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Abstract

Background: Arenaviruses are negative strand RNA viruses that can cause disease
and hemorrhagic fever in humans. Flexal virus (FLEV) is a New World arenavirus
that was isolated in Brazil from the Oryzomys ssp. (Rice rat). This virus is classified
as a HHS and USDA Select Agent and is known to be a human pathogen that
has caused mortality in humans. Currently, there has not been a description of an
animal model to study FLEV induced pathogenesis. Therefore, this study aimed to
characterize an animal model to study FLEV pathogenesis.

Methods and Findings: In this study, we infected hamsters (5-6 weeks of age
and 13-15 weeks of age) and guinea pigs with FLEV. The results demonstrate that
there are discernable differences associated with FLEV infection in these 3 animal
models. FLEV infection in 5-6 week old Syrian golden hamsters resulted in 60%
mortality, while infection in the 13-15 week old hamsters resulted in 80% mortality.
Infection in guinea pigs resulted in only 20% mortality. FLEV infection in hamsters
resulted in hemorrhagic fever manifestations, which included morbidity, weight
loss, petechial rash, and hemorrhage. Additionally, FLEV was isolated in specific
tissues from the terminal hamsters and viremia was measured in terminal samples.
Vascular leakage was associated with the lung, spleen, intestines, brain, heart,
kidney, and pancreas in terminal hamsters. Lastly, mortality appeared to correlate
with viral tissue titers and viremia.

Conclusions: In all, this study demonstrates that the Syrian golden hamster serves
as an appropriate animal model to study FLEV-induced pathology and vaccine and
therapeutic efficacy.

Introduction

ity to cause hemorrhagic fever. LASV is the most prevalent
hemorrhagic fever arenavirus, infecting a quarter of a million
individuals in endemic regions of West Africa annually [1]. The

Arenaviruses are rodent-borne, enveloped ambi-sense RNA
negative-strand RNA viruses that are divided into two groups:
the Lassa-Lymphocytic choriomeningitis serocomplex and the
Tacaribe serocomplex. The Lassa-Lymphocytic choriomenin-
gitis serocomplex (Old World arenaviruses) consists of Lassa
virus (LASV) and Lujo virus; both of which have the capac-
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Tacaribe complex arenaviruses (New World arenaviruses) are
endemic in the Americas and are classified into three or four
clades. The New World arenaviruses which cause hemorrhag-
ic fever in humans include Junin virus (JUNV), Machupo virus
(MACV), Guanarito virus (GTOV), Chapare virus and Sabia
virus. All of these Clade B New World arenaviruses are cat-
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egory A priority pathogens and classified as HHS (Health and
Human Services) Select Agents [2] and require BioSafety Level
(BSL-4) laboratories for study in the United States [3]. The
Clade A arenaviruses consist of Pirital virus (PIRV), Pichindé
virus (PICV), Flexal virus (FLEV), Parana virus (PARV), and All-
pahuayo virus (ALLV). Arenaviruses are maintained in nature
in a specific rodent reservoir and some of these viruses have
the ability to cause a wide spectrum of human disease includ-
ing hemorrhagic fever manifestations [4]. Infected rodents
tend to have chronic persistent infection with virus shedding
through urine, feces, and/or saliva [5, 6]. Rodents and nonhu-
man primates have been historically utilized as animal models
for arenavirus research. Guinea pigs and hamsters have been
the most common rodent used for arenavirus pathogenesis
studies. The guinea pig has previously been used to study
LASV and GTOV pathogenesis because infection of the guin-
ea pig results in viremia, morbidity, and mortality. Hamsters
have been commonly used to study PIRV pathology. Infec-
tion of the hamster with PIRV results in viremia, pathologic
abnormalities in specific tissues, coagulopathy, morbidity, and
mortality. Because hamsters and guinea pigs have been his-
torically used as small animal models for other arenaviruses, it
is logical to use these animals when discerning a new animal
model for another arenavirus.

