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Hantaan virus (HTNV) is a major agent causing hemorrhagic fever with renal syndrome (HFRS). Although the pathogenesis
of HFRS is unclear, some reports have suggested that the abundant production of proinflammatory cytokines and uncontrolled
inflammatory responses may contribute to the development of HFRS. CXCL10 is one of these cytokines and is found to be involved
in the pathogenesis of many virus infectious diseases. However, the role of CXCL10 in the pathogenesis of HFRS and the molecular
regulationmechanismof CXCL10 inHTNV infection remain unknown. In this study, we report that CXCL10 expresses highly in the
HFRS patients’ sera and the elevated CXCL10 is positively correlated with the severity of HFRS.We find that HTNV, a single-strand
RNA virus, can act as a double-strand RNA to activate the TLR3, RIG-I, andMDA-5 signaling pathways.Through the downstream
transcription factors of these pathways, NF-𝜅B and IRF7, which bind directly to the CXCL10’s promoter, the expression of CXCL10
is increased. Our results may help to better understand the role of CXCL10 in the development of HFRS and may provide some
novel insights into the immune response of HTNV infection.

1. Introduction

Hantaan virus (HTNV) is a member of the enveloped Bun-
yaviridae family characterized by a tripartite single-stranded
RNA genome of negative polarity. The large (L) segment
encodes the viral RNA-dependent RNA polymerase (RdRp),
the medium (M) segment encodes two surface glycoproteins
(Gn and Gc), and the small (S) segment encodes the nucleo-
capsid protein (NP) [1]. HTNV could cause a severe lethal
hemorrhagic fever with renal syndrome (HFRS) in human
[2, 3].

At present, the pathogenesis of HFRS is still unclear.
Previous reports suggested that “cytokine storm,” additional
immune responses, complement activation, and platelet
dysfunction may be the potential mechanisms of HFRS
pathogenesis [4].

Inflammatory cytokines/chemokines produced during
HTNV infection represent a double-edged sword [5].
On one hand, they contribute to viral elimination by
inducing and amplifying innate effectors’ functions and
antigen presentation of viral epitopes to T cells. On
the other hand, if not properly regulated, inflammatory
cytokines/chemokines may facilitate immunopathological
processes in HFRS [5]. We screened a panel of cytokines
expressions using Luminex and found that, in the serum
fromHFRS patients, CXCL10 was the most-highly-expressed
cytokine (see Table S1 in the Supplementary Material
available online at http://dx.doi.org/10.1155/2014/697837).
CXCL10/Interferon-𝛾-inducible protein-10 (IP-10) is a mem-
ber of CXC chemokines, which is mainly secreted by
endothelial cells, epithelial cells, and keratinocytes. After
binding to its receptor CXCR3, CXCL10 induces chemotaxis,
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apoptosis, cell growth inhibition, and angiostasis [6]. Accu-
mulating data have indicated that CXCL10 plays an important
role in many virus infectious diseases infected with Hepatitis
Virus B (HBV) [7], Hepatitis Virus C (HCV) [8], HIV [9],
influenza virus [10], and some other viruses [11–13]. The
elevated level of CXCL10 has been found to be correlated
with the development and the severity of these infectious
diseases. In studies of the regulation mechanism of CXCL10
production, some signaling pathways have been documented
to contribute to the regulation of CXCL10’s expression,
including JAK-STAT pathway [14], TRAF2/TAK1 pathway
[7], and PI3K/AKT pathway [15]. Transcriptional factors like
NF-𝜅B [7], IRF1 [13], and IRF3 [15, 16] have also been proved
to bind to the CXCL10’s promoter. Although Geimonen et al.
have reported that HTNV induce CXCL10 expression in
HUVECs [17], little is known about the molecular regulation
mechanism of HTNV-induced CXCL10 production. A better
understanding of the regulation mechanism of CXCL10
production in infectious diseases might help us develop new
therapeutic interventions in human diseases.

In this study, we quantified the serum CXCL10 levels
in HFRS patients of different severities and in different
disease stages, analyzed the relationship between CXCL10
and the disease severity-indicating parameters in vivo, and
explored the underlying regulation mechanisms of CXCL10’s
expression in vitro during HTNV infection.

