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For information:

The increasing number of symposia and reviews provide information on
current problems and progress in virus research. Such discussions and
“stock-taking’ are not only stimulating, but are of great value. In addi-
tion, however, a comprehensive and detailed presentation of proven
and established results is indispensable and essential.

The editors of “Virology Monographs” aim to publish separate mono-
graphic treatments of individual virus species. Particularly emphasized
will be the presentation of important findings and their critical evalu-
ation giving extensive consideration and reference to available literature.
This new monograph series will continue in the same tradition as the
“Handbuch der Virusforschung”, also publishing general topics on the
technique and problems of virus research, thus maintaining the encyclo-
pedic character of a reference work.

To assure rapid publication, individual manuscripts will be published
in form of separate monographs. Smaller contributions will be combined
with others to form one monograph volume.

In order to perpetuate the tradition of the Handbook, these single issues
will be gathered into Handbook volumes with an index as soon as a
sufficient number of issues is reached. In such cases the publisher will
inform booksellers and other interested parties that these Handbook
volumes are gatherings of monographs already published earlier on.

Zur Information:

Uber aktuelle Probleme und Fortschritte der Virusforschung orientieren
— in stetig zunehmender Anzahl — Symposien und Ubersichtsreferate.
Fiir den Virusforscher sind derartige Diskussionen und ,,Standort-
bestimmungen‘ zweifellos anregend und von grofem Wert. Ebenso
erwiinscht, ja geradezu unentbehrlich ist jedoch auch die Darstellung
gesicherter Befunde. Die Herausgeber des Handbuches mochten daher
den Schwerpunkt der kommenden Binde auf die monographische
Abhandlung einzelner Virusarten legen, wobei die kritische Bewertung
der Befunde und die weitgehende Beriicksichtigung der Literatur ein
besonderes Anliegen sein sollen. In diesem Sinne wird das Handbuch
vornehmlich den Charakter eines Nachschlagewerkes erhalten. Der Tradi-
tion des Handbuches entsprechend sollen aber auch in Zukunft allgemeine
Fragen der Technik und Problematik der Virusforschung Aufnahme
finden.

Im Interesse einer raschen Verdffentlichung werden kiinftighin einge-
reichte Manuskripte selbsténdig als Monographienbénde ausgegeben;
Beitrige geringeren Umfanges werden mit ebensolchen zu einem Band
gekoppelt.

Um die Tradition des Handbuches fortzusetzen, werden diese Einzelver-
offentlichungen, sobald eine ausreichende Anzahl vorliegt, zu Handbuch-
bianden vereinigt, denen ein Register beigegeben wird. Der Verlag wird
beim Erscheinen von Handbuchbidnden den Buchhandel und die Inter-
essenten dariiber informieren, daf diese Handbuchbinde eine Zusammen-
stellung bereits einzeln erschienener Monographien sind.
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1. Introduction

The ECHO viruses (enteric cytopathogenic human orphan viruses) comprise
a subgroup of the human enteroviruses: all are infectious for human beings.
Although several may share common antigens, most are serologically unrelated.
They have been grouped together with polio- and Coxsackie viruses because of
similar physico-chemical properties, and because they are recoverable from the
alimentary tract of human beings. Since 1951 when the first was recognized
(RoBBINS et al., 1951), 32 more have been discovered. In recent years 2 members
of the group have been placed in other categories: ECHO 10 is now reovirus
type 1 (SaBin, 1959), and ECHO 28 is a rhinovirus, provisionally type 1 (TYRRELL
and CHANOCK, 1963). During the last 15 years numerous studies have brought
to light much information on the properties, ecology and natural history of
the ECHO viruses.

II. Historical Résumé

Two conspicuous events fostered the rapid acquisition of knowledge of ECHO
viruses. The first was a resurging interest in tissue culture methods permissive
of viral growth in vitro (ENDERS et al., 1949); the second was the introduction
of mass vaccination against poliomyelitis (FrRANCIS et al., 1957). Both events
enabled further recognition and delineation of the etiology of illnesses simulating
nonparalytic poliomyelitis.

Beginning in 1950 cytopathogenic agents that were not polio- or Coxsackie
viruses were encountered in the human alimentary tract (RoBBINS et al., 1951;
Kisrick and ExbpErs, 1953; MELNICK, 1954; RAMOS-ALVAREZ and SABIN,
1954; Hammonw et al., 1955, 1957). A congeries of viruses thus became available
during the next few years, thereby prompting a conference on orphan viruses
(May, 1955, National Foundation for Infantile Paralysis, Inc.) and soon there-
after to the appointment of a Committee on the ECHO viruses of the National
Foundation for Infantile Paralysis, whose main functions were definition of
biological characteristics, and antigenic classes. Preliminary studies indicated
the existence of multiple antigenic types; the first 13 serotypes were defined
by exchange of prototype viruses and serum among the Committees’ members.
The orphan viruses were renamed the “enteric cytopathogenic human orphan
(ECHO) group” and their properties defined about as follows: 1) they are cyto-
pathogenic for monkey and human cells in culture; 2) they are not neu-
tralized by poliovirus antisera; 3) they are not neutralized by antisera for Cox-
sackie viruses that are known to be cytopathogenic in tissue culture, and they
fail to induce disease in infant mice; 4) they are not related to other groups
of viruses recoverable from the alimentary tract (throat or intestines) by in-
oculation of primate tissue culture, such as herpes simplex, influenza, mumps,
measles, varicella, adeno-, and (author’s addition) the newly recognized myxo-
viruses (e.g. respiratory syncytial, parainfluenza, etc., among others); 5) they
are neutralized by human gamma globulin and by individual human serums,
thus indicating that they infect human beings (Committee on ECHO Viruses,
1955).

1*
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This Committee, acting as an unauthorized body, worked out some of the
necessary approaches toward classification of this congeries of viruses, and
was chiefly responsible for orderly progress in the field of enterovirus research.
Once defined as “viruses in search of disease’, since many were recovered from
apparently healthy persons, most have found association with clinical disease.
The original Committee sponsored by the National Foundation later acted (and
continues to act) under the sponsorship of the National Institutes of Health
(USA). Acting under various names (Commitiee on ECHO Viruses; Commitiee
on Enteroviruses; and lastly Committee on Human Picornaviruses) the
membership has changed periodically; nonetheless the fundamental guidelines
remain much like those defined in 1955. As evidenced in the following pages,
others have made fundamental contributions relating to basic physical properties,
nature of viruses, serospecificity and association with clinical infection, all
of which deservedly provide an interesting chapter in virology.

IIL. Classification and Nomenclature

The picornaviruses were so-named by an International Enterovirus Study
Group (MELNICK et al.,, 1963) on the proviso that major groups of viruses have
common biochemical and biophysical properties. Picornaviruses are small in
size (15—30 my in diameter), are insensitive to ether, and contain ribonucleic
acid cores. Cubic symmetry of the icosahedral type has been suggested as the
structural form of some of these viruses, but few have been studied in detail;
the number and arrangement of the capsomeres have not been established un-
equivocally. Enteroviruses are protected from thermal inactivation (50°C for
1 hour) by molar MgCl, and other salts of divalent cations (WaLL1s and MELNICK,
1962).

Table 1. The Picornaviruses

I. Picornaviruses of human origin:

A. Enteroviruses
1. Polioviruses, types 1—3
2. Coxsackie viruses A, types 1—24
3. Coxsackie viruses B, types 1—6
4. ECHO viruses, types 1—33

B. Rhinoviruses
C. Unclassified

II. Picornaviruses of lower animals:
Includes the viruses of foot-and-mouth disease and Teschen disease, encephalo-
myelitis (Theiler’s) and encephalomyelitis viruses of rodents, enteroviruses
isolated from monkeys, cattle, swine, fowl, cats, etc., and rhinoviruses of equine
bovine and other animal origin.

The derivation of the name picorna- is based as follows: pico, indicating very small
viruses, and RNA, indicating that the genome contains ribonucleic acid; or alter-
natively, P, for polioviruses, the first known members of the group; i, for insensitivity
to ether; c, for Coxsackie viruses, the second known member of the group; o for orphan
viruses, the third subgroup, later named ECHO viruses; and r for rhinoviruses, the
fourth subgroup.



Classification and Nomenclature 5

At this point it is germane to review data recommended and data required
(MeLNICK et al., 1962; Committee on ECHO Viruses, 1955) for admission of
new serotypes. Some of the recommendations relating to the enteroviruses have
been lost to view in recent years, with the result that isolates reported as new
serotypes are, on closer study, found to be either mixtures of viruses, or closely
related if not identical members of recognized serotypes.

Data required for admission to the family of enteroviruses include the fol-
lowing: 1) Evidence of human origin: In addition to recovery of virus from the
alimentary tract of one or more persons, type specific antibodies must be found
in human sera (e.g. the donors, or in pooled gamma globulin). 2) Resistance
to ether: Enteroviruses (as do all picornaviruses) retain full infectivity after
treatment with 209, ethyl ether for 18 hours at 4° C; this is due to lack of es-
sential lipids in virus structure. 3) Size: The particles shall range in size from 17—
28 mu as determined by electron microscopy, gradocol membrane filtration,
or correspondingly reliable methods. 4) The single criterion currently useful
in delineating entero- and rhinoviruses is the acid-stability test; enteroviruses
suspended in fluids at pH values between 3 and 5 are stable, whereas rhinoviruses
are not. However, results may not be always discriminatory. 5) Serological
distinction: The new candidate shall be unrelated to previously recognized entero-
viruses. The unknown virus (~100 TCID,,) shall be tested against reference
antisera of all existing types. If antiserum pools, intersecting or otherwise are
used, it is mandatory to repeat the test to confirm identity with a specific serum.
Antisera against the unknown virus shall be prepared in animals and tested
against prototypic virus strains. Mixtures containing two viruses have been
troublesome; a requirement of new candidate viruses includes purification
steps (triple plaque or terminal dilution passages) to assure homogeneity.

There are instances when additional data may be helpful. Such data include
1) character of cytopathogenic effect in tissue cultures, and/or pathological
responses of animals (e.g. suckling mice and monkeys); 2) capacity to agglutinate
erythrocytes; positive strains should be used in cross hemagglutination-inhibition
tests with other enterovirus serotypes possessing this property; 3) if possible,
a COF antigen for the candidate strain should be tested against type-specific
sera for each previously recognized serotype; 4) the virus should contain ribo-
nucleic acid, and 5) it should be stabilized to thermal inactivation in the presence
of molar MgCl,.

The Committee on Enteroviruses (USA) has been confronted with strains
that do not fit comfortably into the subgroups noted in Table 1. Various strains
within each subgroup produce in human beings identical neurological disease;
still others produce respiratory, gastrointestinal and cutaneous lesions. Strains
classified as ECHO viruses (e.g. type 9) cause myositis and paralysis in mice;
some intratypic strains diverge widely in serological properties, or adapt with
difficulty in tissue culture systems. Because of these fuzzy boundaries between
members of subgroups the American Committee (MELNICK et al., 1962) suggested
that recognized enteroviruses should be classified on an antigenic basis in a single
numerical system. All newly recognized serotypes would be given a sequential
enterovirus number. This proposal was not acceptable to many, including an
International Study Group largely for two reasons: 1) identity dissociation based
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Table 2. The Prototypes of EOCHO Viruses

Stocks
Tllness in Virus Antisera
Type Strain Geographic origin person
yielding virus TCID4 M‘;’;}:y
perml log,. SDE/
0.1m!
1 Farouk Egypt none 7.7 16,000
2 Cornelis Connecticut AM 5.8 12,600
3 Morrisey Connecticut AM 7.6 32,000
4 Pesascek Connecticut AM 5.0 90
5 Noyce Maine AM 8.7 22,000
6 D’Amori Rhode Island AM 8.3 40,000
6’ Cox ’ Ohio none 4.8 2,800
6” | Burgess Connecticut AM 6.7 1,600
7 ‘Wallace Ohio none 8.5 20,000
8 Bryson Ohio none 7.8 12,600
9 Hill Ohio none 7.3 32,000
11 Gregory Ohio none 7.3 6,400
12 Travis Philippine Islands none 9.0 22,000
13 Del Carmen Philippine Islands none 6.1 30,000
14 Tow Rhode Island AM 6.1 2,570
15 CH 96-51 West Virginia none 5.2 1,260
16 Harrington Massachusetts AM 3.8 4,200
17 . | CHHE-29 Mexico City none 5.4 2,000
18 | Metcalf Ohio diarrhea 4.9 1,000
19 Burke Ohio diarrhea 7.4 16,000
20 JVv-1 Washington, D.C. fever 7.1 7,950
21 Farina Massachusetts AM 5.5 400
22 Harris Ohio diarrhea 6.7 20,000
23 Williamson Ohio diarrhea — 32,000
24 DeCamp Ohio diarrhea 6.0 10,000
25 Jv-4 ‘Washington, D.C. diarrhea 6.8 12,600
26 Coronel Philippine Islands none 6.3 8,000
27 Bacon Philippine Islands none 5.3 2,800
29 JVv-10 Washington, D.C. none 7.3 31,440
30 Bastianni New York AM 5.7 8,000
31 Caldwell Kansas City, Kansas AM 6.0 27,000
32 PR-10 Puerto Rico AM 6.9 73,200
33 Toluca Toluca, Mexico none 6.8 - 260

—, irregular CPE.

TCID,, 50% infective dose in cell cultures; SDE, serum dilution endpoint
by neutralization test, expressed as reciprocal; AM, aseptic meningitis syndrome.
The titration data entered in the last column are from the laboratories of the University
of Kansas; some of the data have been reported (Kamrrsuka et al. Amer. J. Hyg.
74, 7, 1961). The standardized monkey sera were prepared in these laboratories under
the auspices of the National Foundation for Infantile Paralysis, Inc. (now the National
Toundation, New York City) and the National Institutes of Health, Bethesda, Mary-
land, U.S.A. The investigators providing prototype strains. are listed in the chapter
on Enteroviruses, Diagnostic Procedures for Viral and Rickettsial Diseases, 3rd edition,
Amer. publ. Hith Ass. 1964 (MELNICK et al., 1964). Type 33, a recent serotype, has
been characterized by Rosen and KErN (Proc. Soc. exp. Biol. [N.Y.] 118, 389, 1965).

on virological and clinical precedents, and 2) resistance to the “lumping” together
of entero- and rhinoviruses. Like the American Committee the International
Study Group were confronted with problems in classification, and assigned
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(on a temporary basis) new antigenic types in a subgroup, unclassified. At the
present time, subclassification of picornaviruses requires the resolution of several
conflicting points of view (Rosew, 1965).

At the beginning when little was known concerning the viruses recovered
from the human alimentary tract by cell culture techniques, there was reason
to call them “orphans”. Their small size (in contrast to adenoviruses, which
may also be found in feces) lack of pathogenicity for suckling mice, and sero-
logical distinction from polio- and Coxsackie viruses provided several distinctions,
and in the absence of other criteria many were placed in the ECHO category
where they remain pending resolution of problems noted above. At this time
there are 31 serotypes. A listing of the prototype strains, a part of their histories,
and several properties of each appear in Table 2.

IV. Virus Replication

A, Susceptibility of Cultured Cells
1. Cytopathogenie Effeet

Most ECHO viruses multiply, producing typically destructive cytopathogenic
effect (CPE) in primary cultures of primate kidney cells. Rhesus (Macaca mu-
latta) and cynomolgus (M. cynomolgus) kidney cells are almost uniformly sus-
ceptible (except type 21), as are similar cells of African green (Cercopithecus
aethiops sabaeus) and tantalus (C. aethiops tantalus) monkeys, and the baboon
( Papio doguero) (Hstone and MmLwick, 1957a, b; Hsrona, 1962; KALTER et
al., 1962). Kidney cells of the red grass monkey ( Erythrocebus patas) are susceptible
to lysis by types 7, 8, 12, 19, 22, 23, 24, and 25, and have been used to delineate
biological groupings. The LLC-MK, continuous line of monkey kidney cells
(HuLL et al., 1962) is less useful for primary isolation of ECHO viruses (HAMBLING
and Davrs, 1965).

ECHO viruses are also cytopathogenic for a variety of human cells cultured
in wvitro, these include primary cultures of human amnion, kidney and thyroid
(LaugLLe, 1957; LeaMaNN-GrusE, 1961; LEE et al., 1965; Duwcan, 1960),
and serially cultured human diploid (embryonic lung) (HavrrioR and Moog-
HEAD, 1961) and aorta cell strains (BeuBEHANI et al., 1965). Continuous lines
of cells (e.g. HeLa, KB, Maben, HEp-2, Detroit 196 Fb-L) are usually less sensitive
than primary cells, however, there are exceptions (ARCHETTI et al., 1957; Pav
et al., 1963). Continuous lines of cells having the morphological appearance of
fibroblasts are more susceptible to these viruses than are epithelial-like cells
(STULBERG et al., 1958).

The gross cytopathic effects in primate cells engendered by enteroviruses
include a sequence of cellular changes characterized by increased refractivity,
retraction of cell margins, nuclear distortion, cytoplasmic granularity followed
by contortion and lysis of cells. Sequential changes observable in unstained cultures
by ordinary light microscopy are similar for almost all enteroviruses, excepting
a prolongation of the lag-phase for ECHO and Coxsackie virus subgroups.

Cytological changes associated with types 22 and 23 differ from those thus
far found for other enteroviruses. The earliest changes resemble those encountered
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Virus Replication 9

with other serotypes; they are set apart by nuclear alterations appearing later
in infection (WicAND and SaBiN, 1961; SHAVER et al., 1961; WENNER, 1962a).
The nucleolus fades and disappears. Chromatin granules aggregate at the peri-
phery of the nucleus; the intranuclear structures leach away (between 8 and
20 hours) leaving a refractile, rounded cell and an “empty-appearing’’ nucleus.
Infected cells stained with acridine orange show alterations of normal green
fluorescence (DNA) of nuclei and orange-red fluorescence of nucleoli. Green
fluorescence only is found in chromatin granules and thickened nuclear mem.
branes. Empty nuclei contain a faint gray-green reticular network.

Cultured cells ordinarily fully sensitive to the CPE of most ECHO viruses
may sometimes be refractory for primary isolations. This refractory state, which
may persist for several serial passages, has been encountered among some type 22
and 23 strains (WicanD and SaBiN, 1961) among others. Sometimes CPE is
more easily demonstrated in human amnion than in monkey kidney cells. The
precise reasons for the relative refractory state have not been defined, but may
relate to the receptor (attachment) sites, defects in virus assembly, serum inhibitors,
or other alterations (acidity) of cellular milieu (BARRON and Karzow, 1957).

2. Cell Pathology

When cells obtained at various stages of infections are carefully fixed and
appropriately stained, it is possible to delineate a series of morphological events
(BerNrOPF and Rosin, 1957; BuckLEY, 1956, 1957; SHAVER et al., 1958;
Barskr, 1962; GopMax et al., 1964a). With ECHO 9, earliest discernible changes
occur at the cytoplasmic rim of the nucleus as a zone of increased basophilia.
Nuclear alterations include the early development of eosinophilic granules
(~4 hours) which increase for a short interval (~8 hours) and then decline. At
mid-stage the nucleus is distorted, ridged (chromatin filaments) and plicated.
Soon after the appearance of perinuclear basophilia, a homogeneous pale mass
accumulates in a juxtanuclear position, displacing and compressing basophilic
components now chiefly localized in the mantle zone of the cytoplasm. Other
coincidental developments include retraction and rounding of cells, formation
of cytoplasmic vacuoles, nodular cytoplasmic protrusions, shedding of vacuoles
and ecdysis of the basophilic mantle. Among these alterations the basophilic
aggregates have been correlated with viral antigen using fluorescence-labeled
antibody (BuckLEY, 1957; GOoDMAN et al., 1964a).

The application of cytochemical methods, autoradiography, and phase
contrast, fluorescence (fluorochromes and labeled antibody) and electron mi-
croscopy (SHAVER et al., 1958; RrirkiND et al, 1961; JamEsoN et al., 1963;
Gopmax et al., 1964b) has provided further insight of alterations within the
cell. By midphase (~12 to 24 hours) cells exhibiting the peripheral basophilic
rim begin coalescence of the juxtanuclear mass. The juxtanuclear mass appears
to consist of collections of smooth walled vesicles, some of high lipid content,
some empty-appearing and all of low fluorescence with labeled antibody. Baso-
philic components are chiefly ribosomes, displaced by the juxtanuclear mass,
they gather into large and small aggregates, or are arrayed in short linear series
in various strata of the cytoplasm. Immunofluorescent studies of similar changes
with poliovirus (BUuckLEY, 1957) suggest an association of viral antigen with
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the basophilic components, presumably the ribosomes. Fine granular deposits
of electron dense material, and fine filaments of size similar to the fibrils se-
parating viral particles appear in the cytoplasm. Shortly after the emergence
of the juxtanuclear mass (the time varies due to asynchronous cell-infection
cycles) and coincidental with aggregation of ribosomes, aggregates of viral
particles (22 to 24 mu) appear at the edge of the juxtanuclear mass, and elsewhere
in the cytoplasm. Mitochondria, as noted by others (SHAVER et al., 1958) are
also concentrated in the region of the juxtanuclear mass. RIFrIND et al. (1961)
described dense granular particles (12—18 mu) regularly arrayed on the inner
cristae of these organelles.
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Fig. 1. Schema for grouping ECHO viruses based on plague patterns and CPE in tissue cultures.

Subgroups A and B are based on plaque patterns and hemagglutination property. Hemagglutinating

properties have been observed for serotypes in subgroups A2 and Bl. Reliance on grouping is based

on the pattern, and has been of value for preliminary identification. Strain variations within serotypes

have been observed. ECHO 19 requires large inocula. Some of these findings are not in agreement

with those published by MaiskrL and Moscovicr (1961). Modified from Fig. 4 of G.D. HSIUNG, Ann.
N.Y. Acad. Sci. 101, 419 (1962).

B. Plaque Formation

1. Morphology

When all conditions have been satisfied (dose, type of cell, agar overlay, etc.)
most ECHO viruses implanted on monolayers of monkey kidney cells produce
visible plaques (areas of cell necrosis or virus colonies). Plaque morphology
varies not only between serotypes, but also among strains of the same type
(Maiser. and Moscovrcr, 1961). Despite these variations, plaque morphology
has been used along with several other criteria for differentiation of entero-
viruses. Excepting type 21, all ECHO viruses produce plaques on kidney cells
of rhesus monkeys. For some ECHO viruses the plaques are small, irregular
and hazy and may not be readily separable into serological classes. These viruses
multiply slowly, attaining plaque diameters of 0.5 cm by the 10th day. For
others plaques are large, circular and clear resembling those encountered with
wild-type polioviruses. Such viruses grow rapidly, reach 1 cm or more in diameter
a week after seeding.
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Plaque develbpment is enhanced by the presence of MgCl, (WaLLis et al.,
1962). As was noted above kidney cells from patas monkeys are not susceptible
to CPE by all ECHO viruses. Patas-positive strains are also characterized by
variation in plaque morphology, and occasionally (ECHO 19) plaques form only
when large inocula are used. HstuNe has used plaque morphology and host-cell
infectivity spectra as a basis for grouping enteroviruses (Hsrone and MELNICE,
1957a, b; Hsiuwe, 1962). The schema used to delineate biological groupings
of ECHO viruses based on mouse pathogenicity, plaque morphology, host-cell
infectivity spectra, and hemagglutination is outlined in Fig. 1.

The plaque method is more sensitive than the conventional CPE method
for counting virus particles, delineating low levels of antibody (e.g. ECHO 4),
recovery of “pure” clones, and as an assay method of infectivity of viral RNA. A
microplaque method has been used advantageously by SomMeRvILLE (1959).

2. Inhibifors

The presence of sulfated polysaccharides in commercially available agar
used in the preparation of overlay media is known to inhibit the development
of enterovirus plaques (TaxkEmoro and LieBHABER, 1961; BarroN and Kar-
zoN, 1962). This inhibitory effect can be nullified by the incorporation of poly-
cations diethyl-aminocethyl (DEAR) dextran or protamine. Plaque diameters
of types 5, 8, 11 and 26 are considerably increased by addition of DEAE-dextran
to the agar overlay, while the completion of CPE by these types is slowed by
dextran sulfate and agar extract (RouHANDEH et al., 1965). The mechanism
underlying this inhibition has not yet been elucidated. However, it has been
shown that the intracellular growth of poliovirus strain LSc 2 ab was not inhibited
by sulfated polysaccharides but its adsorption to susceptible cells was prevented,
thereby suggesting that an jonic interaction binds or restricts the virus (LieB-
HABER and TaremoTo, 1963; BENaTssoN, 1965).

Inhibition of CPE (types 7, 9, and 19) and plaque formation (types 7 and 19)
have been observed in primary rhesus monkey kidney cells overlaid with fluids
and cellular extracts of several continuous cell lines, e.g., HeLa, Detroit-6,
KB, HEp-2, FL. This inhibition was ascribed to a factor called “inhibitor of
viral activity’” and could be assayed quantitatively by its inhibitory effect on
type 7 plaques. No such inhibitor could be detected in primary monkey kidney,
human fibroblastic and certain other malignant or primary non-primate cell
cultures (TsiiNsky, 1963a). The inhibitory effect was associated with filtrable
particles which sedimented at 22,000 g in 2 hours. Trypsin, heating at 68° C
and UV irradiation destroyed the activity. The inhibitors originated in the
cytoplasm (not in the nucleus), gradually increased with incubation and accu-
mulated in the overlay fluid through release from the cells (TsmINsky, 1963b).
Cell cultures prepared from different monkeys had different sensitivity levels
to the inhibitors. The interaction between cells and inhibitors resulted in the
adsorption of inhibitors and their disappearance since they could not sub-
sequently be recovered from either the cells or the fluids. Cell cultures coming
in contact with inhibitors (80 minutes at 37° C) prior to virus infection also
exhibited antiviral activity (Tsminsky, 1963c). Although the continuous cell
lines producing the inhibitors were contaminated with PPLO, this contamination
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was apparently not responsible for the inhibitory effects of these cultures (Tsi-
LiNSKY and LEvasmEv, 1963). It was also observed that treatment of primary
monkey kidney cells with these inhibitors (45 minutes at 37° C) caused a significant
delay in the nonspecific degeneration (TsiLiwsgy, 1963d).

C. Mechanisms of Cellular Infection

ECHO viruses interact in vitro with cultured cells, reproduce and destroy
the host. The steps in this dynamic process, involving attachment, penetrance,
reception, reproduction, assembly and release of new viral particles have been
explored during the past decade mainly for the polioviruses. Similar phases
in the development of the virion presumably apply to the ECHO viruses; at
best they seem to for those that have been studied. The basic properties of the
virion are best understood on a bedrock of knowledge concerning morphological
and biochemical events during the replicative cycle. At this point then we shall
be concerned largely but not exclusively with the total cellucidal impact, fully
recognizing that various means of dampening cytopathogenicity are matters
also of considerable interest.

1. Attachment and Penetration

Mechanisms of attachment and penetration of ECHO viruses have not been
studied as carefully as those of polioviruses. Cell receptors provide sites of virus
attachment. Surface attachment is independent of temperature and reversible,
whereas ‘“‘penetrance” (and eclipse) is temperature-dependent and irreversible
(HorrLaND, 1962). During this latter stage it appears that viral RNA is released
for entry into the cells’ nucleic acid pool where the message is decoded.

