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ABSTRACT Rift Valley fever virus (RVFV) is a pathogen of both humans and live-
stock in Africa and the Middle East. Severe human disease is associated with hepati-
tis and/or encephalitis. Current pathogenesis studies rely on rodents and nonhuman
primates, which have advantages and disadvantages. We evaluated disease progres-
sion in Mustela putorius furo (the ferret) following intradermal (i.d.) or intranasal (i.n.)
infection. Infected ferrets developed hyperpyrexia, weight loss, lymphopenia, and hy-
poalbuminemia. Three of four ferrets inoculated intranasally with RVFV developed
central nervous system (CNS) disease that manifested as seizure, ataxia, and/or hind
limb weakness at 8 to 11 days postinfection (dpi). Animals with clinical CNS disease
had transient viral RNAemia, high viral RNA loads in the brain, and histopathological
evidence of encephalitis. The ferret model will facilitate our understanding of how
RVFV accesses the CNS and has utility for the evaluation of vaccines and/or thera-
peutics in preventing RVFV CNS disease.

IMPORTANCE Animal models of viral disease are very important for understanding
how viruses make people sick and for testing out drugs and vaccines to see if they
can prevent disease. In this study, we identify the ferret as a model of encephalitis
caused by Rift Valley fever virus (RVFV). This novel model will allow researchers to
evaluate ways to prevent RVFV encephalitis.
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ift Valley fever (RVF) is a disease endemic to Africa and the Arabian Peninsula,

affecting livestock and humans (1-3). Livestock are infected via the bite of mos-
quitos carrying RVF virus (RVFV), a bunyavirus in the family Phenuiviridae. Transmission
to humans can occur by mosquito bite or exposure to infected animal fluids (4). While
the majority of human RVF cases result in a self-limiting, febrile illness, a subset of cases
progress to severe clinical manifestations (5, 6). These include hepatitis, retinitis,
encephalitis, and hemorrhagic fever, with case fatality rates varying widely between
outbreaks (7). While severe disease is associated with uncontrolled viral replication and
an exaggerated host inflammatory response (8, 9), the host determinants of clinical
outcome are not yet defined (10). Our understanding of RVFV pathogenesis and disease
progression is impeded by limitations of current animal models to faithfully recapitulate
the range of human clinical manifestations.

Commonly used animal models for RVF include rodents and nonhuman primates
(NHPs) (11, 12). Wild-type (WT) RVFV is typically lethal in all mouse strains tested to
date, typically from acute, early-onset hepatitis (13, 14). BALB/c mice sometimes survive
longer before succumbing to neurological disease (15). Inbred rats provide a wider
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range of susceptibility and disease progression, depending on strain and infection
route (16, 17). Wistar-Furth and Brown Norway rats are highly susceptible and succumb
to acute hepatitis regardless of the infection route (18), while August-Copenhagen-Irish
rats skew toward encephalitis (19). Conversely, RVF manifestations in Lewis rats are
highly dependent on route of infection: subcutaneously infected animals develop
viremia but no disease signs (18), while aerosol exposure leads to uniformly lethal
encephalitis (17, 20, 21). Syrian hamsters develop acute liver disease following subcu-
taneous exposure to RVFV and have also been used to evaluate vaccines and thera-
peutics against RVFV (22-24). However, for licensure of vaccines or therapeutics in the
absence of human clinical trial data, the Food and Drug Administration (FDA) two-
animal rule requires efficacy in two animal models, with at least one nonrodent system
(25, 26). Nonhuman primate studies more closely recapitulate human RVF disease
phenotypes (27-29), but high cost renders NHPs intractable for early-stage develop-
ment, large-scale, or high-throughput studies. Therefore, a nonrodent, non-NHP animal
model for RVFV that exhibits a spectrum of clinical manifestations would be a very
useful addition.

Domestic ferrets (Mustela putorius furo) are a commercially available, outbred spe-
cies that successfully models aspects of clinical disease for many viruses (30), including
other hemorrhagic fever viruses (31-33). Ferrets are less expensive than NHPs and do
not require the same large-animal facilities as NHPs but have been shown to similarly
reproduce aspects of viral disease progression (31). Additionally, since ferrets are
excellent models of influenza, many new virologic and immunologic reagents are
actively being developed to make this a more useful resource for studying infectious
diseases (34). RVFV was first shown to cause pathology in ferrets in 1935 (35). However,
ferrets have not since been investigated to study RVFV pathogenesis. Here, we establish
RVFV models of self-limited acute febrile disease and neurological disease in ferrets.

RESULTS

RVFYV infection of ferrets results in a self-limited febrile illness or encephalitis.
Ferrets were infected with either 1 X 10# (low dose) or 1 X 10 (high dose) 50% tissue
culture infective doses (TCID,) of recombinant WT (rWT) ZH501 RVFV via either the
intradermal (i.d.) or intranasal (i.n.) route. The ferrets i.n. and i.d. infected at the high
dose developed transient temperature elevation above the range of the controls in the
first week of infection. Ferrets infected i.n. at both inoculation doses had temperature
elevation above the range of the controls at 6 to 8 days postinfection (dpi) (Fig. 1A). The
clinical scoring system recorded posture, activity, skin/eye, neurologic, pulmonary, or
gastrointestinal tract findings (see Fig. ST in the supplemental material). Control and
low-dose i.d. infected animals had clinical scores of zero throughout the course.
High-dose i.d. infected animals had 1 to 2 episodes of diarrhea, and one of three
animals displayed intermittent head tilt from days 10 to 21 without other clinical signs.
Low-dose i.n. infected animals exhibited intermittent decreased activity at 6 to 13 dpi;
two of the four animals had diarrhea and squinting, with one also displaying mild
respiratory distress and sneezing during this time. The high-dose i.n. infected group
exhibited decreased activity, squinting, intermittent sneezing, and mild respiratory
distress from 6 to 11 dpi. One of the four animals in this group had resolution of
symptoms while the other three were euthanized on days 8, 10, and 11 for central
nervous system (CNS) signs that included ataxia, seizures/tremors, and hind limb
weakness (Fig. 1B). Throughout the experiment, most infected ferrets had weight loss
compared to weight of the control animals; weight loss was greatest in animals that
required euthanasia for CNS disease (Fig. 1C and D; Fig. S2). Notably, the same animal
that had the head tilt in the group infected i.d. at 10° TCID,, also had >10% weight loss
(Fig. S2).

