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countermeasures.

Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is an
emerging viral hemorrhagic fever caused by SFTS virus (SFTSV),
which belongs to the genus Banyangvirus in the family Phenuivi-
ridae and the order Bunyavirales (1). SETSV is genetically closely
related to Heartland virus (HRTV), which has been found to cause
a severe, and occasionally fatal, febrile illness in humans in cases
in the US (2). Increasing incidence of SFTS has led to serious pub-
lic health concerns in countries throughout East Asia, including
China, Japan, and South Korea (3-9). The typical clinical course
of SFTS has 3 distinct periods that are characterized according
to disease progression: a fever stage, a multiple-organ-dysfunc-
tion (MOD) stage, and a convalescence stage (4, 10-14). Clinical
manifestations of the fever stage include a high fever, headache,
fatigue, myalgia, and gastrointestinal symptoms with marked
thrombocytopenia, leukocytopenia, lymphadenopathy, and high
serum viral load. The fever stage is followed by progressive wors-
ening of MOD, leading to fatality, or by self-limiting MOD and sur-
vival. MOD develops in most cases approximately 5 days after the
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Severe fever with thrombocytopenia syndrome (SFTS) is an emerging hemorrhagic fever caused by a tick-borne
banyangvirus and is associated with high fatality. Despite increasing incidence of SFTS and serious public health concerns
in East Asia, the pathogenesis of lethal SFTS virus (SFTSV) infection in humans is not fully understood. Numbers of
postmortem examinations to determine target cells of the viral infection have so far been limited. Here we showed that

B cells differentiating into plasmablasts and macrophages in secondary lymphoid organs were targets for SFTSV at the end
stage of lethal infection, and the majority of SFTSV-infected cells were B cell-lineage lymphocytes. In affected individuals,
B cell-lineage lymphocytes with SFTSV infection were widely distributed in both lymphoid and nonlymphoid organs, and
infiltration of these cells into the capillaries of the organs could be observed occasionally. Moreover, a human plasmablastic
lymphoma cell line, PBL-1, was susceptible to SFTSV propagation and had a similar immunophenotype to that of target cells
of SFTSV in fatal SFTS. PBL-1 can therefore provide a potential in vitro model for human SFTSV infection. These results
extend our understanding of the pathogenesis of human lethal SFTSV infection and can facilitate the development of SFTSV

onset of illness. The serum viral load gradually falls in individuals
with self-limiting illness, but remains high in fatal illness. Clinical
symptoms of the MOD phase include hemorrhagic manifestation,
neurological symptoms, disseminated intravascular coagula-
tion, and sustained thrombocytopenia. In mild and self-limiting
disease, SFTS resolves in the subsequent convalescence stage.
Despite the high awareness within the medical community in
SFTS-endemic areas, and the use of antiviral therapy such as rib-
avirin, the case fatality rate of SFTS is still as high as 15%, which is
the same as other severe viral diseases including viral hemorrhag-
ic fevers (15). In SFTS, inflammatory cytokine storms (11,16-19) as
well as impairment of immune responses including innate immu-
nity (14, 20-25), antiviral T cell function (26), and antiviral humor-
al responses (27) have important roles in the pathogenic progress
of lethal infections. Immune impairment and high viral loads are
also characteristics of several other viral hemorrhagic fevers (28),
but these diseases differ in terms of pathology and pathogenesis,
about which little is known for SFTS. Models of immunodeficient
mice (14, 22, 24, 29) or mice treated with an immunosuppres-
sive agent (30) have provided evidence that the innate immune
response is essential for development of fatal SFTS. In these mod-
els, immune cells such as macrophages, immature B cells, and
fibroblastic reticular cells in secondary lymphoid organs (SLOs)
have been identified as targets of SFTSV infection (14). Results
in a ferret model have also demonstrated that delayed innate
immune responses and progressive viral replication are involved
in SFTSV-induced mortality (31). These results in animal models
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Figure 1. Secondary lymphoid organs are the primary viral targets in human fatal SFTS. (A) Representative pathological images of lymph nodes, spleen,
and bone marrow of individuals who died from SFTS, with H&E staining (upper panels) or immunohistochemistry (IHC) for SFTSV N protein (lower panels).
Pie charts show the number of individuals whose tissues were analyzed and the percentage in whose tissues SFTSV antigen was detected by IHC. Scale
bars: 100 um. (B) SFTSV IHC scores for tissue sections of lymphoid organs. When multiple FFPE blocks of an organ from 1individual were available, only
the section with the highest number of SFTSV* cells was analyzed. The IHC score for lymph nodes (LNs) was significantly higher than for bone marrow
(BM). Scatter plots show the mean + SD (n = 20, 21, and 19 for LNs, spleen, and BM, respectively). The P values were calculated with 1-way ANOVA followed
by Holm-Sidak’s multiple-comparisons test. (C) SFTSV viral RNA loads in the tissues of lymphoid organs. Scatter plots show the relative levels of RNA

in tissue sections, quantified by real-time quantitative RT-PCR for SFTSV S segment and human ACTB mRNA (for normalization of RNA extraction).
Geometric means + 95% confidence intervals are also shown (n = 17,19, and 11 for LNs, spleen, and BM, respectively). The P values were calculated with
nonparametric 1-way ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple-comparison test. Relative SFTSV RNA copy numbers in LNs were signifi-

cantly higher than in BM.

are consistent with clinical observations in severe or fatal human
SFTS, and demonstrate the importance of host immune systems
in determining the severity of SFTS. However, the nature of the
disturbance of host immune responses in severe or fatal human
SFTS has not previously been identified.

Pathological studies have been important for the discovery
and advancement of our knowledge of viral hemorrhagic fevers
(32). Autopsies following fatal human infections have provided
valuable insights into the pathogenic mechanisms underpinning
disease severity. In addition, elucidation of the cell and tissue
tropism associated with mortality can explain viral lethality (33).
Results from histopathological studies have shown that necro-
tizing lymphadenitis and prominent hemophagocytosis are the
pathological characteristics of fatal SFTS, and large atypical
immunoblastic cells are major infected cells in the lymph nodes,
spleen, and bone marrow (6, 18, 34-37). However, detailed charac-
terization of the viral target cells and tissues is required to under-
stand the pathogenic mechanisms of lethal SFTSV infection.

In the present study, we first evaluated organs obtained from
22 autopsies to determine the viral cell and tissue tropism in lethal
human SFTSV infection. Next, we demonstrated that the majori-
ty of SFTSV-infected cells in lymphoid and nonlymphoid organs
in fatal SFTS are class-switched B cells with immunophenotyp-
ic resemblance to plasmablasts. Finally, we examined various
human B cell lines for susceptibility to SFTSV, to determine the
target cells of plasmablast-lineage differentiation.

