rich in tick fauna, and rare in
such forests as pine, birch and oak, where there are not many ticks
or none at all. In the population exposed for a long period to repeated
tick-bites, a gradual dymng out of encephalitis 13 observed, which is
related to the development of immunity. Always a small number of
people bitten by infected ticks become 1ll, and most of these persons
become 1mmunized.

After a bout of the disease, virus-neutralizing antibodies remain
in the blood for many years, usually for the whole hife span; comple-
ment-fixing antibodies disappear m 1 to 2 years, Persons who have
had the disease do not get 1t a second time, as they possess a lasting
immunity.

In endemic aveas, there is always a great number of permanent
inhabitants who have not bad chnical tick-borne encephalitis, but
who have i ibodies. The | ge of such persons is
proportional to the length of their stay in the endemic regions and
to the intensity of their contact with ticks. Often more than 509 of
the adult population 1 an endemic region may have humoral im-
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their warm-blooded hosts and infect them. From these animals
healthy larvae, nymphs and image are infected which in turn transmit
the virus to the next stages 1n devel and also fall
In order to infect a tick a high co: jon of viremia is i
(Sarvanova, E.S., 1948; PATTYN anp WLz, 1955).

Each new type of ammal, including man, which enters the tiaga
Tegions teemung with virus reservours of ticks and rodents, 15 subjected
10 tick attacks and to encephalitis infections.

From this 1t follows that spring-summer encephalitis is not pri-
manly a disease of human bemngs but exists 1 nature independently
of man. The attack of ticks on man 1s an incidental episode, since
people do not play a role in the normal he-cyele of ticks, This role
belongs to various wild and domestic anumals.

In the biphasic form of tick-borne encephaktis, the mnfection
occurs not only through direct bite of the tick but also through
the ahmentary tract m drinking nulk from goats bitten by ticks m
pastures (SETILBANCE, 1952, 5: TSEV, A. A. and kers,
1953). The abmentary portal of entry of bipbastc virus menmngo-
encephalrtis has been proved by direct 1solation of virus strains from
the mlk of goats naturally mfected in the pasture m two different
areas of infection (SMORODINTSEV, A, A., ILIENKQ, V. 1., AND cO-
WORKERS, 1953). In various regions one way of infection may prevail
over another, depending upon the number of goats owned by the
population and the mtensity of their contact with wood-ticks. In
one of the areas which we studsed, up to 70% of all llnesses were
produced through the use of infected goat’s milk. These illnesses bear
the ck of a family-group outbreak; they occur i the same
period m the course of several days amongst a group of persons
drmking mulk from the same goat. In other areas of tick-borne
encephalitis not more than 5-20%, of illnesses are related to the ali-
mentary wfection via goat’s milk; the majonity of cases are caused
through direct contact of patients with ticks. These cases of infections
through ticks are of sporadic character and they seldom pn)duce
other cases in the family , AL A, and
1953, 1954; Raska, K., BT AL, 1954; qu«xo, V.1, 1956).

In this connection 1t 1s not correct to name the biphasic form of
tick-borne encephalitis “milk biphasic fever” (Cruvsaxov, M P,
AND CO-WORKERS, 1934). This name designates only one epidemrolo-
gical vanant of the disease (alimentary infection via nulk) and ignores
the no less frequent sporadic illzesses transmtted through tick-bites.

y.
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Ixodes persuleatus and Ixodes ricinus ticks free of virus are easily

infected when fed on mice, guinea pigs, and rabbits infected with

phalitis virus. The ingested virus multiplies i ly in the body

of the tick and is easily transmitted to other animals through biting
(Rryyov, N. V., AND CO-WORKERS, 1940).

The ability of infected ticks to transmit the virus to susceptible
animals through biting is explaned by its distribution in the tick.
The virus concentrates essentially in the salivary glands of ticks
(Paviovskry, E. N., 1939) and also in the intestinal tract (Syoro-
DINTSEY, A. A., AND ILienko, V. I, unpublished).

Ticks act as the basic reservoir of virus by their ability to transmit
the agent transovarially. This has been followed through several
generations {Paviovskry, E. N., 1914; Coumakev, M. P., anp co-
WORKERS, 1945), and 1s of important epidemiological sigmficance.

In the opmion of Panov, A. G., (1956) and others, the duration of
ovarial transmission of the virus by Ixodes ticks depends on the
conditions of their feeding. If the blood-sucking occurs on animals,
without speeific virus neutralizing antibodies in their blood, trans-
mission of the virus from one stage of development to another goes
unchecked. If the blood sucking occurs on animals immune to tick-
borne encephalitis, transmission of the virus to the next stage of
develop peded. But this 1 is not sufficiently
confirmed by experimental data.

The ticks Izodes persulcatus and Ixodes riefnus infect man, and

is

they are regularly d in all end areas of tick-b
encephalitis, They outnumber other types, and they are frequently
infected sp ly with the phalitis virus and easily infect

susceptible animals through biting.

Domestic and wild ammals, particularly rodents, are an additional
and closely related reservoir of the encephaltis virus in nature.
In contrast to the protracted circulation of the virus in the tick, the
wirus is preserved in the organism of warm-blooded {susceptible and
non-susceptible) animals for a very short time, not over 12 weeks.

This is confirmed by finding the virus for short periods in the
brain and blood of wild ammals trapped in encephalitis areas (chip-
munk, field mice, hedge hog, mole, rabbit) and also in various birds
(grouse, yellow hammer, thrush). Various rodents inbabiting forests
are also susceptible to the virus.

A description of the virus cycle in the encephalitic area follows:

Jarvae, nymphs and imago naturally infected with the virus attack



TSEY, Tick-borne Spring-51 237

1mcorrectly thought to be cow’s milk, when in fact 1t was mixed with
goat’s milk.
Results of a study on zhe 1 y outbreak of tick-b

halitis 1n R {C: lovalaa) is of a great interest, The
uutbrenk started 1n tl:e end of Apnl 1951 the illnesses were dafficult
to diagnose and were thought to be mfluenza. After May 5, more than
660 persons fell 1ll, half of them diagnosed as cases of the smgle phase
form of the disease; the other half clearly had the biphasic character.
Family-group illnesses were observed wath, however, no cases of
contact infection The charactenstic symptoms of the biphasic illness
were drowsiness and coated tongue. Lambar punctures relieved severe

symptoms. The cerebrospmnal flaid did not show a nise in protem or 1
cells, at any stage of illness or recovery. The outcome of the disease
was favorable without permanent damage, The only death (a 60
year-old man) was due to another cause: in the deceased person’s
bram L pathol 1 changes of were found.

The large outbreak which developed was related to an ahmentary
infection via raw milk (Brascovic, Raska, 1954). The prncipal
source of mfection was the local dairy which did not pasteurize cows
or goats’ milk, but mixed the incoming produce for retadl sale, It was
established that most patients drank raw milk taken from this dairy,
although some of them recewved milk directly from the animals

On the basis of laboratory and clinical rescarch it was proved that
neither bacteria, nor rick nor leptospira were
involved,

hal

the presence of antibodies to
the viruses of Czechoslovakia, and Russian sprng-summer cncephalitis.
Tn 1952 zoological and paracstological research was carried out m
the R region. Considerable titers of antibodies were d;
1n various wild amumals (deer, ete.), domestic animals (goats, cow, etc.) )
and 1 small mammals. The virus stramns isolated from persons and
ticks were 1dentical to the virus of the Russian tick-borne encephalitis
(Rostcky anD HAVLIK, 1954; Haviik anp Komax, 1957; Macicra,
1956).

Correlation Betueen the Biphasic Form of Tick-Borne Encephalins and
Scotch Encephaliis (Louping IiT)

In the opmion of SrireR, L. A., (1946), the milder cases of tick-
borne encephalitis in the Western regions of the European part of the
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Sharp differences i the incubation period and m the epidemiological

ics of the biphasic form of tick-borne encephalitis are
observed depending on the source of infection. The disease caused by
tick-bites has a sporadic character; it develops in 8-20 days after con-
tact, affecting mostly adult men engaged in physical labor in forest
regions. The epidemiological link in this case is the transmission of
the virus from tick to man.

The altmentary diseases have a family-group character and affect
rapidly one person after the other in the majority of persons drinking
milk from the same goat 4-7 days before the onset. Many in this
group did not have contact with the forest nor did they remove any
ticks from their body 8-20 days before the onset. The epidemiological
link in this case is the transmission of the virus from tick to goat to

man,
In this family group of biphasic meningoencephalitis there are

many children of pre-school age and old people having no contact

with the forest. The occupational group sharply differs from the

group infected via tick-bite ( TSEV, A, A. and kers,
1953, 1954, 1955).
Cases of al y inf are frequently observed gst the

town population close to natural habitats of biphasic meningoen-
cephalitis. Town inhabitants may become ill after spending Sundays
in the village where they may have drunk goats’ milk but did not
walk 1n the woods nor did they find ticks on their bodies. In the same
village, at the same time, other persons drinking milk from the same
goat became 1ll.

Group outbreaks in towns have been related to the introduction of
the virus with goats’ milk dehvered from country areas to the patient’s
house or bought at the market (see later, outbreak in Rojniava—
Czechoslovakia).

The 1llness in goats produced mild signs of general inertness and a
decrease in milk yield.

The virus of biphasi i phalitis after sul m-

lation into Jab y animals regularly finds its way into the mlk
of susceptible animals {goats, sheep, white mice, guinea pigs) but is
not found in the milk of non-susceptible ammals (white rats, rabbits)
(Itexko, V. I, 1956).

No epidemics have been traced to infected cow’s milk; this becomes

dable when the of cows to the virus is taken into

consideration. Occasionally the source in infectionof persons was
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The prophylaxis of tick-b ephalitis is carried out as follows:

1. Control of vector ticks. This includes measures directed to
protect the population from the sucking and biting of ticks; also
measures to destroy ticks m their native habitat, For protection
against ticks, 1113 recommended to wear corzect elothiog in the forests
which will impede the ticks from penetrating to the body; also the use

ded, such as phth

of epecial protective prep 18
109, carbonic soap emulsion, tar mixtures These preparations should
be used to saturate belts, shorts, ties or arm bands {cloth or gauze)
for they repel ticks.

Persons working 1n forests should be exammmned for t1cks repeatedly
(lunch hour and 1n the evening) to remove and destroy ticks immedia-
tely (PErvoMayskiy, G. S, 1940, Esxin, V. A, and co-workers,
19443

To destroy ticks on plants, on the ground, or op Warm-blooded
amimals, a number of measures are taken:

1) E ) 1mn org; the cutung
of forests nich 1n ticks duning autumn—winter penod; hmiting the
pasturing 1 forest stations of demestic cattle, on which the adult
ticks feed

{2) Destruction of ticks on plants and m grass, To fight tick-
borne encephalitis 1 the USSR the sprayimg of infested large forest

with DDT prep or with b lor (by ground or
aviation dusting) bas proved to be successful. A 10%, dust of DDT or
hexachlor in the amounts of 30-50 kg per hectare 15 used. According
to the observations of Gorcmakovskaya, N. N and co-workers,
{1953, 1958) the destruction of adult ticks (Ixodes persuleatus) two
years after a DDT spraying was 99 6-99 7% effective, The populatron
of young ticks, determmned by the number of larvae snd nymphs on
rodents decreased 1 one year of spraying of large forests by 97 6%,
the second season 1t decreased by 96.6% and the third 99.5%. A
greater effectiveness was observed 1 a small section of forest, where
4 years after the spraying no young or adult ticks are found
In spraymg the forest with hevachlor (30 kg per hectare) adult
ticks one year were destroyed up to 99 9%; however, in the 2nd and
31d season ticks were found agam, to a considerable number (30%,).
The number of Iarvae and nymphs in various areas decreased unevenly
{20-84%,). Thus can be explained by the less stable and shorter action
of hexachlor than that of DDT. The latter remans dunng several
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USSR (for instance Byelorussia), transmitted by ticks Ixodes ricinus,
are etiologically independent and are caused by the virus of Scotch
encephalitis, According to the data of SILBER, L. A., AND ZAHAROVA,
M. A, from these patients and from ticks Jxodes ricinus (taken from
infection areas) strains of Scotch encephaltis were isolated which
differ antigenically from the virus of tick-borne encephalitis (SiLBER,
L. A, AND co-woORKERs, 1914, 1945, 1946).

The sera of persons who have had this disease, neutralize chiefly
the Scotch encephalitis virus and to a lesser degree the tick-borne
encephalitis virus. These laboratory data were not confirmed i
repeat tests. The sera of persons having had encephalitis in Western
areas neutralize equally all known varieties of tick-borne encephalitis
(Eastern and Western variants of the paralytic form and the virus
of the biphasic form) and the virus of louping ill. The virus strains
isolated m Byelorussia from the tick (Jxodes ricinus) do not differ
antigenically from any other strains of tick-borne encephalitis and
loupmng ill,

In Scotland and Northern England the epizootic type of encepha-
lomyelitis amongst sheep, caused by louping ill virus, has been known
for the past 150 years. However illnesses amongst persons living in
these areas are very rare and data not reliable. On the contrary, in
the Western forest regions of the USSR, where the vector of the
Scotch encephalitis is spread—the tick Ixodes ricinus—many persons
become ill every season but the verugo of sheep is absent, Wc studied
this problem 1n the regions where b ic tick-b litis fs
found in Northwest and the near Usals rtegtons where sheep breeding
is intensive and where animals are allowed to pasture in forest regions
teeming with infected vectors, Ixodes ricinus or Ixodes persulcatus.
In spite of the intimate contact of infected ticks on young susceptible
sheep and the development in the latter of a strong humoral immunity
towards the end of autumn, no vertigo cases were found in llcrds up
to 50,000 head of sheep. Therefore, the p of Scotch -ph
in the USSR is not proved.

The Scotch encephalitis affects only sheep, and is not dangerous 1o
peoplc, on the contrary, the tick-borne encephalitis is not at all
dangerous to sheep under natural conditions while many persons fall
i1l Although the clinical course of Scotch encephalitis in people
infected in the laboratory is very similar to the biphasic form of
tick-borne encephalitis, the two illnesses have completely different

etiology.



Sx0ROBINTSEY, Tick-borne Spring-Summer Encephalins 241

The inoculation of the population m endemic areas radically
changes the epidemological situation, and when it is applied on &
large scale to the menaced population, 1t can extinguish the disease
even in the most dangerous areas of the Far East,

Lately, production of the dry preparation of tick vaccine has been
started. It 1s very stable for long peniods and dunng shipping (Dro-
BYSHEVSEAYA, A I, AND SMORODINTSEY, A, A,, 1935; LevKovrrca,
E. N., 1956).

The re-vaccination (with 3 ml of vaccine) should be done every
2-3 years. The possibility 15 being studied of producmg = killed virus
vacaine from virus grown m chick embryos (Smusrapze, A. K.).
However, this vaceme produces a less defined immunogenic effect
than the vaccine from the bramn of mice. Attempts to obtain attenu-
ated variants of the virus to create a hve avirulent vaccine did not
produce good results. This 1s due to the high stabihty of the patho-
genic capaaity found m the tick-borne encephalitis vrus group.

The virus strams of hiphasic memngocncephalitis have a very
favorable outlook, as these represent matural strains of reduced
wvirulence, They do not cause disturbances in movements or death of
persons, Cases of laboratory infections caused by the biphasic en-
cephalitis virus were not severe,

As regards unvaccinated persons hitten by ticks, seroprophylaxis
is necessary ; this can be a subcutaneous iject1on of 5-20 ml of serum
or gamma globulin from hypenmmunized horses and goats, or from
Ppersons recovered from the disease. The seroprophylaxis decreases the
number of illnesses amongst persons bitten by ticks, at least 4 and
more trmes {Grazuwov, I S., and co-workers, 1939; Crumaxov,
M. P., 1940, Anpraparinzs, 0. G., ET AL., 1957; Barpos V , 1956).

To produce the hyperimmune serum, horses are immunized sub-

ly with a 10%, susp of the brains of infected mice or
chick embryos (120-150 ml of antigen for one course of 5 immumza-
tions). The antigen 1s mjected at 7-8 days wntervals; 12 days after the
firal :immunization, blood 1s drawn. After an interval of one month to
maintam the titer of the serum, a new course of immumzation is
begun and 50 on up to 10 tumes.
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seasons on the soil of forest underbrush. The spraying of DDT dust
can be done early in spring or late in fall.

