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Eastern equine encephalitis virus (EEEV) produces the most severe human arboviral disease in North
America (NA) and is a potential biological weapon. However, genetically and antigenically distinct strains from
South America (SA) have seldom been associated with human disease or mortality despite serological evidence
of infection. Because mice and other small rodents do not respond differently to the NA versus SA viruses like
humans, we tested common marmosets (Callithrix jacchus) by using intranasal infection and monitoring for
weight loss, fever, anorexia, depression, and neurologic signs. The NA EEEV-infected animals either died or
were euthanized on day 4 or 5 after infection due to anorexia and neurologic signs, but the SA EEEV-infected
animals remained healthy and survived. The SA EEEV-infected animals developed peak viremia titers of 2.8
to 3.1 log10 PFU/ml on day 2 or 4 after infection, but there was no detectable viremia in the NA EEEV-infected
animals. In contrast, virus was detected in the brain, liver, and muscle of the NA EEEV-infected animals at the
time of euthanasia or death. Similar to the brain lesions described for human EEE, the NA EEEV-infected
animals developed meningoencephalitis in the cerebral cortex with some perivascular hemorrhages. The
findings of this study identify the common marmoset as a useful model of human EEE for testing antiviral
drugs and vaccine candidates and highlight their potential for corroborating epidemiological evidence that
some, if not all, SA EEEV strains are attenuated for humans.

Eastern equine encephalitis virus (EEEV) is a single-
stranded, positive-sense, mosquito-borne RNA virus in the
genus Alphavirus (family Togaviridae) that can cause severe
encephalitis in humans and horses. EEEV is considered
the most deadly of the mosquito-borne alphaviruses due to the
high mortality rate associated with apparent infections, reach-
ing as high as 90% in horses. In humans, the estimated case
fatality rate approaches 80% and many survivors exhibit crip-
pling sequelae such as mental retardation, convulsions, and
paralysis. An increase in the number of equine cases in recent
years has raised public health concerns that reflect the con-
tinuing importance of EEEV as an emerging arboviral threat.
In addition, EEEV is a category B priority agent of the Na-
tional Institute of Allergy and Infectious Diseases due to its
virulence and potential for use as a biological weapon and the
lack of a licensed vaccine or effective antiviral drug for human
infections.

Previous studies recognized four antigenic subtypes of
EEEV. One comprises strains from North America (NA), and
the remaining three are found in Central America and South
America (SA) (7). These subtypes exhibit important differ-
ences in their transmission cycles and virulence. In general,
EEEV strains from SA appear to be less virulent for humans
than NA strains (29). The former can occasionally cause dis-

ease and death in horses, but human infections are rarely
recognized and seldom result in neurologic disease (2). In
contrast, human infections with NA strains can result in severe
disease with neurologic complications. The cause of the appar-
ent difference in human virulence remains unknown; however,
a recent study suggests that it may be associated with viral
sensitivity to interferons (1).

In experimentally infected laboratory mice, EEEV produces
neurologic disease that resembles human and equine infec-
tions (27); however, both NA and SA strains of EEEV are
highly virulent in mice, causing mortality rates of 70 to 90%
following subcutaneous inoculation (1). An exception is SA
strain BeAr436087, isolated from a mosquito pool in Brazil,
which is a naturally attenuated strain in mice and horses and
has been useful for the recent development of an effective
live-attenuated vaccine for EEE (28).

Experimental pathogenesis studies of EEEV in primates are
few. Nathanson et al. (21) studied intracerebral infection of
rhesus macaques with a NA strain and identified a similar
distribution of lesions in the central nervous system (CNS)
compared to human cases of EEE. The distribution of lesions
in the CNS of EEEV-infected macaques was also distinct com-
pared to macaques infected with two virulent flaviviruses, Lan-
gat and Japanese encephalitis viruses. More recently, Reed et
al. (26) infected cynomolgus macaques via the aerosol route
with a NA EEEV strain and reported neurological signs con-
sistent with human cases.

Development of alternative nonhuman primate models to
study potential bioterrorism agents and emerging pathogens is
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warranted due to the current shortage of traditional nonhuman
primates (24). Common marmosets (Callithrix jacchus) are
small, nonendangered New World primates that have been
used extensively in biomedical research and provide an attrac-
tive alternative to traditional nonhuman primate species. Com-
pared to larger Old World primates, appreciable advantages of
their use in research include small size (320 to 450 g), avail-
ability, low purchase price and cost of housing, and ease of
breeding in captivity (20). In the present study, common mar-
mosets were evaluated as a disease model for human EEE with
both NA and SA strains of EEEV.