2. Materials and Methods

2.1. Ethics Statement. The study was approved by the Insti-
tutional Review Board of the Fourth Military Medical Uni-
versity. Written informed consent was obtained directly from
each adult subject, and all the children had informed consent
given from their guardians for the collection of samples and
subsequent analysis.

2.2. Study Subjects and Sample Collection. Enrolled in this
study were 121 hospitalized patients with HTNV infection
from Tangdu Hospital of the Fourth Military Medical Uni-
versity (Xi’an, China) between 2009 and 2011. The clinical
diagnosis of HFRS was confirmed by detection of IgM anti-
bodies to HTNV in the patients’ serum specimens.Thirty-six
healthy donors were included in the study as normal control.
The serum samples and the peripheral blood samples were
collected and stored as previously described [18, 19]. Based
on the classically defined 5 stages of HFRS (namely, febrile
stage, hypotensive stage, oliguric stage, polyuric stage, and
convalescent stage), we classified the HFRS patients in this
study into acute phase (including febrile, hypotensive, and
oliguric stages) and convalescent phase (including diuretic
and convalescent stages) [20, 21]. The plasma viral load, an
important indicator of disease severity, had been determined
in our lab before [18]. Because of the limitation in detecting
the viral load, we grouped viral load at the baseline of 1500
copies/mL.

2.3. Cells and Virus. Human umbilical vein endothelial cells
(HUVECs) were prepared by the method described before

[22]. Cultures of HUVECs were grown on fibronectin-coated
plates (Millipore, USA), were maintained in EGM (Lonza,
USA) supplemented with 10% fetal bovine serum (PAA, Aus-
tria), 100 IUof penicillin/mL, and 100𝜇g of streptomycin/mL,
and were used before the 10th passage.

HTNV strain 76–118 was propagated on Vero E6 cells.
Supernatant was collected from cell cultures at 14 days
postinfection and was cleared of cell debris by centrifugation
at 2,000×g and then filtration by 0.45𝜇m filter. The stocks
of HTNV were aliquot and frozen at −80∘C. Mock HTNV
control was prepared by subjectingHTNV to Co 60 radiation
(1 × 104 Gy). For all infections, virus was allowed to adsorb to
HUVECs at multiplicity of infection (MOI) of approximately
1 in serum-free EGM maintenance medium for 2 h at 37∘C.
The cells were thenwashed and afterwards incubated in EGM
growth medium with 10% FBS. The proportion of infected
HUVECs was tested by using immunofluorescence. After
48 h postinfection, over 90% of HUVECs expressed viral
nucleocapsid protein in the cytoplasm.

2.4. RNA Extraction and Real-Time PCR. The total RNA of
HUVECs was extracted using TRIzol (Invitrogen) according
to the manufacturer’s protocol and 1 𝜇g was used for cDNA
synthesis (Takara, Japan). Quantitative analysis of mRNA
expression was done by quantitative Real-time PCR using the
SYBR Green detection method.The specific primers for each
gene were shown in the supporting information Table S2.
Reactions were analyzed using a BIO-RAD system (CFX96
Real-Time System).The delta ct methodwas used to calculate
each gene of interest. Then, each gene was normalized to the
housekeeping gene GAPDH and was presented as copies of
normal medium control for HUVEC studies.

2.5. Dual Luciferase Assays. A series of CXCL10 promoter
constructs were prepared with the primers shown in the
supporting information Table S3 following the previous
reports [7]. Point mutations in two NF-𝜅B sites, NF-𝜅B1
and NF-𝜅B2, were generated in the −267/+97 construct as
indicated before [7]. The DNA sequencing results showed
that all the plasmids were constructed successfully.

HUVECs were plated in a 48-well plate. When the
confluencewas 70%, cells were transfectedwith 0.4𝜇g of each
CXCL10 promoter reporter constructs and 5 ng of the pRL-
TK plasmids using Lipofectamine (lipo) 2000 (Invitrogen,
USA) as manufacturer’s protocol. Forty-eight hours later,
luciferase activity in each sample was detected with the Dual-
luciferase reporter assay system (Promega, USA) according
to the manufacturer’s instructions and the transfection effi-
ciency was normalized by Renilla luciferase activity. For data
analyses, pGL3-basic vector control was set as 1.

