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Abstract
Arenaviruses are transmitted from rodents to human beings by blood or mucosal exposure. The most
devastating arenavirus in terms of human disease is Lassa fever virus, causing up to 300,000 annual
infections in West Africa. We used a model for Lassa fever in which Rhesus macaques were infected
with a related virus, lymphocytic choriomeningitis virus (LCMV). Our goals were to determine the
outcome of infection after mucosal inoculation and later lethal challenge, to characterize protective
immune responses, and to test cross-protection between a virulent (LCMV-WE) and an avirulent
(LCMV-ARM) strain of virus. Although intravenous infections in the monkey model were uniformly
lethal, intragastric infections recapitulated the spectrum of clinical outcomes seen in human exposure
to Lassa fever virus: death, recovery from disease, and most often, subclinical infection. Plaque
neutralization, ELISA, lymphocyte proliferation, and chromium-release assays were used to monitor
humoral and cellular immune responses. Cross protection between the two strains was observed. The
three out of seven monkeys that experienced protection were also the three with the strongest cell-
mediated immunity.
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INTRODUCTION
Arenaviruses are rodent-borne pathogens that can cause lethal disease in guinea pigs, primates,
and human beings [Oldstone, 2002]. Numerous murine studies of viral persistence and cell-
mediated immunity feature the prototype arenavirus, lymphocytic choriomeningitis virus
(LCMV) [Zinkernagel and Doherty, 1974; Ahmed et al., 1984; Salvato et al., 1991; Oldstone,
2002]. In contrast to murine LCMV infections, LCMV infection of Rhesus macaques can
resemble Lassa hemorrhagic fever in human beings [Jahrling et al., 1980; Peters et al., 1987;
Lukashevich et al., 2002, 2003]. This study describes the consequences of intragastric
inoculation of Rhesus macaques with LCMV.

Mucosal exposure accounts for a significant proportion of natural Lassa fever virus infections.
Every year Lassa fever virus (LAS) infects approximately 300,000 human beings with 30%
morbidity and 16% mortality [Jahrling et al., 1985; McCormick et al., 1986a, 1987;
McCormick, 1990; McCormick and Fisher-Hoch, 2002]. The natural reservoir for LAS is the
rat Mastomys natalensis, and the acquisition, preparation, and consumption of rodent meat is
a major risk factor for rodent-to-human transmission [ter Meulen et al., 1996]. Another
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indication that ingestion of arenaviruses can lead to disease is that some hepatitis outbreaks in
zoo-kept tamarinds and marmosets were traced to feeding with LCMV-infected mice [Montali
et al., 1993, 1995]. Our experimental studies showed that mucosal inoculation leads to
attenuated LCMV infection in mice [Rai et al., 1996, 1997] and in macaques [Lukashevich et
al., 2002, 2003] in comparison with same-dose inoculations by the intravenous route.

The WE strain of LCMV used in the present study is hepatotropic in mice, guinea pigs, and
primates [Riviere et al., 1985; Zinkernagel et al., 1986; Lukashevich et al., 2002, 2003]. When
inoculated intravenously, LCMV-WE, induces a lethal hemorrhagic fever in macaques that
resembles human hemorrhagic fever [Jahrling et al., 1980; Peters et al., 1987; Lukashevich et
al., 2002, 2003]. The Armstrong (ARM) strain of LCMV does not cause overt disease, even
after intravenous inoculation [Danes et al., 1963; Peter et al., 1987; Lukashevich et al., 2002].

Our goals in this study were to establish a model for mucosal infection of non-human primates
using the LCMV-WE strain, and to determine whether mucosal inoculation protected against
a subsequent lethal virus challenge. Mucosal inoculation of Rhesus macaques with LCMV-
WE induced the range of outcomes seen in humans naturally infected with Lassa fever virus,
from subclinical to fatal, and varied in its ability to elicit protective immunity. Cell-mediated
immunity was recorded in four of five mucosally inoculated monkeys; the fifth animal died
before immune responses could be assessed. Two of five mucosally inoculated monkeys were
protected from lethal challenge: one protected animal was inoculated with LCMV-WE, and
one protected animal was inoculated with LCMV-ARM, that is known to confer cross
protection after intravenous infection [Peters et al., 1987].

MATERIALS AND METHODS
Virus Stocks and Cell Culture

Large stocks of serum-free LCMV were produced in Vero E6 cells and stored at 107 to 108

plaque-forming units (pfu)/ml for use in all monkey inoculations. The LCMV-WE and LCMV-
ARM strains have been well characterized [Salvato and Shimomaye, 1989; Djavani et al.,
1998], and their use in monkeys has been described [Lukashevich et al., 2002]. Viral stocks
used for proliferation assays were heat-inactivated at 56°C for 30 min. Stocks of vaccinia virus
wild type (VVwt) and vaccinia viruses recombinant for LCMV glycoprotein (GP) and
nucleocapsid protein (NP) genes, VV-GPLCMV and VV-NPLCMV, were described elsewhere
[Whitton et al., 1988]. Vaccinia viruses were titered as described [Mackett et al., 1984]. All
cell cultures were incubated in humidified chambers at 37°C with 5% CO2.