RVFV-infected ferrets have mild changes in their leukocyte percentages and
clinical chemistries. Serial complete blood counts (CBCs) revealed a relative lympho-
cytopenia and neutrophilia during the first week of infection that resolved in all animals
(Fig. 2A to D). A transient mild elevation in levels of aspartate aminotransferase (AST)
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FIG 1 Clinical findings in RVFV-infected ferrets. Temperature measurements (A), survival (B), and weight changes (C and D) in ferrets
inoculated with two different doses of rWT RVFV via the i.n. or i.d. route are shown. Numbers of animals in each group are noted. For panel
A, the dotted line denotes the average of the values obtained in control animals over the course of the experiment, and the gray shading
denotes 2 standard deviations from the averages.

and alanine aminotransferase (ALT) were noted in the high-dose i.n. infected group,
and a transient mild elevation in ALT was noted in the high-dose i.d. infected group
(Fig. 3A and B). Animals infected at the high dose had an early increase in total protein
(Fig. 3C) but low levels of aloumin, which is the main protein component in blood and
an acute-phase reactant. Hypoalbuminemia was sustained throughout the experiment
in the high-dose i.n. infected group (Fig. 3D).

RVFV-infected ferrets that required euthanasia for clinical encephalitis had
high viral RNA loads in the brain. Transient low levels of viral RNA were noted in the
blood of three high-dose i.n. infected animals at 3 dpi and in one each of the low-dose
i.n. infected and high-dose i.d. infected animals (Fig. 4A). At the time of euthanasia, viral
RNA was detected in the spleens of most animals but was elevated to 7 to 8 log,,
copies per gram in the brains of the three animals that were euthanized for clinical
neurologic disease (Fig. 4B). The three animals that required euthanasia also had
detectable transient viral RNA in the blood at 3 dpi. One of the animals that was
euthanized for neurologic disease had 7 log copies of viral RNA per gram in the lungs.
No other sampled tissues exhibited notable levels of viral RNA at the time of necropsy.
Isolation of infectious virus was attempted from all brain samples, from the single lung
sample that had a high viral RNA load, and from the spleen samples with the three
highest RNA loads. Infectious virus was isolated only from the brains of the encephalitic
animals that were euthanized at 8 and 10 dpi (Fig. 4B, open circles). No virus was
recovered from any sample with a viral RNA copy number of less than 8 logs. This was
not surprising, given the sensitivity of the quantitative reverse transcription-PCR (qRT-
PCR) assay, and similar findings have been reported by other investigators (36).

All RVFV-infected ferrets developed virus-specific adaptive immune responses.
RVFV-specific antibodies were first noted at 6 dpi (Fig. 5A). IgM titers were initially
higher than those of IgG; but by 10 dpi, they were equivocal, and thereafter IgG titers
continued to rise while IgM titers declined and then persisted. There was no difference
in the magnitude of the virus-specific titers between the different experimental groups.
All surviving RVFV-infected animals had 80% focus reduction neutralization test
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FIG 2 Leukocyte changes in RVFV-infected ferrets. Total leukocytes (A) and the percentages of neutrophils (B), lymphocytes
(C), and monocytes (D) are shown. Dotted lines denote the averages of the values obtained in control animals over the course
of the experiment, and the gray shading in each graph denotes 2 standard deviations from the averages. Error bars indicate

the standard deviations of the means.

(FRNTg,) values of 640 or greater while the three animals that developed encephalitis
had RVFV FRNT, values of 40 to 640 on the day of euthanasia, which occurred between
8 and 11 dpi (Fig. 5B).

Peripheral blood mononuclear cells (PBMCs) obtained at euthanasia were analyzed
for virus-specific cellular immunity by gamma interferon (IFN-vy) enzyme-linked immu-
nosorbent spot (ELISPOT) assay. Virus-specific cells were detected in all animals from
which viable PBMCs were obtained except in the animal euthanized at 8 dpi for CNS
disease (Fig. 5C). This animal had detectable spots in the peptide-exposed wells but
also had detectable spots in the negative-control well, indicating nonspecific cellular
activation at the time of euthanasia. The highest frequency of RVFV-specific cellular
activity was noted in the two animals that were euthanized at 10 and 11 dpi.

All i.n. RVFV-infected ferrets had histopathologic evidence of encephalitis. An
extensive necropsy was performed at the time of euthanasia. Mild splenic enlargement
was noted in most of the infected animals. There were no obvious gross abnormalities
of the pulmonary, urinary, or gastrointestinal tracts of any animal, with the exception
of incidental renal cysts in 2 of 19 animals. In the animal that required euthanasia due
to CNS disease at 8 dpi, the surface of the brain was grossly discolored, consistent with
hyperemia and inflammation (Fig. 6A), and the sagittal cut revealed that the deeper
neuropil was also affected (similar specimens are shown from an uninfected animal for
comparison). On histopathologic examination, no significant lesions were noted in the
stomach, small intestine, colon, or eyes of any animal. Several of the animals (infected
and controls) were noted to have incidental findings of mild distal tubular mineraliza-
tion in the kidney as well as mild patchy urothelial cell anisocytosis and syncytialization
that were unlikely to be associated with RVFV infection. Infected and control animals
had various degrees of mild to moderate lymphocytic periportal inflammatory infil-
trates in the liver, which is not uncommon among ferrets (37). Four of the 13 infected
animals had foci of mixed inflammation accompanied by residual hepatocyte necrosis
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FIG 3 Blood chemistry changes in RVFV-infected ferrets. Measurements of liver function (ALT and AST), total protein, and
albumin, as indicated, are shown as a function of change from baseline. The gray shading in each graph denotes the range
of changes observed from baseline in the control animals. Error bars indicate the standard deviations of the means.

