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ABSTRACT Coxsackievirus A2 (CVA2) is an emerging pathogen that results in hand-
foot-and-mouth disease (HFMD) outbreaks. Systemic inflammatory response and cen-
tral nervous system inflammation are the main pathological features of fatal HFMD.
However, the immunopathogenesis of CVA2 infection is poorly understood. We first
detected the transcriptional levels of 81 inflammation-related genes in neonatal
mice with CVA2 infection. Remarkably, CVA2 induced higher expression of chemo-
kine (C-X-C motif) ligand 10 (CXCL10) in multiple organs and tissues. CXCL10 acts
through its cognate receptor chemokine (C-X-C motif) receptor 3 (CXCR3) and regu-
lates immune responses. CXCL10/CXCR3 activation contributes to the pathogenesis
of many inflammatory diseases. Next, we found CXCL10 and CXCR3 expression to be
significantly elevated in the organs and tissues from CVA2-infected mice at 5 days
postinfection (dpi) using immunohistochemistry (IHC). To further explore the role of
CXCL10/CXCR3 in CVA2 pathogenesis, an anti-CXCR3 neutralizing antibody (aCXCR3)
or IgG isotype control antibody was used to treat CVA2-infected mice on the same
day as infection and every 24 h until 5 dpi. Our results showed that aCXCR3 therapy
relieved the clinical manifestations and pathological damage and improved the sur-
vival rate of CVA2-infected mice. Additionally, aCXCR3 treatment reduced viral loads
and reversed the proinflammatory cytokine (interleukin 6 [IL-6], tumor necrosis factor
alpha [TNF-a], and IL-1b) expression, apoptosis, and inflammatory cell infiltration
induced by CVA2. Collectively, our study presents evidence for the involvement of
the CXCL10/CXCR3 axis in CVA2 pathogenesis. The activation of CXCL10/CXCR3 con-
tributes to CVA2 pathogenesis by inducing apoptosis, proinflammatory cytokine
expression, and inflammatory cell infiltration, which can be reversed by aCXCR3
therapy. This study provides new insight into the pathogenesis of HFMD, which has
an important guiding significance for the treatment of HFMD.

IMPORTANCE Systemic inflammatory response and central nervous system inflamma-
tion are the main pathological features of fatal HFMD cases. We detected the expres-
sion of 81 inflammation-related genes and found higher expression of CXCL10 in
CVA2-infected mice. Next, we confirmed CXCL10/CXCR3 activation using immunohisto-
chemistry and found that anti-CXCR3 neutralizing antibody (aCXCR3) therapy could
relieve the clinical manifestations and pathological damage and improve the survival
rate of CVA2-infected mice. Additionally, aCXCR3 treatment reduced viral loads and
reversed the proinflammatory cytokine (IL-6, TNF-a, and IL-1b) expression, apoptosis,
and inflammatory cell infiltration induced by CVA2. Collectively, our study presents the
first evidence for the involvement of the CXCL10/CXCR3 axis in CVA2 pathogenesis.
The activation of CXCL10/CXCR3 contributes to CVA2 pathogenesis via inducing apopto-
sis, proinflammatory cytokine expression, and inflammatory cell infiltration, which can
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be reversed by aCXCR3 therapy. This study provides new insight into the pathogenesis
of HFMD, which has an important guiding significance for the treatment of HFMD.
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Hand-foot-and-mouth disease (HFMD) is a common infectious disease caused by
enterovirus (EV) infection and occurs most frequently in children under 5 years old