Rhesus Macaque Inoculations and Challenges
Seven healthy rhesus monkeys were housed in a BSL-2/3 facility. They were all 2–5 year old
females with normal weights and activity levels. Four monkeys were inoculated by gavage
(i.g.) with the LCMV-WE strain: two with 107 pfu (Rh-ig7a; Rh-ig7b) and two others with
108 pfu (Rh-ig8a; Rh-ig8b). One monkey (Rh-iv3b) received a standard lethal challenge of
103 pfu LCMV-WE intravenously (i.v.) as a positive control for the virulence of the virus stock.
Two more Rhesus macaques, Rh-ig8 (ARM) and Rh-iv3 (ARM), were used to assess the cross-
protective ability of LCMV-ARM after i.g. (108 pfu) or i.v. (103 pfu) inoculation. Animals
were first anesthetized (ketamine, 20 mg/kg) and then either given 1 ml of virus in PBS by
intragastric gavage, or given 0.5 ml of virus in PBS via the left saphenous vein. Animals were
observed daily. Body temperatures (rectal thermometer) and weights (digital balance) were
taken before every bleeding. For the first lethal challenge, all monkeys that survived the primary
inoculation were anesthetized as previously described, and inoculated intravenously with
103 pfu of LCMV-WE. A second lethal challenge was administered to the three animals that
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survived the first inoculation, and all three survived. Table I has a comprehensive summary of
animals, routes of inoculation, virus doses, and outcomes.

Blood Collection
Blood samples were collected at biweekly intervals and submitted to the clinical laboratory for
complete blood counts and standard blood chemistry. Peripheral blood mononuclear cells
(PBMC) were obtained from anticoagulant-treated blood and centrifuged over Ficoll-Paque
plus (Amersham Biosciences) as described elsewhere [Hinds et al., 1997]. Some remarkable
changes in blood chemistry are noted in Table II.

Detection of Infectious Virus in Plasma
LCMV-WE and ARM were detected in plasma by plaque assay as described [Lukashevich et
al., 2002]. In brief, ten-fold dilutions of plasma samples were added to monolayers of Vero
cells (about 2.5 × 105/well) in six-well plates, and incubated for 1 hr at 37°C. After incubation,
wells were overlayed with1% agarosein MEM +2% FBS and incubated again at 37°C. Five
days later, the wells were treated with formaldehyde for 30 min. Then the agarose overlay was
removed and monolayers were stained with crystal violet, washed with tap water, dried, and
visible plaques were counted to estimate the pfu/ml of virus in plasma.

RT-PCR for Detection of Viral RNA
RNA was extracted from PBMC or tissue samples using Trizol reagent (Invitrogen, Carlsbad,
CA). Isolated RNA was treated with DNAse (Promega, Madison, WI) 1 U/μg, at 37°C for 30
min and purified again with the RNAeasy Mini Kit (Qiagen, Valencia, CA). RNA was
converted to cDNA with the avian myeloblastosis virus reverse transcriptase (5 U, RT,
Promega) using random hexamers (Invitrogen) for 1 hr at 42°C. The cDNA was subsequently
amplified using standard PCR conditions as described [Lukashevich et al., 2002].

Analysis of Lymphocyte Subsets and Activation-Induced Cell Death (AICD)
Flow cytometry was used to determine changes in white blood cell subsets after infection.
PBMC were paraformaldehyde-fixed and antibody-stained to identify CD3+, CD4+, CD8+,
and CD20+ lymphocyte subsets. FITC-conjugated monoclonal antibody against CD4 or CD8
(Antigenix America, Franklin Square, NY), or FITC-conjugated anti-CD3 or CD20 (Becton-
Dickinson, Mountain View, CA), were used with relevant isotype controls as described [Pauza
et al., 1997; Lukashevich et al., 2002]. Samples were analyzed on a FACScan flow cytometer
(Becton-Dickinson), and data were processed using FlowJo 2.7.8 software (Three star, 1997–
1998). Absolute counts were determined by multiplying the percentage for each subset by the
absolute lymphocyte count obtained from clinical hematology data.

Activation-induced cell death (AICD) was measured as the frequency of apoptosis induced in
different cell subsets after PHA stimulation and was detected by staining with 7-amino
actinomycin D as described [Lecoeur et al., 1997]. Briefly, 2 × 106 PBMC/well in a 6-well
plate were cultured for 24 hr in RPMI with 10% FBS with or without 1 μg/ml of PHA (Sigma).
After the incubation, PBMC were labeled for surface markers and then incubated for 20 min
at 4°C in PBS that contained 20 μg/ml of 7-AAD (Sigma, St. Louis, MO). Samples were washed
in PBS +2% FBS containing 20 μg/ml of non-fluorescent actinomycin D (AD, Sigma) and
fixed in the same buffer containing 1% paraformaldehyde. Samples were analysed 15 min later
(10,000 events/sample) using the FL-3 channel to detect 7-AAD staining.