The treatment of natural habitats of tick-b phalitis with
DDT produces a lasting freedom from ticks in forest regions, for the
basic vectors perish.

Other blood suckers of rodents (mites, fleas, lice) are not affected
or only slightly so. The study of a possible role of other blood-sucking
vectors in transmitting the virus in areas freed of ticks Jxodidae by
spraying, would be of a great interest. If other vectors exist besides
the Ixodes ticks, they would assert themselves even if the principal
vectors are completely suppressed.

(3) Extermination of rodents leads to the loss of the basic majority
of young ticks (larvae and nymphs).

2. Control of the alimentary infection by the milk of goats in forest pa-
stures, During the wnfectious season it is recommended to drink boiled
goats® milk, and to improve the taste, it is recommended to mix it
with raw cows’ milk which is free from virus.

3, Vaccination by the standard Rilled vaccine. The specific immunity
arising regularly in persons who had the tick-borne encephaltis can
be reproduced for a limited time (I-2 years) by a subcutancous
introduction ef our killed vaccine (5% suspension of infected mouse
brain inactivated for 20 days by formalin, 1: 600, at 0-4°C) {Suoro-
DINTSEV, A, A. and co-workers, 1940, 1941; Lrvkoviren, E. N.,
AND SMORODINTSEY, A, A., 1940).

White mice, inated 3 times intraperi ily with 0.25 sl of
this preparation, are able to withstand up to 100,000 lethal doses of
virus when infected intraperitoneally, but they do not develop an

ity toi bral infection. Two sub introdacti
of 3 and § m! formol vaccine are given to the people at an interval
of 7-10 days. The epidemiological effectiveness of the vaccine was
first proved in 1939. Amongst 925 woodcutters, who came to the Far
East for the first time and who were vaccinated with a standard dose,
there were two mild cases of encephalins, without paralytic complica-
tions.Ina controlgroupof1,18: inated persons,similari I
sition, there were 27 cases, for the most part severe, ending in 7 deaths.

In 1940 amonget 9,578 persons inoculated with standard doses of
50/, formol vaccine, there was one case of ecephalitis and amongst
6,180 unvaccinated persons there were 38 cases with 9 deaths,
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RUSSIAN SPRING-SUMMER VIRUS
IN INDIA
Kyasanur Forest Disease

By TELFORD H. WORK*

Humanr disease caused by any of the tick-borne Russian Spring-
Summer (RSS) complex viruses was unknown in the tropics unl the
discovery and description of Kyasanar Forest Disease in Shimoga
District of Mysore State, India, in March-April 1957 (WoRE Anp
TrariDo, 1957; WORK £t AL, 1957). The clinical illzess in man in
India displays many features of Omsk Hemorrhagic Fever (Biriniv,
1950; GaIDUSEK, 1953), now known to be caused by a virus of the
RSS complex (MAcLEOD ET v, 1956; Konowarcruk, 1957), with no
overt signs of phalitis. Further evid is thus provided that
this group of viruses not only has an extensive geographical distribu-
tion but also marked vanation in pathogenicity and tissue tropism.

Human RSS virus infection in India was first suspected in 1952
when lizing antibodies to Russian Spring Encephahti
virus {RSSE) were demonstrated n 6 o[ 26 sera cuUecte-I from
young ndulu at Lu!xyana, a rural town near the Arabian Sea coast
of the §. now included in Bombay State in Wes-
tern India (SnrnmlmN ET aL, 1954; Kerr Axp Garng, 1951).
(Figure 1). The appearance of a significant number of RSSE positive

* Director, Indian Council of Medical Research Virns Research Centre, Poons 1,
and Staff Member of The Rockefeller Foundation
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reminiar..

Fig 1 Localies of RSS virus mfection 1o India.

human sera in only one of 38 widely scattered localities of South India
suggested the possibility of recent introduction of the virus into that
region (SMirHBURN ET AL, 1954). The fatther sygnificance of this
finding in Saurashtra in relation to the recent outbreak of Kyasanur
Forest Disease in Mysore, 18 at present under mvestigation,

Aun outstandmg feature m the epidemiology of Kyasanur Forest
Disease 1s the involvement of two species of sydd monkeys, the langur,
Presbytis enteflus, and bonnet macaque, Macaca radiata, Tt was a
report recerved on March 23, 1957 (Rao, 1957) of wild monkeys of
these epecies dying in a forested area of Shumoga District that first
attracted the attention of the Virus Research Cenutre. Simce fatal
eprzooties n forest monkeys, such as have occurred mn South and
Central Amenica, have heretofore been mdicative only of sylvan
yellow fever (TavrLor, 1951; TRAPIDO AND GaLINpO, 1956), 1t Was
euspected at firat that yellow fever had invaded a continent where
there 1s no evidence that it has ever existed. With this fatal epizootic
1n India, monkeys are i d 1n a second arthropod-b: virus
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infe of serious q to man, although one in which ticks
appear to be the vectors rather than mosquitoes,

On arrival at Shimoga on March 26, 1957, the investigating team
learned from the District Health Officer that cases of a prolonged,
prostrating, febrile, and often fatal illness had occurred in human in-
habitants of villages adjacent to forest areas where dead monkeys had
been observed (Smama Rao, 1957). The symptoms, signs and course
of the disease simulated enteric fever, but results of WipaL and WEIL
FeLx logical ination had been ially negative (NaRra-
snaA Murtny, to be published). These cases had been reported
February to April 1956 and January to March 1957, during periods
when monkey deaths in adjacent forests were also reported.

It was on March 27, during investigation of these human cases (PRA-
SANNA IYENGAR, 1957) at the Ulavi Primary Health Centre that the
first freshly dead langur (black-faced) monkey, collected moribund in
Kyasanur Forest, was brought for post-mortem examination. The first
Kyasanur Forest Disease (KFD) virus strains of the RSS virus com-
plex were isolated from this monkey (Work anp Trarino, 1957,
in press; BIATT ET AL, in preparation). On each of the subsequent two
days, bonnet macaque (red-faced) monkeys found dead in the forest—
one at Shigga and another in Kyasanur Forest—were autopsied and
virus was isolated from organs of each. After post-mortem examina-
tion of the monkey at Shigga village the first acute and convalescent
patients were examined. They were suffering from what was later
to be called Kyasanur Forest Disease, named after the locality where
the virus was first isolated from monkeys and later from human
patients exposed there.

Clinical Features of Kyasanur Forest Discase

The salient features of what has become the classical history,
symptomatology and clinical course were first observed in these
Shigga villagers, They termed their affliction “the monkey disease™
because of their observation that seeing or smelling a dead monkey in
the forest was often a precursor to onsct of this particular illness which
they recognized as new.

A more detailed description of the clinical
cases has already been published as a preliminary report (WoRK ET AL,
1957). Kyasanur Forest Disecase is suspected in patients giving a

ife inseven
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history of forest exposure within eight days of sudden onset of head-
ache, fever, low back and hmb pains and severe prostration, often
associated with inflammation of the eyes, diarrhoea and vonuting by
the third or fourth day of illness. Bleeding from the nose, gums,
stomach and intestmes may begin as early as the third day, The
majority of cases, however, run a full course without overt hemor-
rhagic sygns,

Physical examnation durng the first few days of llness shows an
acutely 1l, hstless, and often prostrate patient, too sick to answer
questions quickly or directly. Temperature may exceed 39.4C., but
seldom nses higher. In some patients the pulse may be slower than
would be expected from the temperature

Almost abways there is inflammation of the scloral and palpebral

with hobia. There may be enlarged
and soft or sometmes shotty cervical lymph glands. Soft axillary
Iymph nodes 1 to 2 em, in d are common. Epitrochlear nodes
are palpable occasionally. The neck 1s often stiff owing to guarding of
painful spmal and cervical muscles. A papulo-vesicular eruption on

the soft palate 1s frequent and when seen 1s a charactenstic diagnostic
sign. Rarely blood may ooze from the gums; epistaxs, sometumes
noted only by dried blood about the nares, may oceur; and gastro-
1ntestinal bleeding may be evidenced by hematemesis, melena ot red
Blood 1 the stools. Such bleeding may continue for many days after
fever ceases.

Some patients have a persistent cough which may produce blood-
tinged sputum or even substantial quantities of blood. The lungs are
usually clear by percussion and auscultation, except in patients prod-
uemg blood-tinged sputum or frank red blood In these patients
thonchi, wet rales and crepitations may be heard, They are signs of
serious lung mvolvement which may be a precursor to pacumonia.

The heart s1ze and sounds are not abnormal In some cases there

hasbeen a bradycardza, though i most the pulse reflects the patient’s
ba

There 15 no 1 pain except 1n cases with massive
gastro-mtestinal bleeding The liver 1s not palpable, but the tip of the
spleen may be felt, most often m those patients with generalized
Iymphadenopathy. Kidneys are not palpable.

No skin eruptions or discoloration have been observed and none
of the patients gave a history or showed clear evidence of tick bites.
However, there were occasionally reddish papules or fading macules in
the axillary region which appeared stmilar to the lesions observed on
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infection of serions q to man, although enc in which ticks
appear to be the vectors rather than mosgnitoes.

On arrival at Shimoga on March 26, 1957, the investigating team
Iearned from the District Health Officer that cases of a prolonged,
prostrating, febrile, and often fatal illness had occurred in human in-
habitants of villages adjacent to forest areas where dead monkeys had
been observed (Smasta Ruo, 1937). The symptoms, signs and course
of the dx_ea_'e !unu!alcd enteric fever, but results of WiDAL and We1L
Frrrx i ination had been essentially megative (NaRa-
SDMHEA BICR'nn'. to be published). These cases had been reported
February to April 1956 and January to March 1957, daring periods
when monkey deaths in adjacent forests were also reported.

It wason March 27, daring investization of these human cases (Pra-
saxsa Ixexcar, 1957) at the Ulavi Primary Health Centre that the
first freshly dead Jangur (black-faced) monkey, collected moribund in
Kyasanur Forest, was brought for post-mortem examination. The first
Kyasanur Forest Disease (KFD}) virus strains of the RSS virus com-
plex were isolated from this monkey (Worx axp Trarmpo, 1957,
in press; BHATT T AL, in preparation), On each of the subseq two
days, bonnet macaque (red-faced) monkeys found dead in the forest—
onc at Shigga and another in Kyasanur Forest—were autopsied and
viras was isolated from organs of cach, After post-mortem examina-
tion of the monkey at Shigga village the first acute and convaleseent
patients were examined. They were saffering from what was later
to be called Kyasanur Forest Disease, named after the Jocality where
the virus was first isolated from monkeys and Iater from haman

patients exposed there.

Clinical Features of Kynsanur Forest Disease

The ealient featares of what has become the classical history,
symptomatology and clinical course were first observed in these
Shigga villagers, They termed their affliction “the monkey disease™
because of their observation that seeing or smelling a dead monkey in
the forest was often a precursor to onset of this particular illness which
they recognized 235 new.

A more detailed description of the elinical manifestations in seven
cases has already been published as a preliminary report (WORK ET AL,
1957). Kyasanur Forest Disease is ruspected in patients rivine »
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history of forest exposure within eight days of sndden onset of head-
ache, fever, low back and hmb pains and severe prostration, often
associated with inflammation of the eyes, diarthoea and vomiting by
the third or fourth day of illness, Bleeding from the nose, gums,
stomach and intestines may begin as early as the third day. The
majority of cases, however, run a full course without overt hemor-
rhagic signs,

Physical examination durmg the first few days of illness shows an
acutely ll, Lstless, and often prostrate patient, too sick to answer
questions quickly or directly. Temperature may exceed 39.4C., but
seldom rises higher. In some patients the pulse may be slower than
would be expected from the temperature.

Almns: always there 13 mﬂamma!mn of the scleral and palpebral

with hobia. There may be enlarged
ami soft or eometimes shotty cemcal lymph glands Soft axillary
lymph nodes 1 to 2 cm. in diameter are common. Epitrochlear nodes
are palpable occasionally, The neck 1s often stiff owing to guarding of
painful spinal and cervical muscles A papulo-vesicular eruption on
the soft palate 1s frequent and when seen is a characteristic diagnostic
sign. Rarely blood may ooze from the gums; epistaxis, sometimes
noted only by dried blood about the nares, may occur; and gastro-
intestinal bleeding may be evidenced by hematemesis, melena or red
blood 1n the stools. Such bleeding may continue for many days after
fever ceases.

Some patients have a persistent cough which may produce blood-
tinged sputum or even substantal quantities of blood. The lungs are
usually clear by percussion and auscultation, except in patients prod-
temg blood-tinged sputum or frank red blood In these patients
thonchi, wet rales and crepitations may be heard. They are signs of
serous lung nvolvement which may be a precursor to pneumonia.

The heart size and sounds are not abnormal. In some cases there
hasbeen a bradycardia, though in most the pulse reflects the patient’s
temp There 13m0 1 pam except 1n cases with massive
gastro-intestinal bleeding. The hver 1s not palpable, but the tip of the
¢pleen may be felt, most often in those patients with generalized
Iymphadenopathy. Kidaeys are not palpable.

No ekun eruptions or discoloration have been observed and none
of the patients gave a lustory or showed clear evidence of tick bites.
However, there were occastonally reddish papules or fading macules in
the axillary region which appeared simular to the lesions observed on

)
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the skin after manual detachment of nymphal ticks, After several days
of illness the skn is dry, an indication of the marked dehydration in
these patients,

In all cases studied there have been no physical signs of any specific
neurological lesions. Cranial nerves remain intact. Superficial, deep
and extremity reflexes are preseat and equal bilaterally. No paralysis
or weakness was d ble by logical inati

Mental confusion, drowsi and, rarely, transient disorientation
bave been seen. Considering the seventy of illness, the toxie condition,
the orgenic damage described under pathology, the high and pro-
longed fever, the nutritional deficit, the dehydration and the general
prostration, it is difficult to attribute any of these mental signs to
specific damage to the central nervous system by the virus. These
patients recover their mental alertness and orientation comp]clc’yy
with subsidence of fever, uuless hemorrhagic complications resuit in
fatal termination.

Because of limited 1ab y facilities, k logical studies in
the 1957 eprdemic were confined to erythrocyte, leucocyte and WBG
diff ial caunts and i of urine and cerebrospinal flimd.

Red cell counts were not significantly altered but there was 1avarably
a marked leucopenia duning the acnte disease. Winte cells diminished
to hetween 2000 and 3500 per cubic millimeter of blood. The Jeucope-
nia persisted untdl after the patient became afebrile, at which time 2
mild leucocytosis often ensued. Rarely was there any change in the
differential count, Platelets were counted in the blood of one patient
and found to be markedly dimimshed in number.

Albumin appears in the urme 1 most cases on the third or fourth
day and lasts until the initial fever subsides. Granular casts and pus
cells may also be found in the nrine at this time but no erythrocytes
have been scen.

Cerebrospinal fluid has persistently been clear, with no increase in
cells or alteration in proteins, chloride or sugar. Virus has been
isolated from spinal fluid 1n four of eight attempts.

The course of the disease is variable, The febrile period ranges from
five days to two weeks, Temperature may be normal in the morning
and rise to an afternoon peak. Vomuting, diarthoea, headache, and
limb and back pains as well as conjunctival inflammation mey persist
throughout this period but subside when fever ceases, le.aving the
patient listless and exhausted. One to two weels after termination of
the first febrile period fever may recur and last for one to seven days,
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The fover, vomiting and diarrhoea produce marked dehydration 10
a few days, 1 part because village patients zefrain from taking fluid
by mouth in the belef that this treatment will stop the diarrhoea,
The consequences of hemorrhage depend upon where it occurs and
the amount of blood lost. If into internal organs such as the lungs,
the prognosis is grave. If externally 1n small amounts, it contributes
to the dehydration and if it continues for long, may result in shock,

Whatever the contse, recovery is slow and patients with the best in
supportive treatment may requre a month or more to convalesce.
During this period any physical effort is difficult and often results
tremors due to weakness of the muscles.