FLEV is a pathogenic Clade A New World arenavirus that
was isolated in Brazil from the Oryzomys spp. (Rice rat) and
is known to cause overt disease [7]. Clinical manifestations
include fever, chills, headache, general myalgia, nausea, vom-
iting, dizziness, and diarrhea. FLEV is considered a HHS Select
Agent and requires BSL-3 containment. Though this virus was
isolated over 30 years ago, very little is known about the
pathogenesis associated with human disease. Additionally, no
animal model has been described. Therefore, this study aimed
to delineate a suitable animal model to study the pathogen-
esis associated with FLEV infection.

Materials and Methods

Cell lines, virus, and reagents

FLEV (BeAn 293022) and PIRV (VAV-488) was obtained from
Dr. Robert B. Tesh at the University of Texas Medical Branch
(Galveston, TX). The virus was passed up to five times in Vero
E6 cells (ATCC) using RPMI 1640 media (Gibco) plus antibi-
otics (diluted 1:100) and diluted in Minimal Essential Media
prior to challenge. The animals were challenged with 9.96 x
108 pfu of FLEV or 5.26 x 10° pfu of PIRV administered by
intraperitoneal injection in 1 mL.
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Plaque assay

Plague assays were performed as previously described [8].
Briefly, Vero E6 cells (ATCC) were seeded on 12-well plates
(seeding density of 3x10° cells/well) 24 hours prior to inocu-
lation. After 10 fold dilutions of viral samples, 100 uL was
added to each well in triplicate. The plates were incubated at
37.0°C (5% CO,) for 60 minutes with rocking every 15 min-
utes. A 0.7% methyl-cellulose overlay (containing EMEM, an-
tibiotics, non-essential amino acids, and 10% FBS) was added
to the inoculum prior to incubating at 37.0°C (5% CO,) for
96 hours. The overlay was aspirated and replaced with an
identical overlay supplemented with 4% Neutral Red (Sigma)
and incubated an additional 24 hours (37.0°C, 5% CO,). The
wells were then fixed with a 2% paraformaldehyde solution
prior to visual analyses.

Animal Studies

Twenty (24) female Syrian golden hamsters (Mesocricetus
auratus) (twelve at 13-15 weeks of age, and twelve at 5-6
weeks of age at the beginning of the study), and twelve
Hartley guinea pigs were received from Charles River Kings-
ton (Kingston, NY) and randomly associated into six groups.
Groups 1-3 consisted of ten animals per group and Groups
4-6 each consisted of two animals per group. The animals
were individually housed in isolator cages and allowed food
and water ad libitum. All study procedures were approved in
accordance to the guidelines by the Institutional Animal Care
and Use Committee. All work involving infected animals or
virus was performed in the BSL-3 laboratory.

Blood Sampling

Terminal blood samples were obtained from animals that
were euthanized due to moribundity via cardiac puncture.
Sera was collected for viremia analysis.

Assessment of vascular leakage

Vascular permeability was determined by injection of Evans
Blue Dye (EBD) (Sigma-Aldrich, St. Louis, MO) into the vena
cava and quantifying its diffusion into various tissues. Animals
found moribund from groups 1, 2, and 3 and uninfected ani-
mals from groups 4, 5, and 6 were anesthetized, and injected
with 0.4 mL 0.5% EBD in PBS by vena cava. Animals were
euthanized after 30 minutes, and the vasculature was exten-
sively perfused transcardially with 30 mL of PBS to remove
residual blood. Section of the liver, heart, spleen, lung, pan-
creas, bronchial lymph nodes, kidney, brain, adrenal glands,
small intestine, and large intestine were harvested, weighed,
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and immersed in 0.5 mL of 10% formamide. EBD extraction
was then performed by incubating tissue samples at 37°C
overnight, heat inactivating for 2 hours at 56°C, homogeniz-
ing, and centrifuging to pellet debris. A 0.1 mL volume from
each sample was placed into a 96-well microtiter plate, and
the absorbance at 630 nm was measured. Data is calculated
as a ratio of absorbance to grams of tissue.