2.6. RNA Interference. For specific knock down of TLR3,
RIG-I, MDA-5, p65, and IRF7, a series of double-strands
small interfering RNA were synthesized in Gene Pharma
(Shanghai, China) with the sequences as shown in supporting
information (Table S4). The transfection of the siRNA into
HUVECs was performed using lipo 2000 following the man-
ufacturer’s protocol. The validity and efficiency of the siRNA
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was identified by determining the mRNA and protein levels
of corresponding target genes after transfecting the siRNA or
the mock vector into HUVECs.

2.7. ELISA. The amounts of CXCL10 present in HFRS
patients’ sera and culture supernatants were determined
using a specific mouse anti-human CXCL10 ELISA kit (BD
Biosciences, USA) according to the manufacturer’s instruc-
tions.

2.8. Western Blot (WB) Analysis. Total proteins, nuclear
proteins and cytoplasmic proteins were prepared as previ-
ously described [23], separated by stacking gel and 10%–
12% SDS-PAGE separating gel with Tris-glycine system, and
transferred onto nitrocellulose membranes (Millipore, USA).
The membranes were blocked in 5% skimmed milk and then
probed overnight at 4∘Cwith antibodies specific, respectively,
to FLAG tag from Sigma, USA; TLR3, MDA-5, and IRF7
from Epitomics, USA; RIG-I, p65, p-I𝜅B, p-Ikk, p-IRF7, 𝛽-
tubulin, and Histone H3 from Cell Signaling Technology,
USA; and GAPDH from Ambion, USA. The membranes
were washed and incubated with HRP-conjugated goat anti-
mouse antibody orHRP-conjugated goat anti-rabbit antibody
(Pierce, USA). After washing the membranes, the blots were
developed using electrochemiluminescence (Alpha Innotech,
USA).

2.9. Electrophoretic Mobility Shift Assay (EMSA). Nuclear
extracts were prepared as previously described from
HUVECs infected with HTNV for 24 h and 48 h, resp-
ectively. Biotin-labeled oligonucleotides were synthesized
with the following sequences, for NF-𝜅B1 site, (5-
CATGGGACTTCCCCAGGAACAGC-3 and 5-
GCTGTTCCTGGGGAAGTCCCATG-3) and for ISRE
site (5-ATGTTTTGGAAAGTGAAACCTAATTC-3
and 5-GAATTAGGTTTCACTTTCCAAAACAT-3).
The super shift assay was performed by the addition
of anti-p50 antibody (cell signaling technology, USA),
anti-p65 antibody, and anti-IRF7 antibody to the binding
reaction. The specificity of protein-DNA interaction
was confirmed by unlabeled competition probes of
the same sequence or the NF-𝜅B1 mutated probes (5-
CATGtGACTTCaCCAGGAACA-3) and IRF7 mutated
probes (5-ATGTTTTGGAAgGTGAAgCCTAATTCA-3).

2.10. Chromatin Immunoprecipitation (ChIP) Assay. ChIP
assay was conducted using a commercial ChIP assay kit
(Upstate Biotechnology, USA). Briefly, HUVECs infected
with HTNV for 48 h were cross-linked using 1% formalde-
hyde at RT for 10min. After being washed by cold PBS, cells
were scraped into a conical tube and sonicated to shear the
chromatins. The sonicated chromatins were incubated with
anti-p50 antibody, anti-p65 antibody, or anti-IRF7 antibody
overnight at 4∘C with gently shaking.The normal mouse IgG
was set as an isotype control and the anti-RNA polymerase
was set as a positive control. Then, the DNA-chromatin-
antibody complexes were collected with protein G agarose
beads. Afterwards, the DNA was purified and subjected

to PCR amplification using the following primers flanking
the NF-𝜅B1 site (5-AACTTGGAGGCTACAATAAA-3and
5-GAGGAATGTCTCAGAAAACG-3) and ISRE site (5-
TCTATATGCAATGAAGTTCT-3 and 5-AAGGGCATT-
ACAGTTGACTT-3) in CXCL10 promoter, respectively.