Receptors located on intact cell membranes are essential for irreversible
viral attachment. All fully sensitive primate cells have them. Cells in organized
tissues of intact animals (e.g. monkey kidney) normally resistant to infection
acquire susceptibility to enteroviruses in vifro. Receptor activity has not been
found among enterovirus-insensitive cells derived from dog, cat, swine, calf,
guinea pig, mouse, chick or rabbit (McLAREN et al., 1959), although such cells
may be competent to support virus replication if intact virus or its infective
RNA reaches the interior of the cell (HorraND et al., 1959). However, the in-
susceptibility of cells derived from enterovirus-insensitive mammals is not
absolute; cellulicidal effects have been obtained with Group B Coxsackie viruses
on kidney cells of swine, lamb, and hamster (LENaAmAN and WENNER, 1960).
Among ECHO viruses types 1, 4, and 9, that were tested only type 4 produced
CPE in swine cells. Others (GuerIN and GUERIN, 1957; BARRON. and KARZON,
1959; CraNDELL et al., 1961) either failed to obtain CPE, or noted only minimal
activity. The unique susceptibilities of these cells exira sifw may stem in the
overgrowth of undifferentiated cell types which acquire surface receptors thereby
providing the means of initiating successful intracellular infection (Kuwin, 1962).
DarNELL and SAwYER (1960) suggested that the basis for variation in sus-
ceptibility of resistant cells (HeLa) was related, not to reversible eclipse during
attachment, but to a relative inefficiency of release of viral RNA from the protein
coat after penetration of the virion. Evidence of virus breakdown at the cell
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surface, with alteration of surface protein of the virus, suggested as a prelude
to release of viral RNA (Jokrix and DARNELL, 1961), may be an important factor
in abortive virus-cell interactions.

PammresoNn and Linp (1964) demonstrated irreversible union of ECHO 7
virus to soluble receptors of erythrocyte membranes, which is temperature
dependent, has sharp pH optimum, and appears to be a first order reaction.
This interaction, assumed to be enzymatic is followed by release of infectious
RNA, which is an event differing from the interaction of poliovirus with surface
receptors (plasma membranes) wherein viral RNA is not released from the capsid
(HorraND and HoYER, 1962).

Sulfhydryl groups are involved in the adsorption of certain enteroviruses
to monkey kidney cells. During adsorption of some enteroviruses onto cultures
of monkey kidney cells, sulfhydryl groups may react with a disulfide group
on the susceptible cell in the form of sulthydryl-disulfide interchange. The sulf-
hydryl reagent, p-chloromercuribenzoate (PCMB) inactivates both hemagglutinin
and infectivity by preventing viral adsorption. These effects of PCMB are re-
versed by glutathione — a thiol compound. The rate of inactivation of viral
infectivity of PCMB was markedly affected by the purity of virus, the buffer
used and the pH. Reactivation of infectivity by the thiol compound was also
affected by certain conditions; reactivation was not consistently reversed by
glutathione in the presence of high concentrations of PCMB, prolonged treatment
at 37° C or phosphate buffer (in lieu of tris-buffered saline) (CHOPPIN and PrILIP-
SON, 1961). A number of other viruses are unaffected by sulfhydryl reagents
indicating a distinct but as yet ill-defined mode of attachment for sensitive
viruses.

Cell cultures exposed to anticellular serum may be protected with respect
to CPE for certain ECHO viruses (HABEL et al., 1958; QUErsiN-THIRY, 1958).
Antisera prepared in rabbits against either cultured or uncultured human amnion
cells are cytotoxic for human amnion cells, inhibit plaque formation by certain
ECHO viruses (in human amnion monolayers), agglutinate human erythrocytes,
and fix complement (antibody for amnion cells). The inhibitory effect of these
antisera on plaque formation was due to their action on cells, presumably the
receptors and not by neutralization of the virus. Antiserum produced against
cultured cells reduced the plaque count 859, for serotypes 1, 7, and 9, while
antisera produced against uncultured cells gave an average reduction of 339,.
When cultured cell antiserum was absorbed with human O erythrocytes, or with
uncultured amnion cells, the inhibitory effect dropped from 85 to 559%,. Ab-
sorption of serum with cultured amnion cells completely removed the inhibitory
effect. The uncultured cell antiserum was rendered completely devoid of any
inhibitory effect by adsorption with human red cells or cultured or uncultured
amnion cells. It was concluded that the cultured cell antiserum possessed anti-
bodies against two different antigens, namely, one present only in cultured cells
and the other in human erythrocytes and both cultured and uncultured cells.
Most of the inhibitory effect of cultured cell antiserum was thus due to antibodies
against the antigen present only in cultured cells (the antigen being acquired
during culture). Furthermore, differences in the inhibitory effect of anticellular
sera on various members of the enterovirus group (polio- and Coxsackie viruses B
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were generally not inhibited) gave evidence that immunologically distinct cell
receptors may be involved in the adsorption of enteroviruses to susceptible
cells (TmMBURY, 1962, 1963).

In contrast with the information accumulated on the factors facilitating
or blocking virus adsorption, the mechanisms used by enteroviruses to penetrate
the cell wall are largely unknown. Evidence of enzymatic activity between
virus and cell has been suggested, but no correlation between enzymes and
penetrance has been established. Virus may enter cells by pinocytosis or viro-
pexis.

2. Reproduetion

The intracellular replication of viral protein and RNA are independent
events; subunits are formed at different rates and probably at different intra-
cellular sites. These subunits assemble to form the complete virion (or under
specified circumstances, incomplete virus). Intracellular sites of assembly are
in the cytoplasm, presumably in close association with ribosomal aggregates.
Preformed components of the cell’s nucleotide pool are used for synthesizing
viral RNA (SarzmaN and SEBRING, 1961) as are cell proteins (amino-acids) for
synthesizing the protein coat. Interruption of DNA synthesis has no effect
on reproduction of RNA viruses; however, it is not known whether viral RNA
must first replicate (or decode without replication) in the nucleus and then
transfer to the cytoplasm where it serves as template. Intracellular replication
occurs swiftly; poliovirus RNA and protein synthesis appear to take place si-
multaneously, for RNA peak concentrations precede viral maturation by about
an hour.

The reproduction of the majority of ECHO viruses is specifically inhibited
by 2-(a-hydroxybenzyl)-benzimidazole (HBB) and guanidine (Egcers and
Tamm, 1961; Tamm and Eccers, 1962, 1963; RiGHTSEL et al., 1961). These two
compounds, at concentrations which markedly inhibit virus reproduction have
no significant effects on the biosynthetic and energy-yielding activities of cell
cultures. However, in infected cultures, each selectively inhibits the synthesis
of virus-induced RNA polymerase (the enzyme system necessary for the synthesis
of viral RNA), and of viral capsid protein subunits. Furthermore, each markedly
reduces viral CPE in infected cultures. The adsorption and release of virus,
however, are not affected and no inactivating effect on virus particles or infective
viral RNA is observed.

Except types 22 and 23, all other ECHO viruses are susceptible to HBB
and guanidine HCI; both types 22 and 23 are insusceptible to either compound
(Tamm and Ecerrs, 1962). Both compounds together produce a synergistic
effect — the combination being more inhibitory than doubling the concentration
of each alone (EaGERS and Tamm, 1963a). Only partial cross resistance has been
observed between the two compounds (Tamm and Eecers, 1962). With large
inocula of a susceptible ECHO virus and low concentrations of inhibitor (especially
guanidine), breakthrough occurs, with the emergence of stable resistant mutants
(Eaeers and Tamm, 1961). It has been suggested that the emergence of re-
sistant mutants depends on HBB serving as both a selective agent and a facilitator
or an inducer of resistant particles. In addition to resistant mutants, drug-
dependent particles are also encountered (Ec¢eers and Tamm, 1963b). As in



Virus Replication 15

resistance, dependence also relates to the genetic profile of the virion; in the
absence of the drug the synthesis of virus-induced RNA polymerase as well
as viral RNA is inhibited for drug-dependent progeny (Eccrrs et al., 1963;
BaLTmMoRE et al., 1963). Back mutation to either drug resistance, or to drug
dependence may occur. One out of every 1000—5000 particles, produced in
HBB-dependent ECHO virus type 13 infected cultures, is drug-independent
(Ecarrs and Tamwm, 1963 b).

The events in the selective inhibitory effect of these compounds for the
reproduction of picornaviruses are still obscure. The two compounds differ
from one another in molecular size, aromaticity, basicity, number of nitrogen
atoms and steric points. They have different spectra of virus-inhibiting actions
on various members of the picornavirus group. Minor modification in their
structure can remove their inhibitory action. One common feature between
the two compounds is the >N —(C =N — sequence and this has been suggested
to be a possible essential feature for the specific inhibitory effect of these com-
pounds (Tamm and Eceers, 1963). But it is unknown whether the inhibitory
effect takes place at a common locus in the cell.

3. Assembly and Release

The visible packaging of enteroviruses in crystalline arrays, and their un-
ordered (which may be only apparent) distribution in the cytoplasm suggest
maturation in association with ergoplasmic membranes. We noted earlier the
independency of viral protein and RNA synthesis; data on assembly of the entero-
viruses suggest also that the protein of the capsomeres and viral RNA may be
synthesized in close proximity of the other.

While the assembly of virions assumes interdependence of nucleic acid and
protein synthesis, HALPEREN et al. (1964a) demonstrated with ECHO 12 that
virus protein synthesis and capsid assembly are independent of nucleic acid
synthesis. By sequential treatment of infected cells with 2-(x-hydroxybenzyl)-
benzimidazole (HBB) (an inhibitor of viral RNA polymerase and RNA sgynthesis)
and DL-p-fluorophenylalanine (FPA) (at the right concentration FPA inhibits
production of infectious virus, while synthesis of infectious viral RNA continues
at a reduced rate) they showed an arrest in synthesis of the virion with FPA,
and continued production of capsid protein with HBB. Thus, it would appear
that viral RNA produced in the presence of FPA before addition of HBB served
as messenger RNA in the limited synthesis of empty capsid protein.

The cytochemical transformations obtained during infection with ECHO 9
virus were interpreted as follows by Gopmaw et al. (1964b). Shortly after in-
fection, there was prompt cessation of DNA synthesis, without net change,
and loss of nonhistone protein by distorted nuclei. There was flocculation of
intranuclear chromatin and cessation of incorporation of isotopic precursors
of RNA in the nucleus. During the first half of the infection cycle, no change
occurred in the net amount of RNA per cell. Infection prevented uptake of
nucleocapside precursors in the formation of all RNAs (ribosomal RNA, mes-
senger RNA) that are normally synthesized in the nucleus. In contrast, in-
corporation of the precursors into RNA in the cytoplasm, in or upon cellular
ribosomes, was initiated. The newly synthesized RNA was equated with the
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mfectious RNA. The viral protein, apparently synthesized in the ribosomal
aggregates as determined by the fluorescent antibody technique, was invariably
associated with the basophilic ribonucleoprotein aggregations. The postulate
was that the infectious RNA acts as an extrinsic messenger RNA possessing the
necessary information for the synthesis of viral protein subunits as well as being
able to catalyze its own replication by the use of cellular ribosomes. The synthesis
of viral protein (and probably viral RNA) preceded the appearance of viral
perticles; apparently until production of these subcomponents was far in excess
of that utilized for the formation of all viral progeny. ToLBERT et al. (1966)
found similar relationships for ECHO 19. Viral assembly (packing together
of viral RNA and viral protein capsid) took place in finely granular material
of undetermined composition at sites spatially removed from sites involved
in the synthesis of the two moieties. In the center of infected cells, a chromophobic
mass consisting of phospholipid-rich smooth-walled membranes and vesicles
was observed. The masses were considered to be probably newly synthesized
phospholipoprotein. The new phospholipid synthesis as well as the observed
increased lipid phosphorylation were thought to be probably associated with
the shedding phenomenon at the cell surface (similar to cell membrane trans-
port). The vesicles composed the juxtanuclear mass and some of them had con-
centric double or multiple lamellas. Many vesicles contained large dense granules.
While mitochondrial succinic dehydrogenase and adenosinetriphosphatase activ-
ities continued high, the nucleosidediphosphatase activity associated with the
internal membrane vanished in infected cells. The relationship of the mito-
chondrial particles to intracellular virus multiplication is unknown.

By definition (Lworr, 1957), as true viruses, ECHO viruses contain only
RNA, multiply from their RNA and do not possess energy-generating enzymes.
If the replicative steps are analogous to other RNA viruses (i.e. poliovirus,
mengovirus) the single-stranded RNA of ECHO viruses must possess the necessary
information for the biosynthesis of at least three macromolecular components
involved in the production of new virions. These components are viral RNA,
viral protein subunits of the capsid and specific enzymes catalyzing the bio-
chemical reactions leading to the production of the viral progeny. During the
viral biosynthetic process, the first new sets of components to appear (about
two hours after cellular infection) are certain proteins which are unrelated to
viral capsid proteins but most probably contain the specific viral RNA catalyzing
enzyme polymerase. Since the only known mechanism by which nucleic acids
can replicate is by base-pair copying, it is postulated that intercellularly, during
the replicating stage the single-stranded RNA of picornaviruses takes the form
of a double-stranded RNA, and with the catalyzation of viral RNA polymerase,
new viral RNA is synthesized. Such double-stranded viral RNA has been detected
in cell cultures infected with polio- and EMC viruses (MONTAGNTER and SANDERS,
1963; BALTIMORE et al., 1964; Poxns, 1964). The third component, namely viral
capsid protein, is assembled in a series of steps in which viral RNA itself serves
as the messenger RNA (the messenger RNA in DNA viruses is produced by virus-
specific messenger RNA through the catalyzation of DNA polymerases) and
acts as template for the synthesis of the protein subunits. The consecutive sequence
of each of three of the four nucleotide bases (adenine, guanidine, cytosine and
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uracil) of the messenger RNA, determines the identity of a single amino acid
in the corresponding site of the long polypeptide chain of the protein subunit.
The complete virions develop presumably through a process of self-assembly
(the directions for which are built into the structures of the components) uniting
together viral protein subunits and specific nucleic acid molecules (GREEN,
1965; Tamm and EcGErs, 1965).

V. Properties
A. Physical Structure

1. Purified Virus Preparations

An outstanding characteristic of most animal viruses is their stability and
capacity to survive often rigorous procedures used for partition of macro-
molecules. Several methods are based on variations in physical properties (e.g.
size, density and molecular weight), whereas others are based on differences in
physicochemical properties (surface configuration, etc.). By using one or more
of these methods it is possible to separate the viral particle from much of the
extraneous non-viral components of the milieu. Ultracentrifugation (with or
without density gradient columns) and zone electrophoresis have been applied
to enteroviruses, either to obtain samples containing the virion, or subcomponents
thereof. PoLsoNn and DeExs (1962), using zone electrophoresis found that the
majority of polio- and Coxsackie viruses migrated slowly, whereas several ECHO
viruses migrated more rapidly in the electric field. HovEr et al. (1958) obtained
a marked purification of P32-labeled ECHO virus type 13 using ECTEOLA-SF
cellulose ion exchanger. The order in which polio- and ECHO 9 viruses were
eluted from the ECTEOLA column corresponded with their mobilities in the
electric field (PorLsox and Dxrxks, 1962). As might be expected, the elution of
viruses, including strains of the same type, may have differing patterns. The
surface configuration of the prototypic ECHO virus type 4 (Pesascek) appears
to differ from that of the homotypic Dutoit, in that the former exchanged for
phosphate on anion resin columns whereas the latter did not (WALLis et al.,
1965). Other complexes, such as activated attapulgate, a hydrated magnesium-
aluminium silicate, have been used for adsorbing ECHO viruses (BARTELL et al.,
1960).

ECHO virus types 7 and 19 have been purified and concentrated (= 1000 x)
by two-phase system of dextran sulfate-polyethylene glycol or polyvinyl alcohol;
a particular advantage is that concentration is obtained without the potential
damaging effects of ultracentrifugation (PHILIPSON et al., 1960). In later studies
of ECHO 7 virus labeled with P32, PaiLipson and Linp (1964) passed the virus
material through a column of Sephadex G-100 to remove further impurities
prior to separation by high speed centrifugation after layering on CsCl. The
sharp separation, based on assay of each fraction for radioactivity, infectivity
and hemagglutinin, is illustrated in Fig. 2. The overall recovery of virus infectivity
was 749, of the original, and the purification factor was 650. Kitano et al. (1961)
pointing out that a complete separation of virus from serum protein may not
be achieved used an organic solvent (2-ethoxyethanol and 2-butoxyethanol)

Monogr. Virol. 1 2
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for separation of ECHO 7 virus. Appropriate mixtures of infected tissue culture
fluid, phosphate solution (~2.5 M K,HPO,, pH 7.5) and organic solvent were

centrifuged, yielding a gel-like interface containing infective virus concentrated
20- to 100-fold per milligram protein.

2. Morphology

Early work involving irradiation with electrons, alpha particles and deuterons
as means of measuring the size of irradiation-sensitive units of ECHO virus
types 1 and 7 indicated diameters ranging between 24 and 32 my; ultrafiltration
procedures measuring the whole particle size gave values within the same range
(BeEnyESH et al., 1958). However, in gradacol-membrane filtration tests with
several ECHO viruses, the size was 18 mu or less (SABIN, 1959).

Particle sizes determined by electron microscopy fall within the same range.
Ultrathin sections of a highly purified ECHO virus type 7 preparation contained
viral particles in crystalline array with average dimensions of 17 x 22 my (Hawzoxn

o—

SEZA

LS
¥

3
T

1
N
N

N
T
Hemagglutineting ctvily HA/m/ X790~ ¥
<
T
S
N
Redioactivity ¢.p. 7. X70 ™

~
T

Virus mrectivity PFYx70770 o—o
W
T

~N

X

70 20 . 0 %@
Fraciion numoer
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and Pamipsow, 1960). Similar findings relate to type 4 (DUFFEY et al., 1962),
type 9 (RiFrIND et al., 1961), type 30 (DuNcaN and TiMBURY, 1961) and an
unclassified “ECHO virus” (STUART et al., 1960).

The morphological structure of ECHO viruses during assembly in infected
cells has been examined at different levels of development. The differences
encountered between serotypes relate to stages of maturation, preparation
methods (fixation, embedding, staining and shadowing) and the elucidation of
fine structure by electron micrography.

The earliest changes in monkey kidney cells infected with type 4 (Durrey
et al., 1962) correspond with those noted earlier for ECHO virus type 9. Aggregates
of virus particles (~20 my) appear in the cytoplasm, some as a crystalline lattice,
others in linear array, and still others distributed randomly in the cytoplasm.
Some particles were encased by a limiting membrane with or without a dense
nucleoid (6 mu); other particles without such membranes exhibited great varia-
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tion in size (<20 mu), shape and electron density. Several additional findings
were obtained with type 9 (RiFRIND et al., 1961) where also non-crystalline
parallel rows of particles were seen in the cytoplasm, the majority of the par-
ticles were dense, with a linear center-to-center distance of about 25 mu. These
linear bead-like arrays were separated by linear filaments (2—5 my in diameter
and several microns in length). Further studies indicated the particulate structure
to consist of a dense central structure (13—15mu in diameter) surrounded
by a delicate outer membrane. Direct measurement of individual particles in-
dicated a size of 22 my. Incomplete particles apparently lacking the central
core were seen only in the cytoplasm. Extracellular particles of similar size,
and containing dense central cores were seen outside the cells. In another study
(NuNez-MONTIEL et al., 1961) 3 kinds of particles were found in the cytoplasm
of monkey kidney cells infected with ECHO viruses. The particles most clearly
depicted were homogeneous in appearance, uniform in size and arrayed as cry-
stals. Such particles were observed in cells infected with types 6 and 19, but
not in cells infected with type 9. The particles had an osmiophilic central dense
mass, and were surrounded by an electron lucid zone with an average size of
14.4 myu for type 6, and 14.5 for type 19. The crystals were clustered into hexagonal
packages, forming angles of 75° and 105° (never 90°). The particles were
arranged in rows separated by a constant distance (about 1.5—2.5 times the
distance between particles) which differed from one crystal to another. The di-
stance between the individual particles was also constant in each crystal but
differed from one crystal to another and ranged from 20—30 mu. Two other
kinds of particles observed in the infected cells were: a) smaller units, arranged
in clusters (never in crystals) and measuring about 10 mu, which were considered
to be nucleoprotein granules; b) larger units, quite dense with clear borders
and measuring from 20—50 my. The latter were rarely seen, usually occurred
singly and were considered unrelated to virus (possibly a product of cellular
disintegration). A similar electron microscopic study (Jamrson et al., 1963) of
monkey kidney cells infected with two strains (Pesascek and Dutoit) of ECHO
virus type 4 gave essentially the same results. However, while Dutoit-infected
cells showed particles in close-packed crystals, the particles of Pesascek-infected
cells were in disorganized clusters. Both particles were of the same size (17—19 my
as determined by center-to-center measurement). More recently the viral symmetry
of ECHO virus types 4, 11, and 24 was studied (MAYoR, 1964). These viruses
were purified by density gradient centrifugation in CsCl and concentrated by
pelleting at 40,000 r.p.m. The viral preparations were mixed with equal volumes
of 49, phosphotungstic acid (at pH 7.0) and placed on carbon-coated grids for
electron microscopy. In order to resolve the fine morphology of the viral capsid
(protein coat), certain individual particles which appeared in sharp contrast
against a background of phosphotungstic acid were selected for the preparation
of enlarged photographic reversals. In such preparations, particle diameters
measured from 20—24 mu. Most viral particles exhibited an architecture of
2 five-fold axes of cubic symmetry formed on the opposite vertexes of a con-
spicuous central rhombus. The capsids, thus appeared to consist of 32 capsomeres

arranged in the form of a rhombic triacontahedron rather than a regular ico-
sahedron.
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Fig. 3. Linear arrays of ECHO virus type 9 in an infected cell. Electron micrograph, x 58,300. After

R. A. RIFRIND et al., J. exp. Med. 114, 1 —12 (1961). The virus particle in the lower left corner is ECHO

virus 24, Electron micrograph, printed in reverse con(trast x 750,000. After H. D. MAYOR, Virology 22,
156 —160 (1964).
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All studies place the ECHO viruses among the smallest of the known human
viruses; while the exact number and arrangement of their protein subunits
have not been definitely established for many, it appears that the structural
units (capsomeres) of ECHO virus virions are assembled in identical symmetry,
with definite configuration.

B. Chemical Structure

The current image of a viral particle is of a species of nucleic acid wrapped
in its protein coat. The ECHO viruses consist of a ribonucleic acid (RNA) core
and a protein coat (capsid) built of numerous subunits (capsomeres). In the
mature extracellular virus (virion), the protein coat carries the antigenic spe-
cificity and provides a protective shell for the single-stranded ribonucleic acid
core which contains the viral genetic material and serves as the essential in-
fectious component. The infectivity of RNA preparations derived from crude
cell culture grown ECHO virus types 1 and 8 by the phenol extraction method
was first shown by SPRUNT et al. (1959). Such preparations were completely
inactivated by RNase but not by DNase and produced plaques on human
cell monolayers with the synthesis of complete viral particles. Furthermore,
the infectivity of phenol-extracted ribonucleic acid of ECHO virus type 8, for
non-primate (rabbit, mouse, guinea pig, chicken, etc.) cultured cells and for
animals (mouse, chicken) insusceptible to whole virus is well established (How-
LAND et al., 1959). The result of such in vifro and n vivo infection was the emergence
of complete virions produced in a single cycle of reproduction without any overt
CPE or disease. Each virion, thus produced, was found to be identical with the
virion from which the infectious RNA was extracted. The infectivity of ECHO
virus RNAs for monkey kidney cells can be greatly increased by depleting the
cells of calcium and adding to the infectious RNA a facilitator (poorly water
soluble compound such as talc and dibasic calcium phosphate dihydrate) which
probably serves as a solid vehicle for RNA (RovraNDEH, 1964). This infectivity,
however, is destroyed by snake venom phosphodiesterase (RovHANDEH and
DusEs, 1964). A column chromatography system using hydromagnesite as a
facilitator and an increasing phosphate gradient (0.04 M —0.11 M) for elution,
has been described for the separation of ECHO virus type 7 infectious RNA
from cellular RNA. The infectious RNA eluted as a peak at 0.11 M phosphate
while the noninfectious cellular portion eluted at the initial low phosphate con-
centration (0.04 M) (LAMB and DuBEs, 1964).

The separation of ECHO virus type 7 RNA from the bulk of cellular (FL
cells in which the virus was grown) RNA by column chromatography using me-
thylated albumin columns has been reported (Fukapa and Kawapa, 1963). The
cells were infected at a multiplicity of 50 PFU per cell and incubated at 87° C
for 3—8 hours. The harvests were suspended in 0.15 M sodium chloride con-
taining 5x 10 methylene-diaminetetraacetic acid and 0.01. 4 Tris buffer at
PH 8.1. The nucleic acid was extracted by the phenol-sodium dodecyl sulfate
method at 0—4° C and chromatographed at room temperature. The elutes were
assayed for infectivity by the plaque method and also examined for ultraviolet
absorption. Since the infectivity of viral RNA was found to be uninhibited
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by cellular RNA at concentrations encountered in such column chromatography,
it was concluded that the observed separation was real and that no significant
amount of infectious RNA eluted with the cellular RNA.

C. Resistance to Physical and Chemical Agents
The data recounted for properties entered in this subsection relate almost
entirely to the intact virus and other extraneous celtular debris into which pro-
geny may be released. At best only crude debris has been removed; the effects
these extraneous materials impose, in contrast to ‘““pure’ virus, are unknown.

1. Temperature

ECHO viruses are denatured and inactivated at varying rates, depending
on environmental factors. The prototypic virus stocks stored at —70°C have
been quite stable for periods ranging from 9 months to 4.5 years. But diluted
stocks of types 20, 21, and 22 similarly stored may be poorly preserved (KamMiTsura
et al., 1961). Undiluted stocks appear to be preserved as well at —20° C. Inactiva-
tion occurs at higher temperatures, probably exponentially. A strain (Haynes)
of ECHO virus type 9, suspended in Hanks’ saline at pH 7.4—7.8 was incubated
for 30 minutes at room temperature, 37°, 45°, 50°, and 55° C. No appreciable
loss occurred at room temperature or 37° C (the half-life at this temperature
was less than 12 hours), whereas titer reductions of 3 log at 45° C, 4 log at 50° C
and apparently complete inactivation at 55° C were observed (TYRRELL et al.,
1958). The stability of ECHO virus types 1 —20 as undiluted infected cell culture
fluids (pH 7.4—7.8) after incubation at 37° C for 2, 4, 8, and 24 hours was studied.
Except for type 20 which showed a loss of about 3 log in titer, none was sig-
nificantly affected under above conditions. When the viruses were diluted 1:10
with maintenance medium containing 2.59%, calf serum before incubation at
37° C in order to avoid pH fluctuation, the half-lives of types 1, 4, 6, 9, and 20
in the order mentioned, were found to be 24, 18, 40, 19, and 2.5 hours (LEEMANN-
GRUBE and SYVERTON, 1959).