Results
SLOs are more frequently infected with SFTSV than bone marrow.
Previous pathological examinations of fatal SFTS revealed that
major target cells of viral infection are large hematopoietic cells
Volume 130 Number 2
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in lymphoid organs such as the lymph nodes, spleen, and bone
marrow (6, 18, 34). However, reported numbers of infected cells in
these organs vary considerably. To accurately determine the spec-
ificity of SFTSV infection for particular target organs, the presence
of SFTSV-infected cells within lymphoid organs obtained post-
mortem from 22 individuals who died as a result of SFTS was ana-
lyzed by immunohistochemistry (IHC) with an antibody against
SFTSV nucleocapsid protein (N). The large hematopoietic cells
that were positive for SFTSV N were detected within the lymph
nodes, spleen, or bone marrow in approximately 90% of the
individuals (Figure 1A). The numbers of cells that were positive
for viral antigen in each lymphoid organ were estimated by IHC
scoring (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI129171DS1).
IHC scores of the lymph nodes were significantly higher than
those of the bone marrow (Figure 1B), which was corroborated by
comparison of SFTSV RNA loads (Figure 1C). These observations
suggested that the SLOs, such as the lymph nodes and the spleen,
which are the specialized sites for antigen recognition and initi-
ation of immune responses coordinated by mature lymphocytes,
contained the largest numbers of SFTSV-infected cells among the
lymphoid organs, so that mature lymphocytes might be the most
susceptible to SFTSV infection in fatal SFTS.

The immunophenotype of SFTSV-infected cells in lymph nodes is
compatible with activated mature B cells differentiated to the plasma-
blast lineage. To determine the cell types infected with SFTSV in
the lymph nodes in fatal SFTS, IHC for cellular and SFTSV mark-
ers was performed. Numerous SFTSV-antigen® cells were detect-
ed, and cells in the same area of the lymph node stained with cel-
lular markers for T cells (CD3), B cells (CD79a and CD20), and
macrophages (CD163) (Figure 2A). Notably, MUM1, BLIMP1, and
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Figure 2. SFTSV-antigen® cells in
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XBP1, which are nuclear transcription factors in post-germinal
center B cells, and CD38, which is an activation marker expressed
in post-germinal center B cells (38), were also positive in the same
area (Figure 2A and Supplemental Figure 2). However, PAX-5,
which is expressed in B cells from the pro-B cell stage to the plas-
ma-cell stage, and CD138, which is highly upregulated in plasma
cells, were not detected (Figure 2A). These observations indicat-
ed that post-germinal center B cells (prior to terminal differenti-
ation to plasma cells) with some resemblance to a plasmablastic
immunophenotype accumulated in the SFTSV-infected lymph
nodes. Double immunofluorescence (IF) staining for SFTSV N
and various cellular markers was performed to further character-
ize the SFTSV-infected cells in the lymph nodes, demonstrating

SFTSV antigenome/
SFTSV N/Nuc

SFTSV antigenome/
MUM1/Nuc

were also overlaid to produce
the merged images. Arrow-
heads indicate colocalization of
antigenomic SFTSV RNA and IF
staining in the same cells. Scale
bars: 10 um.

SFTSV antigenome/
CD20/Nuc

SFTSV antigenome/
CD163/Nuc

that CD163" macrophages stained for SFTSV N in their cytoplasm
(Figure 2B). In addition, SFTSV* cells were mostly positive for
CD79a,CD20, CD38, and MUM!1 (Figure 2B). By contrast, SFTSV
was not detected in CD3* T cells. To determine whether SFTSV
actively replicates in these cells, a combined fluorescence in situ
hybridization (FISH) and IF staining assay, which enables simul-
taneous detection of antigenomic SFTSV RNA and proteins on
a single sample slide, was performed. The assay demonstrated
that SFTSV antigenomes were detected in CD163* macrophages
as well as CD20* and MUMI" B cells (Figure 2C), suggesting that
SFTSV replicates in macrophages and B cells, and both of these
cell types are susceptible to SFTSV. Notably, some SFTSV* cells
lacked expression of MUM1 and CD38, but expressed CD20 (Sup-
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Figure 3. SFTSV-infected B cells infiltrate nonlymphoid organs in fatal SFTS. (A) Representative pathological images of the liver, adrenal gland, intestine,
lung, heart, and tissue capillary (renal medulla) in individuals who died from SFTS. H&E staining (upper panels) or IHC for SFTSV N protein (lower panels).
Pie charts show the number of individuals whose tissues were analyzed, and the percentage in whose tissues SFTSV antigen was detected by IHC. Scale
bars: 100 um or 20 pm (capillary). (B) SFTSV IHC scores for tissue sections of lymph nodes (LNs; n = 20), and nonlymphoid organs: liver (n = 21), adrenal
gland (n = 13), intestine (n = 14), lung (n = 17), kidney (n = 16), and heart (n = 11). IHC scores for nonlymphoid organs were significantly lower than for LNs.
Scatter plots also show mean + SD. The P values were calculated with 1-way ANOVA followed by Holm-Sidak’s multiple-comparisons test to make compar-
isons between the IHC scores of nonlymphoid organs and those of LNs. (C) IHC for SFTSV N, B cell (CD20 and MUM?1), and macrophage (CD163) markers in
serial tissue sections of nonlymphoid organs from individuals who died from SFTS. Regions with SFTSV* cells had B cell infiltration. Scale bars: 50 pm.

plemental Figure 3), suggesting that SFTSV-susceptible lympho-
cytes belonged to the mature B cell lineage, but exhibited subtle
phenotypic variation during differentiation to plasmablasts. In
addition, several lymph nodes from multiple cases showed that
the cells in the same area where numerous SFTSV-antigen® cells
were detected, stained with cellular markers for B cells (CD20),

jci.org  Volume130  Number2  February 2020

but not macrophages (CD163) (Supplemental Figure 4). Further-
more, prominent hemophagocytosis by CD163* macrophages
with hemophagocytosis was identified abundantly in several
areas within the lymph nodes where SFTSV-antigen* cells were
not detected (Supplemental Figure 5). These observations indicat-
ed that B cells are dominant targets of SFTSV infection in lymph
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nodes at the time of death, and SFTSV infection in macrophages
may not be the direct cause of hemophagocytosis, which is one of
the important histopathological hallmarks of fatal SFTS. These
IHC and FISH results demonstrated that SFTSV infected macro-
phages and mature B cells in the lymph nodes, and the majority of
these B cells are activated and have a similar immunophenotype
to that of plasmablasts.

