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The pathogenesis of arenavirus infection is considered separately for the haemorrhagic
fever (HF) syndrome and for lymphocytic choriomeningitis (LCM) virus infection of
rodents. Experimental models ofHF have received only limited study, mainly because of the
virulence of the causal agents. Two useful models (Junin virus in guinea-pigs and Machupo
virus in rhesus monkeys) are now available and an attempt is made to delineate crucial
questions for future studies, including the physiology of shock, disseminated intravascular
coagulation, immune mediation of disease, efficacy of antibody in treatment, and relative
utility of attenuated and inactivated vaccines. Immunobiologic problems currently under
investigation in LCM virus infection include the mechanism of immune destruction of
infected tissues, the H-2 restriction of in vitro T-cell-mediated lysis of infected target cells,
the transient immunodepression that accompanies acute primary LCM virus infection, and
the mechanism of T-cell-mediated clearance of virusfrom infected tissues following adoptive
immunization ofpersistently infected carrier mice.

INTRODUCTION

The pathogenesis of arenavirus infection has at-
tracted investigators for many years because it pre-
sented a number of provocative phenomena of wide
biological interest. Most workers have utilized lym-
phocytic choriomeningitis (LCM) virus, which is not
only the prototype-until recently it was the only
member of the arenavirus group-but is also an
agent that is relatively innocuous and conveniently
studied in laboratory rodents. Many of the recent
immunological studies of LCM virus have been
summarized by other contributors to this Sym-
posium (1-5), while earlier work has been described
by Lehmann-Grube (6, 7).

Other papers presented at this Symposium have
been concerned with the pathogenesis of Argentinian
haemorrhagic fever (AHF), Bolivian haemorrhagic
fever (BHF), and Lassa fever (LF). These more
recently recognized arenavirus diseases have given
significant public health importance to the group.
Furthermore, our understanding of the genesis of the
haemorrhagic fevers (HF) is relatively primitive,
largely because their very virulence has severely
limited studies of these agents. As a corollary,
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there is an immediate and pressing need for an
analysis of the pathogenesis upon which to base a
rational approach to treatment and prevention.
One implicit goal of this Symposium was to bring

together two coteries of workers, those concerned
with LCM virus and those concerned with the HF
viruses, in the hope that knowledge of the immuno-
biology of LCM virus could be optimally applied to
investigations of HF. In furtherance of this end, the
present summary will give priority to HF and will
then turn to LCM.

HAEMORRHAGIC FEVER

Disease in man

The clinical features of AHF, BHF, and LF have
been described in some detail (7-11) and may be
briefly recapitulated: Following an incubation pe-
riod of 1-2 weeks, there is an insidious onset of
nonspecific signs and symptoms, particularly fever
(high and constant); malaise and lassitude; head-
ache, abdominal and muscle pain; pharyngitis; loss
of appetite, vomiting, and diarrhoea; and leuko-
penia. Neurological signs are of variable severity and
include tremors, dysphagia, and convulsions. Severe
cases, towards the end of the first week of illness,
show haemoconcentration and narrowing of pulse
pressure, progressing to full-blown shock; advanced
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shock often fails to respond to intravenous fluids or
vasopressor drugs, and death follows shortly.
Haemorrhagic phenomena include petechiae and
minor bleeding from mucous membranes or the
gastrointestinal tract, but blood loss is never so
severe as to account for the shock syndrome. Op-
timal hospital management of early shock appears to
improve the prognosis, so that fatality rates can vary
from 10% to 50%. The life-threatening period of
shock generally lasts only 2-4 days and surviving
patients usually recover completely.

Probably the two most important generalizations
that emerge from these clinical studies are: (a) the
three examples of HF represent essentially a single
disease, from which it follows that any experimental
model that accurately mimics a specific HF can be
used to derive information relevant to AHF, BHF,
and LF; (b) in fatal cases of HF, death appears to be
due to a constellation of pathophysiological events,
of which shock is a central feature. From this it
follows that any meaningful understanding of the
cause of death may require application of physio-
logical techniques, and that morphological studies
alone will be insufficient.
The pathological features of acutely fatal HF have

been described in a number of reports (12-14). The
only organ that undergoes consistent and perhaps
significant changes is the liver. Salient findings are:
(a) arenavirions in association with (presumably
budding from) hepatocytes, often in areas where
cellular necrosis is not severe; (b) necrosis of hepato-
cytes, which undergo eosinophilic cytoplasmic
changes; (c) a paucity of inflammatory changes;
(d) hyperplasia and phagocytic activity of Kupffer
cells. Even in fatal cases with a prolonged course,
these changes are not sufficiently severe to suggest
that death is due to hepatic necrosis.