A singular and important property of the ECHO viruses is their stabilization
by molar MgCl, (also molar Ca*+) to thermal inactivation at 50° C for 1 to 3 hours
(Warrts and MELNICK, 1962). ECHO virus types 12, 24, and 32 are also stabilized
by molar MgSO, at 50° C. However, other types when suspended in M MgSO,
are stabilized (at 50° C) only if subprotective amounts (0.01—0.02 molar) of
MgCl, or NaCl are added (WaLLIS et al., 1965). Enteroviruses stabilized with
MgCl, retain full infectivity for at least 3 days at 37° C, for weeks at room tem-
perature, and for some at least a year at 4° C. Monovalent cations (i.e. 2 M Na+)
stabilize these viruses at 50° C for only one hour and in contrast to divalent
cations, enhance their inactivation at 37° C (Warr1s and MELNICK, 1962).

L-cystine had a variable effect on the stability of ECHO virus types 1, 3,
6, and 19 at 36.5° C and 50° C. At concentrations of 2.5 mg/ml, L-cystine en-
hanced the inactivation of these viruses when incubated at 36.5° C for 12 hours,
whereas 0.5—2.5 mg/ml of L-cystine stabilized ECHO virus type 1 to thermal
inactivation at 50° C. Other types were only slightly stabilized under these con-
ditions (PorsanpeLTO, 1961). WaALLIS and MELNICK (1965a) found only type 4
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(Pesascek) among 28 serotypes to be cystine-stabilized against thermal inactiva-
tion at 50° C. In addition, this strain differed from the Dutoit strain of the same
type in that it required cyst(e)ine in the overlay medium for maximal plaque
formation. The results obtained by PomsaneeLTO have been attributed (MzL-
NICK, 1962) to the effects of HCl and NaOH used to dissolve and neutralize the
cystine which, in turn, resulted in the introduction of the monovalent cation
Na+ known to enhance the inactivation of enteroviruses at 37° C and stabilize
them at 50° C.
2. Dessication

Several strains of ECHO viruses, namely types 7, 11, and 12 have been
dried. Twenty 0.0001 ml drops of infected tissue culture fluid overlays were
spread with a microsyringe on glass slides; these dried preparations were stored
at 20°C in relative humidities of 20%, and 849%,. After 214 hours the slides
were washed down with 1 ml of suspended fluid and the suspensions titrated
immediately for loss of infectivity. The maximum mean log reduction in titer
at relative humidity of 849, was 0.5 logs; the mean log reduction at relative
humidity of 209, ranged from 3.7 (“U” strain of type 11) to 1.0 (type 7) log,,
(BuckraNnD and TYRRELL, 1962),

3. Photo-inactivation

ECHO viruses (as well as other members of enteroviruses) differ from other
groups of viruses in that they are resistant under normal conditions to photo-
dynamic inactivation. However, they can be made photo-sensitive to proflavine
at pH 9.0—10.0 if they are first cleansed of cell culture organic components by
filtration through anion resins. Moreover, photo-sensitization could be achieved
when the virus is grown in cell cultures maintained on a simple salt-glucose
medium. Under these conditions, ECHO virus types 2, 18, 20, 22, 23, 24, and
30 are completely photosensitized by both toluidine blue and proflavine; types
11, 26, and 32 are completely photosensitized by proflavine but only partially
by toluidine blue; type 3 completely by toluidine blue and partially by proflavine
and the remaining types are all partially photosensitized by both dyes. The
photosensitization effect is reversible; the virus becomes photoresistant when
the dye is removed. Lowering the temperature (down to 4° C) or pH (down to
6—7), just before exposure of virus-dye complex to light, also reversed the
effect (WaLLis and MELNICK, 1964, 1965b, ¢). It has been postulated that during
irradiation, the virus-dye complex absorbs one photon of light energy and attains
metastable excited state. The excited complex then combines with oxygen and
thus the infective moiety is rendered inactivated (Hiatt et al., 1960).

4. Halogens

The efficiency of chlorine, iodine and bromine as disinfectants in inactivating
ECHO viruses in water has been studied by various workers. It is generally
agreed that the free halogen is more viricidal than the combined form. Further-
more, the free residual halogen required for inactivation depends on pH, tempera-
ture and contact time. The destruction (999,) of ECHO virus type 7 with 10 mg/ml
of elemental iodine at 15°C was achieved in 314 minutes. Under the same
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conditions, type 9 required about 10 minutes of contact time (KABLER et al.,
1961). More recently, ECHO virus types 2 and 9 were diluted in water buffered
to pH 7.0—7.7 to give 20—1000 TCID;, of virus and the dilutions were mixed
with various concentrations of calcium hypochlorite, sodium hypochlorite and
iodine in potassium jodide so that the final free halogen concentrations ranged
from 2.0 to 0.2 p.p.m. The mixtures were left at room temperature for periods
of 1 to 10 minutes, when the halogen was immediately inactivated and the
mixtures assayed for virus in cell cultures. The three halogens showed approxi-
mately the same viricidal effect after 10 minutes of contact time. Exposure
to free chlorine or bromine for one minute required 4 times greater concentra-
tion of the agent than exposure for 10 minutes. It was concluded that the presence
of 0.5 p.p.m. of free halogen residuals can inactivate virus dosages commonly
encountered in swimming pools in 10 minutes (MOLEAN, 1963). Some data (BERG
et al., 1964) suggest that inactivation of ECHO virus type 7 by elemental iodine
was due to the interaction of a single molecule of the halogen on a single vital
site of the virus. Polyethoxy-ethanol-iodine (Wescodyne) is an ineffective viricidal
agent (exposure time, <30 minutes) for ECHO virus type 26 and for other
enteroviruses (Watris et al., 1963).

The functional relationship between rate of inactivation and oxidation
potential of ECHO (types 6 and 9) as well as other enteroviruses treated with
chloramine T was studied in order to elucidate the reported differences in sen-
sitivity of these viruses to the residual amounts of this halogen. It was found
that the same functional relationship exists between rate of inactivation and
oxidation potential among these viruses when tested at 37° C and pH 7.0. ECHO
virus type 6 was exposed to 1 in 1000 and 0.1 in 1000 dilutions (initial residuals
of 150 and 15 p.p.m. respectively) of chloramine T at 37° C. With 150 p.p.m.,
the oxidation potential measured with a conventional potentiometer was 540
to 560 MV and the activation energy was estimated at 11,600 cal per mol. Type 9
was tested with 1 in 1000 and 0.05 in 1000 (initial residuals of 100—125 and
1 p.p.m. respectively) of chloramine T at a temperature range of 0 to 50°C.
Oxidation potentials of 545—570 MV (higher chlorine concentration) and 460
470 MV (lower chlorine concentration) were obtained. In these experiments,
the activation energy of oxidation was estimated at 10,300 cal per mol while
the activation energy for the spontaneous inactivation at temperatures of 37°
to 50° C was estimated at ~77,500 cal per mol. The data indicated that the two
types of ECHO virus and the Coxsackie virus B type 5 and the 3 types of polio-
virus which were included in these studies had about the same activation energies
for oxidative inactivation and hence equally sensitive to chlorination. Cox-
sackie virus A type 5, however, was found to be less sensitive to chlorination
at temperatures below 37° C (LunDp, 1964).

5. Other Chemieals
ECHO viruses are resistant to all known chemotherapeutic agents and anti-
biotics and are not inactivated by commonly used antiseptics such as 709/
ethanol, 5%, Lysol and 19, Roccol. They are resistant to ether (209, ethyl ether
at 4° C for 18 hours) and deoxycholate. The sensitivity of ECHO virus types 4,
6 and 9 to the analytical reagent grade of chloroform -has been investigated.
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Mixtures of 0.05ml of chloroform and 1ml of infected tissue culture fluids
were either shaken by hand at room temperature or in a mechanical mixer at
4° C for 10 minutes. The mixtures were then centrifuged at 400 r.p.m. for 5 min-
utes and the top clear suspending medium which contained the virus was assayed
in cell cultures. All three viruses were found to be resistant to chloroform (FELD-
MAN and Wana, 1961).

6. Plant Extracts

The inhibitory activities of 17 plant extracts were tested against ECHO virus
types 1—9 and 11—14 in monkey kidney cell cultures. An aqueous extract of
the fruiting body of a strain of Calvatia giganiea (the giant puffball) had significant
inhibitory effects against types 4, 9, and 11 at concentrations of 1:2880, 1:1200
and 1:2880, respectively. The aqueous extract of the residue remaining from
ethanol precipitation of the same species had activity against types 7 and 8 at
concentrations of 1:960 and 1:920 respectively. The ethanol extraction of the
flowers of a species of Cattleys showed activity against type 2 at 1:480 con-
centration. Other extracts were less effective. The antiviral activity was specific
and showed the greatest effect when the cell cultures were pretreated with the
extract and the virus inoculum did not exceed 100 TCD;, Furthermore, an
inhibitory effect on the antibody production in mice by these viruses was also
shown for one of the extracts (GOULET et al., 1960).

VI. Antigenic Characteristics

Immunological techniques are important for distinguishing differences in
antigenic structure, and for the identification of virus strains. All such uses
depend on the immunological specificity of viral antigens. As to the ECHO
viruses, knowledge of the antigenic structure of many is incomplete and patchy.

A. Fractionation of Antigens

Infected liquid overlays from monkey kidney cells inoculated with ECHO
virus types 12 and 19 have been studied in CsCl equilibrium density gradients
in order to determine the distribution of the infectivity, hemagglutinating (HA)
and complement-fixing (CF) antigens. With ECHO 19, peak infectivity and
80—909%, of HA activity were at a density of 1.34 g/ml. Another peak of HA
containing 10—209%, of the activity was located at 1.29; the CF antigen was
detected at different buoyant densities, ranging from 1.34—1.29. Viral particles
with buoyant densities from 1.34 and 1.29 were negatively stained with 19/
phosphotungstic acid and studied with the electron microscope. While particles
from the former density appeared complete and exhibited a polyhedral structure,
those from the latter density were devoid of such a structure and were considered
as incomplete particles (FABIYT et al., 1964). Similar results have been obtained
with fluid from ECHO virus type 12 infected monkey kidney cells. Two kinds
of hemagglutinating particles both showing the characteristic polyhedral structure
but one with a buoyant density of 1.33 and representing the complete infectious
virus and the other with a density of 1.29 representing the noninfectious empty
capsids were observed. Experiments involving ether treatment and heating of
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the two kinds of particles indicated that the noninfectious particles were less
stable (HALPEREN et al., 1964b). None of the evidence thus far obtained in-
dicates a separation of HA or CF antigen from the infectious viral particle (FABIVI

and WENNER, 1963).
1. Hemagglutination

Several ECHO viruses agglutinate erythrocytes. GoLDFIELD and colleagues
(1957) initially noted agglutination of human type 0 (H—O) red blood cells
by types 3, 6, 7, 11, and 12. The specificity of the hemagglutination (HA) was
established by inhibition (HI) of homologous antisera. Subsequently types 13,
19, 20, 21, 24, 29, and 30 have been added to the entries (DARDANONI and ZAFFIRO,
1958, 1959; LamELLE, 1958; PmirpsoN, 1958; Zarriro, 1959; PAiLIpsoN and
RosEN, 1959; HamMmon et al., 1959; ScamipT et al., 1962a; PoporLEKRIN, 1963;
GAUDIN et al., 1963; KErRN and RoSEN, 1964; BEEBEHANI and WENNER, 1965).
Types 3, 7, 11, and 13 grown in human amnion cells while agglutinating human
cells failed to have similar effect on sheep, chick and guinea pig erythrocytes.
Monkey (presumably M. mulatta) erythrocytes may be agglutinated by types 7
(prototype and Genco strain) and 12 (prototype strain only). Red blood cells
from other species of monkeys (Cercopithecus aethiops and Erythrocebus patas)
are agglutinable by most hemagglutinating ECHO viruses (GAUDIN et al., 1963).

The HA property appears to be lacking for those ECHO virus serotypes
not mentioned above. Moreover strains of the same serotype do not share the
HA property equally. The prototype strain (D’Amori) of type 6 does not hem-
agglutinate; LAHRELLE (1958a, b), however, found strains closely related to
D’Amori to agglutinate human red cells. While all reports indicate that the
ECHO 6 prototype is a nonhemagglutinating virus, varying HA responses have
been obtained for strains representing two prototypic prime strains, namely
6’ (Cox) and 6” (Burgess) (LAHELLE, 1958b; ScEMIDT et al., 1962a; BUSSELL
et al., 1962a; GAUDIN et al., 1963; BEEBEHANI and WENNER, 1965). Similar
findings of variation in HA response have been found (KErn and RosEen, 1964;
BreBEHANI and WENNER, 1965) among strains of types 24 and 30.

Many different factors affect the HA property. The H—O hemagglutinin
is stable at —20° C for 2—3 months; some activity is lost when stored at 4° C
for a few days, whereas considerable loss occurs on storage at room temperature
or at 37° C overnight. Heating at 56° C for a few minutes results in complete
loss of HA activity (LamELLE, 1958a). Maximal titers have been obtained at
37°C and pH 7.0; at least 108—107 tissue culture infective doses (hereafter
referred to as TCID;,) of virus per ml are required for the production of HA
pattern (BUSSELL et al., 1962a). Maximal HA activity is temperature-dependent.
KEerN and ROSEN (1964) using infant (umbilical cord blood) and adult erythro-
cytes with various ECHO viruses at 4° and 37° C, found the HA activity to
fall into one of 3 categories. Maximal HA titers were obtained for types 3, 11,
13, and 19 and for types 6, 24, 29, and 30 at 4° and 37° C respectively, whereas
types 7, 12, 20, and 21 provided similar titers at both temperatures. Newborn
(umbilical cord) erythrocytes may be more sensitive indicators of HA (>4- to
8-fold over adult cells), at least for type 13 at 4° C and for type 20 at 37° C.
Similar temperature dependencies have been noted by PopopPLERIN and Ivanova
(1965). Optimal pH values for full HA activity were for type 11, pH 7.4, and
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for types 20, 21, and 30 (Frater), pH 5.8 (KErRN and RosEN, 1964). A dilute
inoculum in combination with a correspondingly delayed development of CPE,
and hence late harvest may yield best HA antigen. The infectivity: HA ratios
among strains of type 6 which had high infectivity titers (B phase) were 6-—7
logs, while those of strains of low infectivity titers (S phase) were ~4—5 logs.
Among various strains of ECHO virus type 6, HA production was not correlated
with phase, infectivity titer or the level of ¢n witro passage. Heating at 40° C
for one hour failed to affect the HA titer, whereas heating at 45° C for one hour
caused an 8-fold decrease, while three minutes exposure at 50° C was followed
by almost complete loss of HA activity (BussELL et al., 1962a). The successive
passage of ECHO viruses in cell cultures has not only failed to increase or stabilize
the HA property (McInTosH and SOMMERVILLE, 1959) but may result in de-
creased titer (SCHMIDT et al., 1962a; BusseLL et al., 1962a) or with stable cell
cultures (HeLa, KB, HEp-2 and stable monkey kidney) in loss of the HA property
(MarseL et al., 1961; PoporLERIN, 1964). The receptor substances on human
red cells have been purified (100 x ) and analyzed chemically. The purified material
was composed of about 319, lipid, 609, protein and 99, carbohydrates; had a
buoyant density of 1.18, and a S20°, w of 14 Svedberg units. A deoxypolynucleo-
tide, containing adenine, thymine, cytosine and guanine is firmly attached
to the receptor structure (PHILIPSON et al., 1964). That both complete and in-
complete viral particles, which are produced during the growth of ECHO virus
types 12 and 19 in cell culture, are capable of agglutinating erythrocytes has
been well established (HALPEREN et al., 1964b; FaBryT et al., 1964).

Attachment of virus to erythrocyte receptor involves two stages: the first,
reversible by chymotrypsin, shows no, or little temperature dependence, and
has a pH optimum of 5.5; the second develops as a progressive resistance to
chymotrypsin, with a pH optimum above 8, and appears to be temperature
dependent (PHILIPSON and BENGTSSON, 1962). Later studies (Prinreson and
Lixp, 1964) on the interaction between the purified receptor substance and
purified P32 labeled ECHO virus type 7 also involved two stages. The second
stage was irreversible, had a sharp optimum pH of 7.6 and followed first-order
kinetics, and thus was assumed to be enzymatic. Furthermore, the reaction caused
the release of high molecular weight RNase-susceptible infectious RNA. As
noted earlier certain mercaptide-forming sulfhydryl reagents, such as p-chloro-
mercuribenzoate (PCMB) can react with the sulthydryl groups on a hemag-
glutinating ECHO virus, and thus interfere with viral hemagglutination. This
inactivation of viral HA activity can be reversed by thiol compounds (i.e. reduced
glutathione) (PriLmesoN and CHoPPIN, 1960). More than 979, inactivation of
the HA property, and 6.5-fold reduction in PFU of ECHO virus type 7 have
been produced by 10-4M of 2,3-dimercaptopropanol (BAL). The activity of
this compound was attributed to its oxidized product (a polymer containing
disulfide bonds) which formed a mixed disulfide with virus — SH groups, thereby
blocking adsorption to receptors. It should be pointed out that the reduced form
of BAL is a dithiol belonging to the thiol compounds which, as referred to above,
can reactivate the inactivated viruses. BAL-inactivated virus could be reactivated
by mercaptoethanol but not by agents which split thiol esters (Pamresox and
CHOPPIN, 1962).
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ECHO virus type 7 does not seem to destroy the receptors on erythrocytes
during hemagglutination, and thus the cells remain agglutinable by another
virus belonging to the same type or another, such as type 11 (GAUDIN et al.,
1963). Following hemagglutination, types 3, 11, 12, and certain strains of types 20
and 25 could be eluted from the human erythrocytes (at 37° C within 4—6 hours)
while serotypes 6, 7, 13, 19, and some strains of 20 and 25 could not be eluted
at various temperatures (4°, 22°, and 37° C). Red cells from which the virus was
eluted were still agglutinable by the same or another serotype. The agglutinability
of erythrocytes was destroyed by trypsin and formalin, while RDE or potassium
periodate showed no such effect (PoporLEKIN, 1964).

H A inhibitors may be found in infected and noninfected cell cultures. Inhibi-
tors associated with cell cultures fall into two categories, namely, 1) those derived
apparently from the specific receptors of human red cells and intact HeLa cells
as well as certain subcellular fractions thereof, and 2) as yet unspecified consti-
tuents apparently unrelated to cell receptors (PrILIPSON and BENGTSSON, 1962;
ScHMIDT et al., 1964a). The latter are called tissue culture (TC) inhibitors, and
are found in infected and uninfected HeLa, and also in non-primate cell (e.g.
hamster kidney) culture fluids. TC inhibitors are distinguished from receptor
inhibitors by several characteristics, such as stability at 60° C for 30 minutes,
inactivation by genetron, ether and other organic solvents, and their occurrence
in cell culture fluids rather than cell homogenates. Both types of inhibitors are
considered to be lipoprotein in nature. Receptor inhibitors are destroyed by
proteolytic enzymes.

Most human and animal sera contain nonspecific inhibitors which can affect
HA of intratypic strains of ECHO viruses in differing degrees. PoDOPLERIN and
IvanNova (1965) noted three levels of sensitivity, namely low, medium and high,
which corresponded to < 4-, 8- to 16- and = 32-fold decrease in HA titer. No
correlation was found between serum inhibitor-sensitivity and temperature-
dependency. Serum inhibitors are heat stable and resistant to treatment with
RDE, periodate, organic solvents (genetron, ether, chloroform, acetone), protein
denaturing agents (phenol, formaldehyde) and individual proteolytic and lipo-
lytic enzymes. However, a combination of chymotrypsin and phospholipase
destroyed such inhibitors, indicating that serum inhibitors are structured within
a phospholipid-protein complex (ScHMIDT et al., 1964b). These inhibitors have
also been satisfactorily removed by adsorption with 0.19, bentonite and by
treatment with filtrates of a psychrophilic Pseudomonas species (BUSSELL et al.,
1962a; ScHMIDT et al., 1964.c).

2. Complement Fixation

ECHO viruses provide reliable antigens for use in empirical CF tests and
have been helpful in defining serological specificity, or the existence of cross-
relationships between heterotypic enteroviruses. The preparation in infected
tissue cultures of antigens of satisfactory potency and specificity is based largely
on the poliomyelitis model (ScEMIDT et al., 1957) where the factors favoring
optimal yields include a large host cell population, low concentration of serum
in the medium, and harvest when CPE is maximal. In contrast with the numerous
studies on the nature of poliovirus CF antigens (MAYER et al., 1957; LENNETTE
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et al., 1964) similar information has not yet become available for the ECHO
viruses.

In some early studies, ARCHETTI et al. (1957) noted that untreated ECHO
virus infected monkey kidney tissue culture cells often yielded unsatisfactory
CF antigens with antisera prepared in monkeys. Types 1—3 and 5—13 were
adapted to HeLa cells; infected fluids from the fifth passage in these cells pro-
vided specific reliable antigens for use in the CF test. Later work showed that
fluid overlays derived from infected monkey kidney cells maintained in lact-
albumin hydrolysate medium containing calf serum were, after treatment with
fluorocarbon, useful CF antigens, giving no or slight cell-culture antigen-antibody
reactions thereto, and thereby revealing type-specific responses (HALONEN et al.,
1958a, b). With both HeLa and purified monkey kidney antigens, reciprocal
crosses were obtained between types 1, 8, and 13, and a one-way cross between
type 13 antigen and type 12 antiserum. These cross reactions have been observed
also by serum neutralization (and, as was shown later [HamMmMoN et al., 1959a]
due to a mixture of type 1 and 13 viruses).

The handicaps relating to nonspecific reactions have been serious obstacles
in definitive studies on antigenic relationships. A major handicap has been
the emergence of antibodies to non-viral protein present in the infected tissue
culture fluid overlay. An attempt was made to prepare specific ECHO virus
antisera without interfering host CF antibodies; monkey kidney cell culture
grown antigens were treated with fluorocarbon prior to inoculation of guinea
pigs. Of twelve treated antigens which did not possess any host-antigen CF
activity, nine induced satisfactory antisera with no host-CF antibodies, and
three induced antisera which possessed host-antibodies, but titers of the latter
were 16—32 times lower than the specific viral antibodies. Another approach
to the same problem was made by growing ECHO virus type 4 in Detroit-504
human fibroblast-like cells; the infected fluid after treatment with fluorocarbon
and concentration was emulsified in Arlacel-Bayol F adjuvant prior to injection
into guinea pigs and monkeys. The antisera thus produced were highly specific
and did not react nonspecifically with fluorocarbon treated CF antigen derived
from monkey kidney cells (YorNy and Hammon, 1960). SaingU (1961) on studying
the effect of heating (56° C—85° C for 30 minutes) on the CF antigens of ECHO
viruses found that the antigenic potency of ECHO virus types 1, 3, 7, 8, 11,
12, 13, 14, 15, 16, 17, and 18 was either unchanged, or lower after heat treatment
(designated CFt—), while that of types 2, 5, 6, and 9 was enhanced after such
treatment (designated CFt+).

3. Serum Neutralization

The prototype ECHO viruses after many passages in susceptible cell cultures
provide high yields of virus (~106 TCID,;) which behave fairly predictably in
conventional serum-neutralization tests. On the other hand, it is quite clear
that fresh isolates (e.g. types 4, 6, 30, etc.) may be poorly neutralized by proto-
typic antisera. BarroN and Karzon (1965) have pointed out for type 6 the
existence of variant forms (see section on antigenic variation) one of which is
poorly neutralized by homologous antisera. CHoPPIN and EccErs (1962) working
with a strain of Coxsackie virus B4 isolated two kinds of virus particles; one forms
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small plaques which is much more sensitive to specific antibody than the other
which forms large plaques. Others have encountered early virus ‘‘break-through’
with homotypic strains suggesting differing sensitivities of homotypes to specific
antibody. Thus far published accounts of separating and characterizing intra-
typic ECHO virus variants relate largely to type 6.

Plaque development is reduced by specific antibody (see cytotoxic sera,
above) and is the basis for plaque reduction (WENNER et al., 1959) or plaque
inhibition tests (SAxURADA and Prince, 1961). Within limits of virus input
the dose-response curve is essentially linear. With the disc method (inhibition
of plaque formation by antiserum impregnated filter paper discs) there is a
linear relationship between the log of the antiserum dilution and the diameter
of the inhibition zone. Apparently more sensitive, and able to maintain a more
enduring equilibrium state than serum-virus union in tube cultures, the method
has found application in intratypic strain differentiation (based on differing
rates of neutralization) and in revealing antibodies (e.g. type 4) that may be
masked in the less sensitive tube culture system.

4. Other Methods
@) Labeled Antigens

As noted earlier, antigen developed in infected cell cultures may be revealed
by fluorescence microscopy. Antibody conjugated with fluorescein isothiocyanate
is absorbed to remove nonspecific fluorescence, and then applied to infected
cell sheets; such cells would show fluorescence mainly in the cytoplasm. The
method using either single or pooled antisera (SHAW et al., 1961) has not found
wide application in diagnosis. Both direct and indirect methods have been used
to measure antibody responses in individuals infected with type 9 (Ricas et al.,
1962). For a recent review see CHEEVER (1964).

b) Precipitins
A micro-precipitin gel diffusion method was used to detect specific ECHO
virus antigens in cell cultures, and for measurement of specific antibody response
in man. High virus concentrations (107 TCIDj, per 0.1 ml) but only 0.015 ml of
serum were required for obtaining reliable results. Reciprocal precipitation of

ECHO virus types 1 and 8 was obtained with hyperimmune sera prepared against
each (MiDDLETON et al., 1964).

B. Antigenie Variations
1. Type Specific Antisera

The identity of enterovirus serotypes is based on their serological specificities.
Following naturally-occurring infections with specific serotypes, or after inocula-
tion of the serotypes into animals, specific humoral antibodies develop. The major
difficulty encountered with human sera relates not to their specificity, but often
to their cross-reactivity with other serotypes. On the other hand, animalsinoculated
with purified virus stocks provide type-specific antisera, not only useful for
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both within and between serotypes. The production of specific antisera for the
first 25 prototypic ECHO viruses in rhesus and cynomolgus monkeys and their
standardization have been described (Kamirsura et al., 1961). Monkeys were
inoculated by the intramuscular route with mixtures of equal amounts of un-
diluted virus and mineral oil adjuvant. The antisera thus produced were type-
specific, and with the exception of ECHO virus types 4 and 21, all others had
high serum dilution endpoints. Satisfactory antisera have been produced in
rabbits by intramuscular and intravenous inoculation of virus-adjuvant mixtures,
and in guinea pigs inoculated subcutaneously and intracardially, or intraperi-
toneally with fluorocarbon treated virus (Microbiological Associates, 1957;
Havovex and HouesNER, 1960). ECHO viruses concentrated (to one-tenth. the
original volume) by precipitation with 25mM AICl; and 50mM Na,CO,; and
treated at 50°C in M MgCl, to eliminate several undesired agents (e.g. SV,
and PPLO), have produced very good antibody responses, especially in guinea
pigs and large animals (horses, cows, sheep, goats, pigs and baboons). Such con-
centrated antigens, except ECHO virus type 4, produced high-titer (1:1000 to
1:20,000) antisera in horses and in baboons (MELNICK et al., 1964 ; MiDULLA et al.,
1965; Ocampo and MELNICK, 1964).