Antibody Titers and Plaque-Reduction Neutralization (PRN) Assays
Antibody titers were measured by ELISA as described previously [Lukashevich et al., 2003].
Neutralizing antibodies were measured by a plaque reduction neutralization assay (PRN). This
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assay used the same protocol as the plaque assays except that each plasma dilution was pre-
incubated with a constant number of viral pfu for 1 hr at 37°C. The neutralization titer is the
highest dilution of plasma sample able to reduce the number of plaques to 50% of the positive
control. To determine whether plaque reduction could be enhanced by complement, we
followed a published technique [Meyer et al., 2002]. Once the virus–plasma mixtures were
incubated for 1 hr at 37°C, a 1/20 dilution of titered guinea pig complement was added and
samples were incubated for an additional 45 min at 37°C. This mixture was added to cell
monolayers and incubated for 1 hr more at 37°C before the semisolid agar was added. The
assay was analyzed as described for the plaque reduction assay.

Cytotoxic T Lymphocyte (CTL) Assays
CTL assays followed published protocols [Trivedi et al., 1996; Yin et al., 1999] with slight
modifications. Briefly, effector cells were peripheral blood mono-nuclear cells (PBMC) that
had been cryopreserved in RPMI 1640 (Gibco, Grand Island, NY) containing 10% dimethyl
sulfoxide (tissue culture grade: Sigma, St. Louis, MO) and 20% fetal bovine serum (FBS,
Gibco, Grand Island, NY). The PBMC used as effectors were comprised of lymphocytes (70–
90%; CD2+) and monocytes (10–30%; CD2−). PBMC for these monkeys were 21–26%
CD4+, 24–62% CD8+, and 9–28% CD20+. In preparation for the CTL assays, effector cells
were thawed, washed three times with RPMI 1640 +10% FBS, and cultured at 37°C for 3 days
at 2 × 106 cells per ml in RPMI 1640 with 20% FBS, penicillin/streptomycin (100 U/ml and
100 μg/ml respectively, Gibco), L-glutamine (2 mM, Gibco), Concanavalin A (ConA, 1 μg/
ml, Sigma), and interleukin-2 (IL-2, 20 U/ml, Roche Diagnostics, Mannheim, Germany). After
this, cells were washed and cultured again without the Con A, adding new IL-2 every other
day for 7 days. Targets were autologous B-lymphoblastoid lines made by transformation with
Herpes papio (a gift from N. Letvin, Harvard Medical School) and clones of transformed cells
were obtained by limiting dilution as we described [Yin et al., 1999]. Target cells were cultured
for 6 hr at 37°C either uninfected or infected with 3 moi of VVwt, VV-NP, or VV-GP. After
incubation, target cells were washed with RPMI +10% FBS and labeled for 2 hr with [51Cr]
Na2CrO4 (Amersham Pharmacia Biotec, Irvine, CA), 200 μCi/2 × 106 cells. Then cells were
washed three times and resuspended in RPMI +10% FBS at 2 × 106 cells/ml. Hundred
microlitres of these cells or 2 × 104 cells, were plated per well in a round-bottomed 96 well
plate in triplicate for each effector:target ratio. Three ratios were used in this assay, 50:1, 25:1,
and 12.5:1. Spontaneous lysis varied from 10 to 20% and specific release was calculated as
follows: [(experimental lysis–spontaneous lysis)/(maximal lysis–sponta-spontaneous lysis)] ×
100. Specific lysis values above mean and standard deviation of background lysis using
uninfected targets or VV-infected targets were considered positive.

Lymphocyte Proliferation Assay
Fresh PBMC were adjusted to 106 cells per ml in RPMI + 10% FBS. The proliferation assay
[Djavani et al., 2001], was performed with the following modifications: 100 μl of cells/well
were plated in triplicate for each of the different stimuli using round-bottomed 96 well plates.
Each well received an additional 100 μl of RPMI for negative controls, an additional 100 μl
of RPMI + PHA (10 μg/ml, Sigma, St. Louis, MO) for proliferation to mitogen, or an additional
100 μl of RPMI + LCMV antigen (WE or ARM) that was 3 × 105 pfu prior to inactivation.
Plates were set up in duplicate to be collected 3 and 6 days after incubation. Each well was
pulsed with 1 μCi of [3H] thymidine (NEN Life Science Products, Boston, MA) and
supernatants were harvested 12 hr later using a 96-well glass fiber filtermat on an automatic
cell harvester (Tomtec harvester 96). Thymidine incorporation was measured by liquid
scintillation counting using an automatic microbeta Wallac plate reader (Trilux, 1450
Microbeta). Counts pe minute (cpm) were recorded and the stimulation index (SI) was
determined as the mean number of 3H cpm incorporated in the presence of antigen divided by
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the mean cpm incorporated in the presence of medium alone. Anything less than an SI of 5
was considered background.