Systemic dissemination of SFTSV-infected B cells in fatal SFTS.
SFTSV-infected cells have been detected in multiple nonlym-
phoid organs, such as the liver, adrenal glands, intestine, heart,
lungs, and kidneys in most examinations of fatal human SFTS (18,
34, 37). Here, we analyzed, by IHC, the distribution of SFTSV-
infected cells in nonlymphoid organs obtained postmortem from
22 individuals with fatal SFTS. Distribution of SFTSV antigen in
the nonlymphoid organs was highly varied among these individ-
uals. SFTSV* cells were detected in liver in approximately 90% of
individuals, with detection rates in other nonlymphoid organs of
60%-85% (Figure 3A). SFTSV IHC scores (indicating the num-
bers of SFTSV* cells) were significantly lower in nonlymphoid
organs than in lymph nodes (Figure 3B). These results supported
our observation that SLOs, such as lymph nodes, are the prima-
ry target organs for human SFTSV infection. Notably, regions of

the nonlymphoid organs containing SFTSV* cells were infiltrated
with mononuclear cells, which were identified on hematoxylin
and eosin (H&E) staining (Figure 3A). In addition, the SFTSV*
cells were not parenchymal cells of these organs (Figure 3A). Fur-
thermore, in nonlymphoid organs from half of the individuals,
numerous SFTSV* mononuclear cells were identified in the capil-
laries (Figure 3A), suggesting that the SFTSV-infected mononucle-
ar cells were not only resident in these nonlymphoid organs, but
also disseminated into the systemic circulation of these individ-
uals. IHC for markers of B cells or macrophages in tissue sections
of nonlymphoid organs such as lung, heart, and thyroid detected
numerous CD20* and MUMT", but not CD163* cells, in regions
containing SFTSV" cells (Figure 3C). In addition, SFTSV* mononu-
clear cells in the capillaries were stained with cellular markers for
plasmablasts (MUM1 and CD38), but not macrophages (CD163)
(Supplemental Figure 6). Interestingly, the SFTSV* cells in the
capillaries lacked expression of CD20 (Supplemental Figure 6),
which is associated with later stages of plasmablast-lineage differ-
entiation compared with tissue-resident SFTSV-infected B cells.
These results suggested that B cells at various stages of differen-
tiation toward plasmablasts were disseminating into the nonlym-
phoid organs, serving as SFTSV replication sites.
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Figure 5. Peripheral-blood plasmablasts do not show higher susceptibility to SFTSV infection among peripheral-blood B cells in healthy adults. (A) Flow
cytometry gating strategy to define lymphocyte subsets by CD3, CD19, CD27, and CD38 in SFTSV-inoculated PBMCs obtained from healthy donors (n = 11).
The infectivity of SFTSV in each subset was determined by intracellular staining with DyLight 488-conjugated anti-SFTSV N antibody at 24 hours after inoc-
ulation. (B) Comparison of SFTSV infectivity among CD19- (blue), CD19* (red), or CD3* (green) lymphocytes in SFTSV-inoculated PBMCs. CD19* B cells showed
higher susceptibility to SFTSV than CD3* T cells or CD19" non-B cells. Scatter plots also show mean + SD. ****P < 0.0001 (1-way ANOVA followed by Holm-
Sidak’s multiple-comparisons test). (C) Comparison of SFTSV infectivity between CD19* B cells (red) and CD3-CD19*CD27+CD38* plasmablasts (PB, purple).
The SFTSV-infected cells in CD19* B cells were not biased to the PB fraction. Scatter plots also show paired lines (n = 11). **P = 0.0024 (paired t test).

SFTSV antigen localizes to IgG* class-switched B cells in lymphoid
and nonlymphoid organs. Individuals with fatal SFTS have impaired
immunoglobulin gamma (IgG) antibody responses to SFTSV
because of failure of B cell class switching (27). Normal plasma-
blasts are activated B cells in the germinal center that have under-
gone somatic hypermutation and class-switching recombination
(38). These findings raise the possibility that SFTSV infection in
B cells is closely related to the failure of B cell class switching. We
assessed the expression of immunoglobulins in SFTSV-infected B
cells in the lymph nodes by multicolor chromogenic IHC (Figure
4A). Numerous IgG*, but few IgM* cells, were present in lymph
nodes that contained SFTSV* lymphocytes (Figure 4A). In these
areas, SFTSV* cells coexpressing MUM1, CD38, or IgG were iden-
tified (Figure 4B), suggesting that SFTSV infected class-switched
post-germinal center B cells. To confirm the tropism of SFTSV in
B cell subsets, the levels of mRNA encoding gamma (IGHG) and
mu (IGHM) heavy chains in lymph nodes or nonlymphoid organs
with SFTSV infection were determined by quantitative reverse
transcription PCR (qQRT-PCR). The level of gamma heavy-chain
mRNA was significantly correlated with the SFTSV RNA load in
lymph nodes (Spearman’s coefficient = 0.6027, P < 0.0001) and
in nonlymphoid organs (Spearman’s coefficient = 0.8025, P <
0.0001), whereas no significant correlation was found with the
level of mu heavy-chain mRNA (Figure 4C). These results sug-
gested that the number of B cells expressing IgG determined the

jci.org  Volume130  Number2  February 2020

extent of SETSV replication in these tissues, and that the suscepti-
bility to SFTSV was markedly higher in B cells expressing IgG than
in B cells expressing IgM. Although the number of B cells in intact
nonlymphoid organs is generally minimal, nonlymphoid organs
from individuals who died as a result of SFTS showed prominent
infiltration of mononuclear inflammatory cells, including B cells
(Figure 3C). The strong correlation between IgG expression and
SFTSV infection in the nonlymphoid organs (Figure 4C) implied
that the IgG* B cells infiltrating into these organs were highly sus-
ceptible to SFTSV. Our results indicated that IgG* class-switched B
cells might be the major targets for SEFTSV infection in fatal SFTS.
SFTSV has limited ability to infect peripheral-blood plasmablasts
obtained from healthy adults. To further examine the hypothesis
that plasmablasts are susceptible to SFTSV infection, peripher-
al-blood mononuclear cells (PBMCs) obtained from healthy adult
donors were assayed. Isolated PBMCs were inoculated with SFTSV
for 24 hours at a multiplicity of infection (MOI) of 1, and then ana-
lyzed by flow cytometry. Lymphocyte subsets were defined pheno-
typically by CD3, CD19, CD27, and CD38 cell-surface expression
(Figure 5A). As aresult, frequencies of cells stained by anti-SFTSV
N antibody in CD19* cells were low (0.15%-0.74%). Thus, in order
to confirm the specificity of SFTSV-antigen staining, infected or
uninfected PBMCs were stained with an isotype control antibody
or with an anti-SFTSV N antibody, respectively (Supplemen-
tal Figure 7). This assay also showed that SFTSV infectivity of
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CD19" cells was significantly higher than that of CD3* or CD19"
cells (Figure 5B). Surprisingly, SFTSV infectivity of plasmablasts
(CD3°CD19*CD27*CD38") was significantly lower than that of
CD19" B cells (Figure 5C), suggesting that SFTSV does not prefer
infecting plasmablasts among the total B cell population circulat-
ing in the peripheral blood of healthy adults. Furthermore, it indi-
cated that B cells undergoing plasmablast-lineage differentiation
in SFTS patients possessed intrinsic properties different from that
of peripheral-blood plasmablasts in healthy adults, despite its sim-
ilarities in cell-surface-marker expression.