(Fig. 6B). Notably, pathological findings in the liver did not correlate with dose, route,
or ALT/AST elevation. The lungs from control and infected animals exhibited minimal
acute patchy bronchitis of unclear significance. However, the one animal that had high
levels of viral RNA in its lungs also had mild to moderate acute patchy pneumonitis with
type Il pneumocyte proliferation (Fig. 6C). The brains of all i.n. infected animals as well
as the brain of one of the animals infected i.d. at 10® TCID5, exhibited perivascular
cuffing (Fig. 6D), multifocal patchy meningitis (Fig. 6E), and encephalitis. Additional
findings present in the brains of animals euthanized for clinical CNS disease included
choroiditis (Fig. 6F), glial nodules (Fig. 6G), and laminar necrotizing encephalitis
(Fig. 6H). The same animal infected i.d. at 10° TCID,, that had histopathologic evidence
of encephalitis was also noted to have mild patchy myocarditis (data not shown). No
other animals had any pathologic lesions in the heart.
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FIG 5 Immunologic response in RVFV-infected ferrets. Average anti-RVFV IgM (dashed lines) and IgG (solid lines)
enzyme-linked immunosorbent assay endpoint titers as measured over time (A) and neutralizing antibody titers at the time
of euthanasia (B) are shown. The dotted lines represent the limits of detection of the assays. Error bars indicate the
standard deviations of the means. (C) Virus-specific cellular immunity as measured by ELISPOT assay. Days (D) of euthanasia

are indicated for the three animals that required euthanasia.

DISCUSSION

While several different animal models exist for studies of RVF disease, each of these
models has some limitations. Most species of mice are exquisitely sensitive to RVFV
infection and succumb rapidly to hepatitis. Nonhuman primates have shown promise
and are excellent for later preclinical development studies but can be difficult to obtain
and require significant resources. Rats have somewhat more diverse phenotypes but, as
rodents, also do not meet the required FDA two-animal rule for the evaluation of
therapeutics or vaccines for licensure. The two-animal rule would be a likely path of
licensure of any RVFV vaccine or therapeutic given the difficulty of performing a clinical
trial for a disease that exhibits sporadic emergence in wide geographic areas.

The ferret model fills this gap in that it is a nonrodent animal species that is readily
available and less resource-intensive than NHPs. Additionally, with wide use of ferrets
for influenza studies, there is a wealth of knowledge already in place, and new
immunologic reagents are being actively developed (34). The ferret model recapitulates
at least two important manifestations of RVFV disease that are seen in humans: mild
self-limited febrile illness and later-onset severe encephalitis. Importantly, the RVFV CNS
disease that was observed in ferrets occurred following exposures that mimic natural
human routes of exposure, suggesting that the RVFV ferret model could be useful for
studying how the virus gains access to the CNS following infection by mosquito bite
versus that through mucosal exposure.

The host determinants of RVF disease manifestations in humans are poorly under-
stood. There are data to suggest that host innate immune responses modulate clinical
disease manifestations; polymorphisms in Toll-like receptor 3 (TLR3), TLR7, TLRS,
MyD88, TRIF, mitochondrial antiviral signaling protein (MAVS), and RIG-l genes were
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FIG 6 Pathologic findings in RVFV-infected ferrets. (A) Photograph of a grossly abnormal brain obtained
during the necropsy of a high-dose i.n. infected ferret. The brain was characterized by diffuse hyperemia
(top). An uninfected control brain is shown for comparison (bottom). (B) Foci (boxed) of hepatic
inflammation and necrosis were noted in the liver of an animal infected with RVFV i.n. at 10* TCID,,
(magnification, X20). (C) Viral RNA detection in the lungs of one animal infected with RVFV i.n. at 10°
TCID,, corresponded with diffuse pneumonitis and type Il pneumocyte proliferation (arrow) in the
setting of lung collapse (magnification, X40). Perivascular infiltrates (boxed, X20 magnification) (D),
meningitis (arrow, X20 magnification) (E), choroiditis (boxed, X10 magnification) (F), glial nodules
(boxed, X20 magnification) (G), and laminar necrosis (arrows, X 10 magnification) (H) were noted in the
brains of animals with encephalitis. Representative CNS photos are shown from animals infected with
RVFV i.n. at 106 TCID,,. Scale bar, 100 um.
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associated with severe hemorrhagic or encephalitic disease (8). Additionally, adaptive
immunity could also modulate disease in humans since HIV-1-positive individuals are
more likely to suffer from encephalitis (6, 38). These phenomena are partially repre-
sented in murine models; mice with various forms of altered innate and/or adaptive
immunity develop late-onset encephalitis following infection with a highly attenuated
version of RVFV that has a deletion of the nonstructural small (NSs) protein, the major
virulence factor (39, 40). Additionally, BALB/c mice sometimes develop late-onset
encephalitis (13) although the mechanisms that modulate this phenotype are un-
known.

It is also possible that the route of exposure plays an important role in modulation
of disease manifestations. Humans become exposed either by an infected mosquito
bite or by mucosal exposure to the blood or bodily fluids of infected animals (41). Given
the proximity of a typical mucosal exposure (i.e., eyes, mouth, or nose) to the CNS, it is
possible that direct neuroinvasion occurs. This is certainly the case in the rodent model
since footpad and intranasal exposures of mice with an attenuated recombinant form
of RVFV have divergent outcomes (42). In this model, i.n. exposure leads to CNS
invasion and encephalitis while the footpad exposure leads to robust, protective
immunity. In rats and NHPs, aerosol exposure is usually associated with CNS disease
while a peripheral exposure is often mild and self-limiting (17, 27, 43).