Statistical analyses

Animal survival data was analyzed using the SAS® MULT-
TEST procedure to adjust for multiple comparisons at the
0.05 level of significance using the Bonferroni-Holm Method.
A time-to-death analysis was performed based on the length
of survival model and the Kaplan-Meier estimator and log-
rank tests were used to determine any significant differences
between groups.

Results

Morbidity and mortality associated with FLEV infection in the
Syrian golden hamster and the guinea pig.

The Syrian golden hamsters and guinea pigs were infected
with FLEV or PIRV by intraperitoneal (i.p.) inoculation. FLEV
infection resulted in 60% mortality (6/10) in 5-6 week old
hamsters and 80% mortality (8/10) in 13-15 week old ham-
sters, while only 20% mortality occurred in FLEV-infected
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guinea pigs (Figure 1). Of the infected hamsters (13-15 weeks
of age), 8 of 10 were lethargic and exhibited huddled pos-
ture and ruffled fur. The 2 surviving animals never exhibited
any signs of disease and 6 of the 8 that died demonstrated
petechial rashes, hemorrhaging from the nose and/or mouth,
and labored breathing. The petechial rashes and hemorrhag-
ing was observed in these 6 animals from days 6 through 10.
Once hemorrhaging was observed, animal deaths occurred
within 24 to 48 hrs. These 6 animals all died within 10 days
after challenge. Two of the 13-15 week old hamsters were
euthanized on 14 and 18 days post-challenge. These expe-
rienced significant weight loss (> 20%), labored respiration,
and lethargy. Neither of these animals hemorrhaged exter-
nally. In all, the mean day of death for the animals that died
was calculated to be 10 days post-challenge.

Similar results were observed in the 5-6 week old hamsters; 5
of the 6 animals that died demonstrated petechial rashes and
hemorrhaging 24 to 48 hrs prior to death. These 5 animals
died within 12 days post-challenge. The remaining animal
did not demonstrate petechial rash or any hemorrhaging,
but was euthanized 14 days post-challenge due to decreased
grooming, lethargy, and significant weight loss (>20%). The
mean day of death for the animals that died was calculated
to be 9 days post-challenge.

Only 2 of the 10 FLEV-challenged guinea pigs succumbed to
disease. Both of these animals demonstrated huddled pos-
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Figure 1. Kaplan-Meier Curve Representing Time-to-Death from Challenge and Mortality Data for Each Group. Hamsters 5-6 weeks of
age or 13-15 weeks of age and guinea pigs were infected with FLEV or PIRV and followed for 21 days.
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Table 1. P-values from the Pairwise Log-Rank Tests Comparing Time to Death and Overall Survival between Groups Infected
with Flexal Virus

Unadjusted Bonferroni-Holm Adjusted
Group ETITE Guinea Pi TS Guinea Pi
(13 - 15 weeks old) 9 (13 - 15 weeks old) 9
5 g'f/vrzsefg old) 0.2707 0.0356* 0.2707 0.0711
Hamster 0.0029* 0.0088*

(13 = 15 weeks old)

* Comparison between the two groups was significantly different at the 0.05 level of significance.

ture, ruffled fur, and labored respiration and were eutha-
nized 16 and 17 days post-challenge. The remaining 8 animals
never demonstrated any signs of overt disease.

As controls, a total of 2 hamsters (5-6 weeks of age and 13-
15 weeks of age) and 1 guinea pig were inoculated with PIRV,
since PIRV infection in hamsters results in 100% mortality,
while PIRV infection in guinea pigs does not result in morbid-
ity or mortality. This was performed to guarantee the validity
of the animal model system. As expected, both hamsters
infected with PIRV succumbed to disease, while the guinea
pig remained healthy and survived to the end of the study.