Lesions in other tissues are relatively unimpres-
sive. Of particular note are minimal inflammation of
the central nervous system (CNS) and myocardium,
nonspecific alterations in lymphoid tissue (some
depletion of lymphoid cells particularly in germinal
follicles), and widespread erythrophagocytosis. Evid-
ence of intravascular coagulation (mainly fibrin
thrombi) is variable (12-14) and occasional small
haemorrhages are seen in many organs.
These observations reinforce the view that the

three diseases are similar, and they are consistent
with the notion that the cause of death is not well
reflected in the morphological lesions. Additional
questions suggested by the pathological descriptions
are: (a) Does a consumptive coagulopathy underlie

the bleeding tendency and does this in turn con-
tribute significantly to the severity of disease? (b) Is
there a significant immunodepression during acute
HF? (c) Are those destructive lesions that are seen,
particularly in the liver, due to a direct lytic effect of
the virus or are they immunologically mediated?

Experimental models

It seems apparent that the genesis of the HF
syndrome produced by arenaviruses in man is a
complex one and that it will never be elucidated by
clinical studies alone. Many key issues can be re-
solved only by the study of experimental models that
permit dissection of the disease mechanisms. At the
outset, several comments can be made.

(a) Different models must be selected for optimal
analysis of different questions. Thus, an inbred
rodent is necessary for refined studies of immuno-
logical mechanisms, as documented in the cumulated
investigations of LCM (3-7, 15). Also, systematic
studies of immunotherapy or of candidate vaccines
require large numbers of small animals of identical
characteristics. Conversely, detailed physiological
studies of circulatory and clotting function may be
best done in larger animals, which can be readily
catheterized and repeatedly bled. Finally, biological
studies relevant to the ecology of arenaviruses in
their natural hosts require colonization of selected
populations of wild rodents as underlined by the
pioneering work of Webb et al. (16).

(b) A uniform disease response among infected
animals is extremely useful for studies of patho-
genesis, even though this does not mirror the reality
of natural infection. The ability to specify the age of
experimental rodents may be useful in this context,
in view of the critical effect of this variable upon the
outcome of arenavirus infection.

(c) The exploration of a considerable variety of
host-virus combinations, at least superficially, may
yield important and unexpected findings. The work
of Eddy et al. (17) on Machupo infection of rhesus
monkeys vividly illustrates this point. Also, it might
be misleading to rely too heavily on a single model
of HF, particularly one using a species very distant
from man.

(d) A special difficulty, which is of great practical
importance, is the danger to man of the HF agents.
This severely inhibits the pace of studies on patho-
genesis. The description of a model of HF produced
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by an arenavirus considered relatively innocuous,
such as LCM, Tacaribe, Tamiami, or Pichinde,
would therefore be an important contribution.

There already exist some very useful experimental
models of HF and these deserve comment. The best
current model of HF appears to be that developed
by Argentinian investigators whose studies are sum-
marized by Weissenbacher et al. (18) and by Coto
(19). The virulent XJ strain of Junin virus produces a
regularly fatal disease in adult guinea-pigs, which die
about two weeks after infection with a shock-like
syndrome, marked leukopenia and thrombocyto-
penia, and widespread haemorrhages. Other workers
have shown that adult guinea-pigs have a high
mortality after infection with other arenaviruses.
Thus, Machupo virus regularly produces a fatal but
nonedescript disease (16), and Lassa virus kills over
50% of infected animals (20), although haemor-
rhages are not prominent. Early workers (sum-
marized in 6) found that certain strains (such as WE)
ofLCM virus were highly pathogenic for guinea-pigs
and produced lesions in lung and lymphoid tissues.
In this context, it is interesting that LCM virus may
on occasion produce a fatal human disease re-
miniscent of the HF syndrome (21). These combined
observations suggest that the guinea-pig may pro-
vide a useful model of an arenavirus-induced shock
syndrome, and that the strain of virus (WE vs E-350;
XJ vs XJC13) and the strain of guinea-pig (10) may
be important determinants of disease severity. Ex-
ploration of various combinations might uncover a
relatively less virulent virus that would permit more
widespread study of the guinea-pig model. Certainly,
the comparative pathogenesis of fatal guinea-pig
disease deserves further exploration.
Although other rodents have not been reported to