RESULTS
Outcomes in Monkeys Infected Intragastrically With LCMV

Of four monkeys inoculated i.g. with LCMV-WE, two showed no signs of disease, and two
developed disease, (Table I). We previously reported on i.g.-infected monkeys that displayed
no disease signs but contained viral nucleic acids [Lukashevich et al., 2002]. Of the two
“healthy” monkeys in this study, one displayed elevated liver enzymes (Table II, Rh-ig8b, 2
weeks after infection) and both Rh-ig7a and Rh-ig8b developed LCMV-specific CTL
responses that were present in at least 12 assays each, using at least three different blood draws
each, before lethal challenge (see CMI results). Of the two diseased animals, one had a rapidly
fatal disease course similar to Rhesus macaques inoculated intravenously [Lukashevich et al.,
2002], while the other was previously described as having a transient viremia and a transient
elevation of liver enzymes [Lukashevich et al., 2003]. We add here that the transiently ill
animal, Rh-ig7b, experienced a 25% weight loss and a burst of circulating neutrophils followed
by a burst of circulating monocytes during its illness (Fig. 1).

Intragastric inoculation with LCMV-WE did not provide uniform protection against a lethal
challenge with the same virus. Of four animals inoculated i.g. with WE, two showed no signs
of disease and failed to resist challenge and one died before being challenged (Table I). Only
the animal that recovered from acute WE disease was protected against a subsequent
homologous challenge. Two additional animals inoculated with LCMV-ARM, Rh-ig8, and
Rh-iv3, were both protected against a heterologous challenge with LCMV-WE, and only one
of these, Rh-iv3, showed neutrophilia. In this study, neither acute viremia nor neutrophilia was
correlated with protection against lethal challenge.

Our previous studies showed a reduction in platelet numbers after i.v. inoculation with 103 and
106 pfu of LCMV-WE [Lukashevich et al., 2002], but no changes after i.g. inoculation with
106 pfu of the same strain. In human cases of Lassa, platelet numbers are only moderately
depressed but their function is almost completely abolished by an unknown circulating inhibitor
[Fisher-Hoch, 1993]. No significant platelet changes were noticed before and after non-lethal
i.g. inoculation of monkeys with LCMV. Lethal i.g. infections were similar to lethal i.v.
infections with regards to reduced platelet numbers.

It is known that elevated levels of aspartate aminotransferase (AST) >150 IU/L are associated
with lethal disease in Lassa fever [McCormick et al., 1986b]. As we described earlier
[Lukashevich et al., 2003], a monkey that recovered from disease reached a peak of 184 IU/L
2 weeks after infection whereas the monkeys that died reached AST levels of around 1,000.
All monkeys that survived lethal challenge in this study, Rh-ig7b (WE), Rh-iv3 (ARM), and
Rh-ig8 (ARM), did not deviate from normal AST, alanine aminotransferase (ALT), or γ-
glutamyltransferase (GGT) levels after challenge, whereas those animals that succumbed
developed AST and ALT levels around 1,000. Although normal GGT level is 40–80 IU/L,
GGT levels were 160–300 IU/L at necropsy for lethal cases. It is notable that two out of the
three lethal-challenge survivors (ARM inoculated monkeys) experienced an increased GGT
of 100 IU/L at 8–12 weeks after the lethal challenge (Table II).

Of the seven monkeys listed in Table I, plasma viremia was only detectable in monkeys that
experienced disease: Rh-ig7b (WE), Rh-ig8a (WE), and Rh-iv3b (WE). RT-PCR of PBMC
confirmed the presence of viral RNA for these same three monkeys but not for any others.
Infection was indicated for the four non-viremic monkeys by their immune responses (all four
monkeys), resistance to challenge (two monkeys), or blood chemistries (one monkey).
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Flow Cytometry of Lymphocyte Subsets After LCMV-ARM Inoculations
We tried to detect alterations in lymphocyte subsets after infection with LCMV-ARM (i.v. or
i.g.) and after challenge with the WE strain. The absolute number of CD3+ cells went up
substantially in the intravenously inoculated monkey by 2 weeks after infection (Fig. 2A). This
increase corresponds to a significant increase in the number of CD8+ T cells. However, the
opposite pattern was seen in the i.g.-inoculated animal. Samples were always run in triplicate
in order to obtain a standard deviation. By the time of challenge (Fig. 2) neither of the two
animals exhibited large changes in the absolute number of cell subsets, although the number
of CD3+ was slightly lower in both before the challenge, seemingly a consequence of the
decrease in CD8+ T cells. We also noted a CD8+ T cell increase (Fig. 2A,B) after a second
challenge. In that case, not only absolute CD8+ but also absolute CD4+ numbers increased
substantially.

Neutralizing Antibodies do not Explain Survival of Monkeys Exposed to Lethal Challenge
With LCMV-WE

The PRN assay was carried out for all the monkeys but only the three monkeys that survived
the challenge are shown. Only two of the three monkeys that survived lethal challenge with
LCMV-WE, had neutralizing antibodies as detected by PRN assays (Fig. 3). The addition of
complement to the assay only slightly enhanced the neutralizing capability of the plasma
samples in vitro.