The ferret pathogenesis studies presented here recapitulate both routes of exposure
to RVFV, mimicking a mosquito bite-delivered inoculation or a mucosal exposure that
might occur from infected livestock. Both routes of exposure resulted in transient
low-level viremia accompanied by mild and transient ALT elevation and hypoalbumin-
emia, indicating systemic spread and inflammation. This was most prominent in the
high-dose i.n. infected group. While direct spread from i.n. inoculation across the
cribriform plate cannot be ruled out, the detection of viremia also suggests that
systemic spread could be another route of CNS invasion by RVFV in ferrets. A role for
systemic spread is further supported by the histopathologic evidence of CNS involve-
ment in one animal that received an i.d. inoculation. This ferret model utilizes rWT RVFV
of the ZH501 strain, which has been used in many other studies of RVFV (12, 17, 27, 36,
44-48) in rodent and NHP models. Importantly, in this study, virus was delivered by
routes that mimic natural infection while some encephalitis models of RVFV have
required attenuated virus or nonnatural delivery routes. Finally, the outbred nature of
ferrets provides host genetic diversity such as that which is present in human popu-
lations, making this model useful in understanding the impact of genetic diversity on
RVFV disease manifestations.

Unlike most inbred rodent models (14), ferrets did not develop severe hepatitis
following RVFV infection. Intradermal and low-dose i.n. inoculation in ferrets recapitu-
lated a typical mild human disease course as well as what has been observed in most
NHP models, the notable exception being marmosets, which are more susceptible than
most NHPs following multiple routes of exposure (27, 29, 43). ALT alterations noted in
ferrets were milder than those reported in NHPs, and leukopenia/leukocytosis has been
variably reported in NHPs. Similar to results in both rodent and NHP models, all
surviving ferrets developed robust virus-specific humoral responses.

In 1935, experimental exposure of ferrets to RVFV was reported (35). In that study
the exposure route was intranasal or subcutaneous, and the animals developed respi-
ratory disease. No mention of CNS disease was reported; but as the investigators were
initially expecting to find influenza, the lungs were the major focus, and no virologic or
pathological data were reported from the CNS. Additionally, there were significant
limitations in the available technology at the time that influenced the reported results,
given that virus was assayed in mice and that mammalian cell culture had not yet been
developed. The authors identified the virus as RVFV based upon histologic findings in
the livers of infected mice and the observation that RVFV immune serum from a
survivor was able to protect mice from challenge. Interestingly, we found high levels of
viral RNA as well as histopathologic evidence of pneumonitis in the lungs of one animal
at the time of euthanasia even though respiratory symptoms were mild and self-
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limited. This animal was euthanized for clinical CNS disease at 8 dpi. The lungs were not
systematically sampled for this study; therefore, the lack of viral RNA in the lungs of the
other animals could have been secondary to a sampling or timing bias.

In summary, we evaluated the pathogenesis of RVFV infection in ferrets and
observed both self-limited febrile illness and acute encephalitis. These studies provide
a new model for RVFV CNS disease using the outbred domestic ferret. This model is very
attractive because it uses modes of exposure that mimic natural routes of infection
resulting in disease that is clinically consistent with what has been reported for human
RVFV disease. Ferrets will be especially useful for the evaluation of therapeutics or
vaccines that aim to treat or prevent encephalitis caused by RVFV. An i.d. or intramus-
cular vaccination followed by a high-dose i.n. WT RVFV challenge would be a reason-
able starting point. Indeed, thanks to the efforts of the Coalition for Epidemic Prepared-
ness Innovations, there are efforts under way to develop RVFV vaccines for human use.
It will be important to ensure that these vaccines can prevent RVFV encephalitis, and
the ferret provides a tractable model in which to perform these studies.

MATERIALS AND METHODS

Animal approvals and procedures. Institutional Animal Care and Use Committee approval was
granted from the University of Pittsburgh. All work with live virus was performed in the Center for
Vaccine Research Regional Biocontainment Laboratory, which is approved for work with select agents.
Ferrets (Triple F Farms) were all male due to size requirements to permit repeated phlebotomy. Animal
ages ranged from 6 to 9 months at the time of infection, with weights from 1,123 to 1,837 g. Animals
were implanted with an IPTT-300 temperature and i.d. transponder (BMDS) and were housed in an
ABSL-3 laboratory in HEPA-filtered biocontainment caging. Animals were monitored twice daily for the
first 2 weeks and daily thereafter. Daily weights, temperatures, and clinical observations were recorded.
Animals were anesthetized using isoflurane for cranial vena cava phlebotomy at 0, 3, 6, 10, 14, 21, and
28 days postinfection (dpi). At each phlebotomy, blood was collected for complete blood counts (CBCs)
and clinical chemistries (CHEM). CBC and CHEM data were analyzed using a VETSCAN HM5 hematology
analyzer (Abaxis) and a VETSCAN VS2 chemistry analyzer (Abaxis) using the Preventative Care Profile Plus
disc. At the end of the experiment or when indicated by clinical signs, animals were euthanized by
intravenous injection of 2 milliequivalents (mEq)/kg of potassium chloride following terminal phlebot-
omy under anesthesia with inhaled isoflurane. During necropsy, various tissues were collected for
virologic assays in phosphate-buffered saline (PBS) supplemented with antibiotics and antimycotic
(Invitrogen). Samples of tissues were also fixed in 10% formalin for pathological analysis. Fixed tissues
were processed and paraffin embedded. Sections (4 um) were cut by microtomy and mounted on glass
sides, and tissues were stained with hematoxylin and eosin (H&E).

Virus generation, propagation, and infection. rWT ZH501 was generated using an established
reverse-genetics system (49) and propagated in Vero E6 cells (ATCC) for two passages. Virus was fully
sequenced using next-generation sequencing prior to use in vivo. Titers of viral stocks were determined
using the TCID,, method (50). On the day of infection 1 X 10% or 1 X 10¢ TCID, was inoculated either
intradermally on a shaved area between the scapulae (100 ul) or intranasally (500 ul) distributed in both
nares under isoflurane anesthesia.

qRT-PCR assays and virus isolation. Tissues were homogenized using a D2400 homogenizer
(Benchmark Scientific), and RNA was extracted from tissue homogenates or plasma samples using TRIzol
reagent (Ambion) and a Direct-zol RNA purification protocol (Zymo Research). Viral RNA was detected
using gRT-PCR targeting the RVFV large (L) segment as previously described (51). Data were normalized
by tissue weight and are reported as copies of RNA based upon a standard curve of known-quantity RVFV
L segment RNA that was generated as previously described (14). Virus isolations were performed by
inoculation of tissue homogenates onto Vero E6 cells. Graphs were generated using GraphPad Prism,
version 8.