develop disease resembling HF following arenavirus
infection, the extensive investigation of LCM virus
may provide selected data relevant to the patho-
genesis of the HF syndrome. Thus, a liver lesion
rather similar to that described in cases of LF (12) is
observed in LCM carrier mice following adoptive
immunization with syngeneic immune lymphoid cells
(22). An acute lympholytic lesion occurs in mice
infected with certain strains of LCM virus (6, 23)
and recent observations document the immuno-
depressive effects of acute LCM infection (see
below). Both of these effects may occur in guinea-
pigs or in human patients with lethal arenavirus
infection, and they could be important precursors of
the shock syndrome.

Monkeys provide the other well-documented
model of HF. The most detailed studies are those of
Eddy et al. (17, 24) who have infected rhesus and
cynomolgus macaques with Machupo virus. About
80% of the animals died 2-3 weeks after infection,
with a syndrome apparently similar to that seen in
fatal cases of HF. Other workers (16, 20, 25) have
reported limited observations indicating that a fatal
disease, perhaps similar to HF, can be produced in
other species of monkey or by other pathogenic
arenaviruses. In any event, the Machupo-rhesus
model appears to be an excellent one for detailed
studies of pathophysiology. Unfortunately, the viru-
lence of the agent and shortages of primates cur-
rently retard its exploitation.

Problems for investigation

The pathogenesis of fatal HF is little understood
at present. With experimental models available, it is
now important to focus on some of the salient
questions to which attention should be directed.

Shock syndrome. Since fatal arenavirus-induced
HF appears to be due to a shock syndrome, it is
important to document the physiological changes
that occur in experimental HF. A large body of
knowledge has accumulated regarding the patho-
genesis of shock (26, 27), including models in which
bacterial sepsis or endotoxin are used to induce the
condition. Thus, a systematic approach can be made
to any specific model, and my superficial review of
the physiological literature (27) suggests that the
critical parameters to monitor include cardiac out-
put, mean circulatory pressure, blood volume,
haematocrit, and blood viscosity. Relevant mecha-
nisms include heart failure due to myocarditis;
vasodilatation due to effects of endotoxin or other
toxins released by necrotic cells, or secondary to
disseminated intravascular coagulation; and loss of
blood or plasma volume due to haemorrhage, febrile
dehydration, and increased capillary permeability.
Collaboration with investigators experienced in this
area will be a prerequisite for any sophisticated
analysis of experimental models.

Disseminated intravascular coagulation (DIC).
DIC can be induced by a number of viral infections
(28, 29), and it has been repeatedly considered as a
concomitant of arenavirus-induced HF, in con-
nexion with both the haemorrhagic phenomena and
the shock syndrome. Clinical study (30) of one
particularly severe case of AHF has strongly sug-
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gested that DIC may occur in some instances.
Pathological studies have produced variable evid-
ence of intravascular thrombosis (12-14), but
thrombi may not be apparent in DIC (26). The
cascade of events leading to blood coagulation is
counterbalanced by the fibrinolytic cascade, and
both have been elucidated in considerable molecular
detail (31, 32). It is possible to determine the serum
levels of many of the clotting components, and DIC
is usually characterized by reduction in platelets,
fibrinogen, and factors V and VII. Most significant is
the elevated level of fibrin degradation products,
which can be detected by a variety of tests (32).
Thus, with appropriate collaboration it should be
possible to follow clotting functions in experi-
mentally infected animals and to determine whether
significant DIC accompanies or precedes fatal HF.