Smee the disease 13 caused by a virus for which no known specific
drug is available, treatment is supportive, to alleviate symptoms of
pam and vomiting, to combat the dehydration, and to replace elec-
1rolyte and blood loss. Vitamin K and iron as well as whole blood
transfusion and plasma are indicated in patients with hemorrhagic
complications,

Pathological Findings

What we know of the patholegy of Kyasanur Forest Disease has
been learned from post-mortem examjnation of organs and tissues
from three human cases that terminated fatally on the seventh, eighth
and munth days of disease, and from ten monkeys found morbund or
at varying periods of time after death in forests of the epizootic area
(IYER, LAXMANA RAO ET AL, to be pubhshed; IYER, Work Er AL, to
be published), Two of the human autopsies were done within two
hours after death and the third within twelve hours.

Humon pathology* Gross findings m two of the three cases were
hemorrhage and consohdation in the lungs and massive hemorrhage
1nto the gastro-mtestinal tract, This hemorrhage was not attnbutable
to any focal lesion but rather to a generahzed oozing of blood mto
alveolar spaces of the lung and wto the lumen of stomach, jeyunum,
deum and colon where it was found 1 all stages of duigestion, with
frank red blood in the sigmod.

The braw and meninges were hyperemuc in all, but no other gross
lesions were observed. The liver, spleen and kidneys were not grossly
abnormal but may have been relatively enlarged.

The hustological findings m the three human cases were essentally
similar,



252 ‘Wonrk, Russian Spring-Summer Virus in India

the skin after manval detachment of nymphal ticks. After several days
of liness the skin is dry, an indication of the marked dehydration in
these patients.

In all cases studied there have been no physical signs of any specific
neurological lesions. Cranial nerves remain intact. Superficial, deep
and extremity reflexes are present and equal bilaterally. No paralysis
or weakness was d ble by logical ination.

Mental confusion, drowsi and, rarely, ient disorientation
have been seen. Considering the severity of illness, the toxic candition,
the organic damage desenbed under pathology, the high and pro-
longed fever, the nutritional deficit, the dehydration and the general
prostration, 1t is difficult to attnibute any of these mental signs to
specific damage to the central nervous system by the virus, These
patients recover their mental alertness and orientation completely,
with subsidence of fever, unless hemorrhagic complications result in
fatal termination,

Because of limited lzaboratory facilities, haematalogical studies in
the 1957 eprdemic were fined 10 erythrocyte, I yte and WBC
diff ial counts and of urine and cerebrospinal fluid,
Red cell counts were not significantly altered but there was invariably
a marked Jeucopenia duning the acute disease. White cells diminished
to betwween 2000 and 3500 per cubie milluneter of blood. The Jeucope-
nia persisted until after the patient became afebrile, at which time a
mild leucocytoss often ensued. Rarely was there any change in the
differential count. Platelets were counted in the blood of one patient
and found to be markedly diminished in number.

Alhumin appears in the urme in most cases on the third or fourth
day and Iasts untal the init:al fever subsides, Granular casts and pus
cells may also he found n the urine at this nme but no erythrocytes
bave been seen.

Cerebrospinal fluid has persistently been clear, with no increase in
cells or alteration in proteins, chloride or sugar. Virus has been
isolated from spmal fluid in four of eight attempts.

The course of the disease is variable. The febrile period ranges from
five days to two weeks, Temperature may be normal in the morning
and rise to an aft peak. Vomuting, diarrh headache, and
lizmb and back pains as well as conjunctival inflammation may persist
throughont this period but subside when fever ceases, lL:nving the
patient listless and exhausted. One to two weeks after termination of
the first febsile period fever may recur and last for one to seven days.
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Monkey pathology: Condition of the monkey tissues at time of
fixation vaned from fresh or well-p: d to obviously putrefactive.
The pattern of pathological changes in the viscera was generally the
same as that seen in human organs.

Luver, In the organs that were preserved, the normal archutcoture was in general
retamed with varying lack of unsformuty of stamng of the hver cells Focal neczoses
were generally more pronounced than m the human Lvers, snd m geaeral, poly-
morphs were 1l of reaction v

seen 1n @ mumber of the livers examumed Tn additton, distinet ronnded eostnophilic
bodues 1n the cytoplasm were sometumes seen The sigificance of these has not yet
been determned In one smstance several of the central hepatie venous radicles
were oecluded by thromboss and mfarcts of varymng ages were seen m another. As
10 the human Livers, there was more than & moderate prominence of the reticalo-
endothebal cells, some of which appeared hyperteophuc or even multinucleated.
Vanable numbers of mflammatory eells were seen 1n the portal adicles

Kdney As in the human kidaey, the mam alterations appeared to be 1 the
Tower past of the nephron However, the changes ia the cortical convoluted tubules
appeared to be more severe and extenstve, Focal mfammatory mfltrates were scen
rarely These changes were seen m both the poorly preserved and fresh specmens

1n a few lndaeys there were seepages of recently exnded erythrocytes n and around
the tubules of the medulla

Lung Changes were sunular to but of Jess constancy than those seen n the human
Tuog scctions These changes mcluded recent exudation of erythrocytes and plasma
1nto the alveck and prommence of the septal capillanes 1n some specimens,

Hears Small focal mbltrates of mononuclear cells were seen 1z & mumber of
monkey hearts Histiocytes were observed m the ventricular myocarduum, These
changes are evidence of focal necrosis

The other vasceral organs, mcluding spleens and scctions of the gastro-mtestinal
tract, showed no changes other than those described in the human cases

Brain Histological changes of a disseminated non-suppurative focal necrosis
were clearly enident in two of the monkey brams In contrast to the absence of
defimte lustological evidence of encephalitis m the three human brams, these two
monkey brams showed ! Tt 15 note-
worthy that 1 theso two monkeys KED virus was 1solated osly from the braw
of one and brain and spleen 1 the other and not from any other tissuc or from blood
seram This suggests the possibility that KFD varus can become neurotropicia man,

Tn one other brain there was apparent evidence of recent premortal bram dam.
age, but without overt featares of encephahtis, The other brams revealed husto-
archtecture conmstent wath therr stage of preservation, prommence of blood vessels,
occasional petichiae and prommence of satellite gha There were no mclusions of
any sort 1 any of the brauns examined

Comment In both the human and monkey tissues the histopatho-
logical changes appear to be mild in companson with the seventy of
the chmeal illness. The parenchymatous organs such as the hver and
Tuduey. appear to have sustained the main pathological alterati
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Luver: There was a general mai of lobular archit end ional
loosening or separation of the Lver cords without any prominent eongestion of the
sinusoids. The Liver cells were generally well stained, but in all sections there was
patchy or rarely zonal variability of eytoplasmic staining The nuclei were vesicular
with few to a number of binucleated cells seen. Granular brownish yellow pigment
was observed in the eytoplasm of Liver cells in all three cases. In one case there also
sppeared dustended biliary eanaliculr, probably an indscation of bile atasis,

There were rate focal necroses and moderate lo maxkeL‘ prominence of the Kup-
fer cells, which i appeared b or leated and presented
evidence of erythrocyto-phagocytoss, There was moderate prominence of the
Glisson’s capsule with vanable numbers of mononuclear inflammatory cells in the
portal radicles. Sections of one liver showed mﬂammntory infiltration of the vascular
walls and 1n another there was rare evad is of the cytopl!
with extrusion of coagulated bodres in the sinusoids.

Kidney: The capsule was pormal and there way dstinct corticomedullary
diffreptiation, Some of the glomeruls appeated congested and swollen and illed Bow-

man's capsule. D of the cortical luted tubules varied
m degree, These were ch by loss of cytoplasmic outhes, dil of the
tubules, fon of the tubular cytoplasm and slonghing of the cellular debris

into the tubular lumina, Nuclei of such tubules were either well preserved, pyknotic
or rarely extruded. The basement membrane of these tubules was usually intact.
Sections in one case showed small foex of interstitial groups of mononuclear cells and
pigment-laden macrophages,

The changes in the medulla were less extensive and incleded deep eosinophilic
staining and nuclear pyknosis of the cells of the eollecting tubales. There was
extrusion of these cells from the basement membrane into the Jumen. Recently
exuded blood was seen 1 some of the medullary tubules in one case,

Lung* There was a moderate pleuntis in one case, In all three the pulmonary
alveo: revealed patchy consolidation with prominence of the septal capillanies and a
predominantly hemorrhagic exudate in the alveolar lumina Thus exadate, along
with delquzml!ed eptthelium, was secn 1n the broncholar Jauaa. There was patchy

of the b hiolar walls

Spleen In oll, the Malphigian follicles were generally indistinct and the red puip
was promunent by corparison, There was a moderate to marked promnence of the
splenic sinusoids and of the hittoral cells, some of which were undergoing mutosis.
In ope case there was evidence of erythrocyto-phagocytosis.,

There were no constant sigmficant changes in the rest of the abdominal and
thoracic viscera, including several sections of the gastro-intestinal tract.
sections of the brain from all

Brain: ¥ of
seprescatative areas in all three cases disclosed general preservation of normal
and of the aerve cells, 1n o) there was & variable

degree of ghal cell satellitons in the sections of the eerebeal cortex. In one case
there wers small privascular secpages of cry!hmcy(u sathout any resction ia the
%

PSSP

of the three cases.
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lished by i Bl i Tati

p of blood serum and suspen-
sions of heart muscle, skeletal muscle, lung, hver, spleen, kidney and
brain into infant (two-day-old) and three-week-old white mice. In
most of the initial passages the infant mice began to mcken after an
incubation period of three days and most were dead by the fourth day
after i 1 The sub-adult mice exhibited an incubation period
of 4-6 days and after a more prolonged prodrome, with ruffiing of the
fur and lassitude, developed a charactenstic spastic hind hmb paraly-
sis. The mouse brain suspension titre from the earliest passages
exceeded 10-8 to 10-9 with less than a log drop in titre after Iyophili-
zation. This behavior in mrce has remained consistent through twenty-
cight mouse brain passages.
The virus also mfected sub-adult mice by the sub and
P d routes of & Jation but preduced a lower bramn titre
which exceeded 10-6 only after a prolonged meubation period of
6-13 days.

In monkeys. Rhesus, Macaca mulatta, monkeys were moculated,
four IC and two IP, with the infected langur monkey sera. Only one
monkey of each category cwrculated virus. The IC moculated monkey
circulated varus from at least the 4th through the 7th day and the IP
on the 6th and Tth post-moculation days. Sera collected from these
two monkeys three weeks after inoculation neutrahzed more than
three logs of KFD virus.

Expertmental infection was produced 1n three macaque monkeys
by 1jection of mouse bram KFD virus by the IC, IP and SC rontes,
respectively The viremia in each lasted at least seven days and all
developed substantial amounts of specific neutralizng sntibody.
Overt disease has not been reproduced 1n rhesus or bonnet macaque
monkeys but further experiments on thus aspect are under way.

One hundred LD5p mouse neutrahzation tests on sera collected
from monkeys mn the infected area mdicate that many survive the
natural mfection and some may sustam inapparent imnfections. The
serafrom five of twenty-five langur and one of twelve bonnet macaque
monkeys collected within the known wfected area contamned neutral-
1zng antibodies to KFD virus, while 13 monkey sera collected just
outside the area were negative.

In man- The first two strains from human patients were 1solated at
the VRC field laboratory n Vellore from blood serum collected on the
first and fifth days of llness. No monkey material or other strains of
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The detatls of these changes are mot referable to any particular
disease process. They could be interpreted as consistent with toxemia
incidental to virus circulating n the blood.

The hemorrhagic phenomena which were seen in some cases of the
clinical disease have not been ad i ly explained by the histolog;

PP of the organs i Tbe absence of recognizable alter-
ations in the gross and microscopic anatomy of cither the blood
vessels or the tissues where these bemunhages have occurred sug-
gests that the defect in the h hanism lies elsewh

Histological changes indicative of a suppression of jon of the
cellular elements of the hone marrow have been described in some of
the hemorrhagic fevers that have been encountered in the Soviet
Union (GAYDUSEK, 1953), Kyasanur Forest Disease appears to be very
similar to Omsk Hemorrhagic Fever (Cnustakov, 1918),

Putsefactive alterations in some of the monkey organs interfered
somewhat with interp ion of the pathological changes observed
in these organs. However, the changes described were qualitatively
similar 1 the poorly and well-preserved specimens. Further evidence
of gpecificity of these changes awaits interpretation of results of exper-
imental monkey infections now under way in the laboratory.

Coupled with minimal evidence of CNS damage, the general

hological picture sub iates the chnical impression that Kyas-
amu- Forest Discase is not primarily neurological. KFD also differs

from the hemorrhagic fevers (GAIDUSEK, 1956; Symposium, 1954)
caused by RSS and unrelated viruses in that there is less kidney
involvement. These factors suggest that KFD is usually a mild
disease which should ordinarily result in a favorable outcome if
adequate supportive therapy is initiated early enough in the course
of infection.

Dehydration has already been d as & possible
ry cause of more severe chinical disease. This, along with other factors
uuch as general state of nutrition, chronic discase and environmental

p may ih to a diff course and pathological
picture than would be observed in buman beings m{ected elsewhere,

Nature of the Virus and the Host Response

In mice: As previously mentioned, the first Kyasanur Forest
Discase viruses were jsolated from a langur, Presbytis entellus, and two
bonnet macaque, Macaca radiata, monkeys. These isolntions were ac+
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before any information was avalable on the nature of the disease
present or its etiological agent. The sera were inoculated only after
the onset of the illness,

In contrast to the lngh percentage of virus 1solations from human
Blood sera, CSF has yielded the agent m only three out of eight
attempts, on the first, fourth and twice on the seventh day of disease.
Since varus was easily isolated from serum collected at the same time,
the virus in the CSF may be a reflection of the virerma rather than of
invasion of the CNS.

Throughout the Kyasanur Forest Disease investigations 1n 1957,
the hagmagglutination m)nbmon Aest (CASALS AND Brown, 1954) has
been used for arbor virus group 1denti and
logcal studies, It was first used to determne that lmman conva-
Iescents had suffered an nfection with some group B arber virus_
(WoRE AND TRAPIDO, in press) Since the arean which Kyasanur For-
est Disease has occurred 1s otherwise relatively free of other group B
arbor virus infections known to exist 1n India, the HI test has been
used as a diagnosnic toolin demonstrating nise m titre of HI antibodzes
10 serial serum specimens from single patients. In sera from four and
possibly five patients, it 18 clear that detectable HI antibodues specsfic
for KFD virns appeared before CF antibodies, sometimes several days
eatlier, In one mstance a second serum specimen collected on the
6th day of disease contained virus when the only group B HI antibody
found to be present was for KFD virus m low titre. No CF antibody
was detectable in this serum.

Extensive survey collections were made 1 villages m and around
the area where human cases were occurring, to determine which
areas had evidence of infectron. The HI test was useful i sereenmg
these sera before deterruming by CF test whether KFD virus was

i ble for the infect

Sera from more than 1200 persons obtained m survey collections
1 localities of the infected and adjacent areas were tested by HI and
CF aganst Japanese B encephalius, Egypt 101 West Nile, Tnmdad
1751 type II dengue, and KFD virus antigens. Of 123 sera which
were ponitive by HI agamst one or more of these anugens, 51 con-

tamed complement fixing antibodies only to KFD virus. An additsonal
14 had CF antibodies to both KFD and one or more of the other
antigens. Thurty-two sera had HI and CF anubody spectra predo-
mmant for the Japanese B-West Nile complex and in these the CF
antibody to KFD was munimal or absent.
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1his virus had previonsly been handled in this Iaboratory. The behav-
jor of these strains in mice was similar to that described above for
the monkey viruses, They were identified as being similar to or identi-
cal with the monkey strains by cross- izati ple
fixation_(CE)-and by haemagglutination inkibition (HI) tests using
human convalescent sera against the monkey viFuses and the immune
monkey serum against the human virus antigens.