MATERIALS AND METHODS

Animals. Six healthy, adult common marmosets (C. jacchus), 3 to 7 years old
and ranging in weight from 364 to 404 g, were obtained from the Southwest
National Primate Research Center at the Southwest Foundation for Biomedical
Research (SFBR) in San Antonio, TX. The marmosets were used in previous
studies of the flavivirus GB virus B that occurred more than 2 years prior to the
present study. Liver biopsies were performed prior to EEEV infections to con-
firm the absence of hepatitis. One week prior to the start of the study, animals
were transferred to the biosafety level 4 facilities at SFBR and housed individ-
ually in caging specifically developed for marmosets. All experimental animal
protocols were reviewed and approved by the Institutional Animal Care and Use
Committee and the Institutional Biohazards Committee of the SFBR.

Viruses. NA strain FL93-939 and SA strain BeAr436087 were provided by the
University of Texas Medical Branch World Reference Center for Emerging
Viruses and Arboviruses. Strain FL93-939 was isolated from a 1993 Florida pool
of Culiseta melanura mosquitoes, and strain BeAr436087 was isolated in 1985
from a mosquito pool collected in Fortaleza, Brazil. To minimize cell culture
passages that can attenuate alphaviruses (8, 17), infectious cDNA clones were
developed for each virus by reverse transcription-PCR amplification and cloning
as described previously (3). A Vero cell plaque assay was used to determine titers
of virus stocks, which were shown previously to be indistinguishable from the
parent viruses for replication in cell cultures and mice (3).

Virus inoculations and postexposure monitoring. Three animals received in-
tranasal (i.n.) inoculations of 1 � 106 PFU of strain FL93-393 or BeAr436087 in
a 0.1-ml volume. After infection, marmosets were monitored daily for anorexia,
depression, and abnormal neurologic signs. On days 0, 1, 2, 4, 7, 9, and 11 after
infection, marmosets were sedated, body weights and temperatures were re-
corded, and blood samples were collected for hematology, biochemical analyses,
virus titer determination, and antibody titer measurement. When the marmosets
were euthanized, either at day 16 after infection when the experiment was
completed or when moribund, tissues were collected for virus titer determina-
tion, histopathological analysis, and immunohistochemistry.

Virologic and clinical laboratory determinations. Virus titers were determined
in blood and homogenized tissues by a conventional plaque assay as described
previously (25). In accordance with the manufacturer’s instructions, complete
blood cell counts were performed on the collected blood samples with a VetScan
HMT machine (Abaxis, Inc., Union City, CA) and biochemical analyses were
performed on the plasma samples with a mammalian liver enzyme profile rotor
on a VetScan analyzer (Abaxis, Inc., Union City, CA).

Tissue processing. When marmosets were euthanized, brain, heart, lung, liver,
spleen, mesenteric lymph node, adrenal gland, kidney, and skeletal muscle tissue
samples were aseptically removed and either frozen immediately for virus titer
determination or fixed in phosphate-buffered (pH 7.2) 4% paraformaldehyde
before being paraffin embedded for histology and immunohistochemistry. Cere-
brospinal fluid (CSF) was also collected at this time for virus titer determination.

Serological assay. Neutralizing antibodies were assayed in sera with an 80%
plaque reduction neutralization test as previously described (6).

Histopathology and immunohistochemistry. Paraffin-embedded tissues were
cut into 5-�m sections, deparaffinized, and stained with hematoxylin and eosin
for histopathological analyses. For immunohistochemical analysis, deparaffinized
tissue sections were stained for viral antigen with an indirect immunoperoxidase
assay as previously described (23). Briefly, EEEV hyperimmune mouse ascitic
fluid was used as the primary antibody (kindly provided by Robert Tesh). Per-
oxidase-conjugated goat anti-mouse immunoglobulin (KPL, Gaithersburg, MD)
was used as the secondary antibody and reacted with aminoethylcarbazole as the
substrate (Enzo Life Sciences, Farmingdale, NY). Controls included the use of
an irrelevant mouse ascitic fluid as the primary antibody and tissue sections from

uninfected marmosets. All sections were counterstained with hematoxylin (Poly
Scientific, Bay Shore, NY).