2.11. Flow Cytometry (FCM) Assay. PBMCs of HFRS were
isolated and resuspended at a concentration of 107cells/mL
in flow buffer (PBS + 1% FCS + 0.1% NaN3). Fc receptors
were blocked by the addition of normal goat serum. Then,
106 cells were stained for 30 minutes at 4∘C with mono-
clonal antibodies (allophycocyanin (APC) conjugated anti-
CXCR3 and fluorescein isothiocyanate (FITC) conjugated
anti-CD14 purchased from BD Biosciences) and with isotype
controls (APC-conjugated and FITC-conjugated mouse IgG1
purchased from eBioscience). Cells were washed twice with
flow buffer and 200𝜇L of 4% formalin was added to fix the
cells. A minimum of 100,000 cells were acquired on a BD
FACS Calibur Flow Cytometer (Beckman Coulter, Fullerton,
CA) and analyzed using Flowjo software (Treestar, Ashland,
OR).

2.12. Data Analysis. The analysis was performed by SPSS
and GraphPad Prism5 software. The statistical significance
was determined using One-way ANOVA. The Spearman
correlation test was used to test the correlation between
CXCL10 concentrations and clinical parameters. A 𝑃 value
less than 0.05 was considered to be statistically significant.

3. Results

3.1. Elevated CXCL10 Level in HFRS Patients’ Sera Is Positively
Correlated with HFRS Severity. The mean level of CXCL10
in HFRS patients was 12.35 times higher than that in normal
control (12000.62±632.78 versus 971.49±123.42, 𝑃 < 0.001)
(Figure 1(a)). The CXCL10 content in the acute phase was
higher than that in the convalescent phase in HFRS patients
(𝑃 < 0.001) and the CXCL10 levels in both acute phase
and convalescent phase in HFRS patients were significantly
higher compared with those in normal control (𝑃 < 0.001)
(Figure 1(b)). Spearman correlation analysis showed that the
increasing level of CXCL10 was correlated with the increasing
BUN (𝑟 = 0.345, 𝑃 < 0.005), Crea (𝑟 = 0.138, 𝑃 < 0.05), and
WBC (𝑟 = 0.341, 𝑃 < 0.005) and the decreasing PLT counts
(𝑟 = −0.500, 𝑃 < 0.005) in HFRS patients (Figure 1(c)). The
CXCL10 levels in viral loads >1500 copies/mL group were
significantly higher than those in viral loads<1500 copies/mL
group (𝑃 < 0.001) (Figure 1(d)).

3.2. CXCR3 Expression Is the Highest in Acute Phase of
HFRS. Flow cytometry analysis showed that the expression
of CXCR3, the receptor of CXCL10, on CD14+ subset was
increased in the acute phase of HFRS (Figure 2(a)). The
percentage of CD14+CXCR3+ cells in all the CD14+ subset
in PBMCs increased from (6.13 ± 0.92) % (normal control,
𝑛 = 4) to (21.00 ± 6.21) % (HFRS patients in acute
phase, 𝑛 = 16) and went back to (10.17 ± 2.28) % (HFRS
patients in convalescent phase, 𝑛 = 9) (Figure 2(b)). Values
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Figure 1: Increased CXCL10 level in HFRS patients’ sera is positively correlated with HFRS severity. (a) Box plot displaying the minimum, 25th,
50th, 75th, and maximum percentiles of CXCL10 levels. Comparison of serum CXCL10 contents between healthy donors (NC) and HFRS
patients. Data were means ± SE (NC, 𝑛 = 36; HFRS, 𝑛 = 121). ∗∗∗𝑃 < 0.001, HFRS patients versus healthy donors. (b) Contents of CXCL10
in acute and convalescent phases in HFRS patients. Data were means ± SE (NC, 𝑛 = 36; HFRS, 𝑛 = 121). ∗∗∗𝑃 < 0.001, acute or convalescent
phase versus NC. (c) Serum CXCL10 levels were positively correlated with blood urea nitrogen (BUN), creatinine (Crea), and white blood
cells (WBC) in the entire group of subjects while negatively correlated with platelet count (PLT). The 𝑟 and 𝑃 values were indicated in the
graphs. (d) Serum CXCL10 levels were in relation to the plasma viral loads. Patients with viral loads >1500 copies/mL had significant higher
CXCL10 levels than those with viral loads <1500 copies/mL (∗∗∗𝑃 < 0.001).
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Figure 2: The expression level of CXCR3 increases highly in acute phase of HFRS. (a) The levels of CXCR3 expression on CD14+ subsets in
PBMCs weremeasured by flow cytometry.The CD14+ cells were gated.The expressions of CXCR3 on CD14 population were presented from a
healthy donor (NC), a HFRS patient suffering firstly from acute phase, and then from the convalescent phase, respectively. Shaded histograms
represented the isotype controls; black lines represented the expression of CXCR3 on CD14 gated PBMCs.The percentage of CXCR3+ cells in
the CD14+ subsets was indicated in each graph. (b) The percentages of CD14+CXCR3+ cells in all the CD14+ subsets in PBMCs were shown
in different groups. Values that are statistically different (𝑃 < 0.001) between NC and acute phase or between acute phase and convalescent
phase are indicated (∗∗∗).

