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Severe fever with thrombocytopenia syndrome virus (SFTSV) is a newly discovered Phlebovirus causing an emerging hem-
orrhagic fever in East Asia, with reported case fatality rates up to 30%. Despite the high case fatality rate and large number
of persons at risk of infection, the pathobiology of the disease is unknown, and no effective animal model has been avail-
able for investigating its pathogenesis. We have studied mice and hamsters as potential small-animal models of SFTSV in-
fection following subcutaneous, intraperitoneal, or intracerebral inoculation. Animal tissues were processed for viral load
determination, histopathology, immunohistochemistry, and confocal microscopic studies. We found that immunocompe-
tent adult mice and hamsters did not become ill after SFTSV infection. However, alpha/beta interferon receptor knockout
(IFNAR�/�) mice were highly susceptible to SFTSV infection, and all mice died within 3 to 4 days after subcutaneous inoc-
ulation of 106 focus-forming units of SFTSV. Histologic examination of tissues of IFNAR�/� mice infected with SFTSV
showed no detectable lesions. In contrast, by immunohistochemistry virus antigen was found in liver, intestine, kidney,
spleen, lymphoid tissue, and brain, but not in the lungs. Mesenteric lymph nodes and spleen were the most heavily infected
tissues. Quantitative reverse transcription-PCR (RT-PCR) confirmed the presence of virus in these tissues. Confocal mi-
croscopy showed that SFTSV colocalized with reticular cells but did not colocalize with dendritic cells, monocytes/macro-
phages, neutrophils, or endothelium. Our results indicate that SFTSV multiplied in all organs except for lungs and that
mesenteric lymph nodes and spleen were the most heavily infected tissues. The major target cells of SFTSV appear to be
reticular cells in lymphoid tissues of intestine and spleen.

Severe fever with thrombocytopenia syndrome (SFTS) is a
newly recognized viral hemorrhagic fever that has emerged in

rural areas of China and more recently in Japan and Korea (1–3).
SFTS is caused by SFTS virus (SFTSV), a new phlebovirus of the
family Bunyaviridae. A virus genetically similar to SFTSV and
causing similar human illness (Heartland virus) was also recently
discovered in the United States (4). SFTSV has caused infection in
thousands of people a year in China, with a reported case fatality
rate among hospitalized patients of up to 30%. The major clinical
manifestations and laboratory abnormalities of SFTS are fever,
gastrointestinal symptoms, thrombocytopenia, leukopenia, and
elevated serum hepatic enzymes. Patients with severe cases of
SFTSV hemorrhagic fever usually die of multiorgan failure (1).
The disease was first recognized in cases of nosocomial transmis-
sion, which were caused by contact with infectious blood of pa-
tients (5, 6). However, humans probably play little or no role in
maintenance of SFTSV in nature. SFTSV is believed to be trans-
mitted by ticks, because the virus has been detected in Haemaph-
ysalis longicornis ticks collected from domestic animals (1). Do-
mestic animals such as goats, dogs, and cattle within the area of
endemicity have a high seroprevalence of SFTSV antibodies (7, 8).
However, the animal host(s) of SFTSV remains elusive. The pa-
thology of SFTSV infection and its target cells are unknown, since
autopsies have not been performed on humans with fatal cases
because of cultural resistance to autopsies and lack of motivation
of physicians. SFTSV infection has been studied in animals, in-
cluding mice and hamsters, but adult animals of these species are
not susceptible to SFTSV (9, 10). Newborn mice and rats are sus-
ceptible to SFTSV infection when they are inoculated intracere-

brally. The lack of a realistic animal model hampers understand-
ing of the pathogenesis of SFTSV and the testing of potential
therapeutic and preventive approaches, such as vaccines and
drugs. In this communication, we describe a mouse model for
SFTSV infection and the multiplication sites and target cells of
SFTSV in an infected vertebrate host.

MATERIALS AND METHODS
Animals. Pregnant and nonpregnant adult CD-1 female mice (ICR
strain) and golden hamsters (Mesocricetus auratus) were purchased from
Harlan Sprague-Dawley (Indianapolis, IN). Six- to 10-week-old mice de-
ficient for alpha/beta interferon receptor (IFNAR�/�) on the 129/Sv
background (originally provided by Herbert Virgin, Washington Univer-
sity School of Medicine, St. Louis, MO) (11) were obtained from the
laboratory colony of one of the investigators.