Immunological mediation of HF. A critical ques-
tion is whether HF is mediated by an immune
response to infection. It is clear that a great many of
the pathological changes that occur in mice and rats
following infection with LCM and other arena-
viruses (5, 6, 7, 15) are immunologically induced. It
is therefore plausible that all arenavirus-induced
diseases have an immunological basis, and any con-
trary conclusion requires thorough documentation.
The limited data now available suggest that the

HF or shock syndrome in experimental animals is
not immunologically mediated. Weissenbacher could
not protect guinea-pigs against Junin virus by anti-
lymphoid serum (18), Eddy could not protect
monkeys infected with Machupo virus by cyclo-
phosphamide treatment (17), and Rowe failed to
protect guinea-pigs infected with LCM virus by
irradiation with X-rays (33). However, such negative
findings must be reinforced by positive controls
demonstrating the ability of the suppressive regime
utilized to prevent other immune (particularly cell-
mediated) responses. Experiments utilizing adoptive
immunization with immune lymphoid cells could
also be informative.

Antibody therapy of acute infection. Preliminary
reports indicate that passive administration of
immune serum can reduce mortality from acute
disease in monkeys infected with Machupo virus (24)
and in guinea-pigs infected with Junin virus (18).
This is consistent with the clinical impression from
limited experience in patients with LF (34), and it
therefore seems possible that the immediate use of
immune serum will afford an important practical
therapy for all arenavirus-induced HFs. Further

studies are urgently needed to determine the rela-
tionship between antibody level, time of administra-
tion, and therapeutic efficacy. In addition, serial
studies of pathogenesis, comparing treated and un-
treated animals, might yield important information
relating extent of infection to morphological and
physiological pathology. Liver and lymphoid tissues.
are both of particular interest in this context. The
unexpected and paradoxical observation by Eddy et
al. (24) that antibody treatment protects against
shock but not against the second neurological phase
of the disease, indicates the practical importance of
such studies and also suggests that antibody inter-
vention may be a potent tool for elucidating the
mechanisms of pathogenesis.

Finally, pretreatment with passive antibody could
provide a useful method for testing experimental
vaccines, for if antibody does give effective protec-
tion, determination of the protective titre would be
an important measure in screening vaccines for
potential effectiveness. By the same token, such data
might suggest that humoral antibody is a key factor
in immunity against arenavirus-induced HF.

Vaccine evaluation. The challenge of vaccine devel-
opment has been discussed by Johnson (35). It may
be noted that both inactivated and attenuated live
virus vaccines are potentially available. Obviously,
experimental animals offer the only means of evalu-
ating the comparative safety and efficacy of theser
alternatives. Furthermore, such comparisons could
supplement other analyses of pathogenesis.

IMMUNOBIOLOGY OF LCM VIRUS INFECTION

LCM virus continues to provide opportunities for
further unravelling the immunopathological me--
chanisms of virus infection (14). Some of the more
recent developments and remaining unexplained
phenomena will be noted briefly.

Disease mechanisms

Unexplored pathological changes. A number of
physiopathological syndromes produced by LCM
virus have never been thoroughly studied. Hepatic
necrosis, lymphoid lysis, and the fatal disease of
guinea-pigs have already been mentioned. To these
may be added the " pumping" syndrome (pleural
effusion) described by Rowe (42).
Mechanisms of necrosis. In several models of acute

tissue necrosis induced by LCM virus infection (22),
certain infected tissues are regularly found to be:
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spared from attack. For example, the heavily in-
fected CNS of neonatal carrier mice remains un-
scathed, although severe liver lesions are common
following adoptive immunization. Antigen gradients
have been invoked to explain this phenomenon but
experimental evidence is lacking.

It is now established that tissues undergoing acute
LCM-induced necrosis may show a paucity of lym-
phoid cells and relatively few monocytes (36), and
yet the disease undoubtedly has an immunopatho-
logical basis. Clearly, the " kiss of death " is not
administered to each target cell and the evolution of
massive cellular destruction requires further study.