Enzyme-linked immunosorbent and neutralization assays. RVFV-specific antibody titers were
assessed using a previously described protocol (14) with the following modifications. For detection of
virus-specific IgG, anti-ferret IgG-horseradish peroxidase (HRP) (Novus) was used as a secondary antibody
at 1:10,000. For detection of virus-specific IgM, plates were incubated for 1 h at 37°C with a goat
anti-ferret IgM (Rockland) diluted 1:5,000 in blocking buffer, followed by three PBS-Tween 20 (PBST)
washes and then incubated for 1 h at 37°C with rabbit anti-goat (HRP) secondary antibody (Invitrogen)
diluted 1:5,000 in blocking buffer. Data were analyzed using Excel (Microsoft Corp.). Raw optical density
(OD) values from the negative-control Vero E6 plate were subtracted from those of the RVFV lysate plate.
The endpoint titer was defined as the dilution of the plasma that gave a value at least 3 standard
deviations above the average value obtained from negative-control plasma from an uninfected ferret.

Serum samples obtained from terminal phlebotomy were used in a focus reduction neutralization
test (FRNT) as previously described (52). Foci were counted in control wells and compared to foci
numbers in experimental wells. The dilution of serum at which 80% of foci are neutralized is reported as
the FRNT,,. Graphs were generated using GraphPad Prism, version 8.

ELISPOT assay. At terminal phlebotomy, blood was collected into cell preparation tubes (BD
Biosciences), and peripheral blood mononuclear cells (PBMCs) were prepared and stored in liquid
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nitrogen until use. Cryopreserved PBMCs were thawed and washed in RPMI medium supplemented with
10% (vol/vol) fetal bovine serum (FBS). PBMCs were incubated with no stimulation (dimethyl sulfoxide
[DMSO] control), with 1 wg/ml of staphylococcal enterotoxin B (positive control), or in duplicate with a
pool of peptides that represented the entirety of the RVFV nucleocapsid (N) protein. There were a total
of 59 peptides, each 15 amino acids (aa) in length with overlaps of 11 aa, suspended in DMSO. Final
peptide concentration was 1 ug of each peptide/ml. Serial dilutions of PBMCs mixed with the various
stimulation conditions were placed in a precoated ferret interferon gamma (IFN-y) ELISPOT plate
(Mabtech). PBMCs from uninfected ferrets were used as controls in all assays. Following overnight
incubation, plates were processed according to the manufacturer’s instructions. Spots were counted
using an ImmunoSpot Analyzer (CTL), and data were exported to Excel. The RVFV-specific spot count was
determined by subtracting signal of the no-stimulation wells from signals of the RVFV N protein peptide
pool wells, and the number of spots was recorded per 1 X 10> cells. Graphs were generated using
GraphPad Prism, version 8.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.01 MB.
FIG S2, TIF file, 0.9 MB.

ACKNOWLEDGMENTS

We thank Valerie LeSage and Beth Ahner for training and advice regarding ferret

procedures, Devin Boyles for assistance with blood handling, and the staff of the
Division of Laboratory Animal Research at the University of Pittsburgh for their assis-
tance in husbandry and animal monitoring.

This work was supported in part by a DARPA award HR00111850041 to W.P.D. A.K.M.

was supported by an NIH K08 award (Al119448), a Burroughs Wellcome Career Award
for Medical Scientists (1013362.02), and the Children’s Hospital of Pittsburgh of the
UPMC Health System during the conduct of this study.

We have no conflicts of interest to report.
A.LH., W.P.D., and A.K.M. developed the concept; D.J.B,, JRA, S.N, N.L.T.L, S.L, EK,

and A.K.M. conducted the experiments; E.K. and AKM. performed the analysis; and
D.J.B., EK. and A.K.M. wrote the report. All authors participated in editing the manu-
script.

REFERENCES

1.

September/October 2020 Volume 5

Jost CC, Nzietchueng S, Kihu S, Bett B, Njogu G, Swai ES, Mariner JC.
2010. Epidemiological assessment of the Rift Valley fever outbreak in
Kenya and Tanzania in 2006 and 2007. Am J Trop Med Hyg 83:65-72.
https://doi.org/10.4269/ajtmh.2010.09-0290.

. LaBeaud AD, Muiruri S, Sutherland LJ, Dahir S, Gildengorin G, Morrill J,

Muchiri EM, Peters CJ, King CH. 2011. Postepidemic analysis of Rift Valley
fever virus transmission in northeastern Kenya: a village cohort study. PLoS
Negl Trop Dis 5:€1265. https://doi.org/10.1371/journal.pntd.0001265.

. Meegan JM, Hoogstraal H, Moussa MI. 1979. An epizootic of Rift Valley

fever in Egypt in 1977. Vet Rec 105:124-125. https://doi.org/10.1136/vr
.105.6.124.

. Swai ES, Schoonman L. 2009. Prevalence of Rift Valley fever immuno-

globulin G antibody in various occupational groups before the 2007
outbreak in Tanzania. Vector Borne Zoonotic Dis 9:579-582. https://doi
.org/10.1089/vbz.2008.0108.

. Madani TA, Al-Mazrou YY, Al-Jeffri MH, Mishkhas AA, Al-Rabeah AM,

Turkistani AM, Al-Sayed MO, Abodahish AA, Khan AS, Ksiazek TG,
Shobokshi O. 2003. Rift Valley fever epidemic in Saudi Arabia: epidemi-
ological, clinical, and laboratory characteristics. Clin Infect Dis 37:
1084-1092. https://doi.org/10.1086/378747.

. Mohamed M, Mosha F, Mghamba J, Zaki SR, Shieh WJ, Paweska J, Omulo

S, Gikundi S, Mmbuji P, Bloland P, Zeidner N, Kalinga R, Breiman RF,
Njenga MK. 2010. Epidemiologic and clinical aspects of a Rift Valley fever
outbreak in humans in Tanzania, 2007. Am J Trop Med Hyg 83:22-27.
https://doi.org/10.4269/ajtmh.2010.09-0318.