Human plasmablastic lymphoma cell line, PBL-1, is susceptible to
SFTSV infection. Our results indicated differences in the relation-
ship between SFTSV and plasmablasts from individuals with fatal
SFTS and from healthy adults. In addition, lymphocyte cell lines,
such as Jurkat and Raji, exhibit markedly lower susceptibility to
SFTSV than mammalian adherent cell lines, such as Vero, Huh7,
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Figure 6. SFTSV propagates in the
PBL-1 human plasmablastic lympho-
ma cell line. (A) SFTSV infectivity in
human B cell lines LCL-K, LCL-6, Raji,
Ramos, PCM6, Bjab, TY-1, BCBL-1, and
PBL-1. The cell lines were inoculated
with SFTSV (MOI = 10) and incubated
for 24 hours. Infectivity in each cell
line was determined by flow cytom-
etry using DyLight 488-conjugated
anti-SFTSV N protein antibody.
Data are expressed as the mean +
SD of 3 biological replicates. ****P
< 0.0001 (1-way ANOVA followed

by Holm-Sidak’s multiple-compar-
isons test to compare the SFTSV
infectivity of PBL-1 with that of
other B cell lines). (B) Kinetics of
viral replication in PBL-1 cells was
examined by serial sampling of cells
and culture supernatants. SFTSV
RNA loads in cells (upper panel) and
culture supernatants (middle panel)
at each time point were estimated
by quantitative real-time RT-PCR.
The quantity of infectious virions in
culture supernatants at each time
point was also estimated using Vero
cells (SFTSV titer, lower panel). Data
are expressed as the mean + SD of
3 biological replicates. (C) Electron
microscopy of SFTSV-infected PBL-1
cells. Virus-like particles of 85- to
90-nm diameter, with moderately
to highly dense centers can be seen
attached on the cell surface (upper
panel), budding into the vacuoles
(upper-middle panel), accumulating
in intracellular vesicles (lower-
middle panel), and egressing from
the vacuoles in the cytoplasm of
PBL-1 (lower panel). Scale bars: 200
nm and 50 nm (inset).

and COS7 (39). Notably, the B cell line of Raji cells has very low sus-
ceptibility to SFTSV (39). We therefore examined various human B
cell lines for their susceptibility to SFTSV infection. Nine cell lines
derived from various B cell malignancies were examined, because
B cell malignancies are clonal tumors of mature and immature B
cells at various stages of differentiation, and tend to mimic stages
of normal B cell differentiation (40). The cell lines demonstrated
different patterns of cell-surface-marker expression, reflecting the
stage of differentiation of the original B cell malignancies (Supple-
mental Figure 8). PBL-1 cells, which are derived from a plasma-
blastic lymphoma (41), showed markedly higher susceptibility to
SFTSV than other B cell lines (Figure 6A). In addition, infectious
progeny virions egressed from SFTSV-inoculated PBL-1 cells into
the culture supernatant (Figure 6B). However, the infectious virus
titers of the culture supernatant decreased over time after 40
postinfection hours despite a continuous increase in SFTSV RNA
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Figure 7. Expression of DC-SIGN enhances the susceptibility of PBL-1 cells to SFTSV infection. (A) Infectivity of SFTSV was compared in PBL-1 and Vero
cells (MOI =1, n = 3). Cells were inoculated with SFTSV, incubated for 24 hours, and then analyzed by flow cytometry with DyLight 488-labeled anti-SFTSV
N protein antibody. Data are the mean + SD of biological replicates. ****P < 0.0001 (unpaired Student'’s t test). (B) Infectivity of SFTSV was compared

in PBL-1, THP-1, and human monocytic THP-1 cell-derived macrophages with PMA treatment (THP1-M¢) (MOI =10, n = 6). ****P < 0.0001 (1-way ANOVA
followed by Holm-Sidak’s multiple-comparisons test). (C) Cell-surface expression of DC-SIGN in THP-1 (left panel) or THP-1 cell-derived macrophages with
PMA treatment (THP1-M¢, right panel) was analyzed by flow cytometry with anti-DC-SIGN/DC-SIGNR antibody. (D) Cell-surface expression of DC-SIGN

in PBL-1, TY-1, Raji, or LCL-K cells transfected with lentivector encoding fCD2 or DC-SIGN, or in parent PBL-1 cells, was analyzed by flow cytometry with
anti-DC-SIGN/DC-SIGNR antibody (left panel). SFTSV infectivity in PBL-1 cells, TY-1, Raji, or LCL-K cells expressing DC-SIGN or fCD2, or in parental cells, was
determined by flow cytometry using DyLight 488-labeled anti-SFTSV N antibody 24 hours after SFTSV inoculation (MOI = 3, right panel). (E) Relationship
between expression of DC-SIGN on cell surface and SFTSV infectivity in PBL-1 cells, TY-1, Raji, or LCL-K cells expressing DC-SIGN was examined by simul-
taneous staining with anti-DC-SIGN/DC-SIGNR antibody and DyLight 488-labeled anti-SFTSV N antibody. (F) Comparison of SFTSV infectivity between
DC-SIGN- (blue) and DC-SIGN* (red) PBL-1, TY-1, Raji, and LCL-K cells demonstrated that expression of DC-SIGN significantly enhanced the susceptibility of
these B cell lines to SFTSV infection, and infectivity of DC-SIGN-expressing PBL-1 cells was significantly higher than that of DC-SIGN-expressing TY-1, Raji,
or LCL-K cells. Data are the mean + SD of 3 biological replicates. ****P < 0.0001 (2-way ANOVA followed by Sidak’s multiple-comparisons test).
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load in the culture supernatant (Figure 6B), which might reflect
induction of cell death of SFTSV-infected PBL-1 cells during the
late phase of infection. Furthermore, electron microscopic analy-
sis identified numerous viral particles at various stages in the viral
replication cycle, including cell-surface attachment, budding into
intracellular organelles, accumulation in intracellular vesicles,
and egress (Figure 6C), suggesting that PBL-1 cells could support
the full SFTSV replication cycle. The origin of plasmablastic lym-
phoma is thought to be the plasmablast (41), and PBL-1 cells have
an immunophenotype similar to that of terminally differentiated
plasma cells (CD138*"MUMI), suggesting that these cells are at an
intermediate stage between the plasmablast and the plasma cell
(Supplemental Figure 8). Moreover, primary effusion lymphoma
cell lines (TY-1 and BCBL-1), whose postulated counterpart is a
post-germinal center B cell that has undergone plasmablastic dif-
ferentiation, also showed moderate susceptibility to SFTSV, indi-
cating that plasmablastic differentiation might determine suscep-
tibility to SFTSV.