In vitro correlates of cell-mediated immunity
(CMI). Of the methods now fashionable for the
assay of CMI to virus infection, only the cytolytic
system (3) has received widespread application in
LCM virus infection. The cytolytic assay has two
great attractions: target cell lysis is produced by
T cells acting alone and participation of other cell
types is not required; the parameter measured
(chromium release from target cells) could mirror
the in vivo occurrence of pathological changes. How-
ever, classical LCM disease does not involve target
cell destruction but rather round cell infiltration with
associated pathophysiological convulsions. Al-
though cytolytic cells have been demonstrated in the
cerebrospinal fluid of mice with acute LCM (37), it
remains to be determined if their lytic activity plays
any role in the evolution of the disease. Whether T-
cell-mediated cytolysis is directly relevant even to the
widespread tissue destruction caused by LCM virus
(36) has yet to be determined.

H-2 restriction

The most important recent contribution arising
from immunobiological studies of LCM virus is the
finding by Doherty & Zinkernagel (37, 38) that in
the in vitro cytolytic assay there is an H-2 " restric-
tion ", in the sense that lysis will not occur if effector
and target cells are of different H-2 haplotypes. The
salient aspects of this phenomenon deserve brief
mention: (a) There is a requirement for sharing of
H-2 antigens between effectors and targets. The
presence of unshared antigens does not inhibit cyto-
lysis, so the term " restriction " is somewhat mislead-
ing. (b) There is persuasive indirect evidence (39)
that the H-2 phenomenon reflects the fact that the
target antigen is a virus-modified H-2 determinant,
which is not specified by viral genes alone. The
original observation of restriction can thus be re-

stated: under the conditions used to immunize mice
and generate effector cells, an active infection is
initiated. Thus the immunizing antigen is " self-
produced" and necessarily reflects the haplotype of
the prospective donor. An immunized donor that is
an F-1 hybrid will generate two antigens reflecting
the two parental haplotypes and such an animal will
generate two populations of effector cells.
Among the many questions raised by these pro-

vocative observations are: (a) Is the H-2 restriction
absolute or only quantitative? (b) Will it hold true
for all classes of budding viruses, as suggested by the
data at present available? (c) Are the antigens that
are recognized by effector T cells different from
those recognized by antiviral antibody? (d) Is it
possible to produce (from purified virus or infected
cells) non-replicating immunogens that will induce
responses confined to B or T effector-cell popula-
tions ?

Immunodepression
Acute LCM infection has been reported by Bro-

J0rgensen et al. (40) to cause a transient depression
of T lymphocyte function, particularly marked 2-4
weeks after infection. Working with a different in-
dicator system, Jacobs & Cole (41) have found
evidence of a marked reduction in macrophage
activity evident within a few days after primary
infection. These effects may well be relevant to the
ability of LCM virus to initiate persistent infections
in newborn mice. In both instances, the functional
deficits cannot be explained by a quantitative re-
duction in cell counts; the mechanism and signific-
ance of these effects requires further study.

Clearance of virus

When neonatal LCM virus carrier mice are
adoptively immunized there is a gradual clearance of
high titres of virus from many tissues. At least some
of the involved organs, such as the CNS, shown no
histological changes during the clearance process.
These events were originally documented by Volkert
et al., who have recently shown that clearance
depends upon T cells but not upon B cells (4). The
clearance phenomenon presents two dilemmas:
(a) How is a heavily infected population, such as the
neuroparenchyma, cleared of infection without de-
struction of virus-bearing cells? (b) How do effector
T cells mediate clearance in the apparent absence of
inflammation? Studies by Hotchin (2) of the natural
history of LCM virus infection of individual cell
clones have suggested a cycle in which expression of
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the viral genome gradually wanes, in some instances
leading to eventual loss of the genome altogether.
The role of defective interfering virus in this cycle

requires investigation, as does the relevance of these
in vitro observations to the in vivo clearance phe-
nomenon.
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RESUME

ORIENTATION DES RECHERCHES FUTURES SUR LA PATHOGENtSE DES INFECTIONS A AR'ENAVIRUS

L'auteur dtudie separement la pathogenese de deux
infections a ar6navirus: le syndrome de fievre h6morra-
gique et la choriome-ningite lymphocytaire des rongeurs.
L'etude des modeles experimentaux de la fievre hemorra-
gique a ete jusqu'ici limitee, en raison surtout de la viru-
lence des agents de cette maladie. Disposant maintenant
de deux modeles utiles (virus Junin chez le cobaye et virus
Machupo chez le singe rhesus) I'auteur a tente de deter-
miner les questions capitales A elucider: physiologie du
choc; coagulation intravasculaire diffuse; r6le des ph6-
nomenes immunologiques dans la maladie; efficacite
therapeutique des anticorps; utilite relative des vaccins