Statistical analysis. For body weight and temperature measurements, viremia
data, and peripheral blood leukocyte values, statistical comparisons were per-
formed with either a Student t test or a one-way analysis of variance, followed by
a Tukey multiple-comparison test. Survival data were analyzed with the log rank
test (GraphPad Prism, San Diego, CA). P � 0.05 was considered significant.

RESULTS

Clinical observations. Marmosets were acclimated to their
surroundings prior to i.n. exposure to the NA and SA strains of
EEEV. There was a significant difference in mortality between
NA and SA EEEV-infected marmosets (P � 0.03). SA EEEV-
infected marmosets survived infection, whereas NA EEEV-
infected marmosets either died or were euthanized on day 4 or
5 after infection. Marmosets exposed to SA EEEV remained
active, alert, and in good physical condition throughout the
study, with a transient decrease in food consumption during
first few days after infection. In contrast, marmosets exposed to
NA EEEV developed decreased appetites by day 1 or 2 after
infection, with complete anorexia in at least one marmoset by
day 4 after infection. By days 2 to 4, these marmosets were
inactive, somnolent, either not blinking or repeatedly blinking
their eyes, and exhibiting a depressed posture.

Body temperatures and weights of sedated marmosets were
measured on days 0, 1, 2, 4, 7, 9, and 11 after infection (Fig. 1).
SA EEEV-infected marmosets did not appear to develop a
febrile response to infection, although sedation could have
affected the accuracy of the body temperature measurements.
In contrast, NA EEEV-infected marmosets developed acute
fever between days 2 and 4 after infection, which decreased in
two of the three animals prior to death or euthanasia on day 4
or 5 (Fig. 1A). There was a significant difference in body
temperature in the NA EEEV-infected marmosets between
days 0 and 4 after infection.

All marmosets experienced body weight losses during the
first 4 or 5 days after infection (P � 0.05; Fig. 1B). The SA
EEEV-infected marmosets began gaining weight after day 4
postinfection. In contrast, NA EEEV-infected marmosets con-
tinued to lose weight until death or euthanasia at day 4 or 5
after infection.

Complete blood cell counts and biochemical analyses were
performed on blood samples collected on days 0, 1, 2, 4, 7, 9,
and 11 after i.n. exposure to NA and SA EEEVs. Within the
first 24 h of infection, all of the NA EEEV-infected animals
showed a decrease in white blood cell counts, which were
within the normal range for marmosets (Fig. 2A). In contrast,
the white blood cell counts of the SA EEEV-infected animals
were more variable within the first 24 h of infection. Most
likely associated with the excitability of marmosets during han-
dling, the white blood cell counts of two of the three SA
EEEV-infected marmosets were above the normal range for
marmosets on day 0 after infection, which either increased or
decreased by day 1 after infection and remained above the
normal range for marmosets. The white blood cell count of the
third SA EEEV-infected marmoset was within the normal
range on day 0 after infection, and there was a slight increase
in the count by day 1 after infection. For both groups, the
changes in white blood cell count during the first 24 h after
infection nearly paralleled those in the lymphocyte, monocyte,
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and granulocyte subpopulations of leukocytes (Fig. 2B to D).
By day 4 after infection, the NA EEEV-infected marmosets
developed marked leukocytosis prior to death or euthanasia at
day 4 or 5 after infection. There were no significant differences
in white blood cell, lymphocyte, and granulocyte counts be-
tween cohorts; however, there was a significant difference in
the monocyte counts between NA and SA EEEVs on day 4
after infection.

For both NA and SA EEEV-infected marmosets, the ma-
jority of the biochemistry results were within the normal range
for marmosets, including total protein, albumin, glucose, and
the liver function enzymes alkaline phosphatase and alanine
transferase (data not shown). In marmosets from both groups,
there were occasional mild elevations in blood urea nitrogen
and creatinine (data not shown).