The expression of an exogenous viral entry mediator enhances
the susceptibility of PBL-I cells to SFTSV. Although PBL-1 cells were
susceptible to SFTSV infection, it required a high viral MOI (Sup-
plemental Figure 9), and the susceptibility was markedly lower
(60-fold lower) than that of mammalian adherent Vero cells (Fig-
ure 7A). Pathological examinations demonstrated the existence
of SFTSV-infected macrophages in addition to B cells undergo-
ing differentiation toward plasmablasts in lymph nodes of fatal
SFTS (Figure 2). Thus, SFTSV susceptibility of human monocyt-
ic THP-1 cell-derived macrophages (which were induced using
phorbol 12-myristate 13-acetate [PMA]) were examined (42).
As a result, SFTSV susceptibility of THP-1 cell-derived macro-
phages was significantly higher (2-fold higher) than that of PBL-
1 cells (Figure 7B). These observations indicated that PBL-1 lacks
some factors (such as virus-entry mediators) that are necessary
for efficient SFTSV replication. Notably, PBL-1 and other human
B cell lines lacked cell-surface expression of the reported SFTSV
receptors (38, 41, 42) DC-SIGN, LSECtin, and NMHCIIa (Supple-
mental Figure 10). In contrast, THP-1 cell-derived macrophages
expressed DC-SIGN, a C-type lectin and receptor for several
viruses (including dengue virus) (Figure 7C). To evaluate wheth-
er DC-SIGN improves the susceptibility of PBL-1 cells to SFTSV,
PBL-1 cells were transfected with lentiviral vectors encoding
DC-SIGN or feline CD2 (fCD2; as a negative control). Expression
of DC-SIGN on the cell surface was confirmed (Figure 7D), and
transfected cells were infected with SFTSV for 24 hours and ana-
lyzed by flow cytometry. Expression of DC-SIGN, but not f{CD2,
markedly increased SFTSV infection (Figure 7D). In addition,
increase in SFTSV susceptibility by DC-SIGN expression was
confirmed using other B cell lines: TY-1 (moderate susceptibility
to SFTSV), Raji, and LCL-K (limited susceptibility to SFTSV) cells
(Figure 7D). Furthermore, SFTSV infectivities of the DC-SIGN*
population within these DC-SIGN-expressing B cell lines were
15- to 200-fold higher than the DC-SIGN- population (Figure 7,
E and F), and the infectivity of DC-SIGN-expressing PBL-1 cells
was significantly higher than that of DC-SIGN-expressing TY-1,
Raji, or LCL-K cells (Figure 7, E and F). Notably, however, SFTSV-
infected cells in the lymph nodes of individuals who died from
SFTS did not express DC-SIGN (Supplemental Figure 11). These
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results suggest that expression of viral entry mediators other than
DC-SIGN on the cell surface that are expressed in association with
plasmablastic differentiation might regulate the susceptibility of
plasmablasts to SFTSV infection in fatal SFTS.

Discussion

Despite serious public health concerns about SFTS, little is known
about the underlying pathogenesis of the fatal disease. Here, we
demonstrated that SFTSV-infected cells in lymph nodes, which are
the primary target organs for SFTSV infection, are macrophages
and class-switched B cells with a similar immunophenotype to
that of plasmablasts. SFTS animal models and previous findings in
other viral hemorrhagic fevers have shown that monocyte-lineage
cells, including monocytes, dendritic cells, and macrophages,
have a pivotal role in virus replication in vivo and in pathogenesis
of the infection (28, 32). However, our pathological findings that
SFTSV-infected cells in nonlymphoid organs also belonged to B
cell lineages indicated that B cells, but not macrophages, might be
involved in progression of human lethal SFTSV infection, partic-
ularly in the terminal stage of fatal SFTS. Notably, our analysis of
autopsy tissues demonstrated a few cases in which the viral-anti-
gen* cells lacked expression of MUM1 and CD38 despite expres-
sion of CD20 (Supplemental Figure 3). Furthermore, SFTSV-
infected B cells were also detected in the lumina of small vessels,
particularly capillaries of nonlymphoid organs in half of the fatal
SFTS cases (Figure 3A), and these SFTSV-infected cells in the cap-
illaries showed an immunophenotype (CD20-CD38"MUMI*) sim-
ilar to that of B cells at a later stage of plasmablast-lineage differ-
entiation (Supplemental Figure 6), which is comparable to those
commonly observed in peripheral-blood plasmablasts in healthy
individuals, and blood-derived memory B cells differentiating into
plasmablasts (43). Plasmablasts are generally rare in the peripher-
al blood of healthy individuals, but expansions are observed brief-
ly during responses to infection or vaccination (43, 44). In such
situations, plasmablasts produce relatively high-affinity antibod-
ies against the infecting pathogens or vaccine antigens, and, for
viral infections, the magnitude of plasmablast proliferation closely
correlates with viral load (45, 46). A fraction of the plasmablasts
generated by the systemic immune response leave the SLOs and
travel via the blood to the bone marrow (43, 44, 47-50).

The low susceptibility to SFTSV of B cells and plasmablasts
obtained from healthy individuals seems to contradict results
showing that B cells in autopsy tissues are highly susceptible
to SFTSV. Our previous results and those of other studies have
demonstrated that plasmablasts appear transiently in the periph-
eral blood during the acute phase of SFTS (27, 51, 52). In addition,
the peripheral-blood plasmablasts proliferate to a greater extent in
fatal SFTS than those in self-limiting SFTS, and the massive prolif-
erated plasmablasts in fatal SFTS are dysfunctional (27). Detailed
observations of peripheral blood from individuals with SFTS have
revealed that effective humoral responses to SFTSV (specifical-
ly, IgG responses) are impaired in fatal SFTS because of a fail-
ure of B cell class switching (27). Our results showed that class-
switched IgG* B cells were more susceptible to SFTSV infection
than class-unswitched IgM* B cells in lymphoid and nonlymphoid
organs (Figure 4C), which might have resulted in disturbance of
normal plasmablast responses and aberrant induction of dysfunc-
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tional plasmablasts in these individuals. Accumulated evidence
suggests that SFTSV-infected lymphocytes that were observed in
the tissues of SFTS fatal cases belong to a mature B cell lineage,
but exhibit phenotypes of B cells at various stages of differentia-
tion to plasmablasts, and have unique characteristics that distin-
guish them from intact peripheral-blood B cells and plasmablasts
obtained from healthy individuals.

Our previous observations on PBMCs obtained from 5 SFTS
patients failed to detect SFTSV-infected cells in the peripheral
blood (52). However, the existence of infected lymphocytes in the
capillaries does not necessarily indicate that infected cells circulate
in the peripheral blood. These observations are analogous to those
commonly made in intravascular large B cell lymphoma (IVLB-
CL), a rare type of non-Hodgkin lymphoma characterized by the
selective growth of neoplastic cells within blood-vessel lumina. In
IVLBCL, peripheral-blood lymphoma cells are detected in only 5%
to 9% of patients, despite the intravascular growth pattern (53). In
addition, the SFTSV-infected lymphocytes in the capillaries were
detected in only half of the fatal SFTS cases we analyzed. Thus,
considering the fact that 5%-40% of total SFTS cases are fatal, this
phenomenon could only be observed in 2.5%-20% of total SFTS
patients if it were unique for fatal SFTS cases. This may suggest that
5 patient cases were not enough to capture SFTSV-infected cells in
the peripheral blood. Further studies including more SFTS patients
are required to determine whether SFTSV-infected lymphocytes
circulate in the peripheral blood or not.