Sera collected from acutely ill and convalescent patients suffering
from Kyasanur Forest Discase in March, April, May and June 1957,
were all sent, refrigerated on wet ice, by rail more than 500 miles to the
VRC laboratory m Poona for virus 1solation and serological testing.
Figure 2 shows the results of the isolation attempts. It is obvious that
there is a prolonged viremia of at least ten days from the onset of the
disease. That 45 acute sera collected from 36 patients during the first
two weeks of disease yielded 35 strains after such transport and delay
in moculation, indicates that the virus is quite durable in refrigerated
human serum and that the circulating virus is of sufficient titre to
survive storage and travel. It also stresses the value of virus isolation
as the most expeditious method for laboratory diagnosis of acute
febrile cases, it being possible to isolate the virus in infant mice and to
identify it by complement fixation test in 4 to 7 days after collection
of the acute febrile serum specimen.
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Fig 2, Isolations of virus from blood serurm of 36 Kyasanur Forest Disease
patients

The isolations from patients one and two days before onset of the
disease, as shown in the chart (Figure 2), were from eera collected
routinely for reference purposes from two YRC inxect collectors
(WoRK ET ALy 1957). They kad been exposed in Kyasanur Forest
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RSSE virug nfections. HI, CF and neutralization tests at the VRC
soon showed that the Indian stramns were closely related to RSSE
virus (KULEARNI ET AL, 1n preparation),

Definitive 1dentification of the monkey and human strains was
carried out by Drs. CLAREE AND Casavrs (1957) of the New York
laboratones after they confirmed the VRC findings that the human
patients had suffered from group B arbor virus infectton and that the
virus isolated from blood of persons suffering from the disease was
the same as that isolated from the dead monkeys in the forest.

There was no perceptible difference between the monkey and
human virus HI antigens p d by the p d borate
saline method. Both produced good haemagglutination at either room
temperature or 37°C. over a pH range of 6.0 to 6 6.

Crude saline antigens for the two viruses were CF tested agamst
pools of groups A and B arber virus hypenmmune sera. No fixation
was obtamed with the A pool, while the group B mixture produced a
posiive result. Next a complement fixation test was set up using the
P9605 human and the monkey virus antigens aganst the rmmune
sera to thirteen other group B viruses and the Indian convalescent
sera, Antigens to all thurteen group B viruses were tested agamnst the

convalescent sera.

The convalescent sera reacted strongly with the two new KFD
antigens and also with RSSE antigen Hypenmmune RSSE mouse
serum fixed complement to high titre with the two Indian KFD varus
strans and RSSE antigen Serum and antigen dilution box CF titra-
tions confirmed that the human P9605 1solate was simlar to RSSE
virus.

In rodents and small mammals Serum from the first langur monkey
was inoculated IC and IP into different Ltters of suckling hamsters
and cotton rats, The hamsters sickened and died but the cotton rats
remaimed well. Suspensions of monkey bram, liver, spleen and heart
muscle were woculated IP jnto adult hamsters and gumea pigs
without consequent sign of disease. These adult hamsters and gunea
Pigs, and the sub-adult cotton rats who had been moculated as
sucklings, were exsangunated for serum to test forspectfic KFD ) varus

bod fixing and h 1
antibodies for KFD virus were present mn the hamster and cotton ra:
eera, an indication that these antmals had sustained a non-fatal and
probably sub-chmical infection. The gmnea pig sera showed no
immune response.
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Like other members of the R3S complex, KFD virus has proved
to be highly infectious to human laboratory workers. Since initiation
of these invs ions, clinically app infections have din
nine VRC laboratory personnel, two New York Rockefeller Founda-
tion laboratories staff (CLARKE, 1957), and three members of the
group producing vaccine at Walter Reed Imstitute for Medical
Research in Washington (Buescuer, 1957). None of the infections
was fatal and the only one that cansed serions concern was in an In-
dian member of the VRC staff, a laboratory worker at the Vellore ficld
station who had not received prior immunization to any group B arbor
virus, The other eight infections were in VRC p 1 who had all
received 17D vaccination. Three of these had had two inoculations of
potent formalinized mouse bramn RSSE vaccine, but in spite of the two
RSSE vaccinations no specific neutralizing, CF or I antibodies to
KFD virus were detected in their reference sera, The disease in these
three persons was a mild febrile illness of two or three days’ duration,
Virus was isolated from their blood serum and subsequently a marked
antibody rise occurred.

The benign course of the infections in persons with prior antigenic
experience with group B viruses, the manifestations of visceral rather
than central nervous system involvement in overt Kyasanur Forest
Disease, and the infection’s app bility to supy
treatment, suggest that the KFD member of the RSS virus complex
may be one of the safer of these viruses to handle in the laboratory
even though the infection rate has been high.

Identification of the Virus

Because of the epi 2} of forest monkeys and the
presence of a visceral disease in man, attention was directed initially
toward the possibility that the etiological agent might be similar to
yellow fever virus. Neutralization and complement fixation tests of
KFD virus strains against yellow fever immaune reference sera ns well
as 17D yellow fever virus lization tests ywith ! KFD
human sera, showed that although it was a- 3L group B arber virus,
it was not closely related to yellow fever.

Lyophilized stocks of hyperimmune monkey sera to both yellow
fever and Russian Spring Summer Encephalitis (RSSE) viruses were
sent by air from the New York Virus Laboratories of The Rockefeller
Foundation, whose stafl had suggested that KFD might be due to
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RSSE virus infections. HI, CF and neutralization tests at the VRC
soon showed that the Indian strains were closely related to RSSE
virus (KULEARNI ET AL, in preparation).

Defimtive idenufication of the monkey and human straing was
carned out by Drs. CLARKE AND Casars (1957) of the New York
laboratomes after they confirmed the VRC findings that the human
patients had suffered from group B arhor virus infection and that the
virug isolated from blood of persons suffermg from the disease was
the same as that 1solated from the dead monkeys in the forest.

There was no perceptible difference between the monkey and
human virus HI antigens prepared by the protamine-treated borate
saline method. Both produced good baemagglutination at exther room
temperature or 37°C over a pH range of 6.0 to 6.6.

Crude saline antigens for the two viruses were CF tested against
pools of groups A and B arbor virus hyperimmune sera. No fixation
was obtamed with the A pool, while the group B mixture produced a
posttive result Next a complement fixation test was set up using the
P9605 human and the monkey virus antigens agamst the smmune
sera to thirteen other group B viruses and the Indian convalescent
sera, Antigens to all thirteen group B viruses were tested agamst the
convalescent sera,

The convalescent sera reacted strongly with the two new KFD
antigens and also with RSSE antigen. Hypennmmune RSSE mouse
serum fixed complement to high titre with the two Indian KFD virns
strams and RSSE antigen, Serum and antigen dilution box CF titra-
tions confirmed that the human P9605 1solate was sumlar to RSSE
virus,

In rodents and smell mammals: Serum from the first langur monkey
was moculated IC and IP into different htters of suckling hamsters
and cotton rats The hamsters sickened and died but the cotton rats
remamned well. Suspensions of monkey brain, hver, spleen and heart
muscle were woculated IP into adult hamsters and gunea pigs
without consequent sign of disease, These adult hamsters and guinea
pigs, and the sub-adult cotton rats who had been moculated as
sucklmgs, were exsanguinated for serum to test fnr spectfic KFD virus

pl fixing and h whibiting
antihodzes for KFD virus were present m the hamster and cotton rat
sera, an wdiwation that these ammals had sustamed 2 non-fatal and
probably sub-chmeal infection. The gumea pig sera showed no
mmune response.
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The results of extensive trapping of small mammals in the forests
of the Kyasanur Forest Disease infected and adjacent areas will be
detailed in relation to the epidemiology. (Table II). Here, however,
it is pertinent to mention that the three-striped palm squirrel,
Funambulus t. tristriatus, and forest shrew, Suncus murinus, collected
1 the infected avea gave signifi incid. of lizing anti~
bodies as compared to essentially negative results in the same species
trapped outside the area. A lower incidence of antibodies was de-
monstrated in Rattus rattus wroughtoni, one of three species of rats
caught in Jarge nymbers in the affected forests. This lower mncidence
of antibodies is idered signi because of the large number of
sera tested from the species.

These results indicate that small mammals are infected with KFD
virus and do produce specific neutralizing antibodies. The demonstra-
tion of inapparent infection in adult hamsters and cotton rats and the
fact that no dead rodents have been discovered in the area, suggest the
possibility that the virus behaves in a similar fashion in the wild
small mammals. So far there bas not been time for laboratory exper-
riments with the small mammals or with avian species, although we

have evidence of neutralizing antibodies in the jungle fowl, Gallus son-
backed Inceker. Brach benchalensi

nerati, and the gold p "y /P
In tissue culture: One of the most substantial achievements_in
the laboratory investigations of KFD strains of the RSS virus com-.
plex has been the primary isolation and adaptation of human and
maakey virus strains in tissue culture {BATT, in preparation).
Serum collected from a langur monkey which died in Kyasanur
Forest was inoculated mto monkey kidney (MK), hamster kidney
(HK), guinea pig kiduey (GPK) and chick embryo (CE) cells. No
changes were noted in the monkey or guinea pig kiduey cells and the
harvest fluids did not affect mice. However, questionable cytopatho-
genic changes were noticed in the chick embryo cells on the fifth
post-inoculation day and fluid harvested at that time produced death
in all mice snoculated. Fluid harvested from the second CE cell tissue
calture passage infected mice. Cytopathogenic changes in the cells
were minimal but observable in the 11th CE cell passage, with harvest
fluid virus pathogenic for mice.
Thesamemonkey i
questionable cytopathic changes on the third day. Third and lv:dfl.b
day harvest fluid produced infection in mice and clear cytopathogenic
changes were observed in second HK cell tissue culture passage.

Tated it kidneycellssh ]
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The standard human KFD virus strain, P9603, has been adapted to
both monkey kidney and hamster kidney cells with good yield of
virus, The tissue culture LDso titre at the 35th passage in monkey
Lidney cellsranges between 10-5 and 10-6. The tissue culture LDsotitre
18 sumilar after 45 passages i hamster kidney cells Between the 5th
and 15th MK cell passage the LDsg titre in mice was less than 10-4,
but in later passages exceeded 10-5.

The establishment of this virus in tissue culture may provide
supplies of large quantities of virus, free of bram tissue, for vaccine
production, as well as a new route for explornng the development
of an attenuated Live virus vaccine for prevention of infections with
RSS group viruses The successful adaptation of viruses of the Japa-
nese B-West Nile complex to tissue culture by means of a plaque
neutralization test (BoATr AND WoRK, 1957) indicates that this
method may be useful for strain identification, diagnosis and epide-
miological studies with RSS eomplex varuses,

Epudemiology

Although the starting powt for KFD investigations was the
report of disease in monkeys, 1t was the mvolvement of the human
forest population that was studied more intensively durnng the first
few months. Man not only provided more detailed mformation about
the mamfestations of KFD virus mfection but also, i the role of 2
sentinel amimal, revealed much about mode and site of exposure,
rapidity of spread and the nature and eﬂ‘ects of the parasiism.
Before g known and p \] b Tess
ervoirs, axth!(\pud wvectore and nngm of the virus, it may therefore
be appropniate to discuss what 15 known of the epidemuology in
human bemngs.

As outlmed above, the first cases to be posinvely diagnosed by
viTus isolatron were dentified 1n late March 1957. Public health
department records reveal, however, that patients with entiely
smular symptomatology had been observed i January and February
of that year and from February through Apul 1956. Severd! of these
earher cases were later shown to have developed antibodies to KFD
virus

Intensive efforts to trace the epidemne to its onigin uncovered what
is probably the earliest case to be seen by a competent observer. This
occurred 1n & resdent of Kannur village (Figure 4) and ran a typical
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The results of extensive trapping of srall mamuals in the forests
of the Kyasanur Forest Disease infected and adjacent areas will be
detailed in relation to the epidemiology. (Table IT}. Here, however,
it is pertinent to mention that the three-striped palm equirrel,
Funambulus ¢, tristriotus, and forest shrew, Suncus murinus, collected
in the infected area gave eignifi incid of lizing anti-
bodits as compared 1o easentially negative results in the same species
trapped outside the area. A lower incidence of antibodies was de-
monstrated in Rottus rattus wroughtoni, one of three apecies of rats
caught in large nymbers in the aflected forests. This lower incidence
of antibodies is idered signifi because of the large number of
sera tested from the species.

These results indicate 1hat amall mammals are infected with KFD
virus and do produce specific lizing antibodics. The d
tion of inapp infection in adult h and cotton rats and the
fact that no dead rodents have been discovered in the area, sugpest the
possibility that the virus behaves in a similar fashion jn the wild
small mammals. So far there has not been time for laboratory exper-
riments with the small mammals or with avian gpecies, although we
haseevid of: lizing antibodies in the jungle fowl, Gallus son-
nerati, and the goldenbacked woodpecker, Brachy; benghalensi

In tissue culture: One of the most substantial achirvements in
the Iaboratory investigations of K¥D strains of the BSS virus com-.
plex has been the primary isolation and adaptation of human and
monkey virus strains in tissue culture (BHATT, in preparation).

Serum collected from a Jangur monkey which died iz Kyasanur
Forest was inoculated into monkey kiduey (MK}, bamster kidney
(HK), guinea pig kidney (GPK) and chick embryo (CE) cells. No
changes were noted in the monkey or guinea pig kidney cells and the
harsest fluids did not affect mice. H , questionable cytopath
genic changes were noticed in the chick embryo cells on the fifth
post-inoculation day and fluid harvested at that time produced death
in all mice inaculated. Fluid harvested from the second CE cell tissae

cultare passage infected mice, Cytopathogenic changes in the cells
were minimal but ebscrvable in the 11th CE cell passape, with harvest
fluid virus pathogenic for mice.

tnocalated intoh

i, sch a

24
questionable cytopathic changes on the third day. Third and !wlfl'h
day barvest fiuid produced infection in mice and clear cytopathogenic
changes were observed in second HK cell tisrue culture passage.
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The standard human KFD virus strain, P9603, has been adapted to
both monkey kidney and hamster kidney cells with good yield of
virus, The tissue culture LDso titre at the 35th passage in monkey
Kidney cells ranges between 10-5 and 10-5, The tissue culture LD titre
is sumnlar after 45 passages in bamster kidney cells. Between the 5th
and 15th MK cell passage the LDgo titre in mice was less than 104,
but in Jater passages exceeded 10-6.

The estabhshment of this virus in tissue culture may provide
supplies of large quantities of virus, free of bram tissue, for vaccine
production, as well as a new route for exploring the development
of an attenuated live virus vaccine for prevention of infections with
RSS group viruses The successful adaptation of viruses of the Japa-
nese B-West Nile complex to tissue culture by means of a plaque
neutralization test (BEATT AND Work, 1957) indicates that this
method may be useful for stram identification, diaguosis and epide-
miological studies with RSS complex viruses.

Epidemiology

Although the starting point for KFD investigations was the
report of disease n monkeys, it was the involvement of the human
forest population that was studied more mtensively dunng the first
few months Man not enly provided more detailed information about
the mamifestations of KFD varus wnfection but also, in the role of a
sentinel animal, revealed much about mode and eite of exposure,
rapidity of epread and the nature and effects of the parasitism.
Before considering known and potentral non-human vertebrate res-
ervors, arthropod vectors and origin of the virus, 1t may therefore
be appropriate to discuss what 15 known of the epidemology 1n
human bemgs

As outlined above, the first cases to be positively diagnosed by
virus isolation were identified in late March 1957. Pubhc health
department records reveal, however, that patients with entirely
similar symptomatology had been observed in January and February
of that year and from February through Aprl 1956, Several of these
earlier cases were later shown to have developed antibodies to KFD
virus.

Intensive efforts to trace the epidemic to 1ts origm uncovered what
is probably the earhest case to be scen by a competent observer, This
occurzed in a resident of Kannur village (Figure 4) and ran a typical
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chnical course which ended fatally on December 31, 1955, The patient
was attended by a medical practitioner with 20 years’ experience in
the area who immediately recognized the disease as something new.
During the subsequent epidemic he observed over 50 similar cases, in
many of which iv was possible to confirm the diagnosis by virusisolation
or serological tests (NAIR, 1957). The presumption is therefore strong
that the case t which the patient died on the last day of 1955 was in
fact an instance of Kyasanur Forest Disease and the first in which the
diagnosis could be satisf: ily established. As will be seen later the
first zeports of finding dead monkeys in the area date from the same
month,

The available data suggest that during the succeeding two years
the epidemic spread in all directions, though somewhat spottily, to
mvolve a total area of approximately 70 square miles. (Figure 4}.
The possibility that the virus has been spread somewhat more exten-
sively in lower animals is discussed below. The extent and character
of the 1957 epidemic was followed 1n two ways.