Identification of enterovirus isolates may be quickened using combination
patterns so designed that each serum is included in more than one pool (Lim and
BexNYEsSH-MELNICE, 1960; ScEMIDT et al., 1961). Identification is confirmed by
retest of isolates against the single serum shared by the pools.

a) Crosses Obtained with Animal Antisera

ECHO virus type 8 shares antigens with ECHO virus type 1, the latter having
the broader spectrum. The extent of crossing between ECHO virus types 1 and
8 in both serum neutralization and CF tests is so marked that differentiation
is difficult. Reciprocal precipitins have been found by gel diffusion (MipDLETON
et al., 1964). Similar cross-reactivity was not observed by fluorescence antibody
labeling (Smaw et al., 1961). In addition to these crosses, antisera of both types
1 and 8 cross react in neutralization and CF tests with ECHO 12. On the other
hand, neutralization titers with type 12 antisera are low for types 1 and 8
(CoMmMITTEE ON ENTEROVIRUSES, 1957; KamMITsURA et al., 1961; BErG et al.,
1962). The cross between types 1 and 13 viruses was due to contamination of
type 13 with type 1 (Hammox et al., 1959a); a similar situation applied to the
crossings obtained for types 29 and 30 (ScEMIDT et al., 1964d; RosEN et al.,
1965). In a study of antigenic relationships between strains of ECHO virus types 6
and 30 (BeaBEHANI and WENNER, 1965) significant antigenic relationship be-
tween the heterotypes was not detected by serum neutralization or HI; however,
significant one-way crosses were obtained in CF tests with type 6 antisera and
type 30 antigens. Several other reciprocal crosses have been noted, namely
between types 22, 23 and 24 by CF (WicaxDp and SaBiv, 1961) and between
type 22 virus and type 23 antisera by serum neutralization. Minor reciprocal
neutralization has been obtained for types 11 and 19 (Kamrrsuka et al., 1961).
Using rabbit antiserum, LAHELLE (1958 b) observed a one-way cross between these
latter types; he also noted reciprocal crossing between types 3 and 13.
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b) Crosses Encountered with Human Sera

Infection of human beings with several enteroviruses may evoke heterotypic
serological responses. Such responses have been obtained more often by CF than
by serum neutralization. The following accounts illustrate some of the findings.
CF antibodies for ECHO virus types 6 and 9 followed infection with type 4
(JornssoN et al., 1958a). A distinctive rise in antibodies for type 16 has been
noted (NEva and MALoONE, 1959a) following human infection with ECHO virus
types 6, 9 and 20, and Coxsackie virus group B, type 3. ScamIpT et al. (1962c¢)
obtained heterotypic CF responses to ECHO types 12 and 19 among patients
infected with types 4, 6, 9 and 11 ECHO viruses. A striking complex of hetero-
typic responses was obtained by HaroNEN et al. (1959) following natural or
experimental infection with ECHO 16 and 20, polio-type 1, and Coxsackie B3
viruses. While the antibody response varied, many responded to heterotypic
ECHO (types 2,4,5,6,7,8, 11 and 20) and Coxsackie viruses (group B, types 1,
3, 4 and 5). Antibodies for poliovirus type 1 were obtained after type 6 (vox
ZErPEL and SvEDMYR, 1957) and type 9 (LENNETTE et al., 1961) ECHO virus
infections. Similar serological responses for group B Coxsackie viruses attended
infections with ECHO viruses types 4, 6, 9, 16 and 20 (Jomunsson et al., 1958b;
BERGLUND et al., 1958).

The antigenic relationships demonstrable by complement fixation are inter-
twined with differences in methodologies making interpretations exceedingly
difficult. For example, in studies noted above CF antigens were either heat-
inactivated or treated with fluorocarbon. In addition to those noted, antibodies
for polioviruses using heat-inactivated antigen have been found among patients
infected with Coxsackie and ECHO viruses (HamMmoON et al., 1958). In another
study using untreated poliovirus antigens, only a small fraction (22 of 579)
of individuals with laboratory evidence of non-poliovirus infections developed
antibodies to polioviruses. Many of these cross reactions were obtained among
patients with ECHO virus type 9 infections suggesting that polioviruses and
ECHO virus type 9 share common antigens (LENNETTE et al., 1961). In yet
another study using untreated antigens, cross reactions obtained between types
4, 6 and 9 might indicate cross-relationship, excepting that the clinical circum-
stances strongly suggested that all might be related to recently acquired infections
(BusserL et al., 1962b). Despite all these crosses with human sera, suggesting
striking antigenic overlaps among enteroviruses, freshly isolated strains (un-
treated) can often be identified by CF using known antisera prepared in animals
(GoDFREDSON, 1960; GNESH et al., 1964).

Similar cross reactions have been encountered less frequently in HI tests.
In the studies of BusseLL et al. (1962b), 2 of 15 patients infected with type 6
had titer increases to type 12. A corresponding increase in serum neutralizing
antibodies was not found. Infections with ECHO virus types 4 and 9 have been
followed by rises in HI antibodies to ECHO virus type 6.

The few heterologous antibody responses obtained in serum neutralization
tests relate to serotypes already mentioned. By and large the extensive crossings
noted by CF have not been found by serum neutralization, and the few described
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may well relate to recent infection with the heterotype. Krrom (1957) noted
serological cross neutralization between ECHO type 9 and herpes simplex viruses.
This has not been confirmed (MELNIOK, 1958).

Despite an extensive serologic overlap between types, the nature of the anti-
gen(s) responsible for the heterologous antibody has not been elucidated. While
a large body of evidence suggests that enterovirus heterotypes may share similar
antigens, the evidence is largely associative.

¢) Variation within Serotypes

Intratypic variants exist for many of the serotypes. These strains differ
from one another and from the prototype in various characteristics (e.g. type 16)
(NEva et al., 1959). A strain may differ by being poorly neutralized by anti-
serum against the prototype, and yet is capable of producing antibody with broad
capacity to neutralize itself and the prototype. This characteristic is well illustrated
by the two variants (prime strains) of prototype ECHO virus type 6 (D’Amori),
namely ECHO virus 6’ (Cox) and ECHO virus 6’ (Burgess) (Committee on
Enteroviruses, 1957; MELNICK, 1957). Somewhat later, newly isolated type 6
strains obtained during an epidemic of aseptic meningitis were found to show
considerable serologic variation (Karzox et al., 1959; BArRON and Kagrzox, 1965;
SuTo et al,, 1965a, 1965b). Strains recently isolated in primary MK cells were
designated ‘S phase” or “low passage’ virus, whereas variants appearing after
multiple passage in cell culture were designated “B phase’ or “high passage”
virus. S phase viruses were poorly neutralized by homologous antiserum, were
weakly cytopathic and attained low infectivity titers. In comparison, B phase
viruses were readily neutralized, showed fast CPE and yielded high infectivity
titers. Further analyses indicated that the two variants consisted of populations
of two mutants each with distinguishable characteristics. Virus populations
recoverable from the human alimentary tract were predominantly M+ (large
plaque) mutants and possessed the three properties mentioned above for the low
passage or S phase viruses. However, on repeated passage in monkey kidney cells
the predominant M+ virus changed to M (minute plaque) mutants which now
possessed the characteristics of high passage or B phase viruses. Upon inoculation
of monkey kidney cells with artificial mixtures of the two mutants, the yield of
M virus per cell was 30- to 1000-fold greater than the yield of M+ virus. However,
in certain human cells, i.e. AV, the yield of M+ virus was 30- to 300-fold greater
than in monkey kidney cells. Additionally, the development of minute plaques
by M mutants was related to the presence of inhibitors in agar; the latter effect
was readily nullified by the addition of polybasic compound protamine to the
agar overlay. The predominance of M+ virus in the human intestinal tract was
postulated to be due to the preferential growth of M+ mutant in human cells,
and also, perhaps, to inhibition of M mutant by naturally occurring polyanions
(e.g. heparin).

Serologic variations have been encountered also among type 4 ECHO viruses.
The prototype (Pesascek) strain isolated by MELNIOK (1954) is poorly neutralized
by homologous antisera using the tube test. However, as stated earlier, the same
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antisera gave a plaque reduction titer of ~1:2000 (Committee on Entero-
viruses, 1957) indicating the impotence of the antigen. Serological studies on
sera obtained from patients with aseptic meningitis provided additional evidence
of disparity of strains in measuring antibody rises (CHIN et al., 1957; MALHERBE
et al., 1957).

The weak capacity of the type 4 prototype antiserum to neutralize the homo-
type was not due to dissociation of virus-antibody complex. Neutralizing antibody-
combining tests, using either live or inactivated virus, showed that the Pesascek
serum was bound to the Pesascek virus as firmly as to the Dutoit virus (Mar-
HERBE et al., 1957), but did not render the prototype virus noninfective. While
both the prototype virus and the prototype serum passed through a 0.220 u
millipore filter the infective virus-antibody complex was retained (WaLwis et al.,
1965d).

BarroN and Karzox (1961) compared strains recovered from a local epi-
demic (Buffalo, N.Y.) with strains isolated in the U.S.A. and 8. Africa, including
the prototype. All strains were identifiable using antisera prepared in monkeys
against strains Shropshire (Buffalo) or Pesascek (the prototype); the Buffalo
strains by tube test were antigenically closer to Dutoit than to the prototype.
Such distinctions were not readily revealed by plaque reduction. In cross-tests
using antisera prepared in rabbits against these and other strains, there was such
a great intratypic variation in titer ratios that classification of strains would be
exceedingly difficult (BarroN and Karzon, 1961).

The Dutoit strain isolated in S. Africa is a sensitive indicator for measurement
of neutralizing antibodies, as is another designated 5705 (Youn et al., 1960).
Just why Dutoit should be better than many others for detection of antibodies
in tube tests is not fully understood. The prototype and Dutoit strains are scarcely
distinguishable as regards the course and sequence of viral antigen formation
in vilro, using acridine orange and fluorescence antibody staining to study intra-
cellular development (Jamisox et al., 1963). With Dutoit, an increase in cyto-
plasmic RNA was detectable two hours earlier than with Pesascek. The buoyant
density of both viruses in cesium chloride was 1:35; viral particles of both were
morphologically identical by electron microscopy. Differences in cystine-depen-
dence and chromatographic behavior have been noted earlier. The TCID;,
values of Dutoit exceed those of other homotypes. Serum “break-through”
is less pronounced with Dutoit than others. The suggestion has been made that
Dutoit resembles the B phase of type 6 viruses, whereas other resemble those
of the S phase. But conversion of strain Shropshire from the S to B phase has
not been reported. In practice the Dutoit strain has been a more satisfactory anti-
gen in tube tests for detecting neutralizing antibodies in human sera ; other strains
(e.g. Pesascek and Shropshire) may be used in plaque reduction tests. Similar
variations, less extensive in magnitude have been noted between strains in the
CF test (Yorw et al., 1960).

Intratypic strains of types 30 and 31, like the ECHO 6 viruses, differ from one
another in the HA property, and often vary strikingly with respect to neutraliza-
tion by homotypic. antisera (WENNER et al., 1963; BEEBEHANTI and WENNER,
1965; BerBEHANI et al., in preparation).
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VIL Interactions with Man and Other Mammalian Species
A. Clinical Expressions
1. The Central Nervous System

ECHO viruses have found clinical expression chiefly in injury of the central
nervous system (CNS). The major clinical manifestation has been that of benign
lymphocytic meningitis, usually uncomplicated but occasionally associated with
encephalitis, bulbo-spinal or spinal paralysis. Minor clinical expressions, occurring
both in patients with or without meningitis may involve either the cutaneous,

Table 4. ECHO Viruses Assoctated with. Human Disease
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gastro-intestinal and/or respiratory systems. Occasionally cerebellar ataxia,
peripheral neuropathies, hepato-renal dysfunction, orchitis, pleurodynia or
carditis may intervene during infections involving several serotypes (Table 4).

a) Benign Lymphocytic Meningitis

WALLGREN (1924) proposed the term benign meningitis to define a nosological
clinical entity characterized by fever, headache, nuchal rigidity and lymphocytic
pleocytosis. Lethargy, irritability and vomiting are frequently found in young
children. Recurrent epidemics of benign meningitis have been associated with
types 4, 6, 9, and 30. Clusters of meningitis cases, very likely representing the
major clinical expressions of a much wider infection rate have been noted for
types 5, 7, 14, 25, and 31. Of the 31 serotypes, according to our information
only 6 have not been associated with the meningitis syndrome (Table 4).

b) Meningoencephalomyelitis

Brain stem. ECHO viruses may produce disease mimicing bulbo-spinal polio-
myelitis (STEIGMAN, 1958; VERLINDE and WILTERDINK, 1958; StrEieMan and
Lrpron, 1960). ECHO virus types 2 and 9 have been isolated from human CNS
tissues; type 11 was involved on the basis of virus in feces and attendant antibody
rise. The production of experimental poliomyelitis in monkeys with the CNS
tissues of the infant presumably succumbing to type 9 was traced subsequently
to the concomittant presence of poliovirus type 2 (VERLINDE et al., 1961; PETTE
et al., 1961). A corresponding situation does not, apparently, apply to type 11
wherein poliovirus antibodies were not found, but could apply to type 2, where
polioviruses might have been eclipsed during an 18-day survival period.

Facial palsies and encephalitis have been encountered during epidemics
of types 9 and 30 (SaBIN et al., 1958; LANDSMAN et al., 1961). ARCHETTI et al.
(1956) listed meningoradiculitis as a clinical feature; they also described patients
developing the Guillain-Barré syndrome. The linkage of some of these illnesses
with type 9 virus is circumstantial.

Acute cerebellar ataxia, associated with staggering gait, intention tremors,
hypotonia, dysarthria, dysmetria, and nystagmus has been encountered with
type 9 (McALLISTER et al., 1959), as well as with polio- and Coxsackie viruses. In
the Milwaukee outbreak (1957) among 213 patients hospitalized with benign
aseptic meningitis, signs of more extensive involvement of the CNS developed
in 6 virologically proved instances. Of the 6, 4 had involvement of vestibular
nuclei, 1 had evidence of 10th cranial nerve involvement and 1 had transient
myelitis. Ataxia and nystagmus were noted in 2 of the 5 with signs indicating
brain-stem involvement. Infections with types 6 and 30 have provided clinical
evidence of similar penetration into the CNS.

Muscle weakness and paralysis. Limb paralysis simulating paralytic polio-
myelitis may develop during infection with several serotypes. BUSER et al.
(1957) recovered type 4 virus from a 32-year-old woman with bilateral limb para-
lysis. Others (SABIN et al., 1958; FoLEY et al., 1959; PLaGER and Harrisow,
1961; RemwmarDT, 1963) have reported similar episodes in children and adults
for types 9 and 14. During an outbreak in Minnesota (KLEINMAN et al., 1964)
about 59, of the group with CNS disease from ECHO 30 developed limb and
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truncal paralysis. Similar clinical associations during ECHO 30 infections were
noted elsewhere (LANDsMAN et al., 1961 ; LENNETTE et al., 1962).

Muscular dysfunction of lesser severity however is the rule, chiefly involving
neck, trunk and girdle muscles. Type 6 should be added to those listed above
(KARZON et al., 1956; KIBRICK et al., 1957); these serotypes have been associated
with varying degrees of disability. Types 2, 7, 11, 14, and 16 very likely provoke
similar affects (HaMMoN et al., 1958; Grist and BELL, 1963). Muscular dis-
ability is seldom permanent; lost reflexes are restored and muscle strength is
regained in the ensuing weeks of convalescence. Persistent limb weakness has
been reported (PLAGER et al., 1961). Kixa and Karzon (1962) in a follow-up
of 93 persons 3 years after type 6 CNS infection found none with gross evidence
of neuromuscular dysfunction; subtle marginal neurological aberrations in both
patient and control groups were noted. Minor disorders of behavior, easy fatig-
ability, headache and subjective weakness of back and legs appeared to be related
to their earlier illness. Others have also called attention to the importance of
ECHO and Coxsackie viruses in the etiology of transient muscular dysfunction
(WEHRLE et al., 1959; LEPow et al., 1962).

2. The Skin and Mucous Membranes

Rashes indistinguishable from exanthem subitum, rubella or meningococcemia
occur during infection with several ECHO viruses. The lesions are most often
macular or maculopapular; less often they are vesicular. The nature of the cu-
taneous response requires critical study, to wit, whether primarily a direct
viral effect, an antigen-antibody reaction (hypersensitivity) or occasionally
related to medicinals used in therapy. Cytopathology of cutaneous lesions has
yet to be described.

Of the 31 serotypes 13 have been associated with rashes. Types 9 and 16
have an unmistakable association with disease; types 2, 4, 6, and 11, and perhaps
others listed in Table 4 probably involve the skin in expression of clinical pa-
thology. Of all only type 11 has been isolated directly from cutaneous lesions
(CHERRY et al., 1963).

To provide a reader with the protean features of the clinical response a sum-
mary of the cutaneous eruptions associated with types 4, 9, and 16 follows:

ECHO 4: JouNSsoN et al. (1958a) described a fine blotchy efflorescence localized
to the face, and less often to trunk, arms and legs, usually appearing during the first
and third days of illness, but occasionally developing during the second bout of a bi-
phasic febrile course. Both Forees (1958) and KaRrzoX et al. (1961) reported similar
findings. During 1964, in Kentucky (Ray et al., 1964). 13 per cent of children with
aseptic meningitis, and 10 per cent of those with minor illness developed a rubelli-
form rash during the later part of the epidemic. Occurring 1 to 3 days after onset
of illness it disappeared within 24 to 48 hours. Erythematous, macular and non-pruritic,
the rash appeared first on the trunk, occasionally on the face, then became semi-
confluent spreading to the extremities. It should be noted that others (LEHAN et al.,
1957; MALHERBE et al., 1957; WILSEXN et al., 1961) have not encountered skin rashes
in circumsecribed outbreaks.

ECHO 9: Cutaneous lesions were not reported as a feature of the Italian outbreak
(ARCHETTI et al., 1956), or of the earliest outbreaks in Great Britain; such lesions
were commonly encountered however, in a fraction of persons attacked during out-
breaks occurring later in Europe, Great Britain, Iceland, North America and Australia.
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Infants and young children are prime subjects; the highest incidence of rash in
Milwaukee was in children less than 3 years of age. The rash usually appears within
a day or two after onset of illness. Generally it is maculo-papular (1 to 3mm in dia-
meter), of brown (CRAWFORD et al., 1956) or pink hue, involving the face, trunk and
extensor surfaces of the limbs as well as the palms and soles. Among 43 persons from
whom virus was recovered in Milwaukee, the rash generally appeared first on the face,
or face and neck; spread to other parts of the body occurred within 6 to 12 hours.
The rash was confined to the face in 25 per cent, to the face and neck in 11 per cent,
to the face, neck and chest in 8 per cent; face, trunk and extremities were all involved
in 56 per cent of the patients. Petechiae and ecchymoses may resemble the cutaneous
lesions of meningococcemia (FROTHINGHAM, 1958). An enanthema characterized by
white or grayish ‘‘spots” may develop on the buccal mucosa opposite the molar teeth
(TYRRELL and SNELL, 1956; SABIN et al., 1958); small vesicles and ulcers may also
appear on the tongue (HOrsTMANN, 1958). Biphasic, and rarely triphasic febrile cour-
ses occur, each with recrudescence of rash. All signs previously mentioned may not
be seen in the same patient. Illness encompasses meningitis without rash, rash without
meningitis (at least occult), meningitis with rash, and abortive forms sometimes referred
to as ‘‘summer grippe”.

ECHO 16 (The Boston Exanthema): During the summer of 1951 more than 2000
children in Massachusetts developed mild illnesses associated with skin eruptions
(NEVA et al., 1954). A similar but less extensive outbreak of the same disease occurred
in Pittsburgh, Pennsylvania (USA) in 1954 (NEva, 1956). Viruses were recovered
(NEVA and ExNDERS, 1954) which were closely related to others recovered from patients
with aseptic meningitis (K1BRICK et al., 1957). One of the latter strains (Harrington)
is the prototype of ECHO 186.

Other signs of illness precede the rash. These include fever (100—102° F'), sore
throat, headache, shaking chills, myalgia and burning or pain in the eyes. Such signs
are more prominent in adults than children. In children, fever and other symptoms
last but a day or two; in adults they persist for several more days. As a rule the rash
appears several days after onset of illness, and often within a day or two after subsi-
dence of fever. It is macular, salmon-pink, sometimes blotchy, resembling the exan-
thema of rubella. Macules, measuring 1 to 2 mm in diameter are usually discrete,
sometimes scanty, otherwise pronounced and occasionally confluent. Most prominent
on the face, neck and trunk, occasionally the rash involves the extremities and palms
and soles. Enanthema, consisting of vesicles and shallow ulcers on the mucous mem-
branes of the throat, gingival margins and buecal mucosa were noted in Boston, but
not in Pittsburgh.

The rash was much more common in children than in adults. Multiple cases occurred
simultaneously in families. During the 1954 outbreak in Pittsburgh 32 per cent
of the households, 24 per cent of the children and 10 per cent of the adults in one
circumscribed community were affected during a 12-day period. The incubation
period ranged from 3 to 8 days (NEva, 1956).

Other serotypes have been associated with skin rashes; these include type 2
(RENDTORFF et al., 1964), type 3 (JorpaN, 1959), type 5 (SELwYN and HowrrT,
1962), type 6 (Karzox et al., 1962), type 7 (BELL et al., 1963), type 8 (SaBix
et al., 1958), type 11 (CHERRY et al., 1963), type 14 (SaBIx et al., 1958), type 18
(MepEARIS and KRAMER, 1959), type 19 (CRAMBLETT et al., 1962) and type 20
(CrarkE and SrorT, 1961). Buccal lesions not unlike Koplik’s spots were seen
in type 20 infections. The rubella-like papular rash described for type 2 re-
sembled that seen in type 9 disease.

When met with sporadically, clinical differentiation of rashes etiologically
related to ECHO viruses is perplexing, not only between enteroviruses but other
exanthema also. The clinical characteristics of rashes are not often helpful in
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identification; indeed the overlapping signs simply add to the woes of the per-
plexed clinician! Moreover it would not be unkind to say that in a number of
instances the union between these viruses and cutaneous lesions is still one of
questionable legitimacy.
3. The Alimentary Tract

Despite the frequency of acute gastroenteritis the etiologic agents responsible
for sporadic and epidemic illnesses have largely been undefined. Recently several
specific ECHO viruses have been recovered during isolated outbreaks. EicHEN-
waLD et al. (1958) identified type 18 among premature and full-term infants
during a mild outbreak of enteritis. LEpPINE et al. (1960) found similar association
for type 14. Gastroenteritis in adults (BuckrawD et al., 1959; Kremx et al.,

Table 5. Enteroviruses and Infontile Diarrhea

: o, yieldi
Locale Time pﬁtgi: ;?{,g I\{?. pa- en/teﬂ)virgis gggmggs
(years) ients Pa- Con- ratio Patients/
Year Season(s) tients | trols .Controls
Cincinnati |[1955—1956 | Summer 0—4 153 |48-50| 20 6:1 (1956)
Glasgow 1957 All 0—5 338 | 19 14 2—-3:1
Montreal 1958 —1959 | All Pediatric 74 8 3 —
age-group
Toronto 19591960 | 5 outbreaks| 0—2 208 0 6.4 -
Toronto 1960—1961 | 3 outbreaks| infants 80 2.5 3.6 -
Houston 1959—1961 | All 0—2 390 5.6 4.4 | 1.5:1
Mexico City | 1960 Summer- 0—-5 4041 49.0 | 10.0 | 3.9:1
Fall

From a table by Yow et al., Amer. J. Hyg. 77, 283 (1963) with additions.

! Figures for enteroviruses only, assuming most unidentified agents are entero-
viruses.
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1960) and children (BereaMINI and BoNETTI, 1960) occur with type 11. On
the other hand several ECHO viruses have spread widely (e.g. ECHO 15, Mosco-
vict et al., 1959) in nurseries, without ill effect, or encountered more often among
well than among sick children (e.g. type 19, CRAMBLETT et al., 1962). Other
serotypes isolated from infants with gastroenteritis are summarized in Table 4.

The variable frequency of encountering ECHO viruses among infants and
children with respect to time and place is illustrated in Table 5. RAM0S-ALVAREZ
and SaBin (1958), and Ramos-ArLvarez and OrARTE (1964) have recovered
enteroviruses more often in children with diarrhea than in nondiarrheal con-
trols. In other studies, recovery rates between patient and control groups were
essentially similar (Yow et al;, 1963). In all studies, viruses recovered from
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children with diarrhea were of the same groups found in the control children,
the only difference being that of frequency. Similar findings may relate to Sal-
monella and pathogenic Escherichia (RAM0s-ALvAREZ and OLARTE, 1964). Although
pathogenic bacteria and viruses may be harbored by the same patient, the data
do not signify correlation in terms of increased pathogenicity. Gastroenteritis
may develop among the control patients; lack of close follow-up of these indi-
viduals may introduce a bias, as has been pointed out (Ramos-ALVAREZ and
OrArTE, 1964) in criticism of earlier observations. There are still other factors
related to pathogenesis, namely implantation of the right seed in a fertile soil;
undoubtedly these conditions vary within the universe. Considering data reviewed
here there is little doubt that ECHO virus serotypes cause gastroenteritis, which
is followed by specific antibody responses. Some strains disseminate widely,
even to adults finding within the alimentary tract cells uniquely susceptible
to injury, or capable of withstanding cytocidal effects during viral replication.

4. The Respiratory Tract

Pharyngitis and cervical lymphadenitis are common expressions during in-
fection from various ECHO viruses. Mild febrile respiratory illnesses are associated
with types 3, 6, and 20 (ROSEN et al., 1958; CRAMBLETT et al., 1958; SacHT-
LEBEN and MuNE, 1961; RosEN et al., 1964). Types 1 and 6, in Japan (quoted
by MaTumoTo, 1962) have similar associations; adults were involved in the type 6
outbreak. Photophobia and conjunctivitis occurred among these patients. Di-
arrhea may develop. A syndrome simulating influenza has been reported for
type 7 (ALBaNO and Sanvacero, 1960). ECHO 11 has been associated with
acute upper respiratory tract infections of children (PrrLrpsoN and ROSEN,
1959), some of whom developed subglottic croup. Adults accidentally or volun-
tarily infected with types 11, 19, 20, and 25 (children, also, see REILLY et al.,
1963) may develop fever, coryza, pharyngitis and cervical adenitis; occasionally,
adults developed diarrhea also.

5. Other Organ Systems

Pericarditis and myocarditis have been associated only rarely with types 1,
3, 6, 9, and 19 ECHO viruses (JoHNSON et al., 1961; KAVELMAN et al., 1961;
SELWYN et al., 1963 ; KIBRICK, 1964). Pleurodynia has been noted during infection
with types 1 and 9 (SoLomoN et al., 1959; KaNTor and Hsione, 1962; KaRzoN
et al., 1962). Mild, apparently transitory alterations of liver function have been
reported for types 4 and 9 (MALHERBE et al., 1957; SoLoMON et al., 1959). Orchitis
has been reported in association with ECHO 9 (Sawrorp and SuLkin, 1959).
The point should be made that a firm association of specific cause and effect
in the involvement of these various organs has not been established. For additional
observations the reader is referred to several reviews on the status of ECHO
viruses in human disease (SANFoRD and SuLkiN, 1959; KI1BRICK, 1964).