The unadjusted pairwise log-rank tests suggest a significant
difference in the distribution of time to death among each
of the hamster groups and the guinea pig group (Table 1).
After adjusting for multiplicity, the 5 — 6 weeks old hamster
group was no longer significantly different from the guinea
pig group. No significant difference could be inferred be-
tween the two hamster groups. The Kaplan-Meier estimator
of the survival functions for these three groups indicate that
the hamsters were more susceptible than the guinea pigs to
the FLEV. The two FLEV-challenged hamster groups had a
shorter time to death and greater lethality rates when com-
pared to the guinea pigs challenged with FLEV.

Effects of FLEV infection on animal weights

Weight loss associated with FLEV-infection in the hamsters
and guinea pigs appeared to correlate with disease. FLEV
infection in hamsters (5-6 weeks of age) resulted in 20%
weight loss in 40% of the animals (Figure 2A). All of these
animals were euthanized due to FLEV-associated disease. Two
of the four surviving hamsters lost weight before recovering,
and the other two survivors gained weight throughout the
study. As a whole, FLEV-infected hamsters (13-15 weeks of
age) lost weight. Sixty percent of these hamsters lost at least

20% of their baseline body weight; all of these animals were
euthanized due to FLEV-associated disease. The two surviving
hamsters lost weight throughout the course of the study;
however, the weight loss never reached 20% and these ham-
sters recovered from disease signs that were present after
challenge. Only one guinea pig lost 20% of its baseline body
weight. This animal was euthanized 16 days post-challenge
due to a combination of weight loss and FLEV-associated
disease. The other guinea pig that was euthanized due to
the disease lost 10% of its body weight. Weight loss was
not associated with the surviving guinea pigs. In all, weight
loss was associated with disease in the hamsters (5-6 weeks
of age and 15-16 weeks of age).

FLEV distribution in infected animals

FLEV was associated with the pancreas, kidney, adrenal
gland, heart, lung, bronchial lymph node, brain, small intes-
tine, liver, and spleen in terminal hamsters and guinea pigs as
determined by plaque assay analysis (Figure 3A). Viral titers
were also observed in the large intestine of terminal FLEV-
infected hamsters; however, no viral titers were detected in
the large intestines of the terminal guinea pigs, which may
be due to the sensitivity of the assay. A significant difference
in viral titers was observed when comparing the titers associ-
ated in the brain of the hamsters to the guinea pigs. Viremia
was also detected in all terminal animals. Interestingly, FLEV
titers were detected in the kidneys of surviving hamsters and
guinea pigs; in the adrenal gland of hamsters (5-6 weeks of
age); in the bronchial lymph nodes of surviving guinea pigs;
in the large intestines in surviving hamsters (13-15 weeks of
age); and in the spleen of surviving hamsters (5-6 weeks of
age) (Figure 3B). No viremia was measured in the terminal
blood samples from the survivors. In all, higher levels of vi-
ral titers were observed in the non-surviving hamsters when
compared to the non-surviving guinea pigs.
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Figure 4. Vascular Permeability Associated with FLEV Infection in Hamsters. Specific tissues were assayed for vascular permeability by
EBD infusion. Animals were infused with EBD via the vena cava and euthanized after 30 minutes. The vasculature was exten-
sively perfused and sections of tissues were harvested, weighed, and immersed in 0.5 mL of 10% formamide. EBD extraction
was then performed and the data is calculated as a ratio of absorbance to grams of tissue.