First of all, the exi of susp d cases was reported daily by
health ins who as employees of the established public health
organization visit each village about once every two weeks. In
addition, a special ward was set up in Sagar Hospital for the study
and tr of p p cases. These proced led 1o the
reporting of approxxmately 500 cases of febrile illness initially pre-
sumed to be KFD virus infection.

The second app h was the organization of specially trained
field teams which made intensive investigations of selected areas.
These personnel interviewed village head men and personally exam-
ined cases previously reported to the health department. A substantial
number of addrtional cases were brought to light in the course of
these investigations Blood was drawn for virus isolation in all the
acute cases encountered and for serological studies in persons giving
hustory of a recent febnle illness which might have been Kyasanur
Forest Disease.

of 124 prcsumcd cases studied in thus way, 56 were demonstrated
to he KFD virus infe by the lab loyed
This result suggests that there was consnderable over-reportmv
and casts doubt on the total of 500 cases reported. However, the
intensive search conducted by the field teams uncovered many un-
reported cases which were subsequently proved to be KFD. Conse-

quently, this excessive reparting of fever cases due to other causes
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may be more or less balanced by under-reporting of verifiable cases
of KFD and the over-all number of KFD cases which occurred may
thus actually have reached 500.
At least 6 of 56 laboratory proved cases died, 2 mortality rate of
1y 10%. I gly enough, an app ly simular
rate was encountered among the fever cases reported to the health
department (42 out of 466).

Convincing evidence that the human infection rate can be very
kigh 13 provided by a serological study of 48 residents of Hunavall
village which has a census listed population of 92. Severe cases had
been reported from this vallage 1 both 1956 and 1957. Blood studies
made during the 1957 epidemc revealed that 16 of the 48 persons
from whom serum had been collected had developed specific antibodies
to KFD virus Nine of these 16 gave a hustory of illness consistent
with KFD 1a 1957. Thus the cumulative infection rate over a two-
year period was as high as 33% and the occurrence of overt disease in
infected persons was at least 55% and probably a good deal lugher.

Because of the uncertainty of diagnosts in many of the reported
cases, further cpidemiological analyms 1s Linuted to the 56 proved
cases, Forty-nine of these were in males and seven 1 females, Qnly
one girl and two boys under fifteen were infected and the great
majority of mfections 1s represented by 38 males and 5 females
Judged to be between twenty and forty years of age. A dustribution of
these cases by month of onset (Figure 3) shows that the epidemic

cases
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Fig 3 Occurence by month of laboratory proved cases of Kyanasur Forest Disease.
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peak occurred in April and May. A few cases which ran a typical
clmical course after an appropriate history of forest exposure were
seen by a local medical officer (Prasanna IYENCAR, 1957) in the last
week of January and in February. It is therefore probable that the
actual proportion of cases in those months is greater than appears in
the graph.

The occurrence of the preponderant majority of cases in young
adult males and the marked seasonal incidence strongly support
the hypothesis, derived from observation of dead monkeys and the
history of exposure obtained from typical human cases, that the
disease is transmitted largely, if not exclusively, in the forest. It is
during the period from January to the beginning of June that the
villagers spend most time in the forest, and it is the young men whose
occupations take them there most regularly, The monsoon rains begin
in earnest in June and subside in September. The effect on the vector
will be discussed later, but it is obvious that the heavy rams greatly
curtall activity of the villagers in the forest and thus drastically
diminish their exposure.

From the ination of the rains in September until
sometime in January the people in this area are primarily engaged in
paddy (rice) cultivation and most of them have little occasion to
enter the forest. Virus isolations from man, monkeys and ticks in
September, October and December 1957 and in January 1938 suggest
that conditions for spread of the disease are favorable throughout the
period. Indeed, two cases actually occurred in September and October,
the first 12 2 man who had refrained from visiting the forest since
April for fear of “catching the monkey disease™. In early September,
with news of an apparent end of the epidemic, he visited the forest
onee to collect firewood. He picked up sticks to whick were attached
shreds of fur of a monkey long dead, and five days later suffered the
onset of a typical course of KFD.

In Figure 4 the apparent spread of the infection in man has been
plotted according to date of onset and residential locality in the 56
Iaboratory proved cases. The revenue map has been used for this
purpose because it outlines areas of occupation associated with par-
ticular villages and thus shows the adjoining parts of the forest in
which the 56 patients presumably were working when they were
exposed. The black areas are those in which cases that occurred in
1956 were later confirmed serologically. It can be seea that the

infection spread in all directions during the epidemic scason of 1957.
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All the involved localtties lie withn an extensive area which
recerves between 75-150 em. of rainfall annually, most of it between
May and October. There is an mtermittent mosaic of tropical ever-
green and deciduous forest g oval-shaped, open lowland
areas of cultivation. The villages are usually situated between these
cultivated areas and forest.

In view of the apparent importance of the forest for maimtenance
and spread of the infection, attention may next be directed to an
analysis of the disease as 1t appeared m the forest-dwellng monkey
popul The local popul of both “black-faced” langur,
Presbytis entellus, and ‘“redfaced” bonnet macaque, Macaca radiata,
are enormons. Nevertheless villagers near to where the first recorded
human cases occurred deny ever having seen or heard of a dead
monkey mn the forest prior to early December 1955. No villager of
hundreds questioned from many localities in the presently infected
arca had ever heard of a monkey being found dead in the forest untl
that time {TrAPIDO AND WORK, 1n press).

Presumably, under normal conditions, the carcasses of dead
monkeys are rapidly removed by such carrion eaters as crows, vul-
tures and domestic dogs Indeed many such ammals were noticed to
be feeding on dead monkeys durng the epizootic The repeated
observation of dead monkeys by vwillagers engaged m their nsual
forest activities may therefore be taken as an mndication that monkey
mortahty had become g0 great as to overwhelm the natural disposal
processes in the forest A total of 30 first-hand reports of dead mon-
keys, m addition to 14 seen by Virus Research Centre field personnel,
were recorded for the first six months of 1957,

These observations, d with repeated 130l of KFD
wirus form dead monkeys found in the area, suggest that wild primates
played an important and perhaps essential role, not only 1 mamte-
nance of the infection but also in 1ts spread Dead monkeys were
found or seen in an area which by August 1957 covered 471 square
mles, as compared to the 70 square mles of the known area of human
infection. Yn view of the previously mentioned observaton that

none of the local people had ever seen a dead monkey m the forest
before the present epizootic, the monkey deaths were attnbuted to
infection with KFD wirus.

One qualification 18 necessary, however No virus has been isolated
from any monkey found outside the human infected area, This may
be explained by the fact that most of these monkeys were encountered

1:
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same time after dealb Post-mortem histological findings in many of
these keys were, h i with those found in animals
and man which are known to have died of the disease {IveEr, Work
LT AL, t0 be published).

In any case, it is not mprobable that the monkeys picked up out-
side the known infected area had actually contracted the disease
within that area. Surviving long enough to migrate some distance,
perhaps in search of water, they may also have outlived their viremia.
In view of this possibility it is probably safest, in mapping the extent
of the infected area, to rely on data derived from ticks, rodents and
human patients,

Virus has been isolated at post-mortem from 4 langur and 3 bonnet
macaque monkeys recovered from the area of human infection, Sera
drawn from 37 healthy monkeys collected in the infected area and
from 13 in uninfected regions were analyzed for neutralizing anti-
bodies in mouse protection tests.

As shown in Table I, 5 out of 25 Presbytis entellus and 1 out of 12
Macaca radiata in the infected area gave evidence of previous infec~
tion. It is thas clear that many keys must have inapp in-
fections or survive overt attacks of the disease.

Not much is known about the habits and range of movement of
langur and bonnet macagque monkeys. From what is known, however,
it is obvious that these forest monkeys may play an important role
in dissemination of KFD virus to new, unaffected areas not enly by
carrying infected arthroped vectors but also by circulating virus in
their blood while moving through new areas.

In view of the lack of evid for ion of the.i
from monkey to man or man to man by direct contact, and because

Table I. Neutralizing Antibodtes to KFD Viruain Forest Monkeys of Shimoga District

Unafeeted Ares. Infected Area
Species
4 {Ime | — [Toatf o | 4 [ Lo | — }Toul l o
Presbytis entellus [ 0 8 8l 0 5 1 1925} 20
Macaca radiata o 0 5 510 1 1 pI A 4 8

Total | © otxs Bi{efs6 {2z :9}:1 16}
o
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of the rough simlanty of its epidemiology to that of sylvan yellow
fever, it was early suspected that the virus of KFD mught be carried
by an arthropod vector. The absence of a distinctive canopy mesquito,
the almost complete lack of dwurnal mosquitoes capable of biting
monkeys at gronnd level and the relatively slow linear spread of the
disease, suggest some other arthropod. The hypothesis that ticks
might be involved, as is the case with other members of the RSS
complex, received early encouragement from the discovery of Haema-
physalis ticks on 3 of the first 4 healthy monkeys examined mn Apnl.
Since that time, and somewhat at vanance with the general opinion
that their grooming habits tend to keep monkeys relatively free from
such ectoparasites, larval and nymphal ticks have been found on
almost all monkeys collected n the infected area except during the
rainy season. Dunng the latter period only two of 11 monkeys were
found to be infested.

With & ion of from T to ticks and mites as
possible vectors, arrangements were made for recovery of ectopara-
sites not only from monkeys but also from the trees and floor of
forest areas known to be infected. Pieces of cotton flannel, one meter
square, dragged over the forest floor collected large numbers of larval
and nymphal ticks of three genera, Haemaphysahs, Ixodes, and Am-
blyomma. They could not be identified according to species but were
divided into groups by genus for trituration and moculation into mice
1 attempts to 1solate virus. Two pools of larval and nymphal Haema-
Physalis ticks obtained dumng the first three days of collections
rrtiated in Kyasanur Forest on the 15th of Aprl, yielded virus
(TRAPIDO ET AL, to be published). It is now known that some of the
nymphs 1 these pools were Haemaphysalis spinigera.

Since these two imtial instances, all except two 1solations of KFD
virus from ticks collected in forest drags and from low, leafy vegeta-
ton, have been from Heemophysalis spinigera adults; two of the
pools which yrelded virus were collected in July, eight m August and
four in September (mncluding one pool of H. turturis and one of H.
papuana). H. spinigera adults were the predommant forms mn the
collections in July and August (VARMA ET AL, i press). Of the
1dentifiable ticks collected from monkeys in the infected area, H.
spinigera has been most common and nymphs of this species were

also detached from man on four occasions. Three of these were actual-
ly engorged with blood, The pred d
tick collected from monkeys has been H spinigera.
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Genera and species of ticks which bave been inoculated without
isolation of virus include: [xodes spp- H. cornigera typica, H. cuspi-
date, H. aculeata, H. wellingtoni, H minuta, H, fnnnnsensu, Boophilus

ieroplus, Rhipicephal 8 R. K hysaloides, Derma-
centar auratus, Ambls Jinarium and A‘ {nteg

The composition of these forest tick collections has varied seasonal-
Iy. In May, before the onsect of the heavy monsoon rains, the yield of

hysalis species isted almost entirely of larvae and nymphs.
The prayuruon of adults increased during June and reached a peak
in July and August. With subsidence of the rains in Scprember,
adults diminished and the numbers of larvae increased enormously
(VarMA ET AL, in press). As the dry season progressed the ratio of
nymphs to larvae increased, as it did also in the collections obtained
from monkeys during the same period.

The close relationship of KED virus to the Russian Spring Summer,
Encephalitis tick-borne viruses which exisy in an Frodes tick-forest
rodent cycle in Siberia (SILBER AND SoLOVIEV, 1946), led to consid-
eration next that forest rodents and small mammals might play a role
in maintaming 2 silent reservoir of KFD virus infection. There had
been no reports of an epizootic in small forest mammals and as yet no
unusual number of dead rodents have been found in the infected area,

In ordet to explore the possibility of a rodent reservoir fully,

ppiog of small Is in and outside the infected
area was undettakcn. Seven species of small mammals have repeats
edly appeared s traps in both areas; Suncus murinus, Funambulus
tristriatus teistriatus, Mus booduga, Rattus rattus weroughtoni, R. r.
rufescens, R. blanfordi, Tatera indica hardwichei. In contrast to the
large number of Heemaphysalis ticks found 1n forest drags and on
wild monkeys, the ticks on the small mammals have been almost
entirely larval and nymphal Ixodes. Very few have been Haemaphys-
alis. This finding implies that there may be separate cycles of trans-
mission in small forest mammals and wild monkeys (TrRAPIDO
AND WoRk, in press), Most of the few Haemaphysalis were
raken from. R. r. wraughtani, the species collected in larger number

1 1

than all the others bined. Some were 2! m
higher p ge) from Fi bulus t. i the t timbing
sq\urre).

No animals were trapped i Kyasanur Forest during September,
November and Decemmber, 1957, so what ticks infested the small
mammals in those months, selative to the epormous increase in
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Haemaphysalis larvae and nymphs collected from ihe ground,
is not known. I plete resulis of coll made 10 other
infected forest aveas indieate that there was relatively little in-
crease in Haemaphysalis ticks collected from these small mammal
species.

The trapped mammals were bled for serum to test for neutralizing
antbodies, Results of mouse neutralization tests of these sera
against KFD virus are gaven in Table IL.

Although study of infection and specsfic antibody development has
not been plished 1o the lak y, the d m antibody
wncidence between mfected and umnfected areas indicates the prob-
able specifiaty of these tests. It therefore appears that the small
mammals in Kyasanur and neighboring infected forest areas sustamn
infection on occasion and that a large number survive. The percentage
of infection 1 Rattus species 1s small but sigmificant, considering the
number of animals mvolved. Furambulus shows a much hxgher
infection rate. This high incidene of antibodies and the p

d higher p take of He hysal: ncks from lhxs
animal along with the hghest pexcentage score for Ixodes larvae and
nymphs may provide an important epidemmological clue.

Ewidence for beheving that the oceurrence of Kyasanur Forest
Disease 1 the presently known infected area of Shimoga District 1s

Table 11 Neutrahzing Anthodies to KFD Virus m Sera of Small Forest
Mammals ot Shumoga District

[ oo e Laeced Area®
Species

PR I R Y N AR O

Rattus ractus wroughtom| 0 | 1} 51521 0 | 13|18
Rattus rattus rufescens ol ofs)j4]0fele
Rattus blanfords otofls]slof 24
Mus boodaga ofoje| ofo] o]0
Fonambulus t tnstriarus [ 0 | 0 [ 2} 2| o [11] 4
Tateramduca bardwicker | 0 | 0 [ 11 |11} ¢ 1 1
Suncus mornus 1(of12|13] 8 911
Total | 1| 1 [85]87 19| 26]28

 Threw foreet Jocalires 30 kuows infected arsa Kennor, Horur and Kyasaaur Forest
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due to a recent introduction of the vitushas been presented previously,
The question as to the site of origin of the virus and mode of intro-
duction into the Shimoga District paturally follows. At least two
possibilities have been considered: trapsmission by human agency
or by migratory birds,

An incubation period of 3-8 days and a viremia of at Jeast 10
days provide a period of time long enough for the migration of
people from any one locality 1o any other in India. There is consid-
erable coastal traffic from Saurashtra, where there is serological
evidence that the virus exists, to the Malabar coastal ports. There is
traditional migration of Jaborers from the coastal plain to work in the
paddy fields and areca palm plantations in the Malnad of Mysore.

The second, and at present more acceptable, hypothesis is that the
virus may be carried by the most ubiquitous migrants of afl, the
avian species, which either have some seasonal local migration or
winter 1n the area after having flown from as far away as Sibe-
ria, where various strains of RSS virus have been found in many
localities. Haemaphysalis and Ixodes ticks have been collected from
various avian species in Russia (S1LBeR AND SoL0VIEY, 1946; OLENOY,
1954; PospeLovA-SnTrom 1936; Gropov, 1946). KFD virus isolations
from Haemaphysalis spinigera and H. turturis have been detailed
above. A viremia in such migrants, chronically recurring or of suffi-
cient duration, could have brought the virus into a new but simlarly
tick-infested environment.