B. Pathogenesis

Sites of primary colonization and multiplication of ECHO viruses appear
to be within cells localized in the alimentary tract. All 31 serotypes have been
found in feces; many can be recovered from the oropharynx; most are not easily
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recovered from the nasopharynx. The cardinal features of infection indicate
a variable but lingering period of virus multiplication at primary sites; viremia
may intervene with translocation of virus to other organs. Infection may be
clinically silent, or expressly manifest with injury of a number of accessory
cellular targets.

1. Experimental Infeetions

a} Human Beings

Adult volunteers have been inoculated (intranasal/oropharyngeal) with ECHO
viruses types 11, 20, and 25 (BUuckLAND et al., 1959, 1961 ; KasgL et al., 1965).
Subjects who are free of specific antibodies often developed minor respiratory
illnesses (nasal congestion, sore throat, cough, lymphadenitis, etc.), as a rule
without significant fever. Each serotype was readily recovered from pharyngeal
and fecal samples for periods ranging from several days to 3 weeks. In the case
of ECHO 20, peak concentrations of virus (TCID,,/gm) were ~10%¢ in the
pharynx and ~10%5 in the feces. Specific antibodies developed among volunteers
from whom these viruses were recovered.

b) Chimpanzees

Types 2, 3, 4, 6, and 9 given orally, or parenterally to chimpanzees failed
to induce overt signs of infection (ITom and MELNICK, 1957; YosHIOEA and
HorstMANN, 1960). Nevertheless several serotypes were readily recovered from
the pharynx and stools of animals; during the first week, mean concentrations
of virus (type 6) found were in the pharynx 1027, and in feces 1037 TCID,,/gm.
In orally infected chimpanzees, virus excretion in the pharynx corresponded
with, or even exceeded, the duration of excretion in feces (type 4). Viremia
was encountered only with type 9 (a single isolate on the 1st day after parenteral
inoculation with type 4 virus may represent overflow in situ).

¢) Monkeys

Injury of neurones may be found in monkeys (M. mulatta and M. cynomolgus)
after intramuscular inoculation or direct implantation of ECHO virus serotypes
in the CNS (HamMmox et al., 1959a; Lou and WeNNER, 1962). Following intra-
muscular inoculation with prototype strains focal lesions may be found in the
brain stem and spinal cord of monkeys inoculated with types 1, 2, 3, 4, 6, 7,
10, 16, 19, and 24 (KamrrsugA et al., 1961; Lou and WENNER, 1962). Similar
lesions developed in monkeys inoculated intravenously or intraspinally with
recently isolated strains of types 2, 7, 9, 14, 16, and 18; however, they were
seldom found after oral or intramuscular inoculations. Types 7, 14, and 16 strains
were associated with specific neuromuscular dysfunction; such effects were
not discernible for others. Viruses were recovered from the blood and CSF. Animals
inoculated orally with type 14 had positive blood cultures on the 4th and 6th
days post-inoculation. ARNOLD and Exprrs (1959) obtained similar clinical
responses, but less extensive neural damage after intrathecal (basal cistern) and/or
intraspinal inoculation with types 6 and 16 ECHO viruses. The severe paralytic
disease associated with ECHO 9 (VERLINDE and WILTERDINE, 1958), has been
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traced to poliovirus type 2 (vide supra). Myocarditis and pericarditis occasionally
encountered in monkeys during ECHO virus infections may be specific effects;
however, further observations are needed for firm association.

d) Mice

The prototype (Hill) strain of ECHO 9, isolated in monkey kidney cells from
healthy American children lacks the property of mouse pathogenicity (Ramos-
Arvarrz and SaBin, 1954; Committee on the ECHO Viruses, 1955). This
strain and many others of ECHO virus type 9, isolated from healthy or diseased
individuals are consistently nonpathogenic for newborn mice and cannot multiply,
or be absorbed by newborn mouse tissues, even with maximal doses and after
passage in cell cultures. On the other hand there are many other isolates of this
type, which either on primary isolation or after some preliminary passage in
cell culture have shown marked paralytogenic activity in infant mice (GBAR,
1959; ArcmeTTI et al., 1956; TYRRELL and SwELL, 1956; McLEAN and MEL-
NICE, 1957; GopFrEDSEN and voN MagxnvUs, 1957; LAPOREST et al., 1957; BrROHL
et al., 1957; JomNsoN, 1957; Ecerrs and Sasin, 1959). Several factors enhance
the paralytogenic effect for newborn mice (ARCHETTI et al., 1959; EccErs and
Sasmv, 1959). Various strains show heterogeneity in plaque morphology and in
their rates of absorption onto monkey kidney cells. Rapidly absorbing viruses
are likely to be pathogenic for mice. Other factors relating to mouse-pathogenicity
include dose, selection of pathogenic variants, and variations in susceptibility
of mice. Paralytogenic virus stocks may be obtained either by passage in sus-
ceptible tissue cultures, or by serial “blind’’ passage in mice. Since a large dose
(~10%+1.0 TCID,,) is required for the paralytic response, serial passage in
tissue culture and in mice appears to be primarily a titer-building function
(~1084-1.0 PFU/gm); a secondary, but equally important function in mice
is the selection of mouse-pathogenic variants as they arise. If the fraction of
mouse-pathogenic particles comprising the total viral population is small they
might be missed, since there is a race between mouse and virus. The mouse is
relatively refractory to the paralytogenic effect after the 5th day of life. Therefore
the rate of replication in the newborn mouse must be rapid enough to produce
the minimal paralytogenic dose within the allotted time; otherwise, slow replica-
tion means no clinical effect and the mouse-pathogenic variants are lost. Mouse-
pathogenic variants may be lost also by passage in monkey stable (MS) kidney
cells (Lx, 1959).

2. Natural Infecfion

ECHO viruses are readily recovered from the pharynx and lower alimentary
tract of infected human beings. The data regarding the duration of excretion, and
relative concentrations of virus in the oropharynx vary greatly; some observations
indicate persistence for several weeks (see section on epidemiology). In general,
however, larger concentrations of virus, shed over a longer period apply to fecal
discharges. These measurements, however, could be quite erroneous considering
differences in sampling procedures, potential concentration in the large intestine,
and quantitative differences of susceptible cells in the general milieu. The pro-
longed excretion of virus in the pharynx of chimpanzees suggest that similar
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events may apply to human beings; very few data are available for the early
phases of infection. Evidence supporting occult infection has been obtained for
ECHO 9, wherein viremia may occur 6 days before onset of clinical illness. Viremia
accompanies infection with types 4, 6, 9, 11, 14, 16, and 18. The single record
of ECHO 6 in blood relates to a rapidly fatal paralytic illness in a 7-year-old
girl who died 7 days after onset (MoOORE et al., 1964). Virus was not recovered
from oropharynx, stool or CNS tissues. Antibody neutralizing (1:8) type 6 virus
was found in only 1 of 6 family associates. Other isolations are less disputable;
they have been obtained from many children with minor illnesses, cutaneous
eruptions, or aseptic meningitis. Excepting type 16, all serotypes noted above
have been recovered from CSF. Additional serotypes found therein include types 1,
2, 5,7, 12, 15, 19, 20, 23, 25, 30, and 31. ECHO virus type 11 has been recovered
from cutaneous lesions.

ECHO viruses have been recovered from various organs after death. All
reports relate to infants and children. Types 2 and 9 have been recovered from
the CNS, type 9 from the lung of a neonate, and type 19 from the brain, lung,
heart, liver, spleen, lymph node and intestine (but not from blood) of a pre-
mature infant (STEiGMAN, 1958; VERLINDE and WILTERDINK, 1958; BUTTER-
FIELD et al., 1963; RawLs et al., 1964). SELwyYN et al. (1963) failed to recover
type 3 virus from the CNS of a 12-year-old girl whose illness simulated bulbar
poliomyelitis, although type 3 virus was recovered from the feces. Post mortem
studies fajled to demonstrate neuronal injury, but revealed pancarditis. Virus
studies of extraneural tissues were not reported. In these studies the con-
centration of virus found in body fluids and tissues varied widely. Levels of viremia
for ECHO 9 ranged from 8 to 174 TCIDj,/ml; high concentrations (1052 TCID,,)
may be found in the pharynx, whereas titer values for feces range from ~ 1010
to 1040 TCID,y/gm. Concentrations of ECHO 19 in tissues noted above ranged
from 1018 to 10%% (unit volume not stated). The high concentration of ECHO 9
in CNS tissues (1085 TCID;,/gm) was mentioned earlier.

Many facets in the pathogenesis of ECHO virus infections await definition.
At the cellular level, those include a) cell type(s) supporting first cycles of virus
multiplication, b) nature of injury to primary target cell(s), ¢) mode of transport
to secondary and tertiary target cells, and d) alterations in homeostasis permissive
of overt disease. Thus far in our knowledge it would appear that the course of
events resembles very closely that of poliomyelitis, and, like the latter, there
are still areas of ignorance. However, it seems reasonable that primary sites of
colonization are in the alimentary tract, and that there is little translocation
in the majority of patients. But there are notable exceptions depending in part
at least on host-susceptibility, the virus, and other poorly defined parameters
which allow penetration leading to viremia and transport of virus to secondary
and tertiary cell targets. Viremia precedes injury to tertiary targets (e.g. CNS)
and terminates usually with the intervention of clinical disease, at a time when
antibodies have already appeared. One of the major unknown features of pa-
thogenesis relates to the nature of the secondary targets (e.g. reticulo-endothelial
cells) wherein rapid growth of virus leads to an incremental upsurge of viremia,
which in turn largely distinguishes whether infection will manifest itself as
disease.
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Table 6. Sites of Recovery of ECHO Viruses in Human Beings

Source
Serotype

Feces |Pharynx| CSF ’ Blood Urine Other tissues

CNB

OIS OB W

+ + CNS, Lung, Skin
+ Skin

4+ 4+

CNS, Lung, Heart, Liver, ete.
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+
+
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C. Immunity

Type-specific humoral antibodies develop during the infectious state. Neu-
tralizing antibodies appear within a fortnight after alimentary infection (RosEx
et al., 1958). They are found either at onset of meningitis, or shortly thereafter
(24 hours) with ECHO virus type 9 (SABIN et al., 1958). As noted in the section
on pathogenesis disease may only develop in later stages of infection. Neu-
tralizing antibodies not only appear early, but persist for many months or years.
Usually, HI and CF antibodies are found a few days later. For ECHO 6, neutrali-
zing and HT antibodies reach peak concentrations early in the second week after
onset. Neutralizing antibody persist without appreciable decline for at least
3 years. HI antibody decline rapidly during the ensuing weeks, but are still
detectable during the same period. On the other hand, the CF antibodies after
reaching peak level (10—24 days) fall rapidly, and if detectable are only barely
so at the end of 3 years (BUSSELL et al.,, 1962b). Somewhat different results
were obtained for ECHO 16; complement fixing antibodies fell moderately
within 1 to 2 years, and persisted thereafter for at least 3 to 6 years, as did neu-
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tralizing antibodies (NEva and MaroxE, 1959b). These findings apply to indi-
viduals with clinical disease; data relating to inapparent infection (HEwiesT
et al., 1961) indicate responses of similar magnitudes and durations.

Premature and full-term infants often receive antibodies from their mothers.
CraMBLETT et al. (1961) noted that infant and maternal titers were not equivalent
for several ECHO viruses. Neutralizing antibodies for types 1, 2, 8, 11, and
20 were frequently less than the mother’s titer. Clinical infection in newborn
infants with pre-existing passively acquired antibodies has been noted (EicHEN-
warp and Kotsmvavov, 1960) for type 9. Nevertheless the newborn infant,
with but few exceptions for all the ECHO viruses, has not borne a major burden
of clinical disease; infection rates may be high but disease incidence is relatively
low. Manifestations of illness for most (but not all) ECHO viruses appear to
be milder in premature and newborn infants than in older children. Inasmuch
as the modulating factor could not be ascribed to passively-transferred anti-
bodies, attenuation must be founded on other less specific host-virus reactions.

While antibodies, either passively or actively acquired, may sometimes
prevent, and also modulate the clinical expression of disease, it is abundantly
clear that they may not preclude infection. Examples can be cited where ECHO
viruses were recovered from the pharynx and feces of sero-positive individuals.
On the other hand, sero-negative individuals acquiring infection may not develop
other traceable signs. Recovery from infection is related to a number of events,
among which are quenching of initial rapid virus multiplication, elimination
(or sequestration) of virus, and a coincidental state of clinical refractoriness
leading to repair and immunity. While not much is known about nonspecific
resistance, and those factors responsible for it in relation to ECHO viruses,
much has béen written for polio- and Coxsackie viruses. Those relate in the
present context largely to temporal events of infection with several entero-
viruses, and their capacities to interfere with the host’s response to another.
The implantation of attenuated polioviruses (vaccine strains) may be significantly
reduced when administered during high prevalence of other enteroviruses. Con-
versely, a temporary obliteration of the usual enteric viral flora may occur follow-
ing massive application of oral poliovirus vaccine; however, following cessation
of poliovirus excretion other enteroviruses reappear (Ramos-ALVAREZ et al.,
1959; SaBIN et al, 1960; DomMok et al., 1962). In monkeys there is suggestive
evidence that ECHO 7 interferes with systemic invasion of poliovirus type 1
(Kovo et al.,, 1963). While there is fragmentary evidence of serologic cross-
relationship between members of the major subgroups of human enteroviruses,
none of the data strikes a confident note that immunity to one conveys protection
to another serotype.

In summary, it would appear that immunity to infection and disease with
the ECHO viruses relates most cogently not only to the presence, but also to
the concentration of specific humoral antibodies. On the other hand nonspecific
environmental factors may exert an influence on endemic and epidemic pre-
valences — hence indirectly reducing risk of disease. Once the virus has reached
secondary target organs, specific antibody appears to be of lesser importance
than some other responses (e.g. release of interferon, inflammatory cellular
reactions, efc.) in determining repair and recovery.
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D. Epidemiology

ECHO viruses are obligatory human commensals whose survival depends
on successful implantation in susceptible cells of the alimentary tract. Man
is the only known natural host. There is as yet no singular study delineating
with certainty the mode of .spread. The situation is like that of poliomyelitis
where virus may be recovered from the pharynx for about a week, and in feces
for longer intervals (see below). The cumulative data for many ECHO viruses
suggest a direct person-to-person oral transfer of human excrement. Such may
be the main avenue; however, for some, notably type 9, other modes of transfer
might have been operative. The extensive rapid waves of infection occurring
throughout Europe in 1956, the simultaneous upsurge in separate geographic
areas, and the very rapid recruitment of susceptibles resemble those observed
for influenza rather than poliomyelitis. SaBIN et al. (1958) estimated that 4400
persons in Milwaukee (pop. 365,000) acquired infection during a single week.
Having in view also the high concentrations of ECHO 9 in the oropharynx,
the possibility and indeed the probable person-to-person transfer of pharyngeal
virus cannot be ignored. As yet there is no evidence of widespread outbreaks
through common vehicles such as milk, water, or insect vectors.

1. Geographic Prevalence

ECHO viruses and antibodies thereto have been found in people through-
out the world. A geographical mapping of isolates has been tabulated by GELFAND
(1961). We can add only a few recent isolates principally from the Western
Hemisphere, Europe and Great Britain. There is practically no information
for type 21. Serum-neutralizing antibodies for types 6, 7, 8, 9, 11, and 14 indicate
that they also prevail in Arctic North America, South America, Asia and
Africa (KALTER, 1962). Knowledge on the intensity of infection in many parts
of the world is still fragmentary.

2. Season and Climate

In temperate climates epidemics (we know of none in tropical areas) have
occurred during the warm months. In our clinics even sporadic cases are rarely
encountered during the winter (Eskimos may provide an exception). The striking
seasonal distribution of ECHO 9 during the outbreak in Milwaukee is illustrated
in Fig. 4.

Another parameter measuring the seasonal frequency of infection is graphi-
cally depicted in Fig. 4. Top panels illustrate the frequency (per cent) of en-
countering enteroviruses among infants and children. These data point up a
major prevalence of enteroviruses during the warmest months. Infection rates
were lowest during the winter and spring, rose rapidly to reach their maxima
during the summer, and gradually declined during the autumn. GELraxD (1961)
plotted the seasonal distribution of enterovirus subgroups and found ECHO
virus frequencies to peak about a month after polio- and Coxsackie viruses.
Whether the observation is meaningful is not known. As far as climate is con-
cerned, studies from the southern USA, and the Belgian Congo strongly suggest
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THE CHARLESTON STUDIES REPRESENT ALL ENTEROVIRUSES DETECTED IN FECES, THE
LOUISIANA STUDIES { ® SYMBOL) REPRESENT NON=POLI0 ENTEROVIRUSES, AS DOES THE COM~
POSITE CHART ( A SYMBOL) FOR ENTEROVIRUSES ISOLATED FROM HEALTHY CHILOREN IN 6
ciTies (USA) 1960,

Fig. 4. Seasonal prevalence of enteroviruses in several population groups (top panel); a compari
of those with seasonal prevalence of illness from ECHO virus, type 9 (bottom 1;)a.nel)). A;tterpgil;?;
et al., Amer. J. Dis. Child. 96, 197—219 (1958).
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that infection rates have less seasonal fluctuation than in cooler latitudes. In
tropical areas, however, ECHO viruses appear to be endemically prevalent
throughout the year.

3. Secular Variations in Prevalence

Epidemicity. Epidemics caused by ECHO viruses are generally localized
and sporadic in character; the epidemic serotype may differ from place to place,
however, during the same year. In 1955, two different ECHO viruses were re-
sponsible for local epidemics in Towa (ECHO 4) and Buffalo (ECHO 6) New
York. In 1956, Coxsackie virus Group B, type 4 prevailed in ITowa, whereas
ECHO 4 prevailed in Buffalo and in Melbourne. During the same period ECHO 9
was responsible for large epidemiecs in Western Europe, and in Great Britain;
similar outbreaks soon occurred in Canada (1961) and in the United States
(1957). Pandemic waves have not been recognized for other ECHO viruses. How-
ever, GELFAND has noted that the subclinical “‘epidemic” of infection with ECHO 7
in Louisiana in 1956 coincided with recovery of the same serotype in various
parts of the world, suggesting a pandemic wave, chiefly of inapparent infections.
In 1954, ECHO 6 was associated with aseptic meningitis in Sweden, Massachusetts
and Rhode Island; in the preceding and subsequent year this serotype was
encountered widely in the United States. In recent years similar observations
pertain to ECHO 30 in Scotland, the United States and Canada. In 1959, two
enteroviruses were accountable for CNS disease in Scotland (LANDSMAN et al.,
1961; Duwcax, 1961). During late spring and summer, Coxsackie virus A7 pre-
vailed, whereafter in the second half of the year, ECHO 30 (Frater) was the main
cause of disease.

Endemicity. Enteroviruses are accountable also for sporadic illness, some
of which are studied in hospitals. These are heralds undoubtedly of a greater
prevalence in the community, but because of infrequent clinical association,
the true evidence of infection remains uncertain. As a rule, in any year singular
serotypes predominate although it is exceptional that other enteroviruses are
not encountered also.

4. Patterns of Infection
a) Risks According to Age

Infection Rates. Data relating to age-specific infection rates are available
for only a few serotypes. Those obtained for ECHO 7 indicate that infants
and children are primary targets of infection (HENTtGST et al., 1961); similar
findings in a somewhat different clinical context relate to types 4, 6, and 9
(LEHAN et al., 1957; WINRELSTEIN et al., 1957; SaBiv et al., 1958; KLEINMAN
et al., 1958). Infants and pre-school children living in affected households often
excrete virus while apparently healthy, or during a minor illness. As a rule,
the risk of infection diminishes with increasing age, undoubtedly wholly, or at
least in major part due to immunity engendered from antecedent infection.

Clinical Rates. Age-specific attack rates based on reported cases emphasize
a preponderant risk of youth. During many outbreaks, rates of children exceed
those of infants; rates in young adults often correspond with those of children.
These rates relate largely to the risk of aseptic meningitis; in contrast, the
highest incidence of rash with ECHO 9, 16 and others (e.g. types 2, 4, 18, etc.)
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has been during infancy and early childhood. These desiderata relate only to
proportionalities, and it scarcely needs be pointed out that infants develop
meningitis and adults cutaneous lesions.

b) Familial Aggregation

ECHO viruses spread rapidly within the microcosm of the family, particularly
in those with young children. Children acquiring infection elsewhere introduce
these viruses to susceptible members of their households. Secondary cases often
occur within a few days of one another. Five of 7 familial associates observed
during an. ECHO 4 outbreak became ill within 14 days; onset of meningitis
in 4 children occurred within a 4-day period (Caix et al., 1957). Essentially
similar relationships apply to 7 of 8 members of a family infected with ECHO 9
virus (FAULENER et al., 1957), and to 8 members of several families introduced
to ECHO 7 virus during a reunion (KLEINMAN et al., 1962). SABIN et al. (1958)
recovered 58 ECHO 9 strains from 104 persons of 22 families in which one or
more members had meningitis. Similar observations pertain to type 9 (RoTEM
and LAUsaNNE, 1957; NimouL et al., 1957; BaumANN et al., 1957; GaLrINE
et al., 1958, and others), type 6 (WINKELSTEIN et al., 1957; JomNssoN et al.,
1957), type 16 (Nmva, 1956), and type 30 (Duncaw, 1961; KLEINMAN et al.,
1964). The spread of infection among children lodged in summer camps may
be less inclusive than in families (PAFFENBARGER et al., 1959), possibly due to
less intense and discontinuous exposure to an index case already well along in
the infectious state.

¢) Sex, Race and Socio-economic Status

Males develop overt disease more often than females. Since serological enquiry
indicates similar infection rates in both sexes the basis for differences in disease
incidence must relate to other parameters. Increased susceptibility or natural
resistance among the human races has not been recognized. The course of infection,
and possibly the risk of disease may depend on socio-economic factors, namely
crowding, poor hygienic milieu, the level of “herd” immunity, among others.
Numerous studies have emphasized, particularly during the early years of life,
differing breadths of antigenic experiences, differing velocities of infection and
variable risks of disease. These studies indicate not only a reciprocal relationship
between social-deprivation and risk of infection, but also, among the more
affluent, a somewhat greater risk of disease.

d) The Virus Carrier State

Feces. ECHO viruses are readily found in feces during the first week of infection.
Excretion rates may fall (e.g. types 6, 9, 20, 25, ete.) sharply during the second
week. Fox (1964) found the mean duration of excretion for types 2, 3, 6, 11,
18, 25, and 27 to be 14 days (range 1—28 days). HeNiasT et al. (1961) established
a mean interval of 24 days for ECHO 7. Young children (i.e. <5 years) are apt
to shed virus in feces longest, but the rule is not inviolate, for with type 7 the
longest observed periods of excretion (< 3.5 months) were among older children.
Virus concentrations are highest early in infection; some median values expressed
in TCID;y/gm for feces were 1055 for type 7, 1045 for type 8 and 1030 for type 12
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ECHO viruses. Data essentially similar to type 7 have been obtained for types 3,
9, and 20 (SABIN et al., 1958, WicaND and SaBin, 1962; RosEN et al., 1958, 1964).

Pharynz. ECHO viruses may be recovered from the oropharynx during infec-
tion. ECHO 9 virus was found in the oropharynx of a familial contact two days
prior to onset of illness. Among 8 patients varying concentrations of ECHO 9 virus
(10 to 125,000 TCID,,/swab) were encountered during the first week of illness.
The virus recovery rate (35 patients) was 759, during the first, and dropped
te 109, during the second week (WIGAND and SaBIN, 1962). On the other hand,
Fox (1964) was able to detect pharyngeal virus in only less than half of the

Table 9. Approximate Duration of Virus Carrier State: Frequency Distribution in Weeks,
Based on Time of Initial Virus Isolation or Onset of Meningitis

For feces For pharynx
ECHO virus Week Week
serotype 1 | 2 | 3 4 1 2 3 4

No. % [No. % |No. % | No. % | No. % | No. % | No. % | No. %
3 16 69|10 60! 7 43 633110301030 | — — | — —
6 88~25 |88 ~8|88 <3| — — _— — B —_ = | - -
7 — — |96 45| — —19626} — — | — — | — — | — —
9 — 86% — T4 — 3B — 37} — — | — — | — — | — —
9 101 57|45 27| — —|[ 17161} 17 35 3 0} — — —_ —
20 84 70|69 42|54 28| 58 21 6 17 6 34 1 0 1 0
25 15 40|14 oj14 7114 7| — — | — — | — — | — —
29 3100} 2 67— —| — — 3 0] — — | — — | — —

Adapted from the following references:
Type ROSEN et al.: Amer. J. Hyg. 79, 163 (1964).
Type 6 KXarzoN and BARrRON: Pediatrics 29, 409 (1962).

w

Type 7 HEeNIGST et al.: Amer. J. trop. Med. Hyg. 10, 759 (1961).

Type 9 SaBiN et al.: Amer. J. Dis. Child. 96, 187 (1958).

Type 9 NigOUL et al.: Amer. J. Hyg. 66, 102 (1957).

Type 20 RoOSEN et al.: Amer. J. Hyg. 67, 300 (1958); CRAMBLETT et al.: Pediatrics

21, 168 (1958).
Type 25 ROSEN et al.: Amer. J. Hyg. 79, 1 (1964).
Type 29 RoOSEN et al.: Amer. J. Hyg. 79, 7 (1964).
1 From data mentioned in text; 2 Total number tested
for each interval is not given. No. = number tested, 9,

152, but number tested
per cent positive tests.

individuals infected with types 2, 3, 6, 11, 18, 25, and 27, and usually only on
a single occasion, thereby estimating a mean carrier state of 1 day! These data
are dissimilar to those obtained by RosEN et al. (1958, 1964) for type 3, as well
as for types 20 and 25, wherein it is shown that these viruses may persist in a
third of the subjects for at least two weeks.

ECHO 9 virus was not recovered from the anterior nasopharynx, and only
once (8 patients) was it recovered from the anterior portion of the mouth (SaBINn
et al., 1958).

b. Extra-human Reservoirs
Fecal soilage leaves its imprint in nature. When human excretion rates are

highest, ECHO and other enteric viruses, and bacteria may be found in raw
sewage where their presence provides an index of prevealing human flora. Entero-
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viruses may not be inactivated by primary and secondary sedimentation, or
by usual procedures of chlorination of water (vide supra; also MELNICK et al.,
1954; KeLLy, 1957; Kerry and SANDERSON, 1961 ; OzerEs et al., 1961; Laprin-
LEMU and PENTTINEN, 1963; LaMs et al., 1964). Thus effluents discharged into
waterways may contribute to pollution for as far as a mile from the outfall.

Despite the wide distribution of these viruses in nature there are no in-
disputable instances of dissemination of virus to human beings by contaminated
water, milk or milk products, or other edibles (e.g. shellfish, etec.). ECHO viruses
types 1, 5, and 11 (RIORDAN et al., 1961) have been recovered from wild flies;
under singular circumstances direct transmission to human beings very likely
takes place from time to time. Despite the development of viremia, lasting several
days, we know of no searches for ECHO viruses among blood-sucking arthropods.