Viremia and viral burden in tissues. Previous work has
shown that SA strain BeAr436087 is avirulent in mice but
induces 10-fold higher viremia than other EEEV strains (1). In
marmosets, SA strain BeAr436087 induced higher viremia on
day 2 after i.n. infection than NA strain FL93-939 (P � 0.01).
SA strain EEEV-infected marmosets developed peak viremia
titers of 2.8 to 3.1 log10 PFU/ml at either day 2 or 4 after

infection, while there was no detectable viremia in the NA
EEEV-infected marmosets (Fig. 3). The limit of detection by
the assay was 1.7 log10 PFU/ml.

At the time of euthanasia or death, the brains and other
organs of the marmosets were harvested and virus titers were
determined by plaque assay. CSF was also collected at this time
for virus titer determination. At day 4 or 5 after infection, NA
EEEV was detected in the brain, liver, and skeletal muscle
(Fig. 4) but SA EEEV was not detected in any tissues at the
time of sacrifice, 16 days after infection. The NA EEEV strain
replicated to a higher titer in the brain than in the liver or
muscle; titers in the brain ranged from 3.6 to 5.8 log10 PFU/100
mg, while viral titers were 2.0 to 2.2 log10 PFU/100 mg in the
liver and �1.7 to 2.0 log10 PFU/100 mg in the muscle. There
was no detectable virus in the CSF of the infected marmosets.

Serology. SA EEEV-infected marmosets developed neutral-
izing antibodies to the virus by day 11 or 16 after infection. On
these days, the 80% plaque reduction neutralization test titer
was 1:20 for SA strain BeAr436087. In contrast, no neutralizing
antibodies to virus were detected in the sera of NA EEEV-
infected marmosets at day 4 or 5 after infection. The limit of
detection by the neutralizing antibody assay was 1:20.

Histological lesions. At the time of euthanasia or death, the
brains and other organs of the infected marmosets were exam-
ined for histopathological lesions. For the histopathological
and immunohistochemical analyses, tissue sections from unin-
fected marmosets were included as negative controls (Fig. 5A
and F). During the necropsies of the SA and NA EEEV-
infected marmosets, there were no gross pathological lesions
noted. On histopathologic examination of the brains of SA
EEEV-infected marmosets, there was no evidence of menin-
gitis or encephalitis associated with infection (Fig. 5B). How-
ever, mononuclear cell leptomeningitis and encephalitis of
moderate severity were seen in the cerebral cortexes of all NA
EEEV-infected marmosets (Fig. 5C to E). Perivascular cuffs
and encephalitis were multifocal and primarily composed of
mononuclear cells. In two of the three marmosets infected with
NA EEEV, there was also a prominent neutrophilic compo-
nent in the inflammatory infiltrates of the cerebral cortex and
hippocampus. Microglial activation and focal neuronal necro-
sis were also observed within and adjacent to areas of enceph-
alitis, and in one animal, small foci of perivascular hemorrhage
were observed.

Some NA EEEV-infected marmosets showed liver changes
suggestive of terminal hypotension or metabolic derangements
associated with illness and fever. One animal showed a mild,
diffuse microvesicular steatosis, and one animal showed early
focal coagulative necrosis around the central veins. In two of
the three SA EEEV-infected marmosets, a mild form of acute
hepatitis was observed in which there were rare small intralob-
ular and sinusoidal clusters of mononuclear cells and pale,
swollen hepatocytes with disorganized trabecular architecture
and signs of hepatocyte regeneration. Hemosiderosis and ex-
tramedullary hematopoiesis were also noted in the livers of the
SA EEEV-infected marmosets, lesions previously identified in
common marmosets and other New World primates as inci-
dental findings (13, 19).

In the spleen, two of the three NA EEEV-infected marmo-
sets showed neutrophil accumulations in the red pulp, suggest-
ing either peripheral neutrophilia or local inflammation due to

FIG. 1. Change in body temperatures and weights of marmosets
after i.n. infection with EEEV. Percent changes from the starting (day
0) body temperatures (A; in degrees Celsius) and weights (B; in grams)
of marmosets were determined on days 1, 2, 4, 7, 9, and 11 after i.n.
infection with either NA EEEV strain FL93-939 (solid lines) or SA
EEEV strain 436087 (dashed lines). NA EEEV-1, -2, and -3 and SA
EEEV-1, -2, and -3 are individual marmosets within each cohort.
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necrosis or complement deposition. The spleens of the SA
EEEV-infected animals lacked this lesion.