(1). Although enterovirus 71 (EV71) and coxsackievirus A16 (CVA16) are recognized as
the main causative pathogens, an increasing number of HFMD patients with coxsackie-
virus A2 (CVA2) infection have been reported in recent years (2). In 2009 to 2012, there
was an infant reported with neurological complications due to CVA2 infection in
Taiwan (3). In 2012, CVA2 was found in 2 dead children who had had severe upper re-
spiratory tract infections in Hong Kong (4); however, fatal CVA2 infections are rare rela-
tive to fatal EV71 infections. High prevalences of CVA2 also occurred in mainland China
(5), South Korea (6), Thailand (7), and Brazil (8). Therefore, CVA2 has become an impor-
tant public health issue deserving greater attention. Generally, HFMD infections are
self-limited, but some infections develop into encephalitis and cardiopulmonary dys-
function. A mass of immune cells and inflammatory cytokines play an important role in
the immunopathogenesis of HFMD (9). The activation of immune cells and immune
responses provides immune protection against EV infection. However, the overactiva-
tion of immune cells and, subsequently, excessive inflammatory cytokine production
lead to tissue damage. Previous studies had examined features of the expression of
cytokines and chemokines in severe HFMD patients and found that interleukin 1b (IL-
1b), IL-6, IL-10, chemokine (C-X-C motif) ligand 10 (CXCL10), and tumor necrosis factor
(TNF) in peripheral fluids were significantly increased compared with their levels in
mildly ill patients (10, 11). Among them, CXCL10 was considered a new detection bio-
marker for HFMD, with high sensitivity and specificity (12). CXCL10, a 10-kDa protein, is
categorized functionally as a Th1 chemokine. The secretion of CXCL10 by cluster of dif-
ferentiation 4-expressing (CD41), CD81 natural killer (NK) cells is dependent on gamma
interferon (IFN-g) (13). Under the stimulation of IFN-g, CXCL10 is also produced by en-
dothelial cells, fibroblasts, keratinocytes, thyrocytes, preadipocytes, etc. (14) CXCL10
initiates its function via interacting with a 7-transmembrane receptor coupled to G pro-
teins, chemokine (C-X-C motif) receptor 3 (CXCR3). CXCL10 and its receptor, CXCR3,
appear to contribute to the pathogenesis of many inflammatory diseases (15). More
and more attention has been devoted to understanding their activities as proinflam-
matory mediators (16).

In the present study, we established a neonatal mouse model of CVA2 infection
and found higher expression of CXCL10. To further investigate the role of the CXCL10/
CXCR3 axis in CVA2 pathogenesis, we verified the expression of CXCL10 and CXCR3 in
multiple organs and tissues and used an anti-CXCR3 neutralizing antibody (aCXCR3) to
define its therapeutic effect. Our study will be beneficial for understanding the patho-
genesis of HFMD and to better inform and plan clinical trials.

RESULTS
CVA2 induces higher expression of CXCL10 in a neonatal mouse model.

Uncontrolled inflammation is responsible for the disease severity of HFMD. To investigate
the inflammatory response following viral infection, the expression of inflammation-
related genes during CVA2 infection was detected by reverse transcription-quantitative
PCR (qRT-PCR). As shown by the results in Fig. 1, we screened all inflammation-related
genes with roles in oxidative stress, chemokines, inflammatory cytokines, guanylate bind-
ing proteins (GBPs), inflammasomes, macrophage, antigen presentation, IFN signaling
pathway, matrix metalloproteinases (MMPs), pattern recognition receptors (PRRs), comple-
ment, and microglial activation in organs and tissues (brains, lungs, hearts, and skeletal
muscles) of control and CVA2-infected mice. The expression of genes encoding cyto-
chrome b-245 beta polypeptide (CYBB) (oxidative stress), CD68 (macrophage), proinflam-
matory cytokines (TNF-a, TNF receptor 2 [TNFR2], IL-6, IL-1b , and IL-18), BAFFs related to
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B-cell function, inflammasomes (GBPs, NLR family pyrin domain containing 3 [NLRP3],
and Caspase-1), MMPs, chemokines (MCP-1 [chemokine {C-C motif} ligand 2], C-C motif
chemokine ligand 5 [CCL5], CCL4, and CXCL10), antigen processing and presentation
(macrophage scavenger receptor 1 [MSR1], CD86, and cathepsin S), and innate immunity
(Toll-like receptor 3 [TLR3], TLR7, TLR8, TLR9, IFN regulatory factor 1 [IRF1], IRF7, IRF8,
IRF9, interferon alpha and beta receptor subunit 1 [IFNAR1], signal transducer and activa-
tor of transcription 1 [STAT1], STAT2, Janus kinase [JAK], oligoadenylate synthetase 1
[OAS1], OAS2, protein kinase R [PKR], interferon-induced protein with tetratricopeptide
repeats 1 [IFIT1], and interferon-induced transmembrane protein 1 [IFITM1]) were signifi-
cantly elevated compared to their levels in controls. Importantly, we found that the
expression levels of CXCL10 in the above-named organs and tissues were all upregulated
significantly, by 20 to 300 times. Our results suggest that higher expression of CXCL10
may participate in CVA2 pathogenesis.