Antibodies neutralizing types 6, 7, 8, and 9 have been found in sera of dogs
(GELFAND, 1961). ECHO 6 viruses have been recovered from kennel dogs (PINDAK
and CrAPPER, 1964); dogs inoculated with virus remained essentially healthy
(PnpAK and CrAPPER, 1965). The type 8, or related virus recovered from swine
has not been fully characterized (Moscovrer, C. personal communication). Picorna-
viruses of non-primate species have not been related either serologically or
clinically to the human serotypes (PLuMMER, 1965).

VIII. Addendum

The literature review for this chapter was completed in November, 1965. A
number of significant studies have since appeared; many recent studies are
briefly mentioned below, following the format used in the text.

There is a current foment, and desired effort to reclassify viruses based on
emerging physical and chemical properties (Lworr and ToURNIER, 1966 ; MELNICK
and McComes, 1966).

The human kidney cell culture approaches the ideal for recovery of entero-
viruses (and adenoviruses, as well) from rectal swabs (LEE et al., 1965). Human
kidney cells and WI-38 cells were considered choice tissue cultures for most
studies of enteric viruses. WALLIS et al. (1965) have described another rapid
method for titration and typing of enteroviruses, and for measuring the neu-
tralizing antibody response. The method utilizes tube cultures in which cell
monolayers are grown on the bottom, and then overlaid with agar after virus
or virus-serum inoculation. Fewer cells are needed for “seeding”, and usually
results are available in 1 to 3 days with rapidly growing viruses.

Plaque production of ECHO viruses is enhanced by MgCl, (25 m M), L-cysteine
(1mM) and pancreatin (WaLLis et al., 1966). Incorporation of DEAE-dextran
in agar not only enhances, but also facilitates (larger) plaque development
(ROUHANDEH et al., 1966; FEorINO and HaNNON, 1966).

Further studies have been reported on the chemical inhibition of entero-
virus multiplication and the production of CPE in cell cultures. Using drug-
sensitive and drug-dependent strains of poliovirus and ECHO virus type 12,
guanidine and HBB are capable of interrupting ongoing viral RNA synthesis.
and virus production in single cells during the incremental phase of virus growth.
These results indicate that enterovirus RNA polymerase (whose formation is
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inhibited by HBB and guanidine) is continuously synthesized during the ex-
ponential phase of viral replication (CALIGUIRI et al., 1965). In another study
HBB markedly delayed (~35 hours) the appearance of CPE in monkey kidney
cells infected with ECHO virus type 12. Although HBB inhibits virus repro-
duction, those cells initially infected with virus eventually degenerated. Emergence
of HBB-resistant virus particles led to rapid spread of cellular infection and
complete CPE (BABLANIAN et al., 1966).

Purified virions of several ECHO viruses have similar buoyant densities,
slight variation in size and similar sedimentation rates (JamisoN and MaYOR,
1966; ScrAFFER and FROMMHAGEN, 1965). Density gradient centrifugation may
be utilized for separation of virions, but not hemagglutinins of viruses possessing
different buoyant densities (ExerLER and Fouap, 1967).

The hemagglutinins of ECHO and other enteroviruses are under continuous
serutiny. This non-enzymatic union (with human O erythrocytes) is inhibited
by specific sugars. Several ECHO viruses, when digested with g-glucosidase
lost the HA property, suggesting the capsids may contain glycoproteins (LERNER
et al.,, 1966a). There is evidence that a carbohydrate component is attached
to the protein of the capsid. Aldoses inhibit the HA reaction. Enterovirus hem-
agglutination very likely involves the binding of a carbonyl group of an oligo-
saccharide side chain on the virus capsid to a specific receptor on the erythrocyte
surface (LERNER et al., 1966b).

Hemagglutining and viral infectivity have identical rates of thermal in-
activation. Hemagglutining are stabilized against thermal inactivation by mono-
and bivalent cations, but this stabilization is dependent upon temperature, pH,
and concentration of cation (PopoPLERIN and Ivanova, 1966). On the other
hand, stabilization by certain organic compounds (cysteine, glutathione, ete.)
were sometimes independent of pH, and temperature (PopoPLERIN and NovysH,
1966). Patterns of stabilization with organic compounds were related in part to
the antigenic characteristics of the virus, and the steric configuration of the
compound. Blockade of sulfhydryl groups interfered with the stabilizing effect
(PODOPLEKIN et al., 1966).

Several recent studies reemphasize the intratypic heterogeneity of the ECHO
viruses. Serologic differences between the prototypic and Shropshire-like strains
of type 4 have been found by double diffusion gel precipitin procedures (ConanT
et al., 1966). Many freshly isolated strains of type 11 appear to be drifting away
from the antigenic pattern of the prototype (SormMiDT et al., 1966). In contrast
type 19 strains possess serologic homogeneity but are heterogeneous with respect
to kinds of plaques and hemagglutination patterns (D6MO6K and Sivon, 1966).

Horses are choice animals for obtaining type-specific antisera for many of
the enteroviruses (MeLNICK and Hawmprn, 1965). Immunization of animals with
viruses treated with molar MgCl, and concentrated (10 X ) by the MgAl carbonate
method (Hampiw et al., 1965) yielded high-titer type-specific antisera.

Several new clinical expressions have been introduced and several older
ones reinforced. Types 21 and 22, and some additional unrelated viruses have
been found in feces of infants dying unexpectedly (BaLbuzzi and GREENDYKE,
1966); the association is uncertain. A similar situation applies to type 9 and
glomerulonephritis (YucroeLU et al., 1966). On the other hand, two clinical
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features have received reinforcement. First, herpangina, in the past associated
with Coxsackie viruses has been noted during infection with ECHO viruses types
9, 16 and 17 (CERERRY and JaBN, 1965). Second, there are additive reports on
intervening neuromuscular disease, particularly for type 4 (Ko®EL et al., 1965;
Masima et al., 1965), and type 9 (WILTERDINK et al., 1965).

Data reinforcing epidemiological data, entered in the text, relate largely
to reports on additional outbreaks associated with type 4 (BoBROWSKI and
TavracH, 1963; KoN et al., 1965; Kawana et al., 1965; and Hinuma et al.,
1966), and type 6 (Kawawa, 1965). Several studies (PARKS et al., 1966; Bem-
BEHANI and WENNER, 1966; BeaBEHANI, 1967) have noted the early appearance
of ECHO viruses in the alimentary tract of infants and children with or without
diarrhea. In Karachi types 1, 11, 14 and 19 were dominant types. In Teheran,
types 11, 21 and 30 prevailed. )

Continuing surveillance of enteroviruses in the U.S.A. (FrROESCHLE et al.,
1966) and in the United Kingdom (GArmpraITH, 1965) have added a few new
dimensions. The American studies indicate increased pathogenicity at several
age levels. Children under one year of age are at greatest risk of CNS disease;
the risk then diminishes up to 6 years, and then increases with increasing age.
Longitudinal studies (Fox et al., 1966; SpieraND et al., 1966 and ELVEBACK
et al., 1966) in New York City supplement data presented earlier in the Chapter
on duration of excretion. ECHO viruses accounted for the smallest proportion
of infections, and one of the shortest durations of virus shedding (~14 days).
In terms of pathogenicity the enteroviruses recovered were only infrequently
associated with frank neurologic disease; in general significant association was
not established between infections and disease. Possibly related illnesses varied
from 439, for adeno- and enteroviruses to 71%, for rhinoviruses. The last series
of papers contain comprehensive data and cannot be summarized in a brief
statement.

In addition to ECHO 9, two type 6 strains are reported (VASILENKO and ATSEV,
1965) to produce paralysis and death in both suckling and young adult mice;
the histological aspects were almost if not identical with those occurring in
Coxsackie virus Group B infections. Type 6 was administered orally to dogs
(beagles); they develop mild diarrhea, sometimes bloody; the virus was recovered
in feces as long as 35 days after the initial feeding, and once, on the second post-
inoculation day, in the blood (PINDAK and CLAPPER, 1966).

Finally, several interesting studies relate to methods used for recovery of
enteroviruses from sewage and water. BEra et al. (1966) recovered viruses from
drinking water by inoculating large volumes (isotonic) on cell cultures using
sufficient number of cultures for precise quantitation. Lunp and HEDSTROM
(1966) used Albertson’s two-phase system of aqueous polymers for recovery
of virus from sewage. Enteroviruses may be detected in sewage without knowledge
of existing illness, or before the appearance of clinical cases in the community
(Lowp et al., 1966).
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1. Introduction

Reoviruses are ether-resistant icosahedral viruses 60 to 75 my in diameter
which contain ribonucleic acid. They have been recovered from man and lower
animals and are ubiquitous in their geographic distribution. At present, the
importance of these viruses as a cause of human or animal disease is still largely
unknown. As a result of having a number of unusual characteristics, reoviruses
have attracted the attention of many workers in the relatively short time since
they were first recognized. For example, investigators interested in the molecular
aspects of virology have been attracted by the unusual double-helical ribonucleic
acid of high molecular weight which reoviruses possess, while those interested
in epidemiology have been attracted by the occurrence of apparently identical
viruses in both man and an unusually wide variety of lower animals. This com-
pilation is based on information available to the author as of October 31, 1966.

II. History

The term ‘‘regvirus” was proposed in 1959 (SaBiN, 1959) as a group name
for a number of viruses then classified (SABIN, 1956; RaM0s-ALVAREZ and SABIN,
1958) as being identical with, or related to, ECHO type 10 virus. The latter
agent was first designated (Ramos-ALvarEz and SaBIN, 1956) as HE (human
enteric) type 4 virus and then as an ECHO virus (Committee on the ECHO
Viruses 1955) because it met the criteria originally established for the latter
group, namely, 1) recovery from human feces by use of primate cell cultures,
2) lack of pathogenicity for the usual laboratory animals, and 3) lack of re-
lationship to previously described virus groups. It was recognized from the
first (RAMOS-ALVAREZ and SABIN, 1954), however, that the cytopathic effect
in unstained cell cultures of the virus which became the prototype strain of
ECHO type 10 was different than the “poliomyelitis virus type”’ now known
to be characteristic of the other ECHO viruses and those Coxsackie viruses
which produce cytopathic effects in cell cultures. The poliomyelitis viruses, the
Coxsackie viruses, and the other ECHO viruses are now grouped in a family
known as the picornaviruses (MELNICK et al., 1963).

ECHO type 10 and the related viruses which were subsequently discovered
were removed from the ECHO group principally because it was learned, 1) that
they were much larger than the latter viruses, and 2) that they produced cyto-
plasmic inclusions not seen with the other ECHO viruses (MALEERBE and HARWIN,
1957 ; DroUHET, 1958; SHAVER et al., 1958). The use of the letters “r” and ‘e
to form the word ‘“‘reovirus” was intended to stress the association of these
viruses with both the respiratory and enteric tracts respectively. It was re-
cognized, of course, that this was not an exclusive characteristic of the group.

About the time that the term “reovirus’ was proposed, it was found (RosEnN,
1960) that two viruses that had previously been isolated from Macaca monkeys
and designated SV;, and SV, (HuiL et al., 1956) were identical with two reo-
virus serotypes (types 1 and 2, respectively) which had been isolated from man.
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Later, it was discovered (StaxLEY, 1961a) that a virus originally isolated from
man in suckling mice and described in 1953 (STANLEY et al., 1953) as hepato-
encephalomyelitis virus was identical with the reovirus serotype that had been
designated type 3. Finally, after the morphologic aspects of reovirus replication
in cells had been studied by electron microscopy (ToURNIER and PrLissiEr, 1960)
it was recognized (BERNHARD and GRANBOULAN, 1962) that the cytoplasmic
inclusions which had been seen in some specimens of mouse ascites tumor cells
a number of years previously (SELBY et al., 1954) were identical with those
produced by reoviruses.

IIL. Classification and Nomenclature

Animal viruses are now generally divided into those containing deoxy-
ribonucleic acid (DNA) and those containing ribonucleic acid (RNA). The reo-
viruses are one of the four major groups of RNA viruses presently recognized
and are usually distinguished from the three other groups, namely, the picorna-
viruses, the myxoviruses, and the arboviruses, by the criteria of size (in the case
of the picornaviruses) and resistance to lipid solvents (in the case of myxoviruses
and arboviruses).

The reovirus strains isolated from man and lower animals, with the ex-
ception of those from domestic chickens, can be classified (RosEN, 1960, 1962)
into three serotypes, designated types 1, 2, and 3. In so far as they have been
tested, reoviruses of the same serotype from various animal species are indistinguish-
able from each other. Recently, 77 virus strains with many of the characteristics
of reoviruses were isolated from domestic chickens and classified (KAwAMURA
et al., 1965) into 5 serotypes designated, ‘“Uchida”, TS;; CS;os TS;4, and
08,4 The antigenic relationship of these viruses to reovirus types 1, 2, or 3
has not as yet been studied in detail, but it has been noted that they do not
agglutinate human erythrocytes, a characteristic of all previously known reo-
viruses.

A large number of viruses which were isolated from monkeys and which
fell into 2 serotypes, designated SV, (HULL et al., 1956) and SV,, (HULL et al.,
1958), were at one time classified in “CPE group 3” (HuiwL et al., 1958) with
other isolates from monkeys which had been placed in serotypes designated
SV, and SV, (HULL et al, 1956). As noted above, the latter two serotypes
were eventually found to be identical with reoviruses isolated from man. SV,
and SV,; were known to be antigenically related to each other and were origi-
nally classified with SV,, and SV, because all four serotypes produced similar
cytopathic effects in unstained cell cultures. It was recognized, however, that
SV, and SV, unlike SV,, and SV, did not agglutinate human erythrocytes
but did agglutinate Macaca monkey erythrocytes (HuLi et al., 1956; RosEn,
1960). 8V virus was subsequently shown to be much smaller than the reoviruses
and to have a number of the properties of the picornaviruses (SaTTar and RozEE,
1965). Consequently, there is now no reason to consider SV, and SV,, as reo-
viruses.

There are viruses which share some characteristics with reoviruses and which
eventually may be classified with them when additional data become available



76 L. Rosen: Reoviruses

and a formal scheme of classification for viruses is agreed upon. Two viruses
which affect plants are in this category. These are wound tumor virus (WTV),
an agent discovered (Brack, 1944) by feeding wild-caught leafhoppers from
the United States on plants in the laboratory, and rice dwarf virus (RDV),
the agent of a naturally occurring disease of rice plants in Japan. RDV is also
transmitted by leathoppers (insects which suck juices of plants). WIV and
RDYV are among the relatively few viruses which have been shown to replicate
in both plants and animals (leafhoppers), and they resemble reoviruses in size
and configuration of the virion (Bms and Hatr, 1962; FurusHI et al., 1962;
Furvusar and SHIRATA, 1963a), in having double-helical RNA (Brack and
MarkuaM, 1963; GomaTos and Tamm, 1963b; TomrTa and Rica, 1964; MIora
et al., 1966; SAaTo et al., 1966), in resistance to ether (data available only on
WTYV) (STREISSLE and MARAMOROSCH, 1963 a), and in replication in the cytoplasm
and not the nucleus of cells (FURUSHI et al., 1962; FurusHI and SHIKATA, 1963 b;
SarrAaTA and MarRaMOROSCH, 1965, 1966). In view of the similarities between
WTYV and RDYV, it would not be surprising if some of the many other leathopper-
borne viruses affecting plants (MaramoroscH, 1963) were also found to have
similar properties.

It has been reported that WTV is related antigenically to the reoviruses
(STrEISSLE and MaraMOROscH, 1963b) but the data presented were not con-
vincing. Conversely, the absence of such a relationship has also been reported
(Gomaros and Tamm, 1963b), but again the evidence was not conclusive. In
the first instance, it was not demonstrated that the reactions observed were
specific; in the second, it was not established beyond question that the WI'V
antiserum which failed to react with the reovirus antigens did indeed contain
antibody against WTV.

Inoculation of monkey and mouse fibroblast cell cultures with WTV pro-
duced no cytopathic effects, nor were pathogenic effects seen in suckling mice
or hamsters inoculated subcutaneously or intranasally (GomaTos and Tamm,
1963 b). Purified WTV also did not agglutinate human erythrocytes. No evidence
of viral replication was obtained when reovirus strains of each of the three sero-
types were inoculated into a species of leafhopper known to be capable of trans-
mitting WTV (Strersste and RosEN, unpublished).

Under experimental conditions, WT'V multiplies in an unusually wide variety
of plants and produces tumors in some (Brack, 1965) but its plant hosts and
pathogenicity in nature are unknown. Both WIV and RDV, like many other
leathopper-borne viruses, have been shown to be transmitted transovarily by
infected female leafhoppers to a varying percentage of their progeny (BLACK,
1953, 1959). RDV and WTV are not transmitted through the sperm of infected
male leafthoppers when the latter are mated with uninfected females. Perhaps,
this is because these viruses are not found in the nucleus of cells.

Two groups of viruses, each consisting of multiple serotypes, which are usually
clagsified (CasaLs and CrargE, 1965) as arboviruses, are also now known to
show some resemblance to reoviruses. These are the viruses causing the disease
of sheep known as bluetongue, and those causing the disease of equines known
as African horse-sickness. Although considered arboviruses by some because
of their multiplication in and transmission by blood-sucking insects (mainly
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species of Culicoides), unlike most arboviruses, they are resistant to ether
(HowsLry, 1962; StuppERT, 1965). One strain of bluetongue virus has been
shown to have a diameter similar to that of reoviruses and also a similar naked
capsid consisting of 92 capsomeres (STUDDERT et al., 1966). Another strain of
bluetongue virus has been shown to contain RNA and to replicate in the cytoplasm
of cells (LivinasToN and MooORE, 1962). A strain of African horse-sickness virus
has also been shown to have a diameter similar to that of the reoviruses and a
capsid consisting of 92 subunits (PoLsox and DEEks, 1963).

One more virus which resembles the reoviruses in some respects is that causing
a disease of silkworm moth ( Bombyx mori) larvae characterized by the formation
of polyhedra in the cytoplasm of the midgut epithelium. This virus has been
found to have RNA which shows base pairing and other characteristics which
suggest that it, like the RNA of reoviruses, is a double-helical molecule of large
molecular weight (Havasut and Kawasg, 1964, 1965).

Although there was speculation (MArRAMOROSCH, 1964 ; STANLEY et al., 1964 a;
BEery, 1965) that a virus lysing blue-green algae (SarreERMAN and Morris, 1963)
might share some of the characteristics of reoviruses, it is now known that this
virus contains DNA, rather than RNA, and possesses a tail (SCHNEIDER et al.,
1964). Thus, it resembles most bacteriophages and there is no reason to consider
it with the reoviruses.

IV. Properties of the Virion
1. Morphology

The structure of the virion of reovirus types 1, 2, and 3 has been studied
extensively by electron microscopy using the negative staining technique (REIM
et al., 1961 ; GomaTtos et al., 1962 ; JorDAN and MAYOR, 1962 ; SmrrH and MELNICE,
1962; VAsQUEz and TOURNIER, 1962, 1964 ; DALES et al., 1965; GrosE et al., 1965;
LoH et al., 1965; Mavor et al., 1965; MaYor and JorDAN, 1965; THOMAS and
DEraIn, 1965; MULLER et al., 1966). Although the measurements obtained from
the various studies differed somewhat, the data suggest that these differences
could be the result of the varying technical methods and were not necessarily
an indication of real differences between types or between strains of the same
type. The isolated virion was found to consist of an inner core and a capsid
and to be roughly hexagonal in profile. In the various investigations its average
diameter ranged from about 56 to 77 mu. The core, also hexagonal in profile,
had an average diameter ranging from 29 to 46 my. The capsid consisted of
an electron-dense inner layer and an outer layer of capsomeres. No envelope and
no filamentous forms have been described.

The structure of the outer layer of the capsid has been interpreted in two
different ways. In one interpretation, it was suggested that the outer layer
consists of 92 hollow columnar capsomeres arranged in the form of an icosahedron,
80 of the capsomeres being hexagonal in cross section and 12 being pentagonal
(JorDAN and MAYOR, 1962; VAsQUEz and ToURNIER, 1962; MaYoR et al., 1965).
In the other, it was suggested that the capsid contains 92 holes each surrounded
by either 5 or 6 truncated pyramids arranged in icosahedral symmetry (VAsQUuEz
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and TOURNIER, 1964). In this interpretation there would be 180 truncated pyra-
mids each roughly triangular in cross section.

Less information is available on the morphology of the virions of the sero-
types described from chickens. The average diameter of the virion of the 5 sero-
types ranged from 70 to 82 mu and the average diameter of the cores from 48 to
53 mu. The shape of the entire virion, the core, and the detailed morphology
of the capsid appeared similar to that described for reovirus types 1, 2, and 3
(KawaMURA et al., 1965).

2. Chemieal Composition

The chemical composition of reoviruses has been studied largely with strains
of types 1 and 3. There is no evidence that significant differences exist among
the reoviruses with respect to chemical composition and hence the data obtained
with different serotypes will be considered together.

The virion is estimated to have a molecular weight of about 70 million daltons
(molecular weight units) and apparently consists solely of protein and RNA
(GomaTos and Tamm, 1963a). The average buoyant density of purified whole
virus preparations ranges from 1.36 to 1.38 gm/ml (GomaTos and Tamwm, 1963 a;
MAYOR et al., 1965; Fouap and ENGLER, 1966). Reoviruses are resistant to the
action of ethyl ether (SaBin, 1959; RosEN et al., 1960a; KawaMuRaA et al., 1965) and
thus can be presumed to be devoid of peripheral structural lipids. Polysaccharides
were not detected in reovirus inclusions when the latter were stained by the
periodic acid — Schiff technique (DroUHET, 1960) and the absence of DNA in
reoviruses is indicated by a negative reaction of the inclusions with the Feulgen
stain (DrovHET, 1960; GomaTOs et al., 1962), a negative reaction of purified
virus with diphenylamine (GomaTos and Tamwu, 1963 a), and the lack of inhibition
of replication by 5-fluro-2’-deoxyuridine (FUDR), 5-bromo-2’-deoxyuridine
(BUDR), 5-iodo-2’-deoxyuridine (IUDR) and cytosine arabinoside (Gomaros
et al., 1962; KawaMURA et al., 1965; SiLacr, 1965; Lom and SoERGEL, 1967).

The capsid of reoviruses can be removed by digestion with trypsin and pepsin
and the latter enzyme also removes some material in the core of the virion,
suggesting that it also contains some protein material (BERNEARD and ToURNIER,
1962; DALES et al., 1965; Mayor et al., 1965). Ribonuclease and deoxyribonuclease
have no effect on the capsid. Since the capsid appears to consist of two distinet
layers which are not equally affected by various physical and chemical agents,
the presence of more than one type of protein is implied (DALES et al., 1965).

The virion contains an unusually large amount of RNA (at least 10 million
daltons) (Gomatos and Tamwm, 1963a; Mayor et al.,, 1965) as compared with
most RNA-containing viruses, and this RNA is further distinguished by the
fact that it has a double-helical configuration. This unusual configuration for
a virus RNA was originally suggested (Gomaros et al., 1962) by the yellow-
green staining of reovirus inclusion bodies by acridine orange — a reaction
previously considered characteristic of DNA. The double-helical structure was
confirmed by base composition analysis, thermal denaturation studies (GomaTos
and TammMm, 1963a, c), X-ray diffraction studies (LANGRIDGE and GomATOS,
1963; ArNOTT et al., 1966), and the width of the RNA as visualized by electron
microscopy (GoMATOS and STOECKENIUS, 1964; KLEINSCHMIDT et al., 1964).
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It has not been possible to extract infectious RNA from purified reoviruses
by techniques which have proven successful with picornaviruses (MAYOR et al.,
1965). It is hypothesized that this is the result of the difficulty of extracting
the double-helical reovirus RNA molecule(s) intact with currently available
procedures (GoMaTos and STOECKENTUS, 1964; KLEINSCHMIDT et al., 1964;
Mayogr et al., 1965).

3. Antigenic Composition

The reoviruses from both man and lower animals, with the exception of
those isolated from chickens, can be grouped by hemagglutination-inhibition
techniques in three serotypes which have been designated types 1, 2, and 3
(RoseN, 1960). Neutralization techniques can also be used for typing (SamIn,
1959; BEEBEHANI et al., 1966) but are technically more difficult and often yield
results less easy to interpret. Reovirus types 1, 2, and 3 share a common com-
plement-fixing antigen (SaBIN, 1959) but this property has not been investigated
in detail. In so far as they have been studied, types 1, 2, or 3 from humans are
indistinguishable by antigenic (or other) properties from strains isolated from
lower animals (RoSEN, 1962). Human volunteers infected experimentally with
a type 1 strain of bovine origin, and calves infected experimentally with each
of the three serotypes of human origin, exhibited antigenic responses similar
to those seen in natural infections (RoSEN and ABINANTI, 1960; KASEL et al.,
1963). Moreover, the calves transmitted their infection to another calf in contact
with them.

Hemagglutination-inhibition tests reveal antigenic relationships among all
three types, but types 1 and 2 appear to be more closely related to each other
than either is to type 3. Humans and lower animals infected with type 3 almost
always show only a homotypic hemagglutination-inhibition antibody response
whereas those infected with types 1 or 2 often develop hemagglutination-inhibi-
tion antibodies to the two heterotypic types (ROSEN et al., 1960a, b, 19634, b).
Strains of type 2 show the greatest antigenic variation. It has been suggested
(HARTLEY et al., 1962) that subtypes can be recognized within this serotype
but, since relatively few strains have been studied, it is uncertain that all strains
will fall into discrete subtypes. A reovirus strain (from cattle) which has been
proposed as a possible fourth serotype (Moscovict et al., 1961) is probably a
strain of type 2 (RosEx, 1962).

Reoviruses isolated from chickens have been classified by neutralization
tests in five serotypes designated ‘“Uchida”, TS ,;, CS gg, TS 4, and 08¢ (Ka-
wAMURA et al., 1965). Antigenic relationships among these types have been
demonstrated by neutralization, complement-fixation, and agar-gel diffusion
tests and by fluorescent-antibody studies (Kawamura and TsuBaHARA, 1966).
Antisera against the five chicken serotypes did not neutralize representative
strains of types 1, 2, or 3 (KaAwaMURA, personal communication).

4. Effects of Physical and Chemical Agents on Infectivity

Reoviruses are relatively resistant to inactivation by heat. One strain of
type 1 was found to have a half-life at 4°, 24°, and 37° C of 3.7 days, 2.0 days,
and 19 hours, respectively (RHIM et al., 1961). Another strain of type 1 dropped
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2 log units in titer at 36.5° C in 3 weeks and the same amount in titer at 56° C
in 30 minutes (HALONEN, 1961). A strain of type 3 was found to have a half-life
at 37°, 45°, 56° C of 157, 33 and 1.6 minutes, respectively (Gomaros et al., 1962).