were statistically different between normal control and HFRS
patients in acute phase and between HFRS patients in acute
phase and patients in convalescent phase (both, 𝑃 < 0.001).

3.3. HTNV Infection Activates TLR3, RIG-I, and MDA-5
Pathways. ELISA detection demonstrated that the secre-
tion of CXCL10 was most robust after the HUVECs was
transfected with 5 𝜇g/mL poly (I:C) or was infected by
HTNV (Figure 3(a)). Real-time PCR results suggested that
TLR3, RIG-I, and MDA-5, the sensors of viral dsRNA, were
upregulated afterHTNV infection,while TLR7 andTLR8, the
sensors of ssRNA, remained unchanged (Figure 3(b)). The
protein levels of TLR3, RIG-I, and MDA-5 were all elevated

with the extension of the infection duration (Figure 3(c)).
Transfection of siTLR3, siRIG-I, and siMDA-5, respectively,
into HUVECs demonstrated that the knocking down of these
dsRNA sensors also cut off the expression levels of CXCL10
induced by HTNV infection (Figure 3(d)).

3.4. NF-𝜅B1 and IRF7 Upregulate CXCL10 Expression.
Schematic diagram of full-length, truncated and mutated
CXCL10 promoter constructs is shown in Figure 4(a). The
measurement of luciferase activity 48 h after transfection
found that the deletions from nt −267 to nt −97, which
contains two NF-𝜅B sites and one ISRE site, significantly
reduced the CXCL10 transcription activity (Figure 4(b)).
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Figure 3: HTNV infection activates TLR3, RIG-I, and MDA-5 signaling pathways. (a) In HUVEC model, both the HTNV infection and poly
(I:C) stimulation for 48 h can induce the expression of CXCL10. However, mock HTNV infection and R848 treatment for 48 h failed to raise
the expression of CXCL10. (b) Real-time PCR screened out that TLR3, RIG-I, and MDA-5 upregulated after HTNV infection for 48 h. (c)
WB results indicated that the protein expressions of TLR3, RIG-I, and MDA-5 increased at 24 h and 48 h post-HTNV infection. (d) When
transfected into HUVECs for 24 h with siRNA (upper panel), specific to TLR3, RIG-I, or MDA-5, respectively, and then infected the cells
with HTNV (MOI = 1) for another 48 h, the expressions of CXCL10 reduced (lower panel). All the experiments were repeated more than
three times. mRNA data were generated from three independent experiments with three independent HUVECs donors. Data were means ±
SE. ∗𝑃 < 0.05, HTNV infected or poly (I:C) treated versus medium treated cells; and siRNA specific to TLR3, RIG-I, or MDA-5, versus siNC
treated cells.

The respective mutation of the two NF-𝜅B sites showed that
only mutation of NF-𝜅B1 binding site effectively reduced the
activation of CXCL10 promoter (Figure 4(c)). Real-time PCR
analysis in HTNV-infected HUVECmodel showed that only
IRF7 increased markedly after HTNV infection and poly
(I:C) transfection (Figure 4(d)). The knockdown of p65 or
IRF7 in HTNV-infected HUVECs impaired the inductions
of CXCL10 (Figure 4(e)).