The adrenal glands and kidneys of both NA and SA EEEV-
infected marmosets showed multiple foci of interstitial and/or

FIG. 2. Peripheral blood leukocyte subpopulations after exposure to EEEV. Marmosets were bled on days 0, 1, 2, 4, 7, 9, and 11 after i.n. infection
with either NA EEEV strain FL93-939 (solid lines) or SA EEEV strain 436087 (dashed lines) to assess changes in peripheral blood leukocytes. Graphs
show cell counts for total white blood cells (A), lymphocytes (B), monocytes (C), and granulocytes (D) for each marmoset. As indicated by the boxes on
each graph, normal cell counts of white blood cells, lymphocytes, monocytes, and granulocytes in the peripheral blood of marmosets are 1.8 to 8.1, 0.7
to 5.0, 0.0 to 0.6, and 0.0 to 4.0 m/mm3, respectively. NA EEEV-1, -2, and -3 and SA EEEV-1, -2, and -3 are individual marmosets within each cohort.

FIG. 3. Viremia in marmosets after i.n. infection (106 PFU) with either
NA EEEV strain FL93-939 (closed circles; below limit of detection) or SA
EEEV strain 436087 (open circles) (three marmosets per cohort). On day 7
after infection, one of two marmosets tested had detectable viremia (a). Error
bars indicate the standard deviations, and the limit of detection by the assay
was 1.7 log10 PFU/ml.

FIG. 4. Virus titers in tissues of marmosets on days 4 and 5 after
i.n. infection with NA EEEV. Marmosets were infected i.n. (106

PFU) with NA strain FL93-939. At the time of euthanasia or death
(day 4 or 5 after infection), brain, lung, heart, liver, adrenal gland,
lymph node, and skeletal muscle samples were collected and virus
titers were determined by plaque assay. Error bars indicate the
standard deviations, and the limit of detection by the assay was 1.7
log10 PFU/ml.
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FIG. 5. Histopathology and immunohistochemistry of marmoset brains after i.n. infection with EEEV. Similar to uninfected brains (A;
magnification, �20), there were no apparent lesions associated with SA EEEV (B; magnification, �20); however, NA EEEV-infected marmosets
showed multifocal perivascular cuffing and encephalitis in the cerebral cortex (C; magnification, �10 [inset enlarged in panel E; magnification,
�40]) and a moderate degree of mononuclear cell leptomeningitis (D; magnification, �40) with some perivascular hemorrhages (not shown).
Similar to uninfected brains (F; magnification, �20), SA EEEV-infected brains (G; magnification, �20) were negative for viral antigen while NA
EEEV-infected brains showed strong cytoplasmic staining (dark red) of neurons in the cerebral cortex (H; magnification, �20). BV, blood vessel.
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perivascular mononuclear cell infiltrations (lymphoplasma-
cytic) that included some neutrophils. These changes have
been described previously in uninfected common marmosets
(22). Interestingly, the inflammatory cell infiltrates in the kid-
neys of the SA EEEV-infected marmosets were more abun-
dant than in those of the NA EEEV-infected marmosets. The
significance of these findings is unknown.

The mesenteric lymph nodes of all three NA EEEV-infected
marmosets showed sinus histiocytosis, whereas only one SA
EEEV-infected marmoset showed a mild form of sinus histio-
cytosis. For both NA and SA EEEV-infected marmosets, no
significant pathological changes were noted in the heart, lungs,
or skeletal muscle.

Immunohistochemistry. Immunohistochemical staining for
viral antigen was performed on brain tissue sections (Fig. 5F to
H). Similar to uninfected marmosets, SA EEEV-infected mar-
mosets showed no apparent infection of the brain on day 16,
while NA EEEV-infected marmosets showed strong cytoplas-
mic staining of infected neurons in the cerebral cortex.

DISCUSSION

The findings of this study identify the common marmoset as
a useful model of human EEE for testing antiviral drugs and
vaccine candidates and highlight their potential for corrobo-
rating epidemiological evidence that some, if not all, SA EEEV
strains are attenuated for humans. Despite differences in the
ages and weights of the marmosets (and prior exposure to
another virus), there was a significant difference in survival
between NA and SA EEEV-infected animals. The brain le-
sions of all three NA EEEV-infected marmosets were also
consistent with those described in human cases of EEE.