Vascular permeability associated with FLEV
infection

To assess vascular permeability, EBD was infused into animals
prior to euthanasia via the vena cava. This procedure was
performed to demonstrate whether mortality was associated
with vascular permeability. Animals were anesthetized prior
to EBD infusion and then euthanized after 30 min. Tissue
samples from infected and uninfected animals were collected
and assayed for EBD concentration. The amounts of EBD, as
assayed by OD 630/g, were compared amongst the hamsters
that died as a result of challenge and the hamsters that sur-
vived. Vascular leakage was associated with the large intes-
tines, spleen, adrenal glands, lung, and brain in 5-6 week old
hamsters and in the spleen, lung, and brain in the 13-15 week
old hamsters (Figure 4). Additionally, the EBD numerical data
is supported by visual observations of the tissues (Figure 5).
The liver, large intestine, and lung of a FLEV-infected ham-
ster and mock-infected hamster is representative of the visual
observations from other animals. Typically, a visual difference
could be observed in FLEV-infected and mock-infected ham-
sters, with specific tissues from FLEV-infected hamster show-
ing more intense blue color when compared to mock-infected
hamsters. These data demonstrate vascular permeability in
specific tissues in hamsters infected with FLEV.

Discussion

Arenaviral disease is often associated with fever, malaise, my-
algia, and fatigue during the early stages of disease prior to
progressing to petechial rashes, hemorrhage, delirium, trem-
ors, and hyporeflexia [9, 10]. Advanced stages of disease is
often associated with respiratory distress, vascular perme-
ability, seizures, shock, and death. Several arenavirus models
have been described. Rodents have been mainly utilized as
small animal models for arenavirus pathogenesis research. Of
the rodents, guinea pigs and hamsters have been the most
common small animal used to describe arenavirus hemor-
rhagic fever. The guinea pig has previously been used to study
LASV and GTOV pathogenesis, while hamsters have been
commonly used to study PIRV pathology. LASV infection of
guinea pigs results in viremia, tissue viral titers, histological
lesions, and morbidity and mortality. Infection of the guinea
pig with GTOV results in viremia, viral antigen in endothelial
cells, thrombocytopenia, petechia, epistaxis, adrenal hemor-
rhage, bone marrow depletion, and morbidity and mortality.
To avoid performing research in a BSL-4 environment, some
investigators have used the PICV-guinea pig model to study
hemorrhagic fever pathogenesis [11-15], while others may use
the PIRV-hamster model [16-19]. These different models do
provide some pathogenic similarities to hemorrhagic fever
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Figure 5. Visual Representation of Vascular Permeability Associ-

ated with Specific Tissues in FLEV-Infected Hamsters.
(A) Large intestines, (B) lungs, and (C) liver from a
FLEV-infected and mock-infected hamster were col-
lected to demonstrate a visual representation of the
EBD leakage.

caused by LASV, JUNV, MACV, or GTOV, but there are also
distinct differences. PIRV infection in the hamster results in
viremia, tissue viral titers, pathologic abnormalities in the
liver, spleen, and lungs, anorexia, lethargy, pulmonary hem-
orrhage, splenomegaly, intestinal hemorrhage, coagulopathy,
and morbidity and mortality. Infection of the guinea pig with
the PICV P18 variant results in viremia, tissue viral titers, ter-
minal shock, and morbidity and mortality. Additionally, the
PICV and PIRV models provide a safer environment to study

© Under License of Creative Commons Attribution 3.0 License

hemorrhagic fever pathogenesis since these viruses are not
known to cause overt disease in humans. Lastly, studies uti-
lizing PICV requires BSL-2 containment, while studies using
PIRV requires BSL-3 containment. Utilizing these models ne-
gates the requirement for BSL-4 containment, which allows
for studies to be performed at a more cost-efficient and rapid
manner.