Like enteroviruses, reoviruses are protected from loss of titer when heated
for 1 hour at 50° C in the presence of M MgCl, (WaLLis and MELNICK, 1962;
Kawamura et al., 1965). However, unlike enteroviruses, the infective titer of
two strains of type 1 was increased by heating in the presence of high concentra-
tions (0.25 M or more) of MgCl, (WaLLis et al., 1964). Other divalent cations
did not have a similar effect. The infectivity of the same strains was decreased
at certasn subzero temperatures in the presence of high concentrations of MgCl,
and other divalent cations (Wawrwris et al., 1964). The mechanism of this altered
response to temperature change is not known. It could not be attributed to
dispersion of virus particles by heat nor their aggregation by cold.

Strains of reovirus type 1 were found to be susceptible to inactivation by
visible light when photosensitized with the heterocyclic dyes, proflavine, neutral
red, and toluidine blue (HiaTt, 1960; WarLis and MELNICK, 1964). Enteroviruses
were not photosensitive under the same conditions. It is hypothesized that
these dyes penetrate the protein coat of the virion and are bound to the nucleic
acid.

The treatment of type 1 reovirus with proflavine in the absence of light
results either in the diminution or the complete suppression of the cytopathic
effect of the virus in cell cultures, depending on the concentration of dye employed
(ZaraN and LaBzorrsky, 1965). Furthermore, in cell cultures inoculated with
virus exposed to certain concentrations of proflavine, no cytopathic effect is
seen but the cells become resistant to infection with a wide variety of viruses
including reoviruses. Exposure of the virus to higher concentrations of proflavine
results in the inactivation of both cytopathic and interfering activity. It is not
clear from the description of the above experiments whether or not the effect
observed could have been influenced by visible light. Although it was stated
that the actual treatment of virus with proflavine was carried out with the
exclusion of light, no comment was made on whether or not measures were taken
to prevent the possible effect of visible light during subsequent manipulations.

Strains of reovirus type 1, 2, and 3 were inactivated by ultraviolet light
(RauTH, 1965; McCLAIN and SPENDLOVE, 1966) but were more resistant to
such inactivation than other RNA viruses which are known to possess single-
stranded nucleic acid. Since reoviruses were similar in sensitivity to certain
DNA viruses (which contain double-helical nucleic acid), it has been hypothesized
that their relative resistance was due, at least in part, to the double-helical nature
of their nucleic acid and that ultraviolet inactivation of viruses in general is
independent of the form of sugar in their nucleic acid (RAUTH, 1965).

Certain anomalous effects were observed after exposure of reovirus types
1, 2, and 3 to ultraviolet light, or to reovirus types 1 and 2 sensitized with pro-
flavine to visible light, which have been interpreted as evidence for the occurrence
of “multiplicity reactivation” (McCraiN and SPENDLOVE, 1966). The latter
is defined as the production of virus by a cell infected by two or more damaged
virus particles which individually are not capable of replicating.

Reovirus types 1 and 3 were not inactivated by exposure to a wide pH range
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(STANLEY et al., 1953; KETLER et al., 1962). Similarly, the five chicken serotypes
did not decrease in infectivity when exposed to a pH of 3.0 at 4° C for 24 hours
(Kawamura et al., 1965). At low pH levels, reovirus type 1 was not activated
at high temperatures nor inactivated at low temperatures in the presence of
MgCl, as described above (WALLIS et al., 1964).

Infectivity titers of some preparations of reovirus types 1, 2, and 3 were
increased by treatment with certain proteolytic enzymes (SPENDLOVE and
ScHAFFER, 1965). This effect was not additive to that produced by heating in
the presence of MgCl,. It is hypothesized that the effect of both heating in MgCl,
and of treatment with proteolytic enzymes is on potentially infectious particles
which make up a large part of the untreated virus preparation.

A strain of type 1 (SV,;) was inactivated in less than 96 bhours at 37° C by
1:4,000 formaldehyde (HuLr et al., 1956) and a strain of type 2 (SV;,) was
inactivated by the same concentration of formaldehyde at the end of 48 hours
(Huwn et al., 1958). The infectivity of reovirus types 1 and 2 was also reduced
by the sulfhydryl reagents para-chloromercuribenzoate (PCMB) and iodoacetamide
(ArLLisoX et al., 1962).

Reoviruses are relatively resistant to the commonly used germicidal agents. A
strain of type 3 was resistant to the action of penicillin, streptomycin and chlor-
tetracycline and survived exposure to 29, Lysol, 3%, formaldehyde solution,
1%, hydrogen peroxide or 19, phenol at room temperature for 1 bour. On the
other hand, it was completely inactivated by 70%, ethyl alcohol at room tempera-
ture for 1 hour or 3%, formaldehyde at 56° C for 30 minutes (STANLEY et al.,
1953, 1954).

V. Interaetion with Cells in vitro.

1. Host-cell Range and Assay of Infeetivity

Reovirus types 1, 2, and 3 replicate and produce cytopathic effects in a
remarkably wide variety of cell cultures. These include cultures derived from
a variety of domestic animals as well as those of primate origin (Hsruna, 1958;
Lenanan and WENNER, 1960). The cell culture which has been the most widely
used for the recovery of these reoviruses from nature is primary Macaca (rhesus)
monkey kidney. In addition, KB cells, HeLa cells, stable human amnion lines,
primary human kidney, primary Cercopithecus kidney, BS-C-1 cells (Cerco-
pithecus kidney line), and L cells (of murine origin), among others, have been
used in a variety of studies including those on viral replication described below.
There is evidence (MoCLAIN et al., 1967) that various types of cells differ in their
suitability for use in different types of experimental procedures but this point
has not been investigated in detail. It should be noted that reovirus type 1 is
often present in a ‘“latent” state in primary cultures of both Macaca and Cerco-
pithecus kidneys (HuiL et al., 1956, 1958; HurL and MiNNER, 1957 ; MALHERBE
and HARwIN, 1957; MALHERBE et al., 1963), but this has not been recognized
as a problem in most laboratory studies.

Strains of reovirus types 1, 2, and 3 produce satisfactory plaques on Macaca
kidney (REm and MELNICEK, 1961a, b), BS-C-1 cells (MoCrLAIN et al., 1967),
and L cells (FRANKLIN, 1961). Earlier difficulties in obtaining plaques with these
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viruses have been attributed to the inhibiting effect of the type of agar employed
(WarLis et al., 1962) and to neutral red and animal sera in the overlay medium
(REmv and MELNICK, 1961b). Improved plaquing is obtained by incorporating
pancreatin into the agar overlay (WALLIs et al., 1966). It has been shown (McCraix
et al., 1967) that plaquing efficiency is influenced by virus strain, type of cell
culture used in assay, and prior treatment of inocula with proteolytic enzymes.

In addition to plaque assay, an immunofluorescent cell count technique
can also be used for infectivity assays of reovirus types 1, 2, and 3 (SPENDLOVE
et al., 1963 b, 1964; McCLAIN et al., 1967). This technique has some advantages,
such as speed and applicability to virus strains which do not form satisfactory
plaques. It has the disadvantage that the cells and virus are killed in the course
of the procedure and thus cannot be used as a source of viral clones.

Reoviruses isolated from chickens replicate and produce cytopathic effects
in primary chicken kidney cell cultures (KawaMURA et al., 1965) and plaques
are also formed in this type of culture. None of the five chicken serotypes mul-
tiplied in swine kidney, guinea pig kidney, and bovine kidney or testis cell cultures
(KAWAMURA, personal communication).

2. Reproductive Cyele

Reoviruses have a relatively prolonged reproductive cycle as compared with
viruses containing single-stranded RNA and, unlike the latter, tend to remain
cell-associated. Since the reproductive cycle of reoviruses is similar in duration
to that of DNA viruses, it has been suggested that the relative length of the cycles
of both types of viruses is a function of the double-helical nucleic acid which
they possess. Reproductive cycles of types 1, 2, and 3 have been studied in several
different cell culture systems (RuHIM et al., 1961; Gomaros et al., 1962; SPEND-
LOVE et al., 1963 b; O1E et al., 1966) and the results can be summarized as follows.
Approximately 60—909%, of the virus was adsorbed to cells at 37° C within two
hours (if the amount adsorbed at four hours is considered equivalent to 1009).
The latent period ranged from 6 to 9 hours and the maximum yields were ob-
tained between 15 and 54 hours. At the time of maximum yield, only 7 to 539,
of virus was extracellular. The total yield of virus ranged from 225 to 2600 plaque-
forming units per cell. Although differences in reproductive characteristics
were noted among the various serotypes, and between strains of the same sero-
type in different cell culture systems, it is not clear if these differences were in
fact a function of these, or other, factors.

One study (SPENDLOVE et al., 1966) of a reovirus reproductive cycle utilized
the discovery that the titers of some reovirus preparations can be enhanced by
treatment with proteolytic enzymes (SPENDLOVE and ScHAFFER, 1965). In
this study, yields were characterized as enzymatically enhanceable virus (PIV)
or infectious virus (IV), i.e. virus detectable before enzyme treatment. It was
found that the latent period was shorter, the rate of synthesis more rapid, and
the total yield more than 10-fold greater, when PIV was compared with IV. Tt
also appeared that PIV was selectively released, and IV selectively retained by
cells, or alternatively, that the latter type of virus was more rapidly inactivated
by heat.
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3. Morphologic Aspects of Replication
a) Conventional Microscopy

The typical cytopathic effect of reovirus types 1, 2, and 3 in living unstained
cell cultures is difficult to describe but usually can be recognized with experience,
at least in Macaca kidney cells. It is different from that produced by most picorna-
viruses. Cells infected with reoviruses become granular and do not slough off
glass as readily as do cells infected with picornaviruses. Often, they remain
fastened to the glass by a single process and flutter in the medium as the tube
is moved during microscopic examination. The typical cytopathic effect is often
confused with non-specific cellular degeneration by inexperienced personnel.
When relatively small amounts of virus are inoculated, a typical cytopathic
effect sometimes is not seen before the cells actually do degenerate nonspecifi-
cally. Tt is reported that the cytopathic effects of these types appear sooner
when infected cell cultures are incubated on a roller drum (LERNER et al., 1962a)
but this has not been a consistent finding (RosEw, unpublished; REIM et al,
1965). Chicken kidney cell cultures infected with reoviruses from chickens first
show vacuolization of infected cells and then form syncytia (KAwAMURA et al.,
1965).

In conventional microscopy of stained cells of many types infected with
reovirus types 1, 2, and 3, single or multiple cytoplasmic inclusions of varying
sizes and forms, which stain red with hematoxylin and eosin and blue with
Giemsa, are seen in the perinuclear area (MALEERBE and HARWIN, 1957 ; DROUHET,
1958; SHAVER et al., 1958; Sasin, 1959; La Praca, 1962; Ruamm et al., 1962;
MaLHERBE et al.,, 1963). These are first seen about 6 hours after inoculation
and later appear to coalesce and fill the cytoplasm almost entirely, often forming
a partial or complete ring around the nucleus. No specific lesions have been
described in the nucleus. In cells infected with chicken reoviruses, small cyto-
plasmic inclusions which stain with both hematoxylin and eosin are seen 10 hours
after inoculation. Later, they enlarge, appear more basophilic, and are seen around
the congregated nuclei of syncytia (KawaMURA et al., 1965).

The location of viral antigen within cells infected with reovirus types 1,
2, and 3 has been studied extensively by the use of fluorescent antibody (DROUHET,
1960; Gomatos et al., 1962; Ruamm et al., 1962; SPENDLOVE et al., 1963a, b,
1964 ; Jonocas, 1964; O1g et al., 1966). Viral antigen can be detected in particulate
form in the cytoplasm as early as 4 hours post-inoculation, but usually appears
several hours later. The particles coalesce to form a reticulum-like structure
throughout the cytoplasm and, eventually, this reticulum is concentrated in
the perinuclear area. Thus, the viral antigen is seen to occupy the same part
of the cytoplasm as the inclusions seen by conventional staining. Viral antigen
was not detected in the nucleus. In the course of one of these studies, it was noted
(SPENDLOVE et al., 1963a) that viral antigen was localized in the areas occupied
by the spindles and centrioles in dividing cells and that such antigen was trans-
ferred to daughter cells. In cells infected in the presence of spindle poisons,
viral antigen developed in normal amounts but formed spherical globules rather
than a reticulum. Antimitotic agents which do not disrupt the mitotic spindle
had no effect on the arrangement of viral antigen (SPENDLOVE et al., 1964).

6.
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Cytochemical studies employing acridine orange have also been carried out
with cells infected with reovirus types 1, 2, and 3 (Gomaros et al., 1962; Rutm et
al., 1962; Mavor, 1965; Or1E et al., 1966). It was found that the cytoplasmic in-
clusions usually stain yellow-green, a reaction now believed to be indicative of the
presence of double-helical nucleic acid. This staining is not prevented by prior
treatment of the cells with deoxyribonuclease or ribonuclease. In some types
of cell cultures, the inclusions and the cytoplasmic area around them stain red
in the later stages of the reproductive cycle. The red staining is prevented by
prior treatment of the cells with ribonuclease but not by deoxyribonuclease. When
the red staining is prevented by ribonuclease, the inclusions stain green. No
indications of the presence of viral nucleic acid were seen in the nucleus. The
above staining reactions have been interpreted (Mavor, 1965) as indicative
of the presence of double-helical viral RNA (the type found in the mature virion)
in the inclusions throughout the reproductive cycle accompanied by the ap-
pearance of a single-stranded RNA of unknown function in the cytoplasm late
in the cycle.

b) Eleetron Microscopy

The morphologic aspects of the replication of reovirus types 1, 2, and 3 have
also been studied extensively by electron microscopy of ultrathin sections of
infected cells (TOURNIER and Prissier, 1960; HArFORD et al., 1962; La Praca,
1962; Rum et al., 1962; DaLes, 1963; DALES et al., 1965; MaYoRr and JORDAN,
1965; TroMAS and DELaiN, 1966a, b). It appears that the virion is taken into
the cell with its capsid intact. In one of these studies (DALES et al., 1965), in which
autoradiography was also employed, virions were seen singly within vacuoles
and in aggregations in larger inclusions within 2 hours after inoculation. Evidence
of digestion of the capsid in these inclusions was seen in cells 4 hours after in-
oculation. The intracellular release of labelled viral RNA from the inoculum
was highly asynchronous and it was not possible to trace the transfer of RNA
from the inclusions to the site of viral replication. Thus, there was no direct
evidence that the virions in the inclusions were the source of parental RNA.
However, the absence of intact virions, viral nucleoids, or labelled RNA in other
areas of the cytoplasm during the first few hours after inoculation suggested
that the parental RNA does come from this source. The later appearance of
labelled material at the sites of replication indicated that some inoculum RNA
passes to that region.

Vesicles form in infected cells in certain areas of the cytoplasm, mainly
in the perinuclear region, before the appearance of progeny virus (Mayor and
JorpaN, 1965). Later in the reproductive cycle, aggregates of virus particles
are seen in juxtaposition to, but not in, these vesicular regions. The virus matrices
apparently coalesce as the cycle progresses and sometime contain numerous
viral particles packed in “crystalline” arrays. These matrices correspond in
size and position to the inclusions seen by conventional microscopy. Both complete
virions, 60 to 75 my in diameter with an electron-dense central core, and empty
capsids are seen in the matrices. The matrices also contain long hollow structures
which have been identified (DALES, 1963) as the spindle tubules of the mitotic
apparatus. In some instances, these tubules are partially or completely surrounded
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by a coat of electron-dense material and virus particles are seen to be next to,
or embedded in, this coating substance. Studies with ferritin-conjugated antibody
suggest that the coating substance is antigenically related to reovirus protein
(DAvLEs et al., 1965). Treatment of cells with colchicine (a spindle poison) results
in the disappearance of the spindle tubules without affecting viral repﬁcation.
Specific changes were not detected in the nucleus by electron microscopy, but
a small amount of radioactive tracer material was detected there by autoradio-
graphy (DALES et al., 1965). The significance of the latter finding is unknown.

4. Chemieal Aspects of Replication

In L cells infected with reovirus type 3 or human amnion cells infected with
reovirus type 2, there is no inhibition of cellular DNA, RNA, or protein synthesis
until the time that progeny virus begins to form (about 8 hours after inoculation).
After that time, there is marked inhibition of DNA synthesis, some inhibition
of protein synthesis, but no detectable inhibition of RNA synthesis (GomaTos
and Tamum, 1963d; Kupo and Gramawm, 1965; Lon and SoERGEL, 1967).

Replication of reovirus type 3 in the L cell culture system is only temporarily
suppressed by exposure of the cells to streptovitacin A for two hours after virus
inoculation (DaAvrEs, 1965). This suggests that it is not necessary for the host
cell to synthesize protein at the time of inoculation in order to release RNA
from the virion, but rather, that the necessary lytic enzymes are already in the
cell prior to inoculation.

RNA synthesis of normal cells can be largely inhibited by a dosage of actino-
mycin D which does not affect reovirus replication (Kuvpo and Gramam, 1965;
SHATEIN, 1965a; LoE and SOERGEL, 1966) — although larger dosages do so
(GomaTos et al., 1962). Using appropriate dosages of actinomycin D, it has
been shown (Kupo and Gramam, 1965; SHATKIN and Rapa, 1967) that with
reovirus type 3 two types of virus-specific RNA are formed in infected cells
beginning about 6 hours after inoculation. One type is double-helical and ribo-
nuclease-resistant and thus resembles that in the mature virion. The other,
which is present in larger amounts, is single-stranded, ribonuclease-sensitive,
and may function as the virus messenger RNA (PrEvVeC and Gramam, 1966;
SEATKIN and Rapa, 1967). As noted above, both types of RNA also have been
observed in. viral inclusions by staining with acridine orange (Mavor, 1965),
but in that study the single-stranded form was seen only late in the reproductive
cycle. Production of both types of RNA requires protein synthesis 6 to 9 hours
after inoculation and there is evidence to suggest that the two types are synthe-
sized by different enzymes (Kupo and Gramam, 1966; SmaTrN and Rapa,
1967).

Although it was reported (GomaTos et al., 1964, 1965; Krue et al., 1965)
that reovirus RNA can serve as a template for both RNA and DNA polymerases
from Escherichia coli, it was subsequently shown (SEATRIN, 1965b) that this
finding was probably the result of the contamination of the reovirus RNA with
host cell DNA.

In addition to actinomyecin D, replication of reovirus type 8 is inhibited to
a greater or lesser degree by mitomycin C, 5,6-dibromo-1-8-D-ribofuranosyl-
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benzimidazole, tubericidin, and 4.aminopteroylglutamic acid (aminopterin)
(GomaTos et al., 1962; Acs et al., 1964). With a strain of reovirus type 2, a re-
latively high dose of actinomycin D inhibited the synthesis of viral RNA but
most of the infected cells continued to produce viral antigen (Lom and SOER-
6EL, 1965). The multiplication of all 3 reovirus serotypes was insensitive to
the inhibitory action of 2-(«x-hydroxybenzyl)-benzimidazole (HBB) (EGeErs
and Tamwu, 1961), and the multiplication of type 1 was insensitive to inhibition
by guanidine (RIGHTSEL et al., 1961).

5. Hemagglutination

A strain of simian origin (8V,,) was the first reovirus reported (HoiL et al.,
1956) to hemagglutinate and, as far as is known, all strains of reovirus types 1,
2, and 3 possess the property of agglutinating human erythrocytes. It is generally
more difficult to demonstrate agglutination of human erythrocytes (and to
obtain high-titered hemagglutinins) for strains of type 3, than for strains of types 1
and 2 (RosEN, 1960). Titers obtained with group A or AB erythrocytes are slightly
higher on the average for all three serotypes than those obtained with group B
or O (BRUBAKER et al., 1964). Reoviruses of all three serotypes agglutinate
human erythrocytes to the same titer at 4°, 23°, and 37° C and no effect of pH
is seen in the range from 6.0 to 8.0 (Harowew, 1961). Strains of type 3, but
not those of types 1 and 2, also agglutinate bovine erythrocytes at 4° C (EcGERS
et al., 1962). With a strain of reovirus type 3 and bovine erythrocytes, it was
found that one hemagglutinating unit corresponds to 6.2 x 108 plaque-forming
units (Gomartos and Tamwm, 1962). However, since coreless capsids, as well as
complete virions, apparently can hemagglutinate (Fouap and ENGLER, 1966),
it is obvious that the quantitative relationship between hemagglutination and
infectivity will vary depending on the proportion of the former type of particles
in the preparation tested. Reovirus hemagglutinins can be prepared in a variety
of cell cultures including both cell lines and cell strains (REm et al., 1965).
It has been reported (LERNER et al.,, 1962a) that higher hemagglutinin
titers are obtained in rolled cultures, but others (RosEw, unpublished; Rum
et al., 1965) have obtained equal or better results with stationary cultures. Reo-
virus hemagglutining are comparatively stable at temperatures ranging from
4° to 37° C but are rapidly inactivated at 56° C (HALoNEN, 1961 ; USMANKHOD-
zHAYEV and ZAKSTELSEAYA, 1964). Differences in thermostability were noted
among types 1, 2, and 3, but, since only a single strain of each type was examined,
it is not clear if the differences observed are characteristic of the various serotypes
or merely of the particular strains employed. The reoviruses isolated from chickens
do not agglutinate human or chicken erythrocytes at either 4° or 37° C (KAwAMURA
et al., 1965).

Treatment of human erythrocytes with Vibrio cholerae filtrate (RDE) has
no effect on their susceptibility to agglutination by reovirus types 1, 2, and 3
(GoLp¥reLp et al., 1957; Sarin, 1959; LERNER et al., 1963). RDE does render
bovine erythrocytes inagglutinable by reovirus type 3 (Gomaros and Tamm,
1962). However, two strains with differing properties in this respect were obtained
from a single isolate of reovirus type 3 (NEwLIN and McKEg, 1966). One of the
strains agglutinates only human erythrocytes, the other both human and bovine
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erythrocytes. The erythrocyte receptors for the strain which agglutinates only
human erythrocytes are not affected by RDE, whereas the receptors on both
human and bovine erythrocytes for the other strain are affected.

A great variety of both known chemical compounds and complex substances
of biologic origin have been tested for their effect on either the hemagglutinat-
ing ability of reoviruses or the susceptibility of erythrocytes to agglutination
by these viruses (DARDANONI and ZAFriro, 1958; BuokLAND, 1959, 1960; Go-
MATOS and Tamm, 1962; HavoneNn and Pymriva, 1962; ZAraw et al., 1962b;
Buckranp and TYRRELL, 1963; LERNER et al., 1963, 1965, 1966a, b; ScHMIDT
et al., 1964a, b, ¢; USMANKHODZHAYEV and ZARSTELSKAYA, 1964; Warris
et al., 1964; Gers and LerNER, 1965; RossEr et al., 1965; SPENDLOVE and
ScHAFFER, 1965; BENO and Epwarps, 1966). Some of these materials increase
hemagglutinin titers of virus preparations, some have no effect, and others
decrease hemagglutinin titers. Contradictory results are sometimes reported
by different laboratories (e.g. concerning the effect of proteolytic enzymes on
virus preparations). Interpretation of the data is difficult since the purity of
virus preparations employed and the conditions of treatment and testing varied
considerably. Some of the tests have demonstrated differences between the
hemagglutinating properties and erythroeyte receptors of reoviruses on the one
hand and those of other hemagglutinating viruses on the other. However, as yet,
it does not appear possible to interpret the data in a way which contributes
to an understanding of the nature of reoviruses themselves, the mechanism
of reovirus hemagglutination, or the reactions between reoviruses and cells in
general.

VI. Interaction with Organisms
1. Host Range

Reoviruses have an exceptionally wide host range. Aside from man, reo-
viruses have been recovered from naturally infected wild and laboratory mice
(types 2 and 3, respectively), dogs (type 1), cattle (types 1, 2, and 3), quokkas
(short-tailed wallabies, a marsupial [type 3]), Macaca monkeys (types 1 and 2),
Cercopithecus monkeys (type 1), chimpanzees (type 2), and chickens (5 chicken
serotypes) (Huiwn et al., 1956; Sasmv, 1960; HARTLEY et al., 1961; Cooxk, 1963;
Lovu and WENNER, 1963; MALHERBE et al., 1963; RosEN et al., 1963a; STANLEY
et al., 1964a; KawaMURaA et al., 1965; Massie and Smgaw, 1966).

It is also reported that reoviruses were isolated from blood of seven species
of wild birds and from pools of two species of culicine mosquitoes in New Zealand
(M1LEs et al., 1965) and from pools of two other species of culicine mosquitoes
in Western Australia (L. PARKER et al., 1965). All of these isolations were made
in suckling mice. Both of the isolates from Australia and four of nineteen isolates
from New Zealand (the only ones tested) were identified as type 3. The authors
of both reports were aware of the occurrence of reoviruses in laboratory mouse
colonies and the attempted re-isolations (in suckling mice) from the original
material were successful in most instances. However, so few details are given
in the original publications and the findings are of such potential importance,
that, in view of the common occurrence of reovirus type 3 in mouse colonies
(HARTLEY et al., 1961; Rowe et al., 1962; Coox, 1963), it cannot be considered
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as established that the isolates were indeed derived from the sources stated. Some
of the mosquitoes in each of the positive pools from Australia were known to
have been engorged, and hence it is possible that the isolates, if valid, were
derived from recently ingested blood. No information was given on the presence
or absence of engorged specimens in the ten positive mosquito pools from New
Zealand.

Hemagglutination-inhibition or neutralizing “antibodies” against reovirus
types 1, 2, or 3 have been reported in uninoculated trout, chickens, guinea pigs,
rabbits, cats, dogs, swine, sheep, bats, wallabies, kangaroos, quokkas and several
genera of New World monkeys (ROSEN, 1962; STaANLEY and LEAK, 1963 ; STANLEY
et al., 1964.a). It is not known if such. “antibodies” reflect actual previous infection
with these reoviruses, but it seems likely that most of those observed in mammals
and marsupials do.

The species of animals which have been infected experimentally with reovirus
types 1, 2, or 3 are mice (STANLEY et al., 1953 and many others — see below),
rats (STANLEY et al., 1953), hamsters (TmoMAs et al., 1965), guinea pigs (ROSEN,
1960), dogs (Lou and WENNER, 1963; Massie and SmAw, 1966; HOLZINGER
and GRIESEMER, 1966), Macaca monkeys (STANLEY et al., 1954; HULL et al,,
1956, 1958; WeNNER and Cmin, 1957), chimpanzees (SaBiN, 1960) and cattle
(RosEN and ABinawti, 1960; LamonTt, 1966; TrATNOR et al., 1966). The data
with respect to ferrets and rabbits are equivocal (Lou and WENNER, 1963),
although the latter species develops high antibody titers following a single intra.-
venous inoculation of virus.

No evidence of viral multiplication or long-term persistence was found in
Aedes aegypti mosquitoes fed on suckling mice with reovirus type 8 viremia or
directly on reovirus type 3 suspensions (SIMPsON et al., 1965). Virus persisted for a
number of days, but no evidence of multiplication was found, in Aedes australis
mosquitoes and Erythroneura zealandica leafhoppers inoculated intrathoracically
with an unspecified type of reovirus (MILES et al., 1965). Reovirus types 1, 2,
and 3 of human origin persisted for less than seven days in inoculated Agallia
constricta leafhoppers (STrREISSLE and RoseN, unpublished).