In addition, we identified the susceptibility of the human
plasmablastic lymphoma cell line PBL-1 to SFTSV replication,
which supports the hypothesis that cell differentiation toward
plasmablasts is a key determinant of the SFTSV susceptibility of
B cells, and the pivotal roles of B cells in SFTS progression. How-
ever, the susceptibility of PBL-1to SFTSV infection is limited com-
pared with that of Vero cells that are commonly used for SEFTSV
propagation. Notably, expression of virus entry mediators such
as DC-SIGN compensated for the low susceptibility to SETSV of
PBL-1 and other B cell lines. Of note, PBL-1 exhibited the highest
susceptibility among all B cell lines regardless of DC-SIGN expres-
sion, suggesting that plasmablast-lineage differentiation provides
the cellular machinery for virus replication, but not for efficient
virus entry. Interestingly, SFTSV-infected cells in the lymph nodes
of fatal SFTS showed lack of expression of DC-SIGN (Supplemen-
tal Figure 11), suggesting that DC-SIGN might play some roles in
SFTSV infection of macrophages, but these DC-SIGN-expressing
SFTSV-susceptible cells are not necessarily the major population
among infected cells at the terminal stage of lethal SFTSV infec-
tion. Taken together, these observations implied that expression
of host factors, except DC-SIGN, which are not usually expressed
in intact B cells and plasmablasts, might regulate SFTSV suscepti-
bility of B cells in the tissues of fatal SFTS cases, and these factors
might be the crucial determinants of the fate of infected individu-
als. Further study will be required to elucidate these determinants
of B cell susceptibility to SFTSV.

On the other hand, SFTSV-infected macrophages were also
prominent in the primary target organs in fatal SFTS cases (Fig-
ure 2, B and C), and THP-1 cell-derived macrophages showed
higher susceptibility to SFTSV infection than plasmablastic PBL-1
cells (Figure 7B), suggesting that macrophages may be playing
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important roles in virus replication. In addition, SFTSV-infected
PBL-1 cells produce only a limited amount of infectious progeny
virions in the late phase of infection, which prevent efficient prop-
agation of virus, indicating that B cells alone may be not enough
to provoke high-level virus replication, which is a clinical charac-
teristic of fatal SFTS. Notably, prominent hemophagocytosis by
CD163* macrophages without SFTSV infection was observed in
the lymph nodes of fatal SFTS (Supplemental Figure 5), suggesting
that hemophagocytosis in SFTS patients could be induced by host
responses following SFTSV infection, which might be configured
by not only SFTSV-infected macrophages but also SFTSV-infect-
ed B cells. Taken together, our observations together with previ-
ous results indicate that each type of SFTSV-infected cell such
as macrophages and plasmablast-lineage B cells may be playing
different roles in SFTS pathogenesis, and initially infected macro-
phages might induce proliferation of SFTSV-susceptible plasma-
blast-lineage B cells, resulting in devastating SFTSV replication
in the B cells and development of the catastrophic conditions of
fatal SFTS. Further studies are needed to elucidate the interaction
between macrophages and B cells in SFTS pathogenesis.

In summary, we have demonstrated that SFTSV infects mac-
rophages and B cell-lineage lymphocytes in fatal SFTS, and that
activated mature class-switched B cells undergoing plasmablast-
lineage differentiation in lymphoid and nonlymphoid organs
are major targets for SFTSV at the end stage of lethal infection.
SFTSV-infected B cells might have pivotal roles in clinical deteri-
oration and fatal outcomes. In addition, our results also identify
the potential for in vitro culture of SFTSV in PBL-1 cells, which
bear remarkable resemblance to the targets of SFTSV in fatal SFTS.
These cells may be of great clinical relevance for the study of SETSV
pathogenesis and the development of effective countermeasures.

Methods

Human specimens. Formalin-fixed, paraffin-embedded (FFPE) human
tissues from 22 individuals who had died from SFTS were examined.
SFTSV infection was confirmed by detection of viral RNA in serum
or tissues by RT-PCR or real-time qRT-PCR. Autopsy tissue samples
from the 22 individuals (male = 50%, mean age = 72 * 13 years, mean
days from onset to death = 11 + 1 days) were originally submitted from
14 institutes to the Department of Pathology at the National Institute
of Infectious Diseases for diagnostic consultation, and all the samples
used in this study were residual tissues after the diagnostic purpose
had been fulfilled. For SFTSV infection assay in PBMCs, PBMCs were
isolated with Lymphoprep Tubes (Alere Technologies AS) following
the manufacturer’s instructions, suspended in RPMI 1640 medium
(Gibco, Thermo Fisher Scientific) with 10% fetal bovine serum (FBS)
(Biowest) and penicillin-streptomycin (100 U/mL penicillin and 100
pg/mL streptomycin; Gibco, Thermo Fisher Scientific), and immedi-
ately subjected to SFTSV infection.