CVA2 infection leads to CXCL10/CXCR3 axis activation. To further confirm the
expression of CXCL10 and CXCR3, control- and CVA2-infected mice were sacrificed at 3
and 5 days postinfection (dpi). The organs and tissues (brains, lungs, hearts, and skeletal
muscles) of mice were taken out for immunohistochemistry staining. As shown by the
results in Fig. 2 and 3, CXCL10 and CXCR3 were highly expressed in the target organs
and tissues from CVA2-infected mice at 3 and 5 dpi. Quantitative results showed
that the expression levels of CXCL10 and CXCR3 were significantly elevated as the
time after CVA2 infection increased, which agreed with the changes in transcription

FIG 1 Visualization of inflammation-related genes during CVA2 infection. (A) Expression profiles of inflammation-related genes in organs and tissues
(brains, lungs, hearts, and skeletal muscles) of control and CVA2-infected mice. (B) Transcription levels of the most significantly upregulated gene (CXCL10),
its structural homologous molecules (CXCL9 and CXCL11), and its receptor (CXCR3) in the organs and tissues. n = 4 per group. ns, not significant; *, P , 0.05;
**, P , 0.01; ***, P , 0.001.
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FIG 2 IHC staining of CXCL10 in mice infected with CVA2 at 3 dpi and 5 dpi. Black arrows indicate CXCL10 (brown). The number of CXCL10-positive
cells per mm2 was quantified by ImageJ software. Scale bar = 50 mm. (A, B) Brains. (C, D) Lungs. (E, F) Hearts. (G, H) Skeletal muscles. n = 3 per
group. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 3 IHC staining of CXCR3 in tissue specimens of mice infected with CVA2 at 3 dpi and 5 dpi. Black arrows indicate CXCR3 (brown). The number
of CXCR3-positive cells per mm2 was quantified by ImageJ software. Scale bar = 50 mm. (A, B) Brains. (C, D) Lungs. (E, F) Hearts. (G, H) Skeletal
muscles. n = 3 per group. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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levels. Our results suggest that activation of the CXCL10/CXCR3 axis may contribute
to CVA2 pathogenesis.