Virus. The YL-1 strain of SFTSV was used in these experiments. This
virus was originally isolated in 2011 from the acute-phase serum of a
Chinese patient with SFTS. The virus used to infect the immunocom-
petent mice (CD-1) and hamsters had been passaged twice in Vero
cells. The SFTSV strain used to infect the immunodeficient mice
(IFNAR�/�) had been passaged twice in Vero cells (2�Vero) and two
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additional times by intracranial (IC) inoculation of newborn suckling
mice (2�SM).

Focus-forming assay. SFTSV stock was diluted in 10-fold increments,
and each dilution (250 �l) was inoculated onto a monolayer of Vero cells
in 6-well plates. After rocking for 1 h at 37°C, the suspension was removed
from each well, and each well was overlaid with 2 ml of 0.8% methyl
cellulose solution. The cells were cultivated for 7 days in a 37°C incubator
with 5%CO2. The methyl cellulose overlay was removed from each well,
and the monolayers were fixed with methanol-acetone (1:1) (1 ml) for 30
min. After three 15-min washes with phosphate-buffered saline (PBS), the
monolayers were blocked with 3% fetal bovine serum in PBS for 15 min
and were incubated for 18 h with rabbit antibody against SFTSV. The
monolayers were incubated for 1 h with 1:2,000 goat anti-rabbit IgG con-
jugated to horseradish peroxidase (HRP) in blocking solution, and the
color was developed with aminoethylcarbazole (Sigma).

Infection of animals. Newborn (1- to 2-day-old) CD-1 mice and
hamsters were inoculated by the IC route; each animal received approxi-
mately 15 �l of virus suspension (�104.2 focus-forming units [FFU] of
SFTSV). The adult CD-1 mice and hamsters were inoculated intraperito-
neally (IP) with 100 �l (�105.0 FFU of SFTSV) of the 2�Vero-passaged
virus suspension. The adult IFNAR�/� mice were inoculated subcutane-
ously (SC) with 100 �l of the 2�Vero-, 2�SM-passaged virus stock, con-
taining 106 FFU of SFTSV/ml.

All animal procedures complied with USDA guidelines and were car-
ried out under a protocol approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Texas Medical Branch
(UTMB). All infected animals were housed in an animal biosafety level 3
(ABSL3) animal facility.

Quantitative real-time PCR. Viral loads were determined by quanti-
tative real-time PCR (qPCR) on samples of blood, brain, lung, heart, liver,
spleen, intestine, and mesenteric lymph nodes collected from IFNAR�/�

adult mice daily for four consecutive days after infection. EDTA-anti-
coagulated blood or homogenized tissue (140 �l) was mixed with 560
�l of AVL buffer (QIAamp viral RNA minikit; Qiagen). RNA was
isolated following the manufacturer’s instructions. To determine viral
titers in tissues, a 3-mm3 piece of tissue was removed during necropsy
and homogenized using metal beads (Tissue Lyser; Qiagen) in RLT
buffer (Qiagen). The RNA was extracted using the RNeasy kit (Qiagen),
according to the manufacturer’s instructions. SFTSV-specific qPCR
was performed as previously described (12). Viral titers were reported
as genome equivalents (GEQ). To normalize viral content in tissues to
the total amount of RNA, a housekeeping gene, encoding glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH), was measured by reverse
transcription-PCR (RT-PCR). Genome equivalents were normalized
to 1 �g of RNA for each tissue. Predeveloped mouse GAPDH hydro-
lysis probes and TaqMan gene expression assays (both from Applied
Biosystems, Foster City, CA) were used. Assays were performed on a
StepOnePlus thermal cycler (Applied Biosystems) and analyzed with
StepOne software, version 2.1.

Immunohistochemistry (IHC). Samples of SFTSV-infected IFNAR�/�

mouse tissues were collected daily for four consecutive days postinocula-
tion (p.i.). The tissues from infected mice were fixed in 10% neutral buff-
ered formalin for 36 h and then transferred to 70% ethanol before being
processed for routine paraffin embedding. Several 4- to 5-�m sections of
each organ were prepared and were stained by the hematoxylin-and-eosin
(H&E) method. Immunohistochemical (IHC) staining procedures were
also performed to detect the presence of SFTSV antigens in the tissues as
previously described (13, 14). An SFTSV-specific rabbit immune serum,
prepared in our laboratories, was used for detecting SFTSV antigens
by IHC.