Cell-Mediated Immunity Is Correlated With Protection From Lethal Challenge
CTL assays were performed to detect anamnestic responses for one lethal-challenge survivor
and two non-surviving monkeys. Target cells for chromium-release assays were autologous B
cell lines and effector cells were cryopreserved PBMC stimulated with Con A and IL-2 (see
Materials and Methods). Monkey Rh-ig7b that survived the lethal i.v. challenge with LCMV-
WE, had a strong, specific CTL response against targets infected with the recombinant vaccinia
viruses, VV-NP or VV-GP. Two monkeys that did not survive challenge, Rh-ig7a and Rh-
ig8b, had relatively poor but LCMV-specific CTL responses (Fig. 4).

Monkey Rh-ig7b showed high CTL responses to GP at 8 weeks after infection, 4 weeks after
the first challenge, and 1 week after the second challenge; whereas the strongest CTL responses
to NP were observed at 8 weeks after infection, 2 weeks after the first challenge, and 1 week
after the second challenge. Nonspecific cytotoxicity against the uninfected and the vaccinia
virus-infected cells was usually under 10% specific lysis. Although the assays were performed
at effector: target ratios of 50:1, 25:1, and 12.5:1, only results from the 50:1 and 25:1 ratios
are shown (Fig. 4) because these ratios gave the strongest responses. Low but reproducible
LCMV-specific cytotoxic activities were also observed in two other WE-inoculated monkeys
(Rh-ig7a and Rh-ig8b) that did not survive the challenge. In the case of Rh-ig7a, specific lysis
against GP and NP peaked at 10 weeks after infection and for Rh-ig8b, these responses did not
begin until week 12 after infection. Responses in these monkeys were never more than 21%
specific lysis above background levels and were apparently not enough to save them from lethal
challenge.

Lymphocyte proliferation assays were performed for three challenge-surviving and one non-
surviving monkey. Fresh PBMC were cultured in vitro to determine their proliferative capacity
in the presence of media, PHA, or LCMV antigen (Fig. 5). Proliferation was determined by
tritium incorporation. We observed that PBMC from Rh-ig7b (WE), Rh-iv3 (ARM), and Rh-
ig8 (ARM) proliferated against autologous antigens, LCMV-ARM for the ARM-infected
monkeys and LCMV-WE for the WE-infected monkeys. Results were similar for proliferation
against heterologous antigens (WE-infected to ARM and vice versa) indicating that some of
the helper epitopes are similar on the two viruses. Proliferative responses of circulating PBMC
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peak at 2–4 weeks after inoculation, and then again at 4 weeks after challenge. The SI was
highest in Rh-iv3 (ARM) that had been inoculated intravenously unlike the other two surviving
monkeys. Proliferative responses for two non-surviving monkeys (Rh-ig7a and Rh-ig8b) were
monitored for the day of challenge and they were both below SI = 5 (not shown). Proliferation
data required fresh PBMC and could not be obtained from cryopreserved blood because few
antigen-presenting cells survived and responses to mitogens were low. In general, the SI for
PHA-treated PBMC was between 100 and 1,000, peaking at day 3 (not shown) and SI for
antigen was 5–100 peaking at day 6 (Fig. 5A).

Activation-Induced Cell Death (AICD) Fails to Explain Decreased Proliferative Capacity of
PBMC After Injection of Antigen

Proliferative capacities of PBMC decreased immediately after the first and second i.v.
challenges with LCMV-WE for the three survivors (Fig. 5). There are at least two explanations
for this drop in proliferative capacity after an antigenic boost: (1) TH cells were being depleted
from the circulation by being sequestered to virus-infected tissues, and (2) viral antigens made
lymphocytes susceptible to AICD as seen in AIDS [Wallace et al., 1999]. To explore this latter
possibility for Rh-ig8 (ARM) and Rh-iv3 (ARM) we performed a flow cytometric analysis of
different lymphocyte subsets after activation with PHA (Fig. 6). PBMC were incubated with
or without 1 μg/ml of PHA, and then were stained with 7-AAD as an early marker for apoptosis
[Wallace et al., 1999]. In general, early PBMC samples had higher dramatic increases in cell
death as a result of PHA activation (Fig. 5). In conclusion there was no AICD associated with
our antigen inoculations that could be compared to the phenomenon observed in the rhesus/
AIDS model.

DISCUSSION
Murine studies in our laboratory showed that LCMV could infect and disseminate via the i.g.
route and that i.g. infection could protect mice from lethal intacerebral (ic) challenge [Rai et
al., 1996, 1997]. In later studies, we used the macaque model to describe the disease course of
a virulent LCMV infection after i.g. inoculation [Lukashevich et al., 2002]. We found that
103 pfu i.v. was a reproducibly lethal dose, and that 107–108 pfu by the i.g. route could
sometimes be lethal. This dose is similar to the virus ingested by consuming a single infected
rodent spleen, for example [Rai et al., 1997]. In addition to the acute disease cases, we were
able to study one case in which a monkey recovered from disease and two cases in which
monkeys were infected with an avirulent strain and became immune to disease. It was
surprising that protection after mucosal infection was observed so rarely (only two out of five
monkeys were protected). In natural settings repeated mucosal exposures probably improve
chances for developing protective immunity.