The CXCL10/CXCR3 axis plays a crucial role in disease pathogenesis upon CVA2
infection. To further assess the role of the CXCL10/CXCR3 axis in disease pathogenesis
upon CVA2 infection, 5-day-old mice were injected intraperitoneally (i.p.) with CVA2
and then treated with isotype IgG or aCXCR3 (Fig. 4A). Upon CVA2 infection, the body
size of IgG-treated mice was obviously reduced, whereas the body size of aCXCR3-
treated mice was only slightly reduced relative to that of uninfected controls (Fig. 4B).
We further found that upon CVA2 infection, IgG-treated mice displayed significantly
lower body weights (Fig. 4C), much higher clinical scores (Fig. 4D), and a lower survival
rate (Fig. 4E) than did mice with aCXCR3 treatment. These results indicated that CVA2-
infected mice might be partially cured by aCXCR3. To determine the effect of aCXCR3
treatment on histopathological changes in CVA2-infected mice, the brains, lungs,
hearts, and skeletal muscles from CVA2-infected mice given aCXCR3 or isotype control
treatment were sampled at 5 dpi and histologically examined by hematoxylin and eo-
sin (H&E) staining. We found that pathological changes in major organs were alleviated
in aCXCR3-treated CVA2-infected mice, to some extent. A moderate decrease in cell dam-
age and gliosis in brains, reductions in leakage of erythrocytes and immune cell numbers
in lungs, lessened cardiomyocyte damage in hearts, and meliorative myofibrils in skeletal
muscle were observed in the aCXCR3-treated mice (Fig. 4Fa). The above-described
changes were likely blocked by aCXCR3 (Fig. 4Fb to Fe), and it worked effectively in
hearts and muscles but only moderately improved the pathology in brains and lungs,
indicating that aCXCR3 treatment alleviated CVA2-induced illness in vivo.

Blockade of CXCR3 shows protective effect against CVA2 infection. To under-
stand the antiviral effects of aCXCR3 treatment in vivo, we evaluated the viral loads in
the organs and tissues (brains, lungs, hearts, and skeletal muscles) of CVA2-infected
mice after aCXCR3 or isotype IgG treatment. As shown by the results in Fig. 5Aa, CVA2
antigens located in the slices of organs and tissues from aCXCR3-treated mice were
dramatically decreased relative to those from IgG-treated mice after CVA2 infection.
Next, we determined the transcription levels of VP1 in the organs and tissues. Our
results showed that the transcription levels of VP1 in the brains (Fig. 5B), hearts
(Fig. 5D), and skeletal muscles (Fig. 5E) of aCXCR3-treated mice were significantly
reduced compared to the levels in IgG-treated mice after CVA2 infection. The reduced
transcription levels of VP1 were most pronounced in muscles and hearts, followed by
brains, and no statistical difference was found in lungs (Fig. 5B to E). These results sug-
gest that CXCL10/CXCR3 axis activation may facilitate CVA2 replication, although it has
functions in the clearance of virus, and CVA2 possibly indirectly induced the pathologi-
cal damage of organs and tissues through the CXCL10/CXCR3 axis.

Blockade of CXCR3 alleviates apoptosis and proinflammatory cytokine expression
induced by CVA2 and causes alteration of inflammatory cell infiltration. Given that
the CXCL10/CXCR3 axis can mediate apoptosis by intensified leukocyte recruitment
(17), we detected the activation of Caspase-3 and cleaved poly(ADP-ribose) polymerase
(PARP1) (Cl-PARP1) via immunofluorescence staining and Western blotting. As shown
by the images in Fig. 6A, the expression levels of cleaved Caspase-3 (Cl-Caspase-3)
located in slices of the organs and tissues (brains, hearts, lungs, and skeletal muscles)
from aCXCR3-treated mice were lower than the levels in IgG-treated mice after CVA2
infection. Consistently, lower expression levels of Cl-Caspase-3 and Cl-PARP1 were
found in the organs and tissues from aCXCR3-treated mice (Fig. 6B). HFMD severity is
thought to be associated with a cytokine storm in patients. The levels of several proin-
flammatory cytokines after aCXCR3 treatment were measured in mouse tissue lysates
at 5 dpi. As shown by the results in Fig. 6C to F, the transcription levels of TNF-a, IL-6,
IL-1b , and IFN-g in the organs and tissues from IgG-treated mice were all significantly
increased at 5 dpi, except for IL-1b in hearts. After aCXCR3 treatment, the levels of IL-
1b in the brains and muscles, the levels of TNF-a in the hearts and muscles, and the lev-
els of IL-6 in the hearts of CVA2-infected mice were significantly reduced, but the levels
of IL-1b in the lungs and hearts, the levels of TNF-a in the brains and lungs, the levels of