. Nanyingi MO, Munyua P, Kiama SG, Muchemi GM, Thumbi SM, Bitek AO,

Bett B, Muriithi RM, Njenga MK. 2015. A systematic review of Rift Valley
Fever epidemiology 1931-2014. Infect Ecol Epidemiol 5:28024. https://
doi.org/10.3402/iee.v5.28024.

. Hise AG, Traylor Z, Hall NB, Sutherland LJ, Dahir S, Ermler ME, Muiruri S,

Issue 5 e00798-20

Muchiri EM, Kazura JW, LaBeaud AD, King CH, Stein CM. 2015. Associa-
tion of symptoms and severity of rift valley fever with genetic polymor-
phisms in human innate immune pathways. PLoS Negl Trop Dis
9:e0003584. https://doi.org/10.1371/journal.pntd.0003584.

. LaBeaud AD, Pfeil S, Muiruri S, Dahir S, Sutherland LJ, Traylor Z, Gild-

engorin G, Muchiri EM, Morrill J, Peters CJ, Hise AG, Kazura JW, King CH.
2015. Factors associated with severe human Rift Valley fever in Sangailu,
Garissa County, Kenya. PLoS Negl Trop Dis 9:e0003548. https://doi.org/
10.1371/journal.pntd.0003548.

. Bird BH, McElroy AK. 2016. Rift Valley fever virus: unanswered ques-

tions. Antiviral Res 132:274-280. https://doi.org/10.1016/j.antiviral
.2016.07.005.

. lkegami T, Makino S. 2011. The pathogenesis of Rift Valley fever. Viruses

3:493-519. https://doi.org/10.3390/v3050493.

. Ross TM, Bhardwaj N, Bissel SJ, Hartman AL, Smith DR. 2012. Animal

models of Rift Valley fever virus infection. Virus Res 163:417-423. https://
doi.org/10.1016/j.virusres.2011.10.023.

. Smith DR, Steele KE, Shamblin J, Honko A, Johnson J, Reed C, Kennedy

M, Chapman JL, Hensley LE. 2010. The pathogenesis of Rift Valley fever
virus in the mouse model. Virology 407:256-267. https://doi.org/10
.1016/j.virol.2010.08.016.

. Cartwright HN, Barbeau DJ, McElroy AK. 2020. Rift Valley fever virus is

lethal in different inbred mouse strains independent of sex. Front Mi-
crobiol 11:1962. https://doi.org/10.3389/fmicb.2020.01962.

. do Valle TZ, Billecocq A, Guillemot L, Alberts R, Gommet C, Geffers R,

Calabrese K, Schughart K, Bouloy M, Montagutelli X, Panthier JJ. 2010. A
new mouse model reveals a critical role for host innate immunity in
resistance to Rift Valley fever. J Immunol 185:6146-6156. https://doi
.0rg/10.4049/jimmunol.1000949.

. Anderson GW, Jr, Slone TW, Jr, Peters CJ. 1987. Pathogenesis of Rift

msphere.asm.org 10


https://doi.org/10.4269/ajtmh.2010.09-0290
https://doi.org/10.1371/journal.pntd.0001265
https://doi.org/10.1136/vr.105.6.124
https://doi.org/10.1136/vr.105.6.124
https://doi.org/10.1089/vbz.2008.0108
https://doi.org/10.1089/vbz.2008.0108
https://doi.org/10.1086/378747
https://doi.org/10.4269/ajtmh.2010.09-0318
https://doi.org/10.3402/iee.v5.28024
https://doi.org/10.3402/iee.v5.28024
https://doi.org/10.1371/journal.pntd.0003584
https://doi.org/10.1371/journal.pntd.0003548
https://doi.org/10.1371/journal.pntd.0003548
https://doi.org/10.1016/j.antiviral.2016.07.005
https://doi.org/10.1016/j.antiviral.2016.07.005
https://doi.org/10.3390/v3050493
https://doi.org/10.1016/j.virusres.2011.10.023
https://doi.org/10.1016/j.virusres.2011.10.023
https://doi.org/10.1016/j.virol.2010.08.016
https://doi.org/10.1016/j.virol.2010.08.016
https://doi.org/10.3389/fmicb.2020.01962
https://doi.org/10.4049/jimmunol.1000949
https://doi.org/10.4049/jimmunol.1000949
https://msphere.asm.org

RVFV in Ferrets

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

September/October 2020 Volume 5

Valley fever virus (RVFV) in inbred rats. Microb Pathog 2:283-293.
https://doi.org/10.1016/0882-4010(87)90126-4.

Bales JM, Powell DS, Bethel LM, Reed DS, Hartman AL. 2012. Choice of
inbred rat strain impacts lethality and disease course after respiratory
infection with Rift Valley fever virus. Front Cell Infect Microbiol 2:105.
https://doi.org/10.3389/fcimb.2012.00105.

Peters CJ, Slone TW. Jr. 1982. Inbred rat strains mimic the disparate
human response to rift valley fever virus infection. J Med Virol 10:45-54.
https://doi.org/10.1002/jmv.1890100107.

Bucci TJ, Moussa IM, Wood OL. 1981. Experimental Rift Valley fever
encephalitis in ACI rats. Control Epidemiol Biostat 3:60-67.

Albe JR, Boyles DA, Walters AW, Kujawa MR, McMillen CM, Reed DS,
Hartman AL. 2019. Neutrophil and macrophage influx into the central
nervous system are inflammatory components of lethal Rift Valley fever
encephalitis in rats. PLoS Pathog 15:e1007833. https://doi.org/10.1371/
journal.ppat.1007833.

Walters AW, Kujawa MR, Albe JR, Reed DS, Klimstra WB, Hartman AL.
2019. Vascular permeability in the brain is a late pathogenic event
during Rift Valley fever virus encephalitis in rats. Virology 526:173-179.
https://doi.org/10.1016/j.virol.2018.10.021.

Gowen BB, Westover JB, Sefing EJ, Bailey KW, Nishiyama S, Wandersee L,
Scharton D, Jung KH, lkegami T. 2015. MP-12 virus containing the clone
13 deletion in the NSs gene prevents lethal disease when administered
after Rift Valley fever virus infection in hamsters. Front Microbiol 6:651.
https://doi.org/10.3389/fmicb.2015.00651.