Of five mucosally inoculated monkeys, only two became viremic and a third became
seropositive (though not viremic). Evidence that the remaining two were infected came
primarily from CTL assays in which LCMV-specific lytic responses were measured: for
monkey Rh-ig7a, specific lysis exceeded background on four separate occasions before
challenge, and for monkey Rh-ig8b specific lysis exceeded background on two occasions
before challenge responses could begin. Ample precedent exists for arenavirus infections that
are only detectable by cell-mediated immunity. For example, mice given low i.g. doses of
LCMV lacked virological or serological evidence of infection yet resisted intracerebral
challenge with LCMV [Rai et al., 1996], and this resistance is due to virus-specific cell-
mediated immunity [Doherty and Zinkernagel, 1975]. In LCMV transgenic mice, CTL
responses could be detected in the absence of detectable gene expression [Oldstone et al.,
1991]. In AIDS, there are numerous examples of mucosally infected subjects with no detectable
virus or antibody but with virus-specific cell-mediated immunity [Clerici et al., 1992; Salvato
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et al., 1993; Trivedi et al., 1996]. Our experiences with cell-mediated immunity in SIV- or
LCMV-infected monkeys convinced us that all seven of the animals reported here were infected
by the initial inoculation.

Elevated levels of liver enzymes, particularly aminotransferases, correlate well with disease
progression in both monkeys and in Lassa fever patients [McCormick et al., 1986b; Fisher-
Hoch and McCormick, 1987; Fisher-Hoch, 1993]. In this study, all three animals that
experienced disease after inoculation had high aminotransferases, but only one of the four
animals that had no disease experienced abnormal aminotransferase levels. In our previous
publications [Lukashevich et al., 2003], we suggest that increases in IL-6 and soluble TNF-
receptors are markers of infection and potentially useful in prognosis, but these markers did
not reach abnormal levels in any animals that did not experience disease [Lukashevich,
unpublished].

Three out of seven monkeys survived all challenges and, of these three, two experienced
neutrophilia at 4 weeks after the primary infection. Neutrophilia in our monkey experiments
was associated with a delayed disease or a subclinical infection, and was not essential for
surviving lethal challenge. The neutrophil-attracting chemokine, IL-8, was suppressed during
in vitro studies with Lassa fever virus, but was not suppressed in parallel cultures with the
avirulent Mopeia virus [Lukashevich et al., 1999]. In monkeys [Lukashevich et al., 2003] and
in human beings [Mahanty et al., 2001] high levels of IL-8 during infection are associated with
a better prognosis. This is consistent with the interpretation that the neutrophil burst we
observed in two monkeys could have contributed positively to their survival.

Flow cytometry of lymphocyte subsets showed few remarkable fluctuations. In previous
studies we noted lymphocytosis upon death for one monkey and at week 2 for a subclinically
infected animal [Lukashevich et al., 2002]. Changes in circulating populations of white blood
cells are most likely driven by high levels of viral antigen. We noted a rise in CD3+ cells due
to a rise in CD8+ cells 2 weeks after infection of Rh-iv3 (ARM) but a fall in the same cells
during the same period in Rh-ig8 (ARM). In human EBV infections, in cases of inflammation,
and in acute murine LCMV infection, increases in total CD8+ cells can be linked to clonal
expansions of virus-specific T cells [Even et al., 1995; Silins et al., 1998; Sourdive et al.,
1998]. It is possible the expansion of CD8+ cells observed in Rh-iv3 was driven by antigen
and linked to its protection from lethal challenge. No similar expansion was observed for
another challenge-protected animal that had been mucosally infected, but it is likely that
expansion in that animal only occurred amongst mucosal immunocytes, such as intraepithelial
lymphocytes and mesenteric lymph node lymphocytes, and these were not sampled.

Since only 30% of LAS-infected individuals ever experience acute disease [McCormick et al.,
1986a,b], an important question has been “How did the other 70% escape disease?” Our effort
to analyze immune responses in surviving monkeys addresses this question. In our study, three
(of five) monkeys survived lethal challenge, and these were also the monkeys with the highest
cell-mediated immunity (CMI). Lassa vaccine studies and surveys of Lassa patients provided
circumstantial evidence that CMI is required for protection from lethal challenge or for
recovery. First, LAS patients, convalescing primates, and guinea pigs often lacked neutralizing
antibody responses [Jahrling et al., 1980, 1982; Fisher-Hoch et al., 2000, 2001]. Neutralizing
antibodies often appear late in infection and the transfer of “immune”plasma is rarely effective
for clearing virus, cross-protection, or recovery from disease in animal or human trials [Jahrling
and Peters, 1984; McCormick et al., 1986a]. Second, gamma-irradiated preparations of purified
LAS virions elicited antibodies in monkeys to all three major structural proteins, N, G1, and
G2, but did not protect against LAS challenge [McCormick et al., 1992]. Third, infectious virus
vaccines that are known to elicit CMI (such as LAS-expressing alphavirus replicons, vaccinia
recombinants, Salmonella recombinants, or Mopeia) elicit protective immunity in animals
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[Fisher-Hoch et al., 1989, 2000; Auperin, 1993; Pushko et al., 1997; Djavani et al., 2000].
Fourth, adoptive transfer of effector spleen cells can mediate recovery and cross-protection
from LAS infection in a mouse model [Peters et al., 1987; Lukashevich, 1992]. Finally, it has
been demonstrated that LAS-seropositive persons from an endemic area have very strong
CD4+ T cell responses against LAS NP [ter Meulen et al., 2000]. Thus, by the accumulation
of circumstantial evidence and by extrapolation from the mouse model, CMI is considered
essential for survival or recovery from hemorrhagic fever.