Histopathological examination, IHC, and IF. All FFPE tissues were
cut into 3-um-thick sections. One section from each tissue sample was
stained using a standard H&E procedure. Detection of the SFTSV N
antigen was performed with a rabbit polyclonal antibody, as previous-
ly described (6). IHC for host-cell proteins was performed with anti-
CD3 (clone 2GV6, Ventana Medical Systems), and anti-BLIMP1 (clone
EPR16655, Abcam) rabbit monoclonal antibodies, anti-DC-SIGN
(clone 5D7, Abcam), anti-CD20 (clone L26, Leica Biosystems), anti-
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CD38 (clone SPC32, Leica Biosystems), anti-CD79a (clone JCB117,
DAKO), anti-CD138 (clone MI15, DAKO), anti-MUMI1 (clone MUMl1p,
DAKO), anti-PAXS5 (clone 24/Pax-5, BD Biosciences), and anti-CD163
(clone 10D6, Leica Biosystems) mouse monoclonal antibodies, and
anti-XBP1 catalog ab37152, Abcam) rabbit polyclonal antibody as the
primary antibodies, and peroxidase-labeled polymer-conjugated anti-
rabbit or anti-mouse immunoglobulin (EnVision/HRP; DAKO) as the
secondary antibody. The CSA II system (Dako) was used for detection
of MUMI1 or PAX5. Immunostaining was visualized by 3,3'-diamino-
benzidine tetrahydrochloride (DAB) staining. Hematoxylin (modified
Mayer’s) was used as a nuclear counterstain for IHC. The number of
SFTSV-antigen® cells in each section was estimated from the number
of antigen* cells in areas with highest cellularity of positive cells (no
positive cells in the section = score 0; <5 positive cells per high-power
field [HPF] = score 1; <50 positive cells per HPF = score 2; <500 pos-
itive cells per HPF = score 3; =500 positive cells per HPF = score 4).
Representative IHC images for each score are shown in Supplemental
Figure 1. Positive correlation between SFTSV IHC scores and SFTSV
RNA load was identified (Supplemental Figure 1B). For IF staining,
mouse monoclonal antibodies against cell type-specific marker pro-
teins (CD20, CD38, CD79a, CD163, and MUM1) and rabbit polyclonal
antibody against SFTSV N (or alternatively, anti-CD3 rabbit monoclo-
nal and anti-SFTSV N mouse monoclonal [2D11] antibodies; see ref.
54) were used as primary antibodies. Alexa Fluor 488-conjugated
anti-mouse IgG or anti-rabbit IgG, and Alexa Fluor 568-conjugated
anti-rabbit IgG or anti-mouse IgG antibodies (Thermo Fisher Scientif-
ic) were used as secondary antibodies. The Tyramide Signal Amplifi-
cation kit (Thermo Fisher Scientific) was used for detection of MUMI1.
TO-PRO-3 nucleic acid staining (Thermo Fisher Scientific) was used
for detection of nuclei. Fluorescence images were visualized with con-
focal laser scanning microscopy (Olympus FV1000). Chromogenic
multiplex IHC staining was performed with anti-IgG (clone A57H,
Nichirei Biosciences), anti-IgM (clone R1/69, Nichirei Biosciences),
anti-MUM-1, and anti-CD38 mouse monoclonal and anti-IgA (cata-
log 413581, Nichirei Biosciences) rabbit polyclonal primary antibod-
ies, respectively. DAB Chromogen Kit (Biocare Medical), VECTOR
VIP Peroxidase (HRP) Substrate Kit (Vector Laboratories), and Vina
Green Chromogen Kit (Biocare Medical) were used as chromogens for
horseradish peroxidase visualization. Following the first staining for
each cell marker using the polymer-based detection system (Biocare
Medical) with DAB, a denaturing step was carried out by hydrolytic
autoclaving in citrate buffer (pH 6.0) for 10 minutes at 121°C. A sec-
ond staining was then performed with VECTOR VIP, followed by the
denaturing step again. A final staining was performed for viral anti-
gens with Vina Green. Nuclei were counterstained with hematoxylin.
FISH combined with IF. SFTSV has a trisegmented, single-strand-
ed RNA genome with negative (L and M segments) or ambisense (S
segment) polarity (4). The S segment encodes the nucleocapsid pro-
tein (N) in antisense orientation and the nonstructural protein (NSs)
in sense orientation, which means that positive-sense RNA for the
N gene is antigenomic RNA, and the detection of the positive-sense
antigenomic RNA in the cells demonstrates SFTSV genome repli-
cation in these cells. To detect SFTSV antigenome in FFPE tissues,
ISH was performed using the RNAScope Multiplex Fluorescent V2
Assay (Advanced Cell Diagnostics) with TSA Plus fluorescein (Perkin-
Elmer) according to the manufacturers’ instructions. Briefly, ZZ probe
pairs with channel C1 targeting the antigenomic SFTSV N gene were
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designed and synthesized by Advanced Cell Diagnostics (RNAscope
Probe V-SFTSV-NP, catalog 449891). FFPE tissue sections were
exposed to ISH target probes and incubated at 40°C in a hybridiza-
tion oven for 2 hours. After rinsing, the ISH signal was amplified using
company-provided preamplifier and amplifier conjugated to fluores-
cent dye. The RNAScope assay was followed by standard IF staining
with mouse monoclonal antibodies against cell type-specific marker
proteins (CD20, CD163, and MUM1) and rabbit polyclonal antibody
against SFTSV N antibodies as primary antibodies. Alexa Fluor 568-
conjugated anti-rabbit IgG or anti-mouse IgG antibodies (Thermo
Fisher Scientific) were used as secondary antibodies. Sections were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) (Thermo
Fisher Scientific), mounted, and stored at 4°C until image analysis.

RNA extraction and qRT-PCR. RNA was extracted with the Pure
Link FFPE RNA isolation kit (Thermo Fisher Scientific), and qRT-PCR
was performed using the QuantiTect Multiplex RT-PCR Kit (Qiagen)
and an Mx3005P system (Agilent), according to the manufacturers’
protocols. The N region within the S segment of the SFTSV genome
was amplified. The amount of human ACTBmRNA in the DNase-treat-
ed RNA extracted from each section was also determined and used as
an internal reference for normalization. The following primers and
labeled probes were used: SFTSV, forward 5'-CCCTGATGCCTTGAC-
GATCT-3' and reverse 5-TGATTGGGTGAGGGACACAAAGTT-3;
probe 5'-(FAM)-TTGCCTCGAGTCAGGGCAAAGACAA-(TAMRA)-3;
human ACTB mRNA, forward 5-TGAGCGCGGCTACAGCTT-3' and
reverse 5-TCCTTAATGTCACGCACGATTT-3'; probe 5'-(FAM)-AC-
CACCACGGCCGAGCGG-(TAMRA)-3’; human gamma heavy chain
(IGHG) mRNA, forward 5-GGCAGCCGGAGAACAAC-3" and reverse
5-CCACGGTKAGCYTGCTGTAGA-3’; probe 5-(FAM)-TGCTGG-
ACTCCGACGGCTCCTT-(BHQ1)-3’; human mu heavy chain IGHM)
mRNA, forward 5-ATGGCGAAGCTGTGAAAACC-3' and reverse
5-TTCCAGTCATCCTCGCAGATG-3'; and probe 5-(CY5)-ACAC-
CAACATCTCCGAGAGCCACCC-(BHQ3)-3'.

Viruses and cells. All cells were cultured at 37°C in an atmosphere
containing 5% CO,. PBL-1 (41) and PCM6 (a human myeloma cell line,
Riken Bioresource Center, RCB1460; ref. 55) cells were maintained in
RPMI 1640 medium supplemented with 5 ng/mL IL-6 (PeproTech),
10% FBS, and penicillin-streptomycin (Thermo Fisher Scientific).
Other human B cell lines used were 2 Epstein-Barr virus-transformed
lymphoblastoid cell lines (LCL-K and LCL-6, established in our labo-
ratory), 3 Burkitt lymphoma cell lines (Raji, Ramos, and Bjab, provid-
ed by Department of Pathology, Institute of Medical Science, the Uni-
versity of Tokyo), and 2 primary effusion lymphoma cell lines (TY-1
and BCBL-1; refs. 56, 57) were cultured in RPMI 1640 medium with
10% FBS and penicillin-streptomycin. THP-1 cells were maintained
in RPMI 1640 medium supplemented with 10% FBS, penicillin-strep-
tomycin, 1 mM sodium pyruvate (Thermo Fisher Scientific), 0.1 mM
nonessential amino acids (Thermo Fisher Scientific), and 55 pM
2-mercaptoethanol (Thermo Fisher Scientific). THP-1 cells (ATCC,
TIB-202) were differentiated to macrophages at a density of 2 x 10°
cells/mL in HydroCell 6 multi-well plates (CellSeed Inc.), treated with
100 nM PMA (Sigma-Aldrich) for 72 hours (42), washed, suspended in
culture medium without PMA, and then subjected to SFTSV infectious
assay. Vero cells (JCRB Cell Bank, JCRB9013) were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) supplement-
ed with 10% FBS and penicillin-streptomycin. Virus-inoculated cells
were maintained in DMEM containing 2% FBS and penicillin-strep-
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tomycin. SFTSV was propagated in Vero cells. The HB29 strain was
used, which was isolated from a Chinese patient with SFTS (1). Titra-
tion of SFTSV was performed by plaque assay with Vero cells, as pre-
viously described (58). Confluent monolayers of Vero cells in 12-well
plates were inoculated with serially diluted SFTSV for 1 hour at 37°C.
After washing with PBS, the cells were cultured with DMEM contain-
ing 2% FBS and 1% agarose for 3 days, and then a mixture of neutral
red (0.005% final concentration) and methylene blue (0.005% final
concentration) was added to the culture medium. The next day, visu-
alized plaques were counted.