Scharton D, Bailey KW, Vest Z, Westover JB, Kumaki Y, Van Wettere A,
Furuta Y, Gowen BB. 2014. Favipiravir (T-705) protects against peracute
Rift Valley fever virus infection and reduces delayed-onset neurologic
disease observed with ribavirin treatment. Antiviral Res 104:84-92.
https://doi.org/10.1016/j.antiviral.2014.01.016.

Scharton D, Van Wettere AJ, Bailey KW, Vest Z, Westover JB, Siddharthan
V, Gowen BB. 2015. Rift Valley fever virus infection in golden Syrian
hamsters. PLoS One 10:e0116722. https://doi.org/10.1371/journal.pone
.0116722.

Federal Register. 2002. New drug and biological drug products; evidence
needed to demonstrate effectiveness of new drugs when human effi-
cacy studies are not ethical or feasible. Final Rule. Fed Regist 67:
37988-37998.

FDA. 2009. Guidance for industry: animal models— essential elements to
address efficacy under the animal rule. Food and Drug Administration,
Washington, DC.

Hartman AL, Powell DS, Bethel LM, Caroline AL, Schmid RJ, Oury T, Reed
DS. 2014. Aerosolized Rift Valley fever virus causes fatal encephalitis in
African green monkeys and common marmosets. J Virol 88:2235-2245.
https://doi.org/10.1128/JV1.02341-13.

Peters CJ, Jones D, Trotter R, Donaldson J, White J, Stephen E, Slone TW.
1988. Experimental Rift Valley fever in rhesus macaques. Arch Virol
99:31-44. https://doi.org/10.1007/BF01311021.

Smith DR, Bird BH, Lewis B, Johnston SC, McCarthy S, Keeney A, Botto M,
Donnelly G, Shamblin J, Albarino CG, Nichol ST, Hensley LE. 2012.
Development of a novel nonhuman primate model for Rift Valley fever.
J Virol 86:2109-2120. https://doi.org/10.1128/JV1.06190-11.

Enkirch T, von Messling V. 2015. Ferret models of viral pathogenesis.
Virology 479-480:259-270. https://doi.org/10.1016/j.virol.2015.03.017.
Cross RW, Mire CE, Borisevich V, Geisbert JB, Fenton KA, Geisbert TW.
2016. The domestic ferret (Mustela putorius furo) as a lethal infection
model for 3 species of Ebolavirus. J Infect Dis 214:565-569. https://doi
.0rg/10.1093/infdis/jiw209.

Kozak R, He S, Kroeker A, de La Vega MA, Audet J, Wong G, Urfano C,
Antonation K, Embury-Hyatt C, Kobinger GP, Qiu X. 2016. Ferrets in-
fected with Bundibugyo virus or Ebola virus recapitulate important
aspects of human filovirus disease. J Virol 90:9209-9223. https://doi.org/
10.1128/JV1.01033-16.

Kroeker A, He S, de La Vega MA, Wong G, Embury-Hyatt C, Qiu X. 2017.
Characterization of Sudan Ebolavirus infection in ferrets. Oncotarget
8:46262-46272. https://doi.org/10.18632/oncotarget.17694.

Wong J, Layton D, Wheatley AK, Kent SJ. 2019. Improving immunological
insights into the ferret model of human viral infectious disease. Influenza
Other Respir Viruses 13:535-546. https://doi.org/10.1111/irv.12687.
Francis T, Jr, Magill TP. 1935. Rift Valley fever: a report of three cases of

Issue 5 e00798-20

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

mSphere’

laboratory infection and the experimental transmission of the disease to
ferrets. J Exp Med 62:433-451. https://doi.org/10.1084/jem.62.3.433.
McMillen CM, Arora N, Boyles DA, Albe JR, Kujawa MR, Bonadio JF, Coyne
CB, Hartman AL. 2018. Rift Valley fever virus induces fetal demise in
Sprague-Dawley rats through direct placental infection. Sci Adv
4:eaau9812. https://doi.org/10.1126/sciadv.aau9812.

Huynh M, Laloi F. 2013. Diagnosis of liver disease in domestic ferrets
(Mustela putorius). Vet Clin North Am Exot Anim Pract 16:121-144.
https://doi.org/10.1016/j.cvex.2012.10.003.

Jansen van Vuren P, Shalekoff S, Grobbelaar AA, Archer BN, Thomas J,
Tiemessen CT, Paweska JT. 2015. Serum levels of inflammatory cytokines
in Rift Valley fever patients are indicative of severe disease. Virol J 12:159.
https://doi.org/10.1186/512985-015-0392-3.

Dodd KA, McElroy AK, Jones ME, Nichol ST, Spiropoulou CF. 2013. Rift
Valley fever virus clearance and protection from neurologic disease are
dependent on CD4" T cell and virus-specific antibody responses. J Virol
87:6161-6171. https://doi.org/10.1128/JVI.00337-13.

Harmon JR, Spengler JR, Coleman-McCray JD, Nichol ST, Spiropoulou CF,
McElroy AK. 2018. CD4 T cells, CD8 T cells, and monocytes coordinate to
prevent Rift Valley fever virus encephalitis. J Virol 92:e01270-18. https://
doi.org/10.1128/JV1.01270-18.

Hartman A. 2017. Rift Valley fever. Clin Lab Med 37:285-301. https://doi
.org/10.1016/j.cll.2017.01.004.

Dodd KA, McElroy AK, Jones TL, Zaki SR, Nichol ST, Spiropoulou CF. 2014.
Rift valley fever virus encephalitis is associated with an ineffective
systemic immune response and activated T cell infiltration into the CNS
in an immunocompetent mouse model. PLoS Negl Trop Dis 8:€2874.
https://doi.org/10.1371/journal.pntd.0002874.

Morrill JC, Jennings GB, Johnson AJ, Cosgriff TM, Gibbs PH, Peters CJ.
1990. Pathogenesis of Rift Valley fever in rhesus monkeys: role of
interferon response. Arch Virol 110:195-212. https://doi.org/10.1007/
BF01311288.