Confocal microscopy. Thin sections of SFTSV-infected IFNAR�/�

mouse tissues were deparaffinized with xylene and ethanol. The slides
were blocked with normal goat IgG. Each slide was then incubated with
the rabbit anti-SFTSV polyclonal serum and one of the following antibod-
ies: hamster anti-mouse CD11c monoclonal antibody, mouse monoclo-

nal antibody against CD62P (Thermo Scientific), rat monoclonal anti-
body against mouse CD31, mouse monoclonal antibody against CD68,
rat monoclonal antibody (NIMP-R14) to murine neutrophil marker Ly-6
antigen (Abcom), or rat monoclonal antibody against the murine macro-
phage marker F4/80. The slides were further incubated with Alexa Fluor
594 goat anti-rabbit IgG (heavy plus light chain [H�L]), Alexa Fluor 488
goat anti-rat IgG (H�L), Alexa Fluor 594 goat and rabbit IgG(H�L),
Alexa Fluor 488 goat and hamster IgG (H�L), or Alexa Fluor 488 F(ab=)2
fragment of goat anti-mouse IgG (H�L) (Invitrogen). The slides were
finally stained with DAPI (4=,6-diamidino-2-phenylindole) and then ex-
amined under an Olympus confocal microscope.

RESULTS
Development of a small-animal model of SFTS. In our initial
attempts to identify a small-animal model for SFTS, newborn and
adult CD-1 mice and newborn and adult hamsters were inocu-
lated with the 2�Vero-passaged SFTSV. None of the adult CD-1
mice nor the hamsters showed signs of illness, and all survived.
However, some of the newborn CD-1 mice developed signs of
illness (lethargy, tremors, and loss of balance) beginning 7 to 8
days p.i. Brains from some of the sick pups were homogenized
in PBS with 20% fetal bovine serum to prepare a 10% brain
suspension. After centrifugation and filtration, the supernatant
was inoculated IC into other groups of newborn CD-1 mice.
On the second passage, the virus consistently produced illness
in the newborn mice within 5 to 7 days and death by day 9 p.i.
A 10% brain homogenate of the second mouse-passaged virus
(2�Vero, 2�SM) was prepared and served as the virus stock
for subsequent animal experiments. This virus stock still did
not produce illness in newborn hamsters or in adult CD-1 mice
or hamsters.

At this point, it was decided to test the susceptibility of the
IFNAR�/� mice. Accordingly, 21 adult (both male and female)
IFNAR�/� mice were inoculated subcutaneously (SC) with 100 �l
of the 2�Vero-, 2�SM-passaged SFTSV strain. All IFNAR�/�

mice were inoculated with 106 SFTSVs. Fresh blood and tissue
samples were collected for assay by sacrificing five mice on days 1
and 2 and four mice on days 3 and 4 after inoculation of SFTSV.
The knockout mice proved to be highly susceptible. The animals
appeared ill by day 3, and all mice were dead (3 mice) or moribund
(4 mice) on day 4.

Viral load. Viral loads in the blood and tissues of the
IFNAR�/� mice collected at various times after infection were
determined by qPCR as described above. SFTSV RNA was de-
tected at all time points in all organs and blood. The amount of
viral RNA increased daily, and the highest titers were observed on
day 4 (Fig. 1). Spleen had the highest titers of SFTSV at all time
points, and blood contained the next highest viral load. The viral
loads in blood and spleen reached 106 and 106.6, respectively, on
day 4 after inoculation. Intestine had a relatively low viral load
initially but rapidly reached a high titer, with the peak on day 4.
Brain had the lowest viral load among the organs. Lung, kidney,
liver, and heart were intermediate.

Detection of SFTSV antigens in tissues. H&E staining of
IFNAR�/� mouse tissues revealed no identifiable histological dif-
ferences between SFTSV-infected mice and noninfected mice.
However, IHC staining revealed viral antigen on day 4 in the
brain, heart, intestine, mesenteric lymph node, liver, kidney, and
spleen. Viral antigen was detected in liver and spleen as early as day
2 after inoculation. SFTSV antigen was most abundant in intesti-
nal lymphoid follicles, mesenteric lymph nodes, and spleen (Fig. 2).
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Viral antigen was observed to be most abundant in mononuclear-
type cells. Viral antigen was not detected in the lung by IHC (data
not shown). The absence of viral antigen in lung tissue differed
from the qPCR result, as the latter detected a small amount of
SFTSV in lungs. The discrepancy between qPCR and IHC viral
content in the lungs was most likely due to qPCR detection of
SFTSV in residual blood in lung tissue. In uninfected controls, no
IHC reaction was detected in the mouse tissues (data not shown),
indicating the specificity of our immunohistochemical method
for SFTSV antigens in infected mouse tissues. The results sug-
gested that lymphoid tissues, including spleen, intestinal lym-
phoid follicles, and mesenteric lymph nodes, were the primary
replication sites of SFTSV.