Virus infection. To examine SFTSV infectivity in PBMCs, human B
cell lines, or Vero cells, the cells were infected with SFTSV at an MOI of
1 (PBMCs), 10 (human B-cell lines and THP-1 cells), or 1 (Vero cells).
Cells were cultured for 24 hours. SFTSV infectivity was determined by
staining with antibody against SFTSV N, with analysis by flow cytome-
try. To examine the dose dependency of SFTSV infectivity, PBL-1 cells
were infected with SFTSV (at MOI of 1, 10, or 100), and then cultured
for 24 hours. Infectivity was determined by flow cytometry. To examine
the effect of expression of DC-SIGN on susceptibility to SFTSV, PBL-1,
TY-1, Raji, and LCL-K cells stably expressing DC-SIGN or fCD2 were
established using recombinant lentiviral vectors, as described previ-
ously (39). These cells were infected with SFTSV at MOI = 3. SFTSV
infectivity was determined by flow cytometry after 24 hours of culture.

Flow cytometry. For cell-surface staining, cells were incubated
with Human FcR Blocking Reagent (Miltenyi Biotec) for 15 minutes
prior to staining with fluorescent dye-conjugated antibodies against
cell-surface markers. Mouse monoclonal antibodies against CD3
(PE-conjugated, clone HIT3a), CD19 (APC-conjugated, clone HIB19),
CD38 (PE-conjugated or Alexa Fluor 700-conjugated, clone HIT2),
CD24 (APC-conjugated, clone ML5), and CD20 (PE-conjugated,
clone 2H7) were obtained from BioLegend. FITC-conjugated anti-
CD138 (rat clone 281-2, BD Biosciences) rat monoclonal antibody,
and APC-conjugated anti-CD27 (clone 0323, eBioscience, Thermo
Fisher Scientific), PE-conjugated anti-LSECtin (catalog sc-65478PE,
Santa Cruz Biotechnology), and PE-conjugated anti-DC-SIGN+DC-
SIGNR (clone 120612, R&D Systems) mouse monoclonal antibodies
were also used for cell-surface staining. To examine the expression of
MUMI1 or non-muscle myosin IIA heavy chain (NMHCIIa), cells were
fixed and permeabilized using BD Cytofix/Cytoperm Fixation Perme-
abilization Solution Kit (BD Biosciences Pharmingen), and incubated
with Alexa Fluor 647-conjugated IRF4 rat monoclonal antibody (clone
IRF4.3E4, BioLegend) or anti-NMHCIIa rabbit monoclonal antibody
(clone EPR8965, Abcam), respectively. For detection of NMHCIIa,
cells were then incubated with DyLight 488-conjugated donkey
anti-rabbit IgG antibody (catalog 406404, BioLegend). Expression
of NMHCIIa on the cell surface was also examined by staining the
unfixed cells with the same antibodies. For detection of SFTSV-infect-
ed cells, the fixed and permeabilized cells were stained with DyLight
488-conjugated anti-SFTSV N monoclonal (2D11 or 9D3) antibody
(54), which was prepared with the DyLight 488 Microscale Antibody
Labeling Kit (Thermo Fisher Scientific) according to the manufactur-
er’s instructions. Alexa Fluor 488-conjugated mouse IgGl, « isotype
control antibody (clone MOPC-21, BioLegend) was used as an iso-
type control antibody. LIVE/DEAD Fixable Aqua Dead Cell Stain kit
(Thermo Fisher Scientific) or eBioscience Fixable Viability Dye eFluor
450 (Thermo Fisher Scientific) was used for exclusion of dead cells
according to the manufacturer’s instructions. Cells were washed and
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analyzed by flow cytometry (FACSCanto II, BD Biosciences). Data
were analyzed with Flow]Jo software (Flow]Jo, LLC).

Viral growth assay in PBL-1 cells. PBL-1 cells were infected with
virus at MOI = 10 for 1 hour. The cells were washed with PBS and cul-
tured with RPMI 1640 containing 5 ng/mL IL-6, 10% FBS, and peni-
cillin-streptomycin. Cells and culture supernatants were harvested 1
hour after the start of cell culture and at 12, 24, 36, 48,72, and 96 hours
after inoculation. RNA was purified from each sample with TRIzol
(Thermo Fisher Scientific) and a Direct-zol RNA microPrep kit (Zymo
Research), according to the manufacturers’ protocols. SFTSV RNA
loads were quantified by qRT-PCR. RNA load per cell was calculated
with the human GAPDH mRNA copy number as an internal control
to estimate the cell number for each extracted RNA. The primers and
labeled probes used for amplification of human GAPDH mRNA were
previously described (59). The titer of infectious virions in the culture
supernatant at each time point was calculated by counting the average
TCID,  of 3 replicates according to the Reed-Muench method. In brief;
10-fold serial dilutions of the culture supernatants were inoculated
onto Vero cells in a 96-well culture plate and incubated for 3 days. The
cytopathic effect observed in the virus-containing wells after 1 blind
passage was evaluated under a microscope and the TCID, calculated.

Electron microscopy. PBL-1 cells were infected with SFTSV at MOI =
10 and incubated for 2 days. Cells were pelleted by centrifugation, fixed
with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) for 2 hours at room temperature, postfixed in 1% osmium
tetroxide, and embedded in Epon. Ultrathin sections were stained with
uranyl acetate and lead citrate, and observed with a transmission elec-
tron microscope (HT7700, Hitachi High Technologies) at 80 kV.

Statistics. All statistical analyses, graphical representations, and
correlation and linear regression analyses were performed with the
Prism statistical software package (version 6.0, GraphPad Software).
The paired or unpaired 2-tailed Student’s ¢ test, Wilcoxon’s matched-
pairs signed-rank test, 1-way ANOVA followed by Holm-Sidak’s mul-
tiple-comparisons test, the Kruskal-Wallis test followed by Dunn’s
multiple-comparison test, Spearman’s rank-correlation coefficients,
nonlinear regression analysis with a straight-line model, or 2-way
ANOVA followed by Sidak’s multiple-comparisons test was used for
analysis of each data set as indicated in the figure legends. A P value
less than 0.05 was considered significant.

Study approval. This study was approved by the medical research
ethics committee of the National Institute of Infectious Diseases for
the use of human subjects, Tokyo, Japan (no. 427, 517, and 821). This
study was performed on postmortem human tissues procured after
the participant’s guardians provided written informed consent for
an autopsy and research use of surplus tissue from the autopsy. For
SFTSV-infection assay in PBMCs, peripheral-blood samples were col-
lected from 11 healthy adult donors after provision of written informed
consent from all participants.
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