Caroline AL, Powell DS, Bethel LM, Oury TD, Reed DS, Hartman AL. 2014.
Broad spectrum antiviral activity of favipiravir (T-705): protection from
highly lethal inhalational Rift Valley fever. PLoS Negl Trop Dis 8:2790.
https://doi.org/10.1371/journal.pntd.0002790.

Bird BH, Albarino CG, Hartman AL, Erickson BR, Ksiazek TG, Nichol ST.
2008. Rift valley fever virus lacking the NSs and NSm genes is highly
attenuated, confers protective immunity from virulent virus challenge,
and allows for differential identification of infected and vaccinated
animals. J Virol 82:2681-2691. https://doi.org/10.1128/JVI.02501-07.
Caroline AL, Kujawa MR, Oury TD, Reed DS, Hartman AL. 2015. Inflam-
matory biomarkers associated with lethal Rift Valley fever encephalitis in
the Lewis rat model. Front Microbiol 6:1509. https://doi.org/10.3389/
fmicb.2015.01509.

Hartman AL, Ling L, Nichol ST, Hibberd ML. 2008. Whole-genome ex-
pression profiling reveals that inhibition of host innate immune re-
sponse pathways by Ebola virus can be reversed by a single amino acid
change in the VP35 protein. J Virol 82:5348-5358. https://doi.org/10
.1128/JV1.00215-08.

Wonderlich ER, Caroline AL, McMillen CM, Walters AW, Reed DS, Barratt-
Boyes SM, Hartman AL. 2017. Peripheral blood biomarkers of disease
outcome in a monkey model of Rift Valley fever encephalitis. J Virol
92:e01662-17. https://doi.org/10.1128/JV1.01662-17.

Gerrard SR, Bird BH, Albarino CG, Nichol ST. 2007. The NSm proteins of
Rift Valley fever virus are dispensable for maturation, replication and
infection. Virology 359:459-465. https://doi.org/10.1016/j.virol.2006.09
.035.

Reed LJ, Muench H. 1938. A simple method of estimating fifty per
cent endpoints. Am J Epidemiol 27:493-497. https://doi.org/10.1093/
oxfordjournals.aje.a118408.

Bird BH, Bawiec DA, Ksiazek TG, Shoemaker TR, Nichol ST. 2007. Highly
sensitive and broadly reactive quantitative reverse transcription-PCR
assay for high-throughput detection of Rift Valley fever virus. J Clin
Microbiol 45:3506-3513. https://doi.org/10.1128/JCM.00936-07.
Harmon JR, Barbeau DJ, Nichol ST, Spiropoulou CF, McElroy AK. 2020.
Rift Valley fever virus vaccination induces long-lived, antigen-specific
human T cell responses. NPJ Vaccines 5:17. https://doi.org/10.1038/
541541-020-0166-9.

msphere.asm.org 11


https://doi.org/10.1016/0882-4010(87)90126-4
https://doi.org/10.3389/fcimb.2012.00105
https://doi.org/10.1002/jmv.1890100107
https://doi.org/10.1371/journal.ppat.1007833
https://doi.org/10.1371/journal.ppat.1007833
https://doi.org/10.1016/j.virol.2018.10.021
https://doi.org/10.3389/fmicb.2015.00651
https://doi.org/10.1016/j.antiviral.2014.01.016
https://doi.org/10.1371/journal.pone.0116722
https://doi.org/10.1371/journal.pone.0116722
https://doi.org/10.1128/JVI.02341-13
https://doi.org/10.1007/BF01311021
https://doi.org/10.1128/JVI.06190-11
https://doi.org/10.1016/j.virol.2015.03.017
https://doi.org/10.1093/infdis/jiw209
https://doi.org/10.1093/infdis/jiw209
https://doi.org/10.1128/JVI.01033-16
https://doi.org/10.1128/JVI.01033-16
https://doi.org/10.18632/oncotarget.17694
https://doi.org/10.1111/irv.12687
https://doi.org/10.1084/jem.62.3.433
https://doi.org/10.1126/sciadv.aau9812
https://doi.org/10.1016/j.cvex.2012.10.003
https://doi.org/10.1186/s12985-015-0392-3
https://doi.org/10.1128/JVI.00337-13
https://doi.org/10.1128/JVI.01270-18
https://doi.org/10.1128/JVI.01270-18
https://doi.org/10.1016/j.cll.2017.01.004
https://doi.org/10.1016/j.cll.2017.01.004
https://doi.org/10.1371/journal.pntd.0002874
https://doi.org/10.1007/BF01311288
https://doi.org/10.1007/BF01311288
https://doi.org/10.1371/journal.pntd.0002790
https://doi.org/10.1128/JVI.02501-07
https://doi.org/10.3389/fmicb.2015.01509
https://doi.org/10.3389/fmicb.2015.01509
https://doi.org/10.1128/JVI.00215-08
https://doi.org/10.1128/JVI.00215-08
https://doi.org/10.1128/JVI.01662-17
https://doi.org/10.1016/j.virol.2006.09.035
https://doi.org/10.1016/j.virol.2006.09.035
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1128/JCM.00936-07
https://doi.org/10.1038/s41541-020-0166-9
https://doi.org/10.1038/s41541-020-0166-9
https://msphere.asm.org

	RESULTS
	RVFV infection of ferrets results in a self-limited febrile illness or encephalitis. 
	RVFV-infected ferrets have mild changes in their leukocyte percentages and clinical chemistries. 
	RVFV-infected ferrets that required euthanasia for clinical encephalitis had high viral RNA loads in the brain. 
	All RVFV-infected ferrets developed virus-specific adaptive immune responses. 
	All i.n. RVFV-infected ferrets had histopathologic evidence of encephalitis. 

	DISCUSSION
	MATERIALS AND METHODS
	Animal approvals and procedures. 
	Virus generation, propagation, and infection. 
	qRT-PCR assays and virus isolation. 
	Enzyme-linked immunosorbent and neutralization assays. 
	ELISPOT assay. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