Flexal virus is a pathogenic arenavirus (identified as a HHS
and USDA Select Agent) that was isolated in Brazil from the
Oryzomys spp. (Rice rat) and is known to cause overt disease
[7]. At least 2 symptomatic laboratory infections have been
observed; however, the disease has not been completely
defined [20]. Thus, this pathogen may act as a bridge to
study various arenavirus hemorrhagic fever treatments prior
to studying such products in the BSL-4. To clarify, products
aimed to treat LASV (or the other BSL-4 arenaviruses) infec-
tion, could be first screened in the BSL-2 PICV or BSL-3 PIRV
model because the work is cost-efficient, rapid, and safer.
Products that demonstrate efficacy could then be tested in
the FLEV BSL-3 model prior to the testing in a BSL-4 model
since FLEV is a known human pathogen. Additionally, infec-
tions of all hamsters with comparable titers of PIRV (when
compared to FLEV) result in mortality, while some of the
hamsters infected with FLEV recover and survive. This sce-
nario is more realistic when compared to arenavirus infections
that result in hemorrhagic fever since these infections do not
result in a 100% mortality rate. Thus, this study aimed to
define the disease progression associated with FLEV infec-
tion in the Syrian golden hamster model. Characterization of
this model is important to future vaccine, prophylactic, and
therapeutic work.

Syrian golden hamsters serve as an adequate animal model
to study FLEV infection and pathogenesis and can be used to
test the efficacy of prophylactics, therapeutics, and vaccines
aimed at arenaviral hemorrhagic fever and disease. Some dif-
ferences exist when comparing the results of challenge in the
5-6 week old hamsters and the 13-15 week old hamsters in
regards to survival and the disease progression. However, dif-
ferences have also been reported when hamsters, of the ap-
proximate ages, were infected with PIRV [16-19]. Thus, these
results were not surprising. More studies involving higher ani-
mal numbers may be necessary to delineate whether the age
of the animals influence mortality and overt disease.

Specific tissues were assayed in animals that survived and
died as a result of FLEV challenged. The highest titers of virus
were observed in the adrenal gland, lung, and liver in the
5-6 week old hamsters and in the adrenal gland, liver, and
pancreas in the 13-15 week old hamsters. Less viral titers were
associated with the tissues in the guinea pigs that died when
compared to the hamsters. No virus was observed in the large
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intestines of the guinea pigs; however, this may be because
the amount of virus present was below the limit of detection.
Viremia was also measured in all hamsters and guinea pigs
that died as a result of FLEV challenge. This demonstrates
that viremia existed throughout the course of the disease.
No viremia, above the limit of detection, was exhibited in
the surviving animals.

Additionally, the data suggest that mortality may be cor-
related to vascular permeability, since vascular permeability
was associated with tissues from the hamsters that died.
These results are in agreement with previous published re-
ports demonstrating vascular permeability in PICV-infected
hamsters [21]. Vascular leakage was observed in the large
intestines, spleen, adrenal glands, lung, and brain in the 5-6
week old hamsters and in the spleen, lung, and brain in the
13-15 week old hamsters. However, no correlation could be
discerned when comparing the amount of virus in a specific
tissue with EBD leakage. Thus, viral titers in specific tissues
do not seem to correlate with vascular permeability under
the correct conditions.

In all, the data suggest that FLEV in the hamster can be (1)
used as a surrogate model to study arenaviral hemorrhagic
fever pathogenesis, (2) used to screen antivirals and vaccines
for arenavirus infection, and (3) used to study FLEV-associated
pathogenesis. Unlike some of the other arenavirus animal
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models, FLEV infection of the hamster does not result in
100% mortality. Thus, mortality resembles what is observed
in humans infected with an arenavirus hemorrhagic fever. The
observed viremia, tissue viral titers, petechiae, loss of weight,
and morbidity and mortality resembles what is observed in
humans suffering from arenavirus-induced hemorrhagic fever.

Conclusion

In conclusion, these data suggest that either 5-6 week old
hamsters or 13-15 week old hamsters can be used when
evaluating the efficacy of a vaccine, therapeutic, or prophy-
lactic against arenaviral hemorrhagic fever. In all, it can be
concluded that FLEV infection in hamsters leads to overt dis-
ease, viremia, weight loss, viral titers in specific tissues, and
vascular permeability.
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