CXCL10/CXCR3 in CVA2 Infection Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.02307-21 6

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02307-21


FIG 4 The CXCL10/CXCR3 axis plays a crucial role in disease pathogenesis upon CVA2 infection. (A) Experimental scheme showing infection
with CVA2 and treatment with aCXCR3 or IgG isotype. (B) Representative clinical signs induced by CVA2 infection in IgG isotype-treated mice

(Continued on next page)
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IL-6 in all organs and tissues except for hearts, and the levels of IFN-g in all organs and
tissues were not affected. Similarly, aCXCR3 treatment appeared to be most effective in
the reduction of cytokines in the hearts and muscles, followed by the brains, and the
least effective in the lungs. Since variations in serum cytokines are key features in HFMD
severity, serum cytokine (IL-6, TNF-a, IL-1b , and IFN-g) levels were assessed by enzyme-
linked immunosorbent assay (ELISA). As shown by the results in Fig. 6G, compared with
those in IgG-treated mice, lower expression levels of IL-6, TNF-a, IL-1b , and IFN-g were
detected in the aCXCR3-treated mice. Additionally, the degree of inflammatory cell infil-
tration was reversed by aCXCR3. As shown by the results in Fig. 7, the numbers of mono-
nuclear leucocytes (CD11b1) in all of the organs and tissues, macrophages (F4/801) in
the lungs, and neutrophils (Ly6G1) in the hearts of IgG-treated mice were significantly
higher than the numbers in aCXCR3-treated mice. Collectively, our data suggest that
CVA2-induced apoptosis and inflammatory processes were partially reversed by
aCXCR3.

DISCUSSION

HFMD, a common communicable disease among children, has caused several large
outbreaks across the Asia-Pacific region, and it represents a global public health threat.
As the spectrum of disease pathogens changes, CVA2 has become one of the predomi-
nant serotypes of HFMD. Most HFMD patients present with mild to moderate symptoms,
but in some patients, the disease develops into severity, with encephalitis, meningitis, car-
diopulmonary failure, and even death. Due to the control of EV71 by vaccination, reports
of CVA2 outbreaks and deaths have aroused widespread concern. To date, a specific anti-
viral treatment is still not available, and therefore, it is urgent to investigate HFMD patho-
genesis, which will be beneficial for antiviral drug development. CXCL10, also known as
IFN-g-induced protein 10 (IP-10), acts through its cognate receptor CXCR3 and regulates
various cells, including endothelial cells, monocytes, T cells, and dendritic cells. The activa-
tion of the CXCL10/CXCR3 axis contributes to the pathogenesis of inflammatory diseases.
However, the importance of the role of the CXCL10/CXCR3 axis during CVA2 pathogene-
sis has not yet been investigated.

A systemic inflammatory response and central nervous system (CNS) inflammation
are the main pathological features of fatal human HFMD cases (18–20). In the present
study, we first screened the transcript levels of genes related to antiviral intrinsic
immune factors and inflammatory processes in organs and tissues (brains, lungs,
hearts, and skeletal muscles) from CVA2-infected mice. Our data suggest that the
highly upregulated genes are involved in reactive oxygen species (ROS), IFN-mediated
signaling pathways, IRF signaling, and NLRP3 activation-associated signaling pathways
that can regulate the generation of inflammatory cytokines (21). Likewise, the proin-
flammatory genes encoding TNF-a, TNFR2, IL-6, and IL-1b , which can induce tissue
injury, were also upregulated in multiple organs and tissues (22). Our previous study
found that the activation of inflammatory pathways and proinflammatory cytokine
release participated in lung and heart injury caused by CVA2 (23, 24). In the brain, the
cell apoptosis mediated by the trigger of TLR7 signaling and release of IL-6 led to neu-
ral pathogenesis induced by EV71 (25), and TNF-a could prompt the blood-brain bar-
rier (BBB) damage induced by Japanese encephalitis (26). Therefore, uncontrollable
activation of both pro- and anti-inflammatory responses is the main pathophysiologi-
cal feature of CVA2-induced disease in vivo.