Humoral responses also have a role in protection from arenaviral hemorrhagic fevers.
Neutralizing activity as measured by PRN does not reflect antibody-dependent cellular
cytotoxicity, antibody-mediated antigen uptake by phagocytes, or antibody-mediated antigen
presentation, all of which modulate virus infection in vivo [Villinger et al., 2003]. The adoptive
transfer studies in the mouse were contradicted by studies in a more relevant guinea pig model,
in which splenocyte transfer resulted in death for 5 of 5 challenged animals whereas the transfer
of immune plasma protected 4 of 5 challenged animals [Peters et al., 1987]. Neutralizing plasma
from monkeys with titers above 4 logs could protect Lassa-infected cynomolgous macaques,
and were especially effective when given with ribavirin [Jahrling and Peters, 1984; Jahrling et
al., 1984]. Convalescent plasma from Lassa patients has also been shown to be protective in
guinea pigs when the titer of neutralizing antibodies exceeds 2 logs, however this level is
difficult to obtain from human plasma [Jahrling, 1983]. Our experience with immune responses
in the rhesus/AIDS model and now in the rhesus/LCMV model indicates that a good CMI is
always attended by a good humoral response, and that neutralizing antibodies are rarely
correlated with protection. In the absence of costly immune depletion studies and adoptive
transfer studies as have been performed in the rhesus/AIDS model [Schmitz et al., 1999,
2003], it is impossible to determine whether one or both responses are critical for immunity.
It seems plausible that the humoral response alone cannot protect, that high antibody responses
are indicative of good helper and CMI responses, and that CMI is most critical for survival.

Proliferative responses to LCMV antigen were observed in all three challenge-surviving
monkeys but not in monkeys that succumbed to lethal challenge. It was curious that
proliferative capacity frequently decreased following inoculation with more virus; so we tested
the hypothesis that decreases in SI were due to AICD as observed in AIDS [Wallace et al.,
1999]. This was not the case, however, since lymphocyte subsets were just as susceptible to
cell death before and after activation with PHA (Fig. 6). There is an alternative hypothesis that
we did not pursue in this study, but which finds support in murine studies. Klenerman et al.
[2002], found that after infection, virus-specific memory T cells were sequestered primarily in
solid organs such as kidney, liver, lungs, and spleen, and less than 20% of these T cells remained
in the circulation. This finding raises the possibility that inoculations with virus can drive the
majority of the proliferative response out of the circulation and into infected organs.