The ch possibility of a “leap-frogging” of the infection from
area to area via different birds, eitber trapsporting infected ticks or
viremic infection, might explain the rare and spotty distnbution of
the presently known infected areas of India.

It is also possible that the virus has been present in several Jocal-
ities of India and is only now being recognized because facihities have
become available for isolating and identifying such agents. Further-
more, the virus could be widely distributed in birds and lower mam-
mals but have come only recently under observation because some
unusual combination of circumstances has led to the infection of
monkeys and man, It has even been suggested that RSS viras may
have originated in India or some other tropical area from which it

was long ago carried to the temperate zone of Asia Whero it was first
ized by the Russians. In this jon it should be recalled

g

that the TP 21 strain of RS virus has recently been 1solated from
Ixodes granulatus in Malaya {Satrrar, 1956).
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As ap limi; 'y to more 5 ! i of avian intro-
daction, eﬂ'om have beer made to detenmne whether resident
birds play a role as host to the virus and or its vectors. It has been
demonstrated that the grey jungle fowl, Gallus sonnerati, which
frequents ground and forest scrub, is host to at least three species of
hysalis ks, including H. spinigera which has been collected
in numbers from each of four of these birds. More than six hundred
Haemaphysalis ticks were collected from a single peafowl, Pato
cristatus, obtamned 1 the heart of the infected area. H. spinigera
nymphs have also been collected from an Indian robm, Savicoloides
fulicata, which was pexching in a thick clump of bamboo, and a white-
throated ground thrush, Geocichla citrina cyanotis, a bird which
spends most of its tune on the ground in the forest. Neutralizing
bodies have been d d in serum from the grey jungle
fowl and the golden-backed woodpeck
puncticlohs, which has foraging habits arnkmgly ‘siznilar to those of
the squirrel, Funambulus, and can often be seen m the same trees.
The accumulating circumstantial evidence that birds may play a
role in the transport of infected ticks, if not indeed of circulating
virus as well, demands more extensive imvestigation of the avian
species which: (1) are locally migratory from one site in India to
another; and (2) breed in RSS endemuc areas north of the Hrmalayas
and funnel through Kutch, Saurashtra and Rajasthan to spend the

winter months in India.
r/Condusmn

At this writing, barely mne months have passed since recogaition
of the RSS viral etiology of Kyasanur Forest Disease. Unique smitua.
tions and associations in the epldcmlnlogy of this mfection have
already been suspected or d, but complete annual eycles of
data are not avalable on any aspect. The mformation presented
has, therefore, been qualitative, spotty and incomplete; some of it
points substantially to certain facts, but much of it is only suggestive
of trends and supports working hypotheses.
The attention of Virus Research Centre investigators was onginally
d by the of a fatal epizootic in two species of
forest monkeys in tropical evexgreen and deciduous forested areas of
Shimoga Distnet, Mysore State. Associated wath this epizootic was a
prolonged, febnle, prostrating disease in human beings, Strains of
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virus identified as belonging to the Russian Spring Summer complex
were isolated from monkeys and man. The buman disease was
characterized by sudden ouset of fever, headache, conjunctival in-
flammation, and back and limb pains, followed by vemuting and diar-
rhoea. Epistaxis, hematemesis, hemoptysis, melena and bloody stools,
indicative of hemorrbage, occurred in the more severe cases, The fever
d for five to fe days. O dly 2 second bout of
fever occurred in the third or fourth week after onset, The disease was
prostrating and led to slow convalescence but complete recovery with-
out sequelze, No specific sign of neurological lesions in the central ner-
vous system was noted. An invariable leucopenia, no abnormal changes
in the spinal fluid and histological evidence of damage in the liver and
kidneys mdicated a visceral rather than a neurological disease.
The disease occurred in young adults, predominantly males, ex-
posed in the forest during the dry season from January to June, A bigh

SUNURSRERRSY S |

[

simalates Omsk Hemorrhagic Fever {Crumagov, 1948; Biuieix, 1950)
whick is now known to be caused by a2 RSS complex virus, Slight
clinjcal differences, involvement of monkeys and occurrence in the
tropics led to naming the infection Kyasanur Forest Disease.

In contrast to the difficnlty with which Omsk Hemorrhagic Fever
virus was adapted to mice (CHUMAKOYV, 1948), KFD virus was readily
isolated by intracerebral inoculation of blood serum and other tissue
of monkeys and man into mfant spd adult white mice. There s
growing evidence that KFD virus is immunologically closely refated
to RSSE virus, although probably distinguishable from it. The
virus has been 1solated from the blood serum of man from two days
before to ten days after onset of the disease. Infection has been in-
duced 1n rhesus as well a3 bonnet macague monkeys by IC and IP
inoculation; the viremia usually lasts about seven days. Suckling
): are ptible 10 i ion, 2nd adult h and eotton
rats develop specific antibodies after inoculation, The virus has been
isolated by direct inaculation of infected wild moakey serum into
chick embryo and bamster kidney tissue culture cefls. Passage of the
virus in tissue calture prod marked cytopath ic effects in
monkey kidney and hamster kidney cell cultures.

The virus has been isolated repeatedly from Haemaphysolis spinig-
era_ticks_eollected by drags on the floor of infected forest areas.
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Ho hysalis ticks, meluding H.

gera, have been collected in

2 g H. sp
large mumbers from wild forest monkeys dunng the dry season and
occasionally from small forest larly the t limb

g palm squirrel, Funambulus t. tnslnnms‘ However, most of the
ticks collected from small forest mammals have been larval and
nymphal Txodes, spectes undetermmed. Infection of these mammals
is mdscated by presence of lizing antibody against KFD virus
in species of Raitus, the squirzel, and a shrew collected i the mnfected
areas, as compared to negative evidence of infection mn representa-
tives of the same species collected outsile the presently known
mfected area.

Haemaphysahs ticks have also been recovered from ground and
bush-dwelling birds i Kyasanur Forest. H. spinigera has been found
on all tick-mfested birds collected so far, The role of avian species
1 the of a tick-bird-virus cycle and in d i of
the virus remamns to be worked out, but these prehmmary clues
mdicate 2 possible mechamsm for mntroduction of the virus into thig
newly infected area from elsewhere m India if not from north of the
Himalayas, Certamly enough evidence exists by commonplace finding
of Haemaphysalis spinigera on birds 1 Kyasanur Forest and repeated
1solations of KFD virus from this tick species to suggest that tick-
nfested birds may play an important role in the spread of the virus to
neighboring susceptible forest areas in India. It 13 obvious, however,
that there 1s still much to be Iearned not only about the maimntenance
of the vu'us in h and arthropoeds, but also about
the p and p of the disease m man,
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DIRECT VIRUS

ANTIBODY FLOCCULATION REACTIONS

By WILSON SMITH

I. Introduction

For many years the only seralogxcal reaction available for the

3 of virus infecti was ia which
reeogrition of the accurrence of an interaction between viral antigens
and their hamologous ann.bodxes in lmxmmc sera necessua!es the uze
of animals which are ptik infection with the

to

virus in question. This was not due to any want of appreciation by
early workers of the impetus which virology would receive by applica-
tion of those in-vitro serum reactions which had long been used to
such good effect by bacterologists and eytologists, Tbe reason lay
chiefly in the lack of knowledge, and of the tech

sequired in order to separate viruses and their products fmm m[ecled
tissues, 80 23 to obtain them in the form of relatively pure and con-
centrated antigenic material. Tt is true that complement fixation is
often demonstrable with ¢rude antigenje material, being much lesx
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fi d than are aggluti and p by the presence
of b Tt is not surprismy therefore that comple-
ment fixation 18 now fairly widely used in laboratory diagnostic tests
whereas the direct virus-antibody reactions have been very largely
neglected, The term ‘direct” is used to denote these reactions between
antigenic matenal and serum antibodies which become visibly
manifest without the introduction of any ndicator system. In this
sense hoth virus neutrahsation and complement fixation are indirect

reactions, and suffer from the hitations wnherent 1 any system mn
which extraneous bles must be duced Inafew virusd

it has now been shown that by the application of modern methods
of virus culti and the direct re-
actions, analogous wnh bactenal agglutination and preciprtation, can
be employed both as analytic research tools and as practical diag-

nostic tests. In the near future their extension to a large number of
d

other virus infe can be d p

Wirson axo Mites (1946) d bactenal Juti
and p as 1 p ly antigens which
form part : of the structuze of the hactena\ cell and an'ugens n cn“mdal
solution. The two types of have quite d
mstics There 13 no doubt that, with the appropriate virus reagents,
both true aggl and true can be ¢kown to occur

1 certain special cases but 1n many instances the type of reaction s
mdetermnate. This 15 especially true of the smallest viruses which
approach molecular size. For this reason the term ‘flocculation’ 15 to
be preferred except when 1t 1s clearly possible to draw a distnction
between agglutination and precipitation,

The occurrence of flocculation reactions and their possible applica-
tions were recognised equally by early workers m both animal and
plant virology. Until recently, progress i the field of antmal virology
lagged behind, chiefly because large quantities of relatively pure
virug matenal are much easier 1o obtain from infected plants than
from the tissues of infected ammals This position, however, has been
rectified to some extent by modern developments of cell culture
techniques for the growth of virnses, with the result that rapid
progress 15 now bemg made 1w the study of Aocculation reactions with
some of the ammal viruses, In the present article attention will be
confined to work with animal viruses, especially those causing diseases
of man, plant and bactenial virus infections being Ieft out of consider-
ation.

20 Virology, Vol.1
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The morc important human virus infections in which flocculation
reactions of ome sort or another have been reported are variola,
vaccinin, influenza, herpes, yellow fever, psittacosis, lymphogranulo-
ma inguinale, Iymphocytic chori ingitis and poliomyelitis. They
have also been applied in studies of several virus infections of lower
animals such as fowl pox, foot and mouth disease and vesicular
stomatitis, Most of our knowledge of the factors involved in the re-
actions themselves, however, has been derived from systematic
studies with the pox viruses, influenza and pohomyelitis, and it is
with these that the present article is chiefly concerned.

IL Virus Flocenlating Antigens
(A) Crude Tissue Suspensions

Flocculation sometimes occurs when crude suspensions of the
tissues from an infected anumal are mixed with a specific immune
serum. This was demonstrated with vaceine Iymphs over fifty years
ago (Tanaxa, 1902; FrREYER, 1904). Many workers, however, were
unable to elcit the reaction with similar reagents and attributed
flocculation 1n such systems to the presence of extraneous factors such
as contaminating bacteria, Moreover, 1n other virus infections at-
tempts to obtain specific flocculation with crude tissue suspensions
have, with few exceptions, been reported as complete failures. There
are good reasons for these discrepancies. In the first place a critical

inil ion of virus, or antigeni P of the virus,
must be present for the formation of vasible aggregates. It is donbtful
whether this eritical concentration is ever attained in the course of
some virus diseases and 1n others it is probable that antigen concen-
trations fluctuate so that the time of harvesting material becomes a
d; inant factor. Furth , the number of virus particles per
unit volume of suspension. as estimated by infectivity titres, may be
no index of the total amount of viral antigen present evest in the case

of onep Jar virus infection. With diffe fections the relative
sizes of the viruses are obviously important and it is probably signi-
ficant that fl lati dies were forlong confined almost exclusise-

Iy to the pox viruses which are amongst the largest animal viruses
known. Recent work with small viruses has shown the necessity of
using concentration methods for the production of flocculating

suspensions.
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The exact nature of the antigens responsible for flocculation of
crude tissue susp cannot be d ined because the reaction
may involve, at one and the same time, several distinct antigen-
antibedy systems. For example vaccinia convalescent sera contain
four separate specific antibodues, any one of which will agglutinate
elementary body suspensions, and three of w]:ucl: will give a preczpna-
tion reaction with the homol
from the virus particles (L, S and NP autwcns) Floccula!mn of crude
vacane lymph gives no wdication of which gystem is operative or
whether only one or all together are concerned.

In spite of these houtations the flocenlation reaction with vaccine
lymph a3 the antigenc matental has been shown to be applicable as 2

This was first uneq tly d by
Gorpon (1925) but 1t was by the subseq i i
of Burcess, Cra1cie anp ToLrocr (1929) and Cra16ie Anp TULLoCE
(1931), that several points of cardinal importance were firmly es-
tablished, These workers defimutely refuted the enticism that secon-
dary bactenal mvaders might be responsible for the reaction. They
concluded however that, although the flocculation observed was a
specific reaction, the antigen 1nvolved could not be the intact virus
particles but represented a soluble component of the virus, In ther
hands the fl it bled a itation rather than an
agglutination, One of their most mmportant findings was that the
Ppresence of impunties might ihibit flocculation so that, for consisten-
cy of results, ether extraction of the vaccne lymph was necessary.
This clearly pomted to the presence in crzde lymph of flocculation
mhibitors which have assumed great interest and importance in
more recent work.

Farly work with mfluenza viruses powted in the same direction.
MaciLz, anp Franas (1938) found that Lightly centrifuged suspen-
sions of the lungs of infected mice would flocculate when mixed with
some human sera, lly with sera of X patuents. The
reaction occurred within an hour st 37°C but mught not become
visible until the mixtures were shaken. The antigens were reactive
only up to 1 or y, dilation, but attempts to mcrease lheu' potency

¥ P by means of were

I Sera were dered strongly postive if they gave
floceulation at dilutions of /s or /16, Heating exther the antugen or
serum at 56°C for 1 hour zbolshed reactivity. The authors adduced
evidence of the specificity of this reaction but expressed some doubt
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The more important buman virus infections in which flocculation
reactions of one sort or another have been reported are variola,
vaceinia, infiuenza, herpes, yellow fever, psittacosis, lymphogranulo-
ma inguinale, lymphocytic choriomeningitis and poliomyehtis. They
have also been applied in studies of several virus infections of lower
animals such as fowl pox, foot and mouth disease and vesicular
stomatitis. Most of our knowledge of the factors involved in the re-
actions themselves, however, has been derived from systematic
studies with the pox viruses, influenza and poliomyelitis, and it is
with these that the present article is chiefly concerned,

IL. Virus Flocculating Antigens
(A} Crude Tissue Suspensions

Flocculation sometimes occurs when crude suspensions of the
tissues from an infected ammal are mixed with a specific immune
serum. This was demonstrated with vaccine lymphs over fifty years
ago (Tanaga, 1902; Frever, 1904), Many workers, however, were
unable to eliat the reagtion with similar reagents and attributed
focculation in such systems to the presence of extraneous factors such
as inating bacteria, M , in other virus infections at-
tempts to obtan specific flocculation with crude tissue suspensions
have, with few exceptions, been reported as complete failures, There
these discrepancies, In the first place a eritical
ion of virus, or antigeni p of the virus,
must be present for the formation of visible aggregates. It is doubtful
whether this critical concentration is ever attained in the course of
some virus diseases and in others 1t 1s probable that antigen concen-
trations fluctuate go that the time of harvesting material becomes a
d i factor. Furth e, the number of virus particles per

are good reasons for

unit volume of suspension, as esti d by infectivity titres, may be
no index of the total amount of viral antigen present even in the case
of one p lar virus infection, With duffc infections the relative

sizes of the viruses are obviously important and it is probably signi-
ficant that flocculation studies were forlong confined almost exclusive-
Iy to the pox viruses which are amongst the largest animal viruses
Lnown. Recent work with small viruses has shown the necessity of
using concentration methods for the production of flocculating

suspensions.
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pox diagnosis for several reasons, The elementary body suspensions
had to be derived from infected calves or xabbm and the technique
used by Lenmvcaan mvolved the mi i of hang-
ing drops kept in sealed elide chambers for st least 48 hours. Also 1
smallpox the rise of serum agglutinms is so slow that, long before
they become detectable, diagnosis can be firmly established, either
clinically or by other serological methods.