Target cells of SFTSV. To determine the specific SFTSV-in-
fected cells in mouse tissues, we first tested colocalization of
SFTSV with hematopoietic cells, using confocal microscopy on
splenic tissues of SFTSV-infected IFNAR�/� mice. Spleen was ex-
amined because it had the heaviest SFTSV load among the mouse
tissues. Deparaffinized spleen tissues in thin sections were double
stained with antibodies to SFTSV and antibodies to monocyte/
macrophages (anti-CD68 and anti-F4/80), dendritic cells (anti-
CD11c), endothelium (anti-CD31 and -CD34), megakaryocyte/
platelets (anti-CD62P), or neutrophils (anti-Ly-6). Confocal
microscopy showed that SFTSV did not colocalize with CD11c,
CD31, CD34, CD62P, CD68, F4/80, or anti-neutrophil antibody
(Fig. 3) or CD31 and CD34 (data not shown). The results sug-
gested that SFTSV did not infect dendritic cells, megakaryocytes,
monocytes/macrophages, neutrophils, or endothelium.

Then we analyzed the colocalization of SFTSV with reticular
cells in spleen, because the SFTSV-infected cells were similar in
shape and distribution to reticular cells. Confocal results showed
that most SFTSV-infected host cells were also recognized by anti-
body to ER-TR7b, which reacted with an antigen that was located
in the cytoplasm of reticular fibroblasts, and antibody to gp38,
which recognizes fibroblast cell podoplanin antigen (Fig. 3). These
results suggested that SFTSV primarily infected reticular cells in
mouse spleen.

DISCUSSION

A previous study showed that all newborn mice of the Kungming
(KM), BALB/c, and C57/BL6 strains died after intracerebral inoc-
ulation of SFTSV, while 35 to 50% of newborn mice died after
intraperitoneal inoculation of SFTSV (10). However, we demon-
strated that newborn CD-1 mice developed signs of illness
(lethargy, tremors, and loss of balance) beginning 7 to 8 days

p.i., but no mouse died of SFTSV infection. The difference in
the susceptibility of the mice to SFTSV may be caused by ge-
netic differences in the mice. Previous studies demonstrated
that adult mice of the KM, BALB/c, and C57/BL6 strains are not
susceptible to SFTSV regardless of the inoculation route (9,
10). The only signs of SFTSV infection in C57/BL6 mice are
slightly low white blood cell and platelet counts at one time
point (7). These studies indicated that immunocompetent
adult mice are not susceptible to SFTSV.

In the present study using IFNAR�/� mice, we developed an
animal model that closely mimics SFTSV infection in humans.
The fact that the virus causes severe disease in alpha/beta inter-
feron receptor knockout mice suggests that type I interferon may
be essential for resistance to SFTSV infection. SFTSV causes severe
illness mainly in elderly people. The age of reported SFTS patients
in China ranges from 1 to 90 years, but people over 50 years of age
comprise 75% of the cases. This age group constitutes only 26% of
the human population under surveillance (P � 0.001) (15). The
observed susceptibility of elderly people to severe SFTSV infection
may result from a decreased level of host immunity that occurs in
aged persons.

We have detected viral antigens in the spleen, mesenteric
lymph nodes, intestinal lymphoid nodules, liver, kidney, and
heart, but not the lung. Our results indicated that SFTSV mainly
infects lymphoid tissues. Chen et al. demonstrated that the mouse
brain contained the largest amount of SFTSV RNA, followed by
the lung, spleen, kidney, and heart (10). The highest level of viral
RNA in the brain might have been caused by intracerebral inocu-
lation. Jin et al. demonstrated that SFTSV RNA was detected only
in the spleen, liver, and kidney in C57/BL6 mice (9), which may be
caused by low viral load in the organs, because C57/BL6 mice are
resistant to SFTSV.

Our finding of SFTSV infection of intestinal lymphoid nodules
may explain the frequent clinical manifestations observed in
SFTSV-infected patients, namely, gastrointestinal symptoms. The
gastrointestinal symptoms may be caused by multiplication of
SFTSV in the patient’s intestine, mesenteric lymph nodes, and
other abdominal sites. SFTSV-infected patients often have multi-
ple organ failure before death; this may be caused by viral multi-
plication in all organs except for lungs, as observed in our animal
model.