3.5. p65 and IRF7 Translocate to Nucleus and Bind to CXCL10’s
Promoter after HTNV Infection. NF-𝜅B1 and IRF7 were
translocated from cytosol to nucleus after HTNV infec-
tion (Figure 5(a)). The densitometric analysis of WB results
showed the ratios of the protein levels of p65 and IRF7 relative
to their respective loading control 𝛽-tubulin or histone H3
(Figure 5(b)). Western blot analysis found that the phospho-
rylation of Ikk, I𝜅B, and IRF7 could be detected at 24 h post
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Figure 4: NF-𝜅B1 and IRF7 upregulate CXCL10 expression. (a) Schematic diagram of full-length, truncated, and mutated CXCL10 promoter
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SE. ∗𝑃 < 0.05, CXCL10 promoter versus pGL3-basic vector transfected cell; HTNV infected or poly (I:C) treated versus medium treated cells;
and siRNA specific to p65 or IRF7, versus siNC treated cells.
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Figure 5: p65 and IRF7 translocate to nucleus and bind to CXCL10’s promoter after HTNV infection. (a) WB results showed that HTNV
infection induced the nuclear translocation of p65 and IRF7. Lysates were also immunoblotted using anti-𝛽-tubulin or antihistone H3 (H3) as
loading controls and to confirm the integrity of the cytosolic and nuclear lysates, respectively. (b) Semiquantitative analysis of p65 and IRF7
levels indicated in (a) was performed by Band-Scan software 5.0, and expression of 𝛽-tubulin or H3 was used as cytosolic or nuclear control,
respectively. Data were means ± SE. ∗𝑃 < 0.05, 24 h or 48 h versus 0 h p.i with HTNV. (c) At 24 h and 48 h p.i, phosphorylation of Ikk, I𝜅B,
and IRF7 can be detected by Western blot. (d) EMSA results showed direct bindings of p50 and p65 to the NF-𝜅B1 site (left) and IRF7 to the
ISRE site (right) ofCXCL10 promoter after HTNV infection. Super shift bands were shown when the specific antibodies to p50, p65, and IRF7
were used, respectively. (e) ChIP assay also documented that p50, p65, and IRF7 bound directly to the CXCL10 promoter. The upper panel
showed that, at 48 h post-HTNV infection, both a 177-bp DNA fragment and a 200-bp DNA fragment containing the NF-𝜅B1 site and ISRE
site in the CXCL10 promoter, respectively, can be amplified successfully, while the mock virus cannot (lower panel). The input DNA and the
positive (anti-polymerase antibody) and the negative control (normal mouse IgG) were used to verify the reliability of ChIP assay.
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infection (p.i) and 48 h p.i (Figure 5(c)). EMSA examination
confirmed that NF-𝜅B1 and IRF7 were binding directly to
the CXCL10 promoter region. The positive mobility shifts
for both NF-𝜅B1 and IRF7 binding oligonucleotides were
observed onlywhen the oligonucleotideswere incubatedwith
the nuclear extracts of HTNV-infected (24 and 48 h p.i)
but not in mock virus-infected or medium culture treated
HUVECs (Figure 5(d)). The incubation of oligonucleotide-
nuclear complexes respective with anti-p50, anti-p65, and
anti-IRF7 antibodies prior to gel resolution and the super
shift bands confirmed that the observed shifts resulted from
p50, p65, and IRF7 bindings (Figure 5(d)).

ChIP examination proved that the transcriptional factors
bound directly with CXCL10 promoter region. Using DNA
isolated from HTNV infected cell lysates as template, a 177-
bp DNA fragment containing NF-𝜅B site and a 200-bp DNA
fragment containing ISRE site were amplified in the presence
of anti-p50, anti-p65, or anti-IRF7 antibodies, but they were
not seen in the mock virus infection group or in the presence
of control antibody (Figure 5(e)).

4. Discussion

The vital role of CXCL10 in the pathogenesis has been
reported in many virus infectious diseases. Though Peng-
Peng Ip and Fang Liao found that CXCL10 could resist
Dengue virus (DENV) infection in mice because the suscep-
tibility of CXCL10−/− mice to DENV infection was enhanced
[12], many other studies reported that the high values of
CXCL10 levels could be used as a biomarker of disease
progression and some in vivo studies showed that elevated
levels of CXCL10 contributed to the tissue damages [7,
9, 24–28]. The contradictory findings of CXCL10’s role in
either protecting or promoting infection may depend on the
host immune status and genetic background [29]. In our
study, we have found that the serum CXCL10 level in HFRS
patients is substantially higher than its corresponding level
in healthy donors (Figure 1(a)) and the content of CXCL10 in
the acute phase of HFRS is 3 times higher than that in the
convalescent phase (Figure 1(b)). Importantly, the elevation
of CXCL10 level is correlated significantly with the HFRS
severity-indicating clinical parameters (Figures 1(c) and 1(d)).
ThehigherCXCL10 level in the higher viral load group (>1500
copies/mL) is good proof that the production of CXCL10 is
correlated with the replication of the HTNV (Figure 1(d)).