The practicabihty of using purified virus suspensions both for anti-
genic analysis and diagnosis emerges from the recent work of BELYA-
VIN (1955, 1956) with viruses of the influenza group. He showed that
hugh titre allantorc lmids may or may not give visible flocculation
with thc sera of immunised rabbits and concluded, from analogy with
the ph of b lutination inhibition that such fluids must
contain variable amounu of a flocculation inhibitor, Removal of

ok I d by some measure of virs con-
centration, yrelds antigens giving regular and reproducible foceu-
lation. Such p and is especially easy wath
the influenza viruses because of their adsorbabiity on, and spon-
taneous elution fmm, human or fowl red blood cells Using this tech-
nique sabisf: g virns fons have been obtained
for influenza vl.ruus of types A and B the A pnime sub type, and
many stramns within each type; also for the viruses of mumps and
Neweastle disease of fowls. The strains within cach type show de-

rvang Af qimam —maaTR ot ‘

Partially snsifiad and smmoceems Lt . -

1 . . .

suze of the viras particles even high titre virus culture fluids require
from fifty to a hundred fold concentration. It is not known as yet
how important the removal of mpurities may be. In this case puri-
fication by red cell adsorption and elution is not apphcable so that
Tecourse must be had to differential centnfugation. The antigens thus
obtained by SMITH AND HIS COLLARORATORS certainly contain rela-
wvely large amounts of non-viral protein. In the author’s opron,
however, success was largely dependent upon the use of cell culture
fimds with their high virus itres, coupled with their very low content
of matenal, as compared with tissae susp obtained
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because its intensity did not parallel the viral content of the antigen,
as determined by infectivity tests in mice. For reasons stated above
we would no longer regard this as a valid ob)ecnon. More cogcnt

reasons for doubt were the of floccul: with
cent sera from cases of illness which were not influenza ard alse, in
some fractionation exy in the plete absence of detec:

table virus. Neither of these reasons, however, is in any way con-
clusive.

Henie AnD CnaMBeRs (1911) were unable to confirm this work
with infected mouse lungs but demonstrated flocculation with allan-
toic and amniotic fluids from infected embryonated eggs. They
offered the interesting suggestion that failure of high titre mouse
lung suspensions might be due to mechanical hindrance of specific
flocculation by normal lung particles, a possibility which could now
very easily be put to experimental proof.

(B) Purified Virus Suspensions

Recognition of the particulate nature of vaccinia virus and jts
microscopical demonstration in the form of stained elementary bodies
by Pascien (1913) directed attention to the possibility of their agglu-
tination by specific tmmune sera. PAscieN himself reported such

agglutination and Gins (1922) d ed mi 1
of virus susyensnons with high dilutions of immune antivaceinia sera
by D. G. iltumi No ificant ad however were made

until LEpivcmast (1931, 1932 1933}, Crarcre (1932) and Crarcie
AND Wismant (1936) carnied out systematic investigations. LEpING-
nanm working with both vaccmnia and fowl pox viruses found that the

atarting material must be rich in el y bodies, that preliminary
ether extraction and sub t ion of the ek 34
bodies by high speed cenmfugatmn were necessary, and tbaz im-
purities must be d from the by ial cen-
trifag; Antigens thus p P d gave ination with !

cent and hyperimmune gera in high dilution, The speciflicity of the
reaction was established beyond question, The work of CRAICIE AND
WisHART concerned more especially the soluble antigens of the virus
and is referred to below, N
In spite of the scientific and tk i Lieabil
of this work it failed to find pmcncal application in the ﬁeld of emn.
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that many viruses contain antigens which could be extracted in so-
Tuble form. Apart from their possible use as precipitmogens in diagnos-
tic serology, pure antigens in soluble form are particularly suitable
for investi of i Togical skin reacti

TIL. Virus-Flocculating Antibodies

The antigenic analyses of vaccima virus and of the influenza group
of viruses have shown that spectfic immune sera may contain anti-
bodies of many different kinds produced under the stimulus of drf-
ferent antigemc components of the virus. These may show indepen-
dent quantitive vanability in immune sera of different animal
species, different animals of the same species and different samples
from the same individual. Not all these specific antibodies are capable
of flocculation with erther whole virus snspensions or soluble virus
antigens, In the agglutination of pure virus suspensions only the sur-
face antigens are 1nvolved, and for the formation of antigen-antibody
Jattices with soluble antigens it s necessary for both antigen and
antibody molecules to have at least more than one combining site.
There 1s conclusive evidence that some vaccinial and influenzal im-
mune sera contain umvalent antibodies—so called blocking anti-
bodies—which can combine with virus but cannot flocculate, and this
may account to some extent for the gross lack of parallelism between
virus neutrahisation and flocculation titres. It may also acecount for
the fact that some poliomyelitis hyperimmune monkey sera of high
virus neutrabsing titre give flocculation of quite a different type, and
10 much lower titre, than do rabbit and human sera of comparable

lising potency. The prod: of potent flocculating sera in
experimental animals therefore depends on methods evolved empiri-
cally, Likewise the chimeal and d i 5 of flocenl.
with immune sera can ouly be determined by empincal tests of the
correlation between flocculation titres and other immunological data.
The late appearance of agglutining 1n smallpox has already heen
mentioned and it 18 estabbshed that none of them are effective in
virus neutralisation. On the other hand, the scanty evidence at
present available suggests that, in pohomyelitis, flocculating anti-
bodies appear in the blood serum very early after the onset of infec-
tion, though their posnible significance i protection is not yet known.
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from infected animals, There is as yet no clear evidence of the occur-
rence of flocculation inhibitors similar to those involved in influenza
virus flocculation, but work in progress in the writer’s laboratory
suggests that they may exist and may play an important role in the
reaction.

Because of the relative impurity of the poliomyelitis antigens
hitherto used, formal proof that the reaction involves an agglutina-
tion of virus elementary bodies is lacking. Indeed it is most improb.
able that the bulky floccules consist entirely of virus and molecules
of antibody. But the close correlation between the flocenlation pot-
ency and the virus concentration of the antigens indicates that a
direct agglutination of virus particles is probably the basic reaction.

This conclusion 15 supported by the fact that much of the extraneous
R P

protein can be d by chemical precip without
flocculating potency (unpublished observations).

{C) Soluble Flocculating Antigens

The precipitinogens extractable from vaccinia virus have already
been mentioned The L. S. complex {Crarciz, 1932; Crateie AND
Wisnarr, 1936), cansists of two distinet antigenic compouents which
can be dissociated, either of whick will combine with its homologous
antthody when added to an immune serum, but for formation of a
visible precipitate the intact complex is necessary. A third precipi-
tinogen 13 the nucleoprotein (NP) antigen of SMADEL, RIvERS AND
HoAGLAND (1942), These must all form part of the surface structure
of the elementary bodies for the latter are aggintinated by each of
the three ponding ib The Koktoprizipitinog of
TorigATa (1917) probably represents the heat stable component of
the L. S. complex, as does also the precipitnogen extractable from
the testes of rabbits infected with a neurotesticular strain of the virus
(Samrzm, 1932).

Flocculation reactions have been reported from time to time in
several other virus infections, notably in yellow fever, psittacosis,
lymphogranuloma, lymphocytic choriomeningitis, herpes and dog
distemper, but little is known about the nature of the reactive anti-
gens concerned. In some cases, at least they may represent tissue
products of the infection rather than components of the vfru!f‘s
themselves (Hucnes, 1933). Noue the less it is reasonably certain
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half an hour and increases in degree, with extension to higher dilu-
tions of both reagents, over a period of a few hours. The floccules are
casily visible by naked eye against a black background, ther smize
varying ding to the ion of the o ts. Results may
be read at any arbitranly selected time and expressed  any arhi-
trary notation, BELYAVIN uses the classical notation of bacterial
agglutination wath Tota! (T), Standard (S+, S, 5—) and Trace (Tr+,
Tr, Tr—) to express all degrees of particulation from complete
sedementation of large floccules, with clear supernatant fluid, to
mnute aggregates only just visible with the aid of a hand lens, The
reaction 13 indeed strsctly comparable with a Wadal reaction 1n 1ts
sunplicity of techmque, speed and visual appearances, Its develop-
ment over a penod of 5 hours with standard reagents is shown
table 1, kindly supplied by BELyavi~. Dufferent types of floceules are
produced by different virus strains; some strains give coarse fHoceula-
tion of the ‘H” type of bactenal agglutination, others give granular
flocculation of the ‘O’ type [see figs. 1 and 2]

Fig 1 Tofluenza Virus Floceulation by Fig 2 Floceulant (H) and Granular (0}
macroscopic tabe method types of specific wfluenza virus floecu-
reaction PR8 virus with specific lation
Tabbit antuserum
— reaction PRE virus with normal
rabbit eerum

+

0% Vaology,Val1
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IV. Flocculation Techniques

All the techniques which have been nsed in bacteriological aggluti-
nation and precipitation work have been applied at one time or
another in virus flocculation. Some of them however have done little
more than serve to show the occurrence of a reaction, often of doubt-
ful specificity, without any indication of the complexity of the factors
involved. For ple ring preeipi by the layering of antigen
solution over serum was used by ToMARKIN AND Suarez (1917) and
Smrra (1932), microscopic hanging drop flocculation by LEpINGTAM
(1933) and dark ground microscopy by Gins (1922). Many attempts
have also been made to attach viruses to carriers such as bacteria,
collodion particles, red cells and particulate dyes, with the object of
rendering virus agglutination more easily visible; reactions with such

1

p h cannot be regarded as direct reactions as defined
above. The techniques used in more recent work which have proved
ble for investigations of the reactions per se fall into three

g H pic tube flocculation, micro q 4
sampling for dark ground microscopical observation and gel diffusion
techniques. Each of these bas its particular advantages and disad-
vantages.

{A4) Macroscopic Tube Flocculation

The full potentialities of this method have been revealed by
BELYAVIN'S studies of influenza virns flocculation. It is in all respects
similar to the dard methods of di: ic b ial agglutinati
in which equal volumes of antigen and serum dilutions in physiologi-
cal saline are mixed in Dreyer agglutination tubes and incubated in a
water bath at 37°C The possibility of using higher incubation
temperatures to speed up the reaction has not yet been explored, nor
have the cffects of diffe Hion i From the
of inhibition zones cbtained by CRAIGIE with vaccinia at 55°C and
their absence in LEDINCHAM'S tests at room temperature, and also
from the aholition of focculability of infl virus antigens by
heating at 56°C, reported by MaciLy anp Francis, it is probable that
temperature of incubation may be a decisive factor in the case of each
particular virus. The induction of convection currents by only partial
f the mixtures in the water bath is also a factor of some
With infl! viruses flocculation usually begins within

immersion of

P
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muxtures, certainly within half an hour, and thereafter increases in
degree am\ exu-mls in range, in the same manner as Bruyavin's
bed above. An bation period of four
hours has therefore been generally adopted as mnulm-d procedure.
The few monkey sera tested and some human sera, howex er, flocculate
much more elowly and may even require overmght incubation for
reactions to become visible. The practical feaubility of adopting such
prolonged incubation depends upon the stability of the antigen
preparations employed and this factor has not yet been satisfactorily
controlled for, whilst some hatches of antigen show no spontancous
flocculation after 21 hours ineubation, other batehes, prepared
exactly the same way, do so Invesugations under way in the writers
laboratory indicate that this difficulty will soon he avercome
The flocculation within a farrly wide range of dilutions is quite
stuking and very easly detected, a mere glance usually suffieing ta
record the hanging drop sample as pomtive or negauve [Fg. 3],
Near the end points of the reaction, however, the particulate nature
of the antigens themselves makes reading more difficult and careful
companison with the control mixturcs 14 necessnry,
The micro tube techmique therefore, useful as 1t has proved to be,
cannot compare with the macroscopic method for simphoty, reliabn.

Fig 3 Pohiomyelitia virus floculation by micrn tube methad
+ tenction Type 1 (Brunhilde) Antigen with type | rabbat antserum
— reaction Type 1 (Brunhilde) Antigen with type 3 (Leon) antiserum
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The same technique was shown 1o be apphicable to pohiomyelitis
vieus flocculation by Surrn, SweretsLp, Lee avp Civrcaer (1956).
Investigations of the dynamics of the reaction in this ease, however,
have not yet been made because of the difficultes involved in pro-
ducing adequate quantities of antigen. This indeed 1mnposes a serious
limitation on the immediate extension of this method to other viruses,
for the minimal quantities of each reagent per tube to give satisfactory
floceulation is 8.25ml; the use of smaller quanities in tubes of nar-
rower bore affects adversely both the speed and visibility of the re-
action. Present indications are, however, that this macroscopic tube
flocculation will eventually be found applicable to many virases and
will come to hold a place in diagnostic virology comparable with the
agglutination reaction in bacteriology.

(B) Micro Tube Method

The difficulty of obtaining sufficient quamities of poliomyehtis
11rus antigens for investigations by the macroscepic tube method fed
SMITH AND HIS CO-WORKERS to evelve a technique by which the total
volumes of reaction mixtures are reduced to 0.04ml. per tube. For full
detauls reference should be made to therr paper (1936b), but the
essential features are as follows Antigen-antibody mixtures are made
in Dreyer agglutination tubes, by means of dropperpipettes cahbrated
to deliver 50 drops per ml. They are incubated at 37°C within a
bumdity box to prevent evaporation. Observation of floceulation is
by low power dark-ground microscopy of hanging drop preparations,
sampling being by platinum loop. For the purposc a low power dark-
ground condenser of Jong focal length 1s required.

This techmque has proved to be sufficiently accurate and rapid
for many types of investigation. Full chess board titrations with
antigens of each poliomyelitis virus type against three or four sera can
be completed 1n the course of a day. It is particularly swtable for
screening tests and may eventually find useful appheation in routine
diagnostic work. So far as the writer is aware however, it has not been
used 1n work with viruses other than poliomyelitis viruses and, even
with these, experience 1s nsufficient as yet to define the optimal

diti and its limi for I use. In chess hoard
titrattons with the sera of immunised rabbits and with many human
acute and convalescent sera, flocculation occurs rapidly in optimal
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which are often completely obscured in the classical methods of
Tuti and precipi unless cross absorption
huiques are employed The plate techmque has the particular
advantage that several different antisera or antigen preparations can

be mncluded in a single test for direct companson of their reactions. By
careful spacing 1dentity of antigens shared by different virus stramsg
18 revealed by fuston of their preciprtation bands at ther pomts of
Juxtaposition,

The first application of gel diffuston flocculation 1n virology was
by JensEN AND FRrancis (1933) who worked wath influenza viruses of
types A, B and A prime. They were unable to decide whether the virus
particles or soluble antigens were involved From the fact that several
flocculation bands were obtamed and the interesting observation that
convalescent ferret sera and human sera gave fewer bands than did
sera of immunised rabbits, 1t may now be concluded that multiple
antigens were concerned, some of which at least were probably soluble
components With the pox viruses it 15 possible that only soluble
antigens give diffusion-flocculation, for GisPEN (1955) failed to eliat
reactions with punfied vaccinia elementary body suspensions This
may, however, have been due to the use of an agar gel which was too
stiff to allow the diffusion of relatively large virus particles and the
matter calls for remnvestigation, GIsPEN’s work draws attention to two
phenomena which impose rerious Lmitations on gel diffrsion floceula-
tion, namely that only a single precipitation band will be formed by
two cistinet antigens and therr corresponding antibodies, 1f their
diffusion rates happen to comade, and that conversely two hands
may be produced by a smgle antig body system 1f Tog;
cally 1dentical haptens of different raolecular sizes form part of the
ntact antigen For complete antigemc analyss therefore the -
troduction of fractional absorption methods 15 necessary.