2. Pathology and Pathogenesis in Lower Animals
‘a) Mice

Spontaneous disease caused by reovirus type 3 has been observed in mice
in laboratory colonies (NELsoN and Corrins, 1961; Cooxk, 1963) and extensive
virologie, histologic, and cytologic studies of experimental infections with reo-
virus types 1, 2, and 3 have been carried out in the same species (STANLEY et al.,
1953, 1954, 1964b, 1966; vaN ToNGEREN, 1957; WALTERS et al., 1963, 1965;
NELsoN, 1964; Hassax et al., 1965; HosBs and MascoLr, 1965; JENSON et al.,
1965; PapapmMrTRIOU, 1965, 1966; HASHIMI et al., 1966; Hassax and CocBRAN,
1966; Joskz et al., 1966; KuxDIN et al., 1966; KN, 1967).

Spontaneous disease has been observed primarily in suckling mice. The
signs observed included diarrhea, oily hair (probably due to an excess of fat
in the feces), retardation of growth, and jaundice. At autopsy, the mice had
yellow necrotic areas in the liver and enlarged protruding gall bladders. Jaundice
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and necrotic areas in the liver were also observed in some adult mice in contact
with affected sucklings.

Suckling mice experimentally infected with a reovirus type 3 strain originally
isolated in mice (STANLEY et al., 1953, 1954, 1964b; WaLTERS et al., 1963;
JoskE et al., 1966) showed jaundice, steatorrhea, oily hair, retardation of growth,
emaciation, signs of central nervous system disease, and in later stages, alopecia.
The signs were at their height between 8 and 15 days after inoculation and, while
a majority of the animals died, some survived and continued to show signs of
disease for many months. At autopsy, the liver was enlarged and showed small
circular yellow lesions. A bile-stained or hemorrhagic peritoneal exudate was
frequently present and some animals had small gray lesions on the heart and
hemorrhagic lesions in the lungs. Microscopically, the principal lesions were in
the liver, central nervous system, and the pancreas. Lesser lesions were observed
in salivary glands, the heart, lungs, and skeletal muscle. The pathologic picture
was one of focal parenchymal degeneration and necrosis associated with mild
inflammation. Splenic atrophy was observed in about one-half the mice which
survived for more than one year. Microscopically, follicular atrophy and fibrosis
were seen in the atrophic spleens.

In one laboratory (WALTERS et al., 1965), suckling mice infected with strains
of reovirus types 1 and 2 reacted similarly to those infected with the type 3
strain except that a lower percentage of mice showed clinical evidence of in-
fection. Gross lesions in the liver and heart were similar to those seen in type 3
infections, but less frequent. Microscopically, cardiac and pulmonary lesions
were more, and central nervous system lesions less, prominent. Necrosis of brown
fat was observed in type 1 infections — a finding also reported in experimental
murine infections with an unknown type of reovirus (vaw ToNGEREN, 1957).
After several serial passages in suckling mice, both the type 1 and the type 2
strains produced a more severe disease in suckling mice. In another laboratory
(Hassax et al., 1965; JENSON et al., 1965) all suckling mice inoculated with a
different strain of type 1 died 5 to 12 days after inoculation of myocarditis or
encephalitis. Because of differences in strains, passage history, routes of in-
oculation and dosages, it is not known if the differences observed within and
among the serotypes with respect to severity and character of clinical mani-
festations were characteristic of the particular strains or serotypes, or, were the
result of other variables.

Electron microscopy has been used to study the brain (JENSON et al., 1965)
and heart (FHAssaw et al.,, 1965) of suckling mice infected with reovirus type 1
and the liver (PaPADDMITRIOU, 1965) of mice infected with type 3. In all three
studies aggregates of virus particles, similar to those seen in infected cells in
vitro, were seen in the cytoplasm of affected cells. The viral particles were some-
times in “crystalline” arrays and, again as in cells sn vitro, both complete virions
and empty capsids were seen. Cytoplasmic inclusions, also similar to those seen
in vitro, were noted by conventional microscopy in the studies of the brain and
heart.

In one study of suckling mice experimentally infected with reovirus type
3, virus titers reached their peak in the liver on the fourth day after infection
and in the brain on the eighth or ninth day (STaNLEY et al., 1953). This virus
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could also be isolated from the feces and from blood of mice early in the course
of experimental infection (STANLEY et al., 1954) and from the brain as late as
70 days afterwards (STANLEY et al., 1964b). In experimental infections with
type 1, virus could be isolated from the blood at an early stage of infection but
reached its peak in the heart and brain at 3 and 6 days, respectively (Hassax
et al., 1965; JENsoN et al., 1965). In long-term experimental infections with
types 1 and 2, virus was recovered from the brain at 42 and 35 days after in-
fection, respectively (WALTERS et al., 1965). For all three serotypes, specific
hemagglutination-inhibition antibody was observed in almost every experimental
animal tested at an appropriate time in the course of infection.

Evidence in favor of the specificity of reovirus hemagglutination-inhibition
antibody in mice (especially with respect to type 3) has been provided by the
demonstration of the simultaneous but transitory appearance of complement-
fixing antibody in a series of animals followed for a number of months (PARKER
et al., 1966) and the absence of reovirus hemagglutination-inhibition antibody
in germfree mice (J. C. PARKER et al., 1965).

Although weanling mice usually show no signs of infection following oral,
intraperitoneal, intracerebral, or subcutaneous routes of inoculation with reo-
viruses (STANLEY et al., 1953; NELsoN, 1964; KreiN, 1967), clinical respiratory
disease and death in weanling mice has been described (HoBBs and Mascowr,
1965) following intranasal inoculation under ether anesthesia of reovirus types 1,
2, and 3. Since adequate controls were not employed, it is not clear if the pathology
observed was due to reovirus infection alone or to an aspiration pneumonia,
or to both. Virus was recovered both from the lungs of mice which became sick
and from those of mice which remained well. In other experiments (NELSON,
1964), reovirus type 3 was recovered from liver, brain, blood, intestinal washings
and peritoneal washings of weanling mice one week after inoculation, and from
peritoneal washings as long as 18 weeks afterwards.

Extensive virologic, serologic, and histologic studies have been carried out
(Hasam et al., 1966) on mice born of mothers inoculated intraperitoneally
at various times during gestation with reovirus type 2. The data are difficult
to interpret since it is not known when the observed mice became infected. Although
the authors assumed that all mice became infected in utero at the time that
their mothers were inoculated, it is also possible that at least some mice became
infected at a later time — even postpartum. About one-fourth of the mice became
ill within two weeks of birth and one-half of the total number in the next three
weeks. Homotypic hemagglutination-inhibition antibody was found in most
mice tested at three weeks postpartum, but not in ten apparently well mice
tested at three months of age. It was concluded that antibody observed in the
younger mice was passively acquired maternal antibody and that the absence
of antibody in the older animals indicated the establishment of tolerant infection
with immune paralysis. However, this conclusion cannot be accepted without
further evidence since it was not shown that the ten negative mice had been
infected. Apparently, no attempt was made to isolate virus from these animals
and no information was given on whether or not they had been ill at any time
prior to the time that they were killed. Tt is possible that they were well because
they had escaped infection.
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In another study (Hassan and CocHRAN, 1966), pregnant mice were inoculated
with reovirus type 1 at various times during pregnancy and their uteri examined
at 18 days of gestation for the presence of resorption sites and abnormal fe-
tuses. It was found that there was a higher prevalence of fetal resorption, fetal
death, and gross malformation in these mice as compared with mice inoculated
with a poliomyelitis virus or control cell culture fluid.

Reoviruses have been recovered from a variety of ascites tumors and leukemias
which were being passed in mice (BENNETTE, 1960; NELsON and TARNOWSKI,
1960; HARTLEY et al., 1961; Taomas et al.,, 1965) but, with the one exception
discussed below, it has not been suggested that reoviruses are etiologic agents
of neoplasms in these animals. In fact, in two instances (BENNETTE, 1960;
NEersoN and TARNROWSKI, 1960), reoviruses were detected because they some-
times destroyed the ascites tumors with which they were associated, and reoviruses
have been used in laboratory experiments to render mice resistant to such tumors
(Krev, 1967). In all instances where typing has been attempted, reoviruses
isolated from neoplasms in laboratory mice have been identified as type 3.

In one instance (STANLEY et al., 1966), a lymphatous neoplasm was produced
in suckling mice by the passage of spleen cells from a mouse inoculated 9 months
previously with reovirus type 3. This tumor could be reproduced by further
intraperitoneal passage of intact cells to suckling and adult mice (KEasT and
StanLEY, 1966). Electron microscopy (Papapmvrrriou, 1966) failed to reveal
the presence of reovirus-like particles in the tumor cells and no virus could be
demonstrated in tests for infectivity (KeasT and Stanrey, 1966). It is reported
that this mouse tumor shows a close relationship to Burkitt’s lymphoma of
man (see below) with respect to its anatomical distribution, its appearance by
conventional and electron microscopy, and the properties of its cells in culture
(JoskE et al., 1966). It has been hypothesized (STANLEY and WavrTrrs, 1966)
that the tumor was caused by reovirus type 3 but that the tumor cells contain
only the non-infectious genome of this virus. The evidence advanced (STANLEY,
1966Db) for the latter point is that the tumor cells contain an antigen which reacts
as a specific reovirus type 3 antigen in complement-fixation tests. Data to sub-
stantiate the specificity of the reaction, and to demonstrate the absence of com-
plete virus from tumor cell antigen, have not as yet been published.

b) Primates Other Than Man

An outbreak of upper respiratory disease apparently caused by reovirus
type 2 was observed among chimpanzees housed in a laboratory (SaBin, 1960).
The same syndrome was reproduced by nasal instillation of cell-culture-grown
virus into chimpanzees without antibody. In these animals, virus was recovered
from nasal secretions and, in greater concentration, from the feces for as long
as two weeks. Both the naturally and the experimentally infected animals deve-
loped antibody. Reovirus type 2 has also been recovered from the lung of a Macaca
monkey which died with an interstitial pneumonitis acquired in captivity (N. G.
RocEeRs, personal communication; Houry et al., 1956).

Hepatitis was observed in a Macaca monkey experimentally infected by
the oral route with reovirus type 3 (STANLEY et al., 1954), and neuronal de-
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generation, meningitis, and necrosis of the choroid plexus was seen in the same
genus inoculated intracerebrally or intramuscularly with types 1 and 2 (HuiL
et al., 1956, 1958; WENNER and CHIN, 1957). Reoviruses have been recovered
from the feces of Macaca (HuLL et al., 1958) and Cercopithecus (MALHERBE
et al., 1963) monkeys held in captivity and also from the mouth of the latter
genus. Reovirus types 1 and 3 have also been recovered from the blood of ex-
perimentally infected Macaca monkeys (STANLEY et al., 1954; Lov and WENNER,
1963).

Reovirus type 1 is commonly isolated from uninoculated cultures of cells
from the kidneys of Macace (HuoLL and MINNER, 1957) and Cercopithecus (MaL-
HERBE et al., 1963) monkeys under conditions which suggest that, at least in
some instances, the viruses originated in the cells themselves and were not
introduced into the cultures from other sources.

¢) Cattle

Naturally acquired disease caused by reoviruses has not been reported in
cattle, but a mild respiratory illness has been produced in calves experimentally
inoculated with a strain of reovirus type 1 of human origin (TRAINOR et al.,
1966). In other experiments (LaMoNT, 1966), no clinical signs were seen following
experimental infection of calves with a bovine strain of reovirus type 1 but
macroscopic and microscopic signs of interstitial pneumonia were found when
the animals were killed.

Reoviruses of all three types may be detected in the feces of naturally and
experimentally infected cattle (RosEx and ABinawTI, 1960; Moscovict et al.,
1961; RosEN et al., 1963a) for as long as one month, although they are usually
present for shorter periods of time. Reoviruses have also been recovered from
nasal and conjunctival swabs of experimentally infected animals, as well as
from their blood, lungs, and lymph nodes (RosEN and ABINANTI, 1960; LAMONT,
1966; Traivor et al., 1966). Both naturally and experimentally infected cattle
regularly develop homologous (and sometimes heterologous) hemagglutination-
inhibition antibody. Passively acquired maternal antibody does not appear to
protect cattle from infection under natural conditions (RosEN et al., 1963a).

d) Dogs

Reovirus type 1 was recovered from the pharyngeal wall and lung of a dog
which died with a naturally acquired interstitial pneumonitis (Lou and WENNER,
1963), and from nasal or rectal swabs of four dogs with naturally acquired non-fatal
respiratory disease (Massie and Smaw, 1966). In two laboratories (Lou and
WEeNNER, 1963; Massie and Smaw, 1966), experimental infection of puppies
with type 1 strains of canine origin resulted in the appearance of respiratory
illness in all inoculated animals, whereas in another (HorLzINGER and GRIESEMER,
1966), all animals remained well. Interstitial pneumonitis and bronchopneumonia
were observed in one group of experimental animals (Louv and WENNER, 1963)
and cytoplasmic inclusions were seen in the epithelial cells of the bronchial
mucosa of both these animals and the one which died with naturally acquired
disease. In experimental animals, virus was recovered on one or more occasions
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from nasal and throat swabs, pharyngeal wall, lung, liver, spleen, and blood
(Lou and WENNER, 1963; Massie and SHaw, 1966; HoLziNnGER and GRIESEMER,
1966). All experimentally infected animals tested at appropriate times were found
to have developed homotypic antibody.

e) Other Animalg

Naturally occurring disease caused by reoviruses has not been reported from
animals other than those mentioned above, but experimentally induced disease
has been described in two other species, namely suckling rats (STaNLEY et al.,
1953) and suckling hamsters (THOMAS et al., 1965). Although no clinical or
pathologic manifestations were noted, virus was recovered from the feces of
experimentally infected guinea pigs (RosEN, unpublished) and from the blood
of an experimentally infected rabbit (LoUu and WENNER, 1963).

No clinical signs were seen in chickens inoculated orally or intravenously
with the “Uchida”, TS,,, or C8,,4 chicken serotypes (KAwAMURA, personal com-
munication). All chicken serotypes produce pocks on the chorio-allantoic mem-
brane of embryonated chicken eggs (KawaMuRra et al., 1965). Seven-day-old
eggs are killed by these viruses whether inoculated on the chorio-allantoic mem-
brane or by the yolk-sac or allantoic-cavity routes. Reovirus type 3 has also
been shown to multiply on the chorio-allantoic membrane of embryonated chicken
eggs, but without causing death of the embryo (STANLEY et al.,, 1954). Most
chicken reoviruses have been recovered from rectal contents or rectal swabs,
but on two occasions such viruses were obtained from the trachea (KawaMura
et al., 1965).

3. Clinical Manifestations, Pathology, and Pathogenesis in Man

The importance of reoviruses as etiologic agents of human disease is still
largely unknown. It is obvious that most infections are inapparent or only mildly
symptomatic. As judged by serologic surveys (BrRicouT et al., 1965; Rurz-GomEz
et al., 1965; ScEMIDT et al.,, 1965; Tavror-RosINsoN, 1965; BrowN and
TavLOR-ROBINSON, 1966; Leers and Rozer, 1966; Tora and HonTy, 1966),
human infection with reovirus types 1, 2, and 3 is so common on a world-wide
basis that considerable caution must be exercised in attributing an etiologic
role to reovirus infections found coinciding in time with various clinical mani-
festations. The only observed outbreaks of reovirus infection in humans have
occurred in institutions for children (Rosex et al., 1960a,b; MorRONE et al.,
1964; STRUTSOVSKAYA et al., 1965) where the prevalence of other microbial
agents (BrLL et al., 1961) makes it difficult to assess the role of reoviruses
as causative factors in the symptomatology observed.

Reovirus isolations have been described from three patients with fatal disease.
In one instance, reoviruses were reportedly recovered from two antemortem
spinal fluid specimens and from a pool of brain and spinal cord at autopsy from
an adult female who died with a disseminated encephalomyelitis (KRAINER
and ARrONSON, 1959). However, it was not demonstrated conclusively that the
viruses were derived from the patient rather than from the test animals, or,
that they were reoviruses. The second fatality was a ten-month-old female
child who died with an interstitial pneumonitis, myocarditis, hepatitis, and ence-
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phalitis (JosgE et al., 1964). Two strains of reovirus type 1 were isolated in
cell culture, one from feces obtained before death and the other from the brain
at autopsy. The third fatality was a five-year-old female child who died with a
bronchopneumonia (TrLrorson and LERNER, 1966). Reovirus type 3 was isolated
in cell culture from blood, lung, brain, heart, liver, spleen, kidney, adrenal,
and lymph node tissue at autopsy. The similarity of the pathologic findings
in the latter two cases to those observed in some experimental animals suggest
that reoviruses may occasionally cause fatal disease in man.

Concurrent reovirus infection with types 1, 2, or 3 has been demonstrated
in children with a great variety of non-fatal illnesses. Clinical manifestations
observed include fever, upper and lower tract respiratory disease, gastrointestinal
disease, steatorrhea, exanthems, central nervous system disease, and hepatitis
(STANLEY et al., 1953; SaBIN, 1956; van TONGEREN, 1957; RAMOS-ALVAREZ
and SaBIN, 1958; ROSEN et al., 1960a, b; STANLEY, 1961b; LERNER et al.,
1962b; Zarax et al., 1962a; Er Rar and Evans, 1963; KELEN et al.,, 1963;
JOSKE et al., 1964; STRUTSOVSKAYA et al., 1965; TURPIN et al., 1965; FANDRE
et al., 1966). It does not appear possible at present to determine with any
degree of certainty if any of the above illnesses were caused by reoviruses and,
consequently, if there are differences in clinical manifestations among the
various serotypes. However, in view of the data from the infection of ex-
perimental animals, it seems reasonable to suspect that at least some of the
clinical manifestations mentioned above, and especially diarrhea and steatorrhea,
can indeed be induced by reoviruses.

Reovirus type 1 was isolated from a nasal secretion obtained from an adult
with a “common cold” (JAckson et al.,, 1962). When this secretion was used
to inoculate adult human volunteers, suggestive, but not conclusive, evidence
was obtained that the reovirus type 1 in the secretion produced “common colds”
in the volunteers. Essentially no illness was produced when the same strain
of virus was given to 32 additional volunteers after a number of cell culture
passages. Most of the volunteers developed serologic evidence of infection. Si-
milarly, when cell-culture-grown strains of reovirus types 1, 2, or 3 were given
to 27 adult volunteers, no illnesses which could be definitely attributed to the
inocula were observed (ROSEN et al., 1963b) even though most of the subjects
showed virologic and serologic evidence of infection. Neither virologic nor sero-
logic evidence of reovirus infection has been found in a significant proportion
of subjects surveyed in studies of upper and lower respiratory tract disease
in adults (CHANOCK et al., 1965).

Reoviruses are most commonly recovered from the feces of man, although
recovery from the nose or throat is not rare. In longitudinal studies of both
naturally and experimentally infected humans (Rosex et al., 1960a,b, 1963b),
reoviruses were recovered much. less readily from throat than from rectal swabs.
No isolates have been obtained from urine. A four-fold or greater rise in homologous
hemagglutination-inhibition antibody has been detected in practically all natural
or experimental infections from which appropriate specimens have been avail-
able. Individuals with type 3 infections almost always show only a homotypic
response, whereas those with type 1 or 2 infections often develop heterotypic
antibody (RosEN et al., 1960a, b, 1963b; KAsEL et al., 1963). Hemagglutination-
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inhibition antibodies are present 21 days after experimental infection in man
and may appear earlier. They can be detected for at least one year after natural
infection and probably persist much longer.

Reovirus type 3 has been recovered (BrLL et al., 1964, 1966) from tumor
biopsies from 7 of 31 African patients with Burkitt’s lymphoma (Burxrrr,
1962). The conditions of virus isolation were such that there seems little doubt
that the reoviruses actually were derived from the tumors themselves. However,
because of the prevalence and ubiquity of reovirus infections in man, and the
known occurrence of reovirus type 3 as a “passenger’ agent in mouse tumors,
it is difficult to assess the significance of this finding. Obviously, it would be
desirable to attempt to isolate viruses by the same methods from the lymphatic
tissue of persons who did not have lymphomas but who were matched with
lymphoma patients with respect to age, residence, and other factors. Reovirus
type 3 was isolated from a normal lymph node as well as from the tumor of one
of the lymphoma patients referred to above.

Because of certain epidemiologic characteristics, it has been suggested that
Burkitt’s lymphoma may be caused by a virus transmitted by arthropods (see
Burkrrr, 1962). In view of the virus isolations mentioned above, the reports
of the isolation of reovirus type 3 from mosquitoes (MILES et al., 1965; L. PARKER
et al., 1965), and the alleged similarity of the lymphoma derived from mice
inoculated with reovirus type 3 to Burkitt’s lymphoma (Josge et al., 1966),
it has been further hypothesized (StaNLEY, 1966a) that Burkitt’s lymphoma
in Africa is the result of reovirus type 3 infection transmitted to man by mos-
quitoes from a vertebrate host. This hypothesis is, as yet, unconvincing since
each of the observations on which it is based is of uncertain significance.

4, Detection of Infection by Virus Isolation and Serology

Technical aspects of methods for reovirus isolation, identification and serology
have been described in detail elsewhere (ROSEN, 1964). This discussion will
be limited to general principles and possible sources of error. A few strains of
reoviruses have been isolated directly in suckling mice (STANLEY et al., 1953;
vAN TONGEREN, 1957; LERNER et al, 1962b), but most have been recovered
by the use of cell culture techniques, and the latter are generally considered
more sensitive. Macaca kidney cell cultures have been the system most widely
employed for isolation of reovirus types 1, 2, and 3 and can be considered the
system of choice at present. Because of the prevalence of reovirus antibodies
in mammalian sera, it is important that the maintenance medium of cell cultures
be free of such components. It should also be borne in mind that evidence of
endemic infection with reovirus type 3 has been found in most colonies of la-
boratory mice, and that reovirus type 1 can often be recovered from uninoculated
Macaca kidney cell cultures maintained for long periods of time. Thus far, reo-
viruses have not been isolated from uninoculated human embryonic kidney cell
cultures, and this is the system of choice when particularly important specimens
are to be tested. The use of chicken kidney cell cultures is the only presently
known method of isolating chicken reoviruses.

Since the cytopathic effect of reoviruses is slow in appearing when small
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amounts of virus are inoculated, a “blind” passage is important if one wishes
to avoid missing some positive specimens. Although it has been claimed (LERNER
et al., 1962a) that this procedure is not necessary when cultures are rolled,
experimental data were not presented to substantiate this conclusion. It may
be possible to concentrate reovirus type 3 from specimens containing small
amounts of virus in a large volume by adsorption to bovine erythrocytes at
4° C (GiBBS and CLIVER, 1965).

Reovirus types 1, 2, and 3 usually can be distinguished from other groups
of viruses by the nature of their cytopathic effect in unstained cultures. They
are definitively identified and typed by hemagglutination-inhibition techniques
using specially prepared or selected type-specific antisera (Rosexn, 1960; BrH-
BEHANI et al.,, 1966). Although difficulty is occasionally encountered in de-
monstrating agglutination of human erythrocytes by some reovirus preparations,
especially with strains of type 3, reports of the absence of this property in particular
strains have not been confirmed.

Most serologic investigations involving reovirus types 1, 2, and 3 have em-
ployed hemagglutination-inhibition tests. Not only is this procedure simpler
in general than either the neutralization or the complement-fixation test, but
the latter two procedures are also less satisfactory in this case for the following
reasons. In the neutralization test, a relatively large amount of test virus is
required in order to obtain a cytopathic effect before the cell cultures degenerate
spontaneously. Consequently, small amounts of antibody are difficult to detect. In
the complement-fixation test, it is mot possible to detect complement-fixing
antibodies in many post-infection sera. In other words, both tests are less sen-
sitive than the hemagglutination-inhibition test. When complement-fixing
antibodies are present, they are apparently group- rather than type-specific
(SaBIN, 1959). Since reovirus antibodies are very common in sera of all types,
it is essential that paired sera be employed for diagnostic purposes. Because
of the antigenic heterogeneity of type 2 strains, it may be necessary to employ
more than one antigen for serologic tests with this type. If available, an antigen
prepared from a homologous isolate would be the most satisfactory. This procedure
has not been found to be necessary for types 1 or 3.

A micro-neutralization test has been developed (ScEmipT et al.,, 1966) for
reoviruses which is said to be more specific than the hemagglutination-inhibition
test with animal sera. This conclusion was based on the observation that no
neutralizing antibody was found in some sera which had hemagglutination-
inhibition antibody. However, it is also possible to interpret the data as indicating
that the neutralization is less sensitive than the hemagglutination-inhibition test.

VIL Interaction with Groups of Organisms (Epidemiology)

Perhaps the most striking aspect of the epidemiology of reoviruses is that,
with the exception of the chicken serotypes, strains which have been recovered
from a wide variety of lower animals are indistinguishable from each other
and from those which have been isolated from man (RoseN, 1962). While it is
not unusual for a few species to share identical viruses, or for many species to
share related viruses (e.g. adenoviruses), the situation with respect to reoviruses
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is unique. The occurrence of identical viruses in different species naturally suggests
the possibility of transmission from one species to another in nature. Although,
such transmission has not been demonstrated, it is almost inconceivable that
it does not occur on occasion. In view of the similarities of certain leafhopper-
borne viruses affecting plants to reoviruses and the great variety of such agents
known, it is tempting to speculate that plant or non-bloodsucking insect hosts
of reoviruses may also exist.

There is considerable evidence that the epidemiology of reovirus types 1,
2, and 3 is not identical. For example, although reovirus type 3 is apparently
very prevalent in mouse colonies (ROWE et al., 1962) types 1 and 2 have never
been recovered from such animals — although the latter type has been isolated
from wild mice. Similarly, in all instances where typing has been attempted,
reoviruses isolated from uninoculated Macaca or Cercopithecus kidney cell cultures
have been identified as type 1. On the other hand, all three types have been
recovered from cattle. There are no data to suggest that any particular serotype
is more or less prevalent than another in any particular geographic area.

It appears that reovirus infections are usually acquired relatively early
in life. Thus, most strains isolated from humans have come from children and
in a longitudinal study of three dairy herds (RosEN et al., 1963a) almost every
calf was infected with at least one serotype by the age of one year.

Reoviruses are found most frequently in the feces of naturally infected lower
animals and man, and it is logical to suspect that the primary means of transmission
is by the fecal-oral route. Of course, in view of the known respiratory mani-
festations of reovirus infections, transmission to or from the respiratory tract
may occur, but evidence to this effect is lacking. Despite the possible recovery
of reoviruses from mosquitoes, there is no evidence as yet to suggest transmission
by an arthropod vector. There is also no evidence for transplacental transmission
under natural conditions.

Outbreaks of infection with reovirus types 1, 2, and 3 in institutions for
children have occurred in late summer, fall, and winter (RoseN et al., 1960a, b;
STRUTSOVSKAYA et al.,, 1965). In one community study (GELFAND, 1959), most
reovirus isolates were obtained in the winter, whereas in another (GELFAND
et al., 1963), most were obtained in the summer and fall. In a longitudinal study
of dairy cattle (RosSEX et al., 1963a) most reovirus infections occurred in the
fall and winter. It is also of interest to note that the recovery of reovirus type 1
from uninoculated Macaca kidney cell cultures occurred commonly only in
winter (January, February, and March) of two successive years (Hurr and
MiINNER, 1957).
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