attenues et inactives. Parmi les problemes immuno-
biologiques relatifs a la choriomeningite lymphocytaire
qui sont actuellement etudies figurent notamment: le
m6canisme d'immunodestruction des tissus infectes; la
restriction H-2 de la lyse in vitro, mediatisee par les
cellules T, des cellules cibles infectees; l'immunodepres-
sion transitoire qui accompagne l'infection primaire
aigue par le virus de la choriomeningite lymphocytaire;
et le mecanisme d'e1imination du virus par l'intermediaire
des cellules T apres immunisation adoptive de souris
porteuses d'une infection persistante.
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DISCUSSION

LEHMANN-GRUBE: We all know that in the LCM virus
carrier mouse an immune complex disease can result.
In our hands, this immune complex disease, seen mainly

in the kidneys but sometimes in other organs, also
developed in normal, non-carrier mice, but less frequently
and at an older age. Apparently, therefore, the immune
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complex disease as described by Oldstone can be acceler-
ated in LCM carrier mice. What I want to emphasize is
that we do not know yet what the specific nature of the
immune complex is. It may be the virus or some viral
antigen, but this is not yet settled. It could be another
antigen, even another virus type activated in the mouse.
It may be cell components produced by infected cells,
i.e., the result of a type of auto-immune response.

NATHANSON: I think it is clear that there is some viral
antigen and some antiviral antibody in the kidney, but
obviously some of the complex material may be other
antigens and corresponding antibodies.

MIMs: I agree with Dr Lehmann-Grube that, strictly
speaking, one does not know exactly what the antigens
are in the complexes in the kidney. Certainly, they do
include LCM antigen since the deposited material gives a
positive FA test for LCM antigen. But I do accept that
there may be other antigens there as well, because in
many of the immunopathological, immune complex
diseases and in many virus infections, one does find a
variety of antibodies produced against host antigens. As
for those seen in mice not infected with LCM, I think
Drs Hirsch and Murphy produced convincing evidence
that they are complexes of antibody with murine
leukaemia virus.

HOTCHIN: In 1962 we stained LCM-carrying mouse
tissues with anti-LCM reagents and found fluorescence
in the glomeruli; as controls we used anti-influenza and,
I think, anti-herpes sera, and all three stained equally
well. The deposits in the glomeruli had been there for
months in some cases, subject to all kinds of denaturation,
and we felt that they contained all kinds of material that
would fix almost any reagent. I have never been able to

elute significant amounts of any kind of antibody from
our mouse kidneys.

COLE: I think we may be deluding ourselves by talking
about experimental models, which we are all guilty of
using. It may not be fair to compare the pathogenesis,
pathophysiology, or immunopathology of LCM in the
mouse (its indigenous host) with LCM in a primate
species. Likewise, the model of Webb and Johnson
(particularly their type A and B classification of Machupo
infection) seems to be in some respects comparable to
LCM in Mus musculus. They were looking at the natural
host of their virus, whereas one can take any number of
arenaviruses that fail to produce direct virus cytopathic
effect in murine cells, put them into Vero cells, and they
will produce cytopathology. Some of the phenomena
that occur in natural model hosts may be quite different
from the pathological processes in the patient.

MuRPHY: The one thing that remains constant when one
goes from the natural host to the unnatural one is that the
viruses have the same tropisms; I think in general the same
targets are involved. In the Tamiami cotton rat model we
had every possible target involved that could have led to
haemorrhagic fever, including megakaryocytes (platelet
dysfunction), liver (clotting factor) dysfunction, and some
endothelial involvement, but when we study artificial sys-
tems and focus on haemorrhagic fever, the one thing we
would like to understand first is the pathophysiology.
Dr Monath's model of microvascular damage as the focus
point is the key here; as far as I can see, nothing has been
done that will allow a microscopic look at the physiology
of what might be the basic process leading to haemor-
rhagic fever. I do not think anything that has been said
here so far tells us what to do next in looking for the
pathophysiology of the haemorrhagic fever.
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