A still more senous hmitation which 18 hikely to preclude the use of
these macroscopie diffusion methods for routine diagnostic tests 1s the
slow speed of the reactions. Time of appearance of preapitation
depends of course upon the distance between the reservorrs of antigen
and antiserum, but with the spacing necessary to give satisfactory
separation of multiple zones, most workers find that incubation for
several days 1 required This 15 1n sharp contrast to the speed of
flocculation 1n Lqud mixtures reported by BELYAVIN and by Sarre
and his co-workers The microscopic method, outlned below,
however, appears to remove this drawback
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Iity and accuracy. It has one further serious imitation. For studies of
the dynamics of flocculation reactions, continuous observation of the
whole range of reaction mixtures s essential. This of course 1s not
possible with any techniques which involve serial samphng and
microscopical examination.,

(C) Gel Dyffusion Technigues

(I) Macroscopte Methods

Gel diffusion techniques for the study of virus precipitation
reactions are all modifications and adaptations of the methods ori-
gwally introduced by Gupin (1946), QucnTERLONY (1948) and ELEX
{1918/49) for the antigen:c analysis of bacterial toxins and other soluble
precipttinogens. They are based on the principle that when antigen and
antibody molecules meet, by diffusion from separated lociin an agar gel,
therr is often fested by the f ion of a viaible pre-
cipitate, Vanous refinements are adopted by different workers but the
two 1mportant macroscopic methods available are the tube method and
theplate method. In theformer, antigen and antiserum are separated by
an agar colamn in a tube of smitable bore. In the latter the agar gel is
contained 1n a Petri dish and holes to hold the reagents are made by
means of a mould which ensures their uniform spacing. Consistency,
clarity and pH of the agar gel and temperature are important factors,
details of which may be found i the vanious publications cited. Such
factors being standardised, however, the rate of diffusion of antigen
and antibody molecules depends largely upon their sizes and electric
charges, which therefore influence the position at which precipitation

oceurs. M, , the preeip 15 confined to the zone in which
antigen and antibody are present in the relatis e proportions required
for the fc ion of visible fl lation Thus in a complex system

contaming several antigens and their corresponding antibodies,
multiple precipitation zones distinctly separated from each other may
oceur, It is this separation of the reaction zones of different antigenic
components of a virus which gives the diffusion techmques their
particular value, although the interpretation of multiple zomng is
often a matter of great difficulty. The methods are specally suited
for the detection of minor antigenic components of a virus and of
minor ¢ross relationships between different siruses and virus strains,
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With three standard monkey antisera and a number of pawred sera
from human cases of poliomyelitis there was a general rough correla-
tion, and the puired sera {acute and convaleseent) showed the same
trends of nse of ttre by both neutralisation and precipitation festa.
Wo evdence of the existence of group antigens shaced by viruses
of dfferent dypes was obtamed.

Le Bovsien, ScrwerpT AND SCHAFFER {1957} attempted to define
the mgmficance of the mzjor and munor preaipstation hands by esting
Arfferent fractions obtaned from punfied vurus concentrates The
wajor band was praduced by a fraction contmmung nearly alf the
mfective virus particles and wirh an RNA conteat of 25 10 30 per
cent. A different band, probably corresponding with the mmor band
gven by many crude concentrates, was produced hy a {raction whieh
had very latle RNA and eontained mostly non-infectise particles,
less umaform and fatter than varus particles.

(2) Mucroscopue Method

A meroscopie gel duffwsion techmque, ongwally evelved hy
Grasser, Poveratz anb Brecnsunver (1936) for the stady of
venoms and other antigens has now been shown by them to be
applicable to the wmvestigation of poliomyehtss vicus Rocenfation
{Grassex, DBoniFas anp  PoncrArz, 1958). Mucroscopse  shdes
are coated with a thin layer of agar gel i which 2mm. dameter
boles, 4mw apart, are punched which hold 4emm. volumes of the
reagents The shdes are tncubated withue sealed glass chambers 1n an
atmosphere saturoted with water vapour Precipitauna lines appear
sn 24 hours or ks, indeed funber meubation 1 stated, witheut
farther comment, to result 1n thewr regression The mast probable
explanatwon of such regrecston s diffusion of the precspitate, after ns
formation 1 the zone of optimal proporizons of antsgen and antibody.
The flocculation knes are best observed erther by dark ground mi-
croscopy or by aaked eye after fixation and etawang of the prepara-
tons The antigens used were essentially the same as those employed
by Sativn g1 AL n the micro-tube method, bemng &fty-fold roncentra.
Bona of flurds fram virusanfected cell cuftuzes They were found to
remam fully aptsve after two months' storage ar 4°C, Instabiiey of
the antigeas, w the sense of spontaneous aggregation of particles,
which has &9 fax been a mayor difficulty with the mero-tube merbad,
38 not mentuned bot m any case would be unbikely to preclede ther
use 1n gel diffuston foceulation



294 Sm1Th, Ditect Vieus Antibody Floceulation Reactions

In spite of these limiting factors, recent work has indicated the
great potentialities of plate gel diffusion precipitation as a research
toolin virology. Bopon (1955) showed that 1t could be used to identify
the classical O, A and C types of foot and mouth disease virus, His
work was confirmed by Brown anp Crick (1957) who extended the
investigation to include several of the newer foot and mouth disease
wirus types and also the Indiana and New Jersey types of vesicular
stomatitis virus. Unlike Bonow however, they found that any virus
type usually gives twa distinct precipitation zones with homotypic
serum, the exact siguificance of which remains undetermined, They
also reported the occasional occurrence of shght reactions with
heterotypic sera, This rasses the interesting question as to whether
these viruses contain a common group antigen. In their paper,
Brown and CRICK mention a personal communication to the effect
that MoospruGGER, SPuHLER and MEYER have used the technique
for the titration of antibody in the sera of cattle convalescent from
infectson with foot and mouth disease.

The recent studies of Lt Bouvier (1957) and of Lt Bovvier,
ScHWERDT AND ScHAFFER (1957), with poliomyelits viruses have
elicited several further points of great interest. There seems to be no
doubt that the elementary bodies of these very small viruses can
diffuse in toto to produce a major precipitation band with the anti-
bodies of a hometyprc serum. Minor bands may also be produced by
virns p with d. diffusion rates but thetr occurrence
and relative positions depend upon both the particular virus concen-
trates and the particular antisera used, doubtless because of the
vartability in the concentrations of the reactants which these materials
contain, Thus pairs of bands were usually obtained with hyperimmune
monkey sera but clearly defined minor bands were not seen with hu-
man sera, Thi« may reflect either a fundamental difference between the

log of duffe animal species, or, more probably,
merely a difference between the immunogenic stimuli to which the
monkeys and human beings had been subjected. In any case the ano-
maly clearly mdicates a hne along which further exploration would
be profitable. Le Bouvier alco showed that the method can be used
for precipitin assay because there s a linear relationship between log
serum eoncentration and distance of the major precipitation band
from the serum reservoir, provided that virus dose is kept constant.
The pmcucal mmportance of this depends to some extent on the corre-
fation between precipitation and virus neutralisation titres of sera.
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altogether no matter how long the mixtures are incubated. Bovn
(1941) described two basic patterns of isochronic flocenlation, an R
pattern, common with rabhit antsera, in which inhibition occurs
only in the zone of antigen excess and an H pattern, given by horse
and some rabbit antisera, in which it occurs in the zones of both
antigen and antibody excess.

As was only to be expected, similar inhibition zones have been
found to occur in virus fl Tati i This i d a
considerable risk that absence of any reaction in dizgnostic tests may
be falsely interpreted. From the studies of BELYAVIN it appears that

Table I. Influenza Flocenlation: chesshoard titrauon
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The results reported by GRASSET AND HIS CO-WORKERS are of a
prelimmary nature and it 1s difficult to assess the potentialities of
their technique at the present juncture. They report the occurrence of
double-precipitation lines with monospecific monkey antisera against
virus types 1 and 2, but only a single line with type 3 reagents. Both
acute and convalescent sera of paralytic cases of poliomyelitis gave
strong reactions, Reactions were also obtained with pooled gamma
globulins against all three virus types, and against type 1 virus with
seven out of twelve pre-vaccination and ten out of twelve post
vaccination sera, from human beings immunised with Salk vaccine,
Sera of animals immunised with Salk vacme gave precipitation lines
agamst the three monotypic antigens.

Such results if confirmed would indicate that this technique has
a degree of sensitivity considerably greater than that of any other
method evolved as yet for virological flocculation work, This might
actually constitute a disadvantage for rapid diagnostic application,
for without the introduction of quantitative antibody assay the
sigmificance of reactions obtained with human sera would be difficult
to determine, It 1s also suggested that the results indicate the ex-
istence of group precipitating antibodies quite distmct from type
spectfic neutrahsing antibodies, but 1 view of the complexity of
poliomyelitis floccul: revealed by plate diffusion, much
further evidence 1s needed to substantiate this view.

The many advantages of the wethod, including 1ts speed, economy
in the use of reagents and, not least, the fixation of reactions in
b; form for subseq and J: , 1nvite 1ts
further exploration with other viruses. One would expect that in
some cases 1t could be readily adapted to serve as a useful diagnostie

tool.

V. Floceulation Inhibition Zones

In precipitation reactions with pure soluble antigens and strictly
monospecific sera, speed of flocculation depends not only upon the
concentration of the reagents but also upon their relative proportions.
This results fa p of h fl lation, di ble by
chess board titrations 1n which sufficiently extensive dilution ranges
of both antigen and antibody are included. Gross excess of either
seagent oser the proportions which y1eld most rapid floceulation, f}"’
s0 called optimal proportions, may indeed prevent particulation
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tion zones occur in regions of both excess antigen and excess anttbody.
A typical chess board titration done by the micro tube method 1s
illustrated in table IT. This shows an isochrome flocculation pattern
of the Boyp H type. In hne titrations with constant antigen dose
an excess antibody inhibitton zone, if it exists, 13 immediately ap-
parent, whereas there 1s nothing to show whether the serum dilution
end point is a true antibody end point or 13 due to mhibition from
antigen excess. This may be one reason why poliomyehtis flocculation
requires the use of highly concentrated virus antigens, for with un.

4 virus susp the excess antibody wmhibition zone

may extend over a very extensive range of dilutions of the antiserum,
It 15 certarnly not the enly reason, however, why virus concentration 1s
necessary. Probably of more importance is the fact that with such
small viruses, unconcentrated culture flds do not contain sufficient
bulk of antigen for the antigen-antibody lattices which form to
become visible, The need for concentrated antigens in the gel diffusion
techniques supports this view*.

The suggestion that the different patterns of 1sochrome floccula-
tion, obtained with the influenza and poliomyehitis viruses respective-

ly, may a fund, 1 uff between the flocculation

behaviour of different virases must be regarded with caution Un-
fortunately these are the only viruses for which we posses relevant

infi on and the pol Litis varus ployed were

not comparable, m respect of punty, with the mfluenza virus suspen-
sions of BELYAVIN for reasons stated above The effects of impurities
m floceulation systems have not been systematically mvestigated,
except in the case of the flocculation mhibitors discussed below, but
there 15 no doubt that they may modify the flocculation patrern
produced by pure reagents. Mention has already been made of the
wmportance which early workers attached to the extraction of ether
soluble matertal from vaceine lymph and of the failure of high utre
lung suspensions from mice infected with mfluenza virus to give
speaific 8 fon, In recent exp with pol Iitis varas
anbigens therr further punfication has resulted in some instances n
abolition of the excess antibody inhibition zone without any apparent
reduction of antigeme potency (SwrrE, SHEFFIELD and CHURCHER,

* Swnce this paper was wntten the posubility of obtaung flocculation with
Hugh ntre fluids has been de 1ndepende
™ twe different Jaboratones (Unpublished observations)
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with influenza viruses and rabbit antisera inhibition occurs only in the
region of antigen excess conforming to Boyp’s R pattern of isochronic
flocculation, In an extensive series of full chesshoard titrations of
different virns strains and rabbit antisera, BELYAVIN has never
encountered inbibition from excess antibody, that reported in his
first paper being now known te be due to the presence of inhibitory
substances (personal communication). This is exemplified by the
experiment shown in table I, Flocculation with serum ddutions higher
than 1 in 40 was completely prevented m the mixtures which con-
tained the undiluted antigen, but there was no sign of inhibition from
excess antibody even in mixtures containing minimal amounts of
antigen. Obviously the use of this virus suspension, in a coustant
antigen dose titration, would fail to detect the presence of antibodies
in a relatively weak serum with an antibody content one-eightieth or
less of that of the particular serum used 1o this experiment. But total
flocenlation might be obtained with such weak antisera provided that
the dose of antigen used was small enough.

Poliomyelitis antigens and antisera of rabbits immunised by the
same technique as was used by BELvavIv give flocculation beha-
viour of different character (Sturm £T AL, unpublished). Here inhibi-

Table I1, Chess board titratton of pohomyelitis virus type 2, and rabbit immune
serum by the mero tube method
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Table 111 between H: and lation Inhibstion of
Influenza Virus
Tohibutan,
Tresment
e 4
56°C + - -
RDE - + +
Trypn - P _
Sod Cutrate]  + + -

+ mdicates retention of whibitory actvity
— mdicates loss of mubitory activity
RDE — Receptor Destroymg Enzyme

show that each of these can be selectively removed by appropriate
treatments. As BELYAVIN points out, this indicates that flocculation
whibitor probably combines with receptor sites on the virus surface
which are distinct from the haemagglutinin receptors and offers a new
Line of approach to the analysis of virus surface structure.

The exact nature of the ﬂoeculauon mlnbxml's 15 not yet known
They function, as do the b lly as
nonspecific “blocking” antibodies which combine with antigen
receptors without vasible effect, poss\bly because they are umivalent,
The bek of the fl 17 however, cannot be attn-
buted to umvalency Some mfluenza virus strams can yield either
“stable” or “‘unstable” antigen suspensions, the latter bemng directly
floceulated by normal sera unless the serum inhibitors are removed
by heat inactivation or other treatment. Against virus suspensions 1n

this “unstable” state, therefore, the floccul. ik function as

i3 5

Simular substances for other viruses have not yet been reported,
though 1t will be surprising of none such exist Ther importance as
Tegards d of i \! 18 obvieus,
fortunately thewr removal from sera is not hkely to present any m-
superable difficulty,
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unpublished observations). This suggests that the relatively crude
poliomyelitis antigens may contain inhibitors similar 1o the serum
floceulati hib di 2 below, but it is difficult to explain the
phenomenon on this basis, Unless the serum used is itself inhibitory
the presence of inhibitor m the antigen preparation should not cause
inhubition only in mxtures with the largest serum doses, but should
either prevent flocculation through the whole serum dilution range
or merely enhance the antigen excess inhibition zone. So far no
definite evidence of the participation of serum inhibitors in polio-
myelitis flocculation has been obtained.

Until the phenomena of mbibition zoning have been more fuily
i i d with several diffe viruses little reliance can be placed
on results obtained by line titrations in which a constant dose of one
reagent is used with serial dilutions of the other reagent. For the
investigation of any new system extensive chess board titrations are
essential and, even for rough screening tests, experience with polio-
myelits reagents has shown that varying doses of both antigen and
antiserum may be required for the d jon of antibodies in either
a strong or a weak immune serum.

VI. Flocculation Inhibitors

Virus haemagglutination inhibitors occur in various biological
materials, especially in animal sera. Those affecting influenza virns
haemagglutination have been very extemsively investigated and in
some cases have been isolated in pure form and chemically characte-

rised. They are pecific 1n the logical sense and their re-
moval is essential for the full analysis of the specific antigen antibody
Recognition of the exi: of similar focculation jnhibi-

tors comes from BELYAVIN's studies of influenza virus floceulation
(BrLYAvIN, 1955, 1956, 1957). Like the haemagglutination inhibitors
they are widely distributed 1n antmal sera and different species, and
different individuals of the same species show wide variations of
serum inhibitor content.

Particular interest attaches to the fact that some at least of the
inhibi of fl lation are clearly distinguishable from those which
inhibit haemagglutination. Two types of the latter have been de-
seribed, namely a and £ inhibitors, and both may occur together with
flocculation inhibitor in a single serum. The data presented jn table ITT
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V1I. Conclusion

Virus antibody flocculation reactions have not yet been suffi-
ciently explored to permit more than a very tentative opinion of
their relative importance in virology, The reasons for past neglect of
this serological approach are no longer operative for many viruses can
now be grown in cell culture with relatively simple nutrient media and

)} g for virus ion are now widely
avatlable. The little work so far done gives clear indication that the
extension of flocculation studies to other animal viruses cannot fail
to yreld much information about their antigenic constitution and

structure. Appleations of the ions in routme d. ic work
are ikely to remain largely empirical for some considerable time but
may, nope the less, i duce the simplicity, and isi

P
which have hitherto been lacking in the field of diagnostic virology.
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