Chen et al. observed necrosis and mononuclear cell infiltra-
tions in the liver of mice that died of SFTSV infection, but no
obvious pathological changes were observed in other organs (10).
Jin et al. demonstrated that lymphocyte cellularity of the red pulp
was decreased in spleens of SFTSV-infected mice during the first
week after inoculation (9). In addition, at an early stage of SFTSV
infection, a marked increase in megakaryocytes was observed in
the spleen and bone marrow. During the late phase of SFTSV
infection, pathological changes were noted in liver and kidney.
The primary lesions in liver consisted of ballooning degeneration
of hepatocytes and scattered necrosis, the latter indicated by mul-
tifocal pyknosis, karyorrhexis, and karyolysis. The kidney showed
glomerular hypercellularity, mesangial thickening, and conges-
tion in Bowman’s space, but infiltration of inflammatory cells was
absent. In contrast, we did not detect any pathological lesions in
the mouse tissues.

SFTSV was first isolated using DH82 cells (1), a monocyte cell
line, and its target cell was suspected to be the monocyte/macro-
phage. A further study proposed the macrophage as the target cell

FIG 1 Concentrations of SFTSV in organs of IFNAR�/� mice at various time
points after infection, as determined by qPCR.
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of SFTSV (9). However, we were unable to colocalize SFTSV in
macrophages/monocytes in the mouse tissues, suggesting that
macrophages are not the target cells of SFTSV. We used ER-TR7
and GP38 antibodies against fibroblast reticular cell markers to
demonstrate that SFTSV infects fibroblast reticular cells (FRCs).
However, determining the target cells of SFTSV in humans will
need further histological studies of SFTS patients.

FRCs are central to the highly ordered microarchitecture of
secondary lymphoid organs. There are four FRC subsets within
the outer lymph node, where they provide a three-dimensional
supporting scaffold, define the T- and B-lymphocyte compart-

ments, direct the movement of fluid and cellular constituents,
provide homeostatic factors for T lymphocytes, and, finally, inter-
act directly with T and B lymphocytes, natural killer (NK) cells,
and dendritic cells (16). FRCs may thus play pivotal roles in the
host immune response to some viral pathogens, as shown recently
for lymphocytic choriomeningitis virus (LCMV) and Ebola virus
(16). It is possible that the FRC conduit was destroyed by SFTSV
infection, altering the host immune response to SFTSV. This
hypothesis needs to be further investigated.

FRCs express a number of cytokine and chemokine molecules,
including interleukin 6 (IL-6), IL-7, CCL19, CCL21, CCL2/

FIG 2 Immunohistochemistry-stained tissues of a mouse infected with SFTSV. The anti-SFTSV antibody-stained cells are shown in each organ: an
unidentified perivascular cell in the cerebrum; an unidentified perivascular, spindle-shaped cell in the myocardium; mononuclear cells of an intestinal
submucosal lymphoid follicle; unidentified cells in the location of intertubular capillaries in the renal cortex; hepatocytes and sinusoidal lining cells;
unidentified mononuclear cells in a mesenteric lymph node; and unidentified mononuclear cells in the spleen. The experiments were repeated 3 times, and
the results were consistent.
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MCP-1, CXCL16, cell adhesion VCAM-1, ICAM-1, BP-3, alpha-
type and beta-type platelet-derived growth factor receptors
(PDGF-RA and PDGF-RB), the lymphotoxin-beta receptor (LT-
[beta]-R), tumor necrosis factor receptor 1, tissue transglutami-

nase (TTG), fibronectin, Meca-79, vimentin, smooth-muscle ac-
tin, desmin, and gp38 (16). The molecules expressed by FRCs in
SFTS patients are largely unknown, except for IL-6, which is in-
creased (17).

FIG 3 Confocal microscopic images of thin sections of SFTSV-infected mouse spleen stained with antibody to gp38 and antibody to ER-TR7 recognizing
reticular cells, antibody to CD68 recognizing macrophages, antibody to CD62P recognizing megakaryocytes/platelets, antibody to Ly-6 recognizing neutrophils,
and antibody to CD11c (dendritic cells). Each panel shows the following: top left, DAPI-stained cell nuclei (blue); top right, specific antibody-stained cells
(green); bottom left, rabbit anti-SFTSV antibody-labeled SFTSV (red); bottom right, merged images. SFTSV colocalized with gp38-stained host cells (yellow
dots) and with antibody to ER-TR7-stained cells (SFTSV surrounding ER-TR7 markers inside cells). No colocalization of SFTSV with other cells was observed.
The confocal microscopy for each antibody was repeated at least five times, and the results were consistent.
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