Although the i.n. route of infection does not account for
natural disease progression following a mosquito bite, there
were several reasons why the i.n. route was chosen for this
study. First, the EEEV marmoset model was developed to
ultimately test the efficacy of newly developed vaccines after
i.n. or aerosol challenge with a highly virulent strain of EEEV.
Second, the epidemiological rate of apparent infection in hu-
mans following natural exposure to NA EEEV is relatively low
(4%) (15). Therefore, experimental studies of EEEV via sub-
cutaneous inoculation in marmosets would probably require
much larger (and more costly) cohort sizes to detect differ-
ences between NA and SA EEEVs. Lastly, the i.n. route pro-
vides a more direct route of virus to the brain. Thus, the
detection of differences between NA and SA EEEVs is more
sensitive and reflective of neurovirulence. The results of the
present study provide a foundation for conducting more com-
prehensive experiments on the effect of the route of infection
on the early pathogenesis of EEEV in marmosets.

Animal models of EEE. Insights into human disease caused
by EEEV have been gained by studying several different spe-
cies of animals. In mice, EEEV causes encephalitis but gener-
ally fails to induce the vascular manifestations typical of fatal
human disease (18). Golden hamsters have been proposed to
be a better rodent model of human EEE than mice because
they develop vascular lesions after subcutaneous infection that
are similar to those described in humans (23). Because alpha-
viruses are highly infectious by aerosol, additional pathogene-

sis studies are warranted to determine whether similar lesions
occur in hamsters after i.n. or aerosol exposure to EEEV.

Rhesus macaques were the first nonhuman primates used
for pathogenesis studies of EEE. When infected with NA
EEEV via the intracerebral or i.n. route, juvenile rhesus ma-
caques developed fatal encephalitis with CNS lesions similar to
those described in human cases (21, 30). More recently, adult
cynomolgus macaques exposed by aerosol to NA EEEV were
shown to develop fever and were moribund within 48 to 72 h of
fever onset (26). Neurological signs developed rapidly as the
fever waned. Gross or histopathologic studies were not re-
ported.

Common marmosets versus other nonhuman primate mod-
els of EEE. We report here that i.n. exposure to a NA strain of
EEEV caused lethal encephalitis in marmosets. The onset of
fever and neurological signs were similar to those in cynomol-
gus macaques infected by aerosol exposure (26). Rhesus ma-
caques also develop fever by day 3 after i.n. infection with NA
EEEV, with death occurring 2 to 3 days after the onset of fever
(30).

In the present study, a decrease in leukocytes was observed
in NA EEEV-infected marmosets within 24 to 48 h of infec-
tion, followed by marked leukocytosis prior to death or eutha-
nasia. As reported in human cases (14), leukocytosis in the
marmosets was primarily attributed to both neutrophilia and
lymphocytosis. Cynomolgus macaques also developed leukocy-
tosis prior to death following aerosol exposure to NA EEEV
(26); however, the leukocytes were predominantly composed
of granulocytes, and a white blood cell count of �20,000/ml
was seen in all animals with a poor prognosis.

For both NA and SA EEEV-infected marmosets, the ma-
jority of the biochemistry results were within the normal range
for marmosets, including liver enzymes. In contrast, EEEV-
infected cynomolgus macaques develop elevations in several
liver enzymes, including lactate dehydrogenase (LDH), aspar-
tate aminotransferase (AST), and alkaline phosphatase, after
aerosol exposure (26). However, liver enzyme elevations have
not been reported in human cases of EEE and do not appear
to be an important prognostic indicator of disease outcome
(11).

The pathological lesions in the CNS of the NA EEEV-
infected marmosets were similar to those described for human
cases (5, 12, 14, 16, 21), where EEEV causes neuronal loss,
neuronophagia, perivascular cuffs, focal and diffuse accumula-
tions of inflammatory cells, and leptomeningitis in the CNS. A
neutrophil-rich reaction in brain tissue is characteristic of hu-
man EEE meningoencephalitis, which was seen in the NA
EEEV-infected marmosets in our study. In human cases of
EEE, vascular lesions with breakdown in the structure of the
vessel wall and the appearance of thrombi and extravasation of
red blood cells have often been noted. We did not observe
vasculitis or fibrin thrombi in the cerebral microvasculature,
but foci of perivascular hemorrhage were observed in one of
the three NA EEEV-infected marmosets. Areas of the CNS
most frequently subject to severe lesions in human EEE in-
clude the cerebral cortex, basal ganglia, thalamus, hippocam-
pus, and brain stem, with relative sparing of the cerebellum
and spinal cord. In the NA EEEV-infected marmosets, the
most severe CNS lesions (excluding the spinal cord) were lo-
cated in the cerebral cortex. Although SA EEEV-infected mar-
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mosets showed no overt symptoms of encephalitis and there
were no lesions or virus identified in the brain at a later stage
of infection, more studies are needed to determine whether
lesions and/or virus exist in the brain (or other organs) during
early infection and prior to the development of neutralizing
antibodies.