The significance of this study is primarily in characterizing the diversity of outcomes arising
from a narrowly defined set of inoculi. Such outcomes run the gamut of what would be expected
in nature after infection with hemorrhagic fever virus. The most fertile area of research for the
future will be to define the earliest responses to infection that can be used to predict progression
to the various outcomes.
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Fig. 1.
Hematological data. Blood cell counts were obtained over the course of our study for two
monkeys that failed to survive lethal challenge and for three monkeys that survived. A: Monkey
Rh-ig7b had been i.g. inoculated with 107 pfu of LCMV-WE and subsequently survived
challenge with 103 pfu LCMV-WE i.v. Note the rise in neutrophils during disease and the
monocytosis at the end of disease. B: Monkey Rh-ig7a, initially inoculated with 107 pfu WE
and Rh-ig8b inoculated with 108 pfu WE did not survive the lethal challenge (103 pfu of
LCMV-WE). A sharp rise in lymphocytes and neutrophils is depicted for Rh-iv3 (WE) that
succumbed after the first inoculation. One additional monkey, Rh-8a (not shown) also
succumbed immediately after the first inoculation (108 pfu WE) and experienced a similar rise
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in lymphocytes and neutrophils. C: Monkey Rh-iv3 inoculated i.v. with 103 pfu ARM, and
monkey Rh-ig8 inoculated with 108 pfu ARM both survived lethal challenge. Note the spike
in neutrophils at week 4 for Rh-iv3. Neither monkey experienced disease.
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Fig. 2.
Flow cytometry. Only the LCMV-ARM-infected animals were analyzed for fluctuations in
lymphocyte subsets since LCMV-WE-infected animals were analyzed previously
[Lukashevich et al., 2002]. CD3+ cells are roughly the sum of CD4+ and CD8+ T lymphocytes,
and CD20+ are B lymphocytes. The search for particular changes was only extended to samples
taken 2 weeks before or 2 weeks after the inoculation, and 2 weeks before and after the 1st and
2nd challenge.
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Fig. 3.
Plaque-reduction neutralization assay (PRN). This assay was carried out for all the monkeys
included in this study, but only the three monkeys that survived the challenge are shown to
illustrate the contribution of humoral immune responses in protecting against a lethal challenge.
Note that complement-assisted PRN is similar to, but more strongly neutralizing than,
complement un-assisted PRN. Whereas monkey Rh-ig8 (ARM) never had any neutralizing
titer, the other two animals had good neutralizing titers. The antibody titer is expressed as the
log10 of the plasma dilution that inhibited 50% of the plaques compared to the viral control.
The time of challenge is depicted by an arrowhead (▲). No other animals showed any
neutralizing titers.
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Fig. 4. Chromium-release CTL assays
The percent specific lysis was calculated as described in the Materials and Methods section
and is depicted as a number on each bar associated with the different antigenic stimuli. CTL
activity over the course of infection is shown for challenge-surviving animal Rh-ig7b (A), and
for two animals that succumbed, Rh-ig7a (B) and Rh-ig8b (C). Only the results for the 50:1
and 25:1 effector:target ratio are shown.
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Fig. 5. Lymphocyte proliferation assay for rhesus macaques that survived lethal challenge
Fresh PBMC were incubated with antigenic stimuli during the course of infection. The upper
right corner of each panel indicates the antigenic stimulus: LCMV-WE for 3 days (A), LCMV-
WE for 6 days (B), LCMV-ARM for 3 days (C) and LCMV-ARM for 6 days (D). PBMC tested
were from monkeys Rh-ig7b (WE-infected), Rh-iv3 (ARM-infected) or Rh-ig8 (ARM-
infected). Stimulation index (SI) is the thymidine incorporation in the presence of test antigen
divided by the thymidine incorporation in the presence of medium alone. Non-surviving
monkeys only exhibited background levels and are not included in this figure. The time of
challenge is depicted by an arrowhead (▲).
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Fig. 6. No activation-induced cell death (AICD)
Apoptosis was experimentally determined based on the progressive loss of membrane
permeability through the incorporation of 7-aminoactinomycin D. The extent of apoptosis after
PHA-stimulation of PBMC was examined to explain the apparent in vitro proliferation
inhibition observed in the samples taken after each inoculation with virus. CD4+, CD8+, and
CD20+ subsets were examined from samples cryo-preserved 2 weeks before infection, 2 weeks
after infection, 2 weeks before the first challenge, 2 weeks after the first challenge, 2 weeks
before the second challenge, or two weeks after the second challenge. Panel A shows the %
of 7AAD+ cells from Rh-iv3 (LCMV-ARM-infected) and panel B shows the % of 7AAD+
cells from Rh-ig8 (LCMV-ARM-infected). There are no increases in PHA-stimulated cell
death to explain the dissapearance of proliferative responses after antigenic challenges.
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TABLE II
Blood Chemistries

Monkey Weeks after inoculation ASTa ALT GGT

Rh-ig7a 0 25 69 68
2 33 53 54
4 35 48 60

* (nothing abnormal for weeks)
14 (challenge) 28 49 59

16 (morbid/death) 553 1,004 187
Rh-ig7b 0 17 52 74

2 38 42 47
4 184 398 90
6 38 34 125
8 40 36 94
10 16 30 65

* (nothing abnormal for weeks)
16 (challenge) 30 36 56

* (nothing abnormal for weeks)
26 41 93 57
28 25 73 62

29 (healthy/sacrificed) 29 65 —
Rh-ig8a 0 17 58 72

1.5 (morbid/death) 6,062 2,429 216
Rh-ig8b 0 66 91 78

2 42 102 124
4 26 54 85

* (nothing abnormal for weeks)
14 (challenge) 34 92 79

16 (morbid/death) 1,302 1,312 217
Rh-iv3 (ARM) 0 44 44 62

2 36 48 51
4 47 47 56
6 35 53 54

8 (challenge) 46 58 50
10 59 83 49

12 (2nd challege) 51 87 96
13 (healthy/sacrificed) 45 74 —

Rh-ig8 (ARM) 0 35 39 70
2 23 38 67
4 12 43 75
6 20 48 82

8 (challenge) 23 43 99
10 22 55 104
12 16 50 104

13 (healthy/sacrificed) 15 39 —
Rh-iv3b 0 28 121 164

14 (morbid/death) 1,694 1,499 305

a
Data are in international units per liter (IU/L). Aminotransferases (AST, ALT) and gamma-glutamyltransferase (GGT) reference range data are 18–82

(AST), 22–87 (ALT), and 28–86 (GGT) IU/L [Wolford et al., 1986]. Bolded data are those outside the normal reference range.
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