CXCL10-CXCR3 signaling axis recruit virus-specific T
cells into inflammatory sites and promote viral clearance
during virus infection [30]. Our analyses of the membrane
expression level of CXCR3 on T cells, NK cells, and mono-
cytes (data not shown) reveal that the level of CXCR3
increases on CD14+ subset in PBMCs isolated from HFRS
patients (Figure 2). These results suggest that the increasing
level of CXCL10 in the acute phase of HFRS may recruit
CD14+ cells (monocytes) and the recruitedCD14+monocytes
may produce excessive cytokines to be involved in the
“cytokine storm.” Our presumption is consistent with the
findings of Cheung et al. in their study on SARS-coronavirus
[11].These findings indicate that the elevated level of CXCL10

in HFRS patients may serve as a biomarker of HFRS devel-
opment. Since there has not been a proper animal model
for HFRS [5], we cannot yet testify the protective effect of
antagonist on theCXCL10-CXCR3 signaling axis afterHTNV
infection in vivo.

JAK-STAT, TRAF2/TAK1, and PI3K/AKT signaling path-
ways are reported to be involved in the regulation of CXCL10
in such virus infectious diseases as HIV, HBV, and influenza
A [7, 14, 15]. But, the mechanism for the induction of
CXCL10 during HTNV infection is still unknown. In our
study, the results of the transfection of poly (I:C) suggest
that the CXCL10 could be induced by dsRNA, which may
be the replicative intermediate generated during HTNV
replication (Figure 3). As indicated in Figure 3(a), mock
viruses, which lose their ability in replication, fail to activate
the expression of CXCL10. The transfection of R848 also
demonstrates that it is dsRNA, rather than ssRNA, that
induces the CXCL10’s production. dsRNA sensors (TLR3,
RIG-I, and MDA-5) are activated after HTNV infection
and therefore may contribute to the CXCL10’s generation,
while TLR7 and TLR8, as ssRNA sensors, are not activated
(Figures 3(a)–3(c)). Sundstrom et al. reported that, during
HTNV infection, IRF3 and IRF7, rather than IRF-1 or p65,
were the main downstream transcription factors regulating
the cytokines’ production [31] but they did not explain the
direct correlations between these transcription factors and
CXCL10’s production during HTNV infection. Our results
of ChIP and EMSA demonstrate that IRF7 and NF-𝜅B1 are
activated after HTNV infection and they bind directly to the
CXCL10’s promoter in HUVEC (Figure 5). The understand-
ing of the regulations of cytokines/chemokines and their
receptors during HTNV infection might provide a novel
therapeutic target in HFRS. In our study, we have found that
the contents of CXCL10 (10 kDa) in HFRS patients’ serum
drop to the normal level after the hemodialysis treatment
(data not shown). Current treatment of HFRS is often limited
to the administration of Ribavirin and primary supports
[21, 32]. The patients suffering from a severe or critical HFRS
have to be treated by hemodialysis [5] to remove the low
molecular weight proteins, such as cytokines and chemokines
[33]. But hemodialysis has some serious side effects, such as
bleeding, hypotension, infection, and anemia. A combination
of antiviral and anti-cytokines/chemokines therapies may be
a better therapeutic approach to hantavirus infections [34].

Some reports contended that HTNV, as a member of
negative ssRNA, produced undetectable amounts of dsRNA
during the infection [35]. At present, the innate immunity
activated by HTNV infection remains a subject of much
debate with its focus on whether dsRNA like structures are
produced during the replication process of HTNV infection.
The disagreement may be due to the different cell lines
used in respective studies. Some clinical and pathological
findings have shown that pathogenic hantaviruses specifically
target endothelial cells for infection [36–38] and accordingly
in our study we used the HUVEC model. Further studies
are still needed for hantaviral RNA structures that trigger
innate immunity activity in vivo and their interactions with
TLR3, RIG-I, andMDA-5 or with some other unknown RNA
sensors.
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