The hepatic lesions that were described in the marmosets
appear to be associated with EEEV infection. Liver biopsies
were performed prior to the EEEV infections to confirm the
absence of acute or chronic hepatitis, and based on the bio-
chemistry profiles, there was also no indication of significant
liver (or kidney) damage prior to and during EEEV infection.
However, future studies should include marmosets that have
not been used in prior experiments to corroborate the de-
scribed hepatic (and other) lesions after EEEV infection.

Common marmoset responses to SA versus NA EEEVs. Con-
sistent with studies with mice, SA EEEV strain BeAr436087
was attenuated in infected marmosets. Other than transient
weight loss during the first few days after infection, the SA
EEEV-infected marmosets continued to appear healthy and
active throughout the study. This strain also caused no mor-
tality in NIH Swiss mice when inoculated subcutaneously at a
dose of 6 log10 PFU, and this attenuation may be correlated to
interferon sensitivity that is controlled by both nonstructural
and structural protein regions of the virus (3). The availability
of cDNA clones for the NA and SA EEEV strains we studied,
as well as chimeras with swapped nonstructural and structural
protein genome regions, should facilitate further studies with
marmosets or macaques to identify viral genes responsible for
the dramatic differences in human virulence. Similar studies
with other SA strains of EEEV that are virulent in mice should
also be performed to determine if the attenuation of strain
BeAr436087 for primates can be generalized to the other two
SA subtypes. Based on the findings of the present study, co-
horts of marmosets of similar ages and body weights will prob-
ably be required to detect measurable differences (such as
body weight and temperature etc.) between different strains of
EEEV.

In addition to disease outcome, there are also host factors
that could be measured to identify those that may contribute to
the pathogenesis of EEEV. Molecular tools are fairly limited
in the marmoset. However, there are several sequences cur-
rently available in the GenBank database for marmoset cyto-
kines. In addition, the recent development of a marmoset-
specific oligonucleotide microarray and the anticipated release
of the complete sequence of the marmoset genome (10) sug-
gest that these animals have the potential to become more
relevant and accepted as a nonhuman primate model for var-
ious aspects of biomedical research, which include infectious
diseases.

Previous work with NIH Swiss mice has shown that SA strain
BeAr436087 induces 10-fold higher viremia than other EEEV
strains (1). Similarly, in our study, SA EEEV-infected marmo-
sets developed higher peak viremia titers than NA EEEV-
infected marmosets, which showed no detectable viremia.
Likewise, viremia was either transient or undetectable in cyno-
molgus macaques that died of encephalitis following aerosol
exposure to NA EEEV (26).

There have been only two reported fatal human encephalitis
cases of EEE in SA (4, 9), and a recent study hypothesizes that

humans in SA are exposed but do not develop apparent infection
with EEEV because of poor infectivity and/or avirulence of SA
strains (2). The same study showed that only 3% of healthy per-
sons from a region of Peru where EEE is enzootic had EEEV-
reactive antibodies (2). In the present study, neutralizing antibod-
ies to EEEV were detected in the SA EEEV-infected marmosets
at a titer of 1:20 at day 11 or 16 after infection. However, addi-
tional studies are needed to determine peak neutralization anti-
body titers and duration of immunity compared to other EEEV
strains to test this hypothesis.

In summary, the common marmoset appears to be a useful
small nonhuman primate model of human EEE for pathogen-
esis studies, as well as efficacy studies of antiviral therapeutics
and vaccine candidates. The focus of future work with this
model should include the examination of other SA subtypes of
EEEV for attenuation, as well as the identification of viral
determinants of human neurovirulence.
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