FIG 4 Legend (Continued)
included weight loss, ataxia, and single or double hind limb paralysis. CVA2-infected, aCXCR3-treated mice appeared to be in relatively good
health. (C to E) Body weights (C), mean clinical scores (D), and survival rates (E) of IgG-treated groups after CVA2 infection, aCXCR3-
treated groups after infection, and the control group. The IgG-treated mice did not survive longer than 5 dpi, and the clinical scores on
the days afterwards were carryovers from 5 dpi. n = 8 to 10 per group. **, P , 0.01; ****, P , 0.0001. (F) (a) Histopathological changes
of the organs and tissues (brains, lungs, hearts, and skeletal muscles) in IgG isotype and aCXCR3 groups. Scale bar = 1 mm. (b to e)
Histology scores for brains (b), lungs (c), hearts (d), and skeletal muscles (e) were evaluated by a person blinded to the treatment of
groups. n = 3 per group. *, P , 0.05; **, P , 0.01.
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Importantly, among these upregulated genes, the magnitude of the change in
CXCL10 is the most obvious. Our further experiments demonstrated the activation of
the CXCL10/CXCR3 axis in multiple organs and tissues of mice at 5 dpi. TLR3 and RIG-I
can activate the transcription of CXCL10 through binding of NF-kB and IRF7 to CXCL10’s
promoter (27). IFN-g enhances the production of CXCL10 via the JAK/STAT pathway (28).

FIG 5 Viral distribution in the organs and tissues of IgG isotype- or aCXCR3-treated mice after CVA2 infection. (A) (a) Immunohistochemical staining of viral
antigen was conducted in the slices of brains, lungs, hearts, and skeletal muscles. Black arrows indicate the locations of viral antigen. Bar = 50 mm. The
number of VP1-positive cells per mm2 was quantified by ImageJ software. n = 3 per group. (b) Brains. (c) Lungs. (d) Hearts. (e) Skeletal muscles. (B to E)
Relative expression of VP1 gene in brains (B), lungs (C), hearts (D), and skeletal muscles (E). n = 4 per group. ns, not significant; *, P , 0.05; **, P , 0.01.
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ROS are necessary for the production of CXCL10 (29). As mentioned earlier, these
upstream genes of CXCL10 were elevated in CVA2-infected mice. The activation of
CXCL10/CXCR3 recruits immune cells, such as T cells, NK cells, and macrophages, to the
inflamed tissue (30), regulates T cell and bone marrow progenitor maturation, and mod-
ulates adhesion molecule expression, and it inhibits angiogenesis as well (31–33).
Although CXCL10/CXCR3 can clear virus via promoting NK cells and antibody responses

FIG 6 Blockade of CXCR3 alleviates apoptosis and proinflammatory cytokine expression induced by CVA2. At 5 dpi, the proteins related to apoptosis and
genes related to proinflammatory cytokines were determined in IgG isotype and aCXCR3 groups. (A) Immunofluorescence staining of Cl-Caspase-3 (red)
was conducted in the organs and tissues. Scale bar = 50 mm. The number of Cl-Caspase-3-positive cells per mm2 was quantified with ImageJ software.
n = 3 per group. (A) (b) Brains. (c) Lungs. (d) Hearts. (e) Skeletal muscles. (B) Protein levels of Cl-Caspase-3, Cl-PARP1, and b-actin were measured by
Western blotting. n = 2. (C) Densitometry measures for Western blots using ImageJ software in specimens from (a) brains, (b) lungs, (c) hearts, and (d)
skeletal muscles. n = 4. (D to G) Relative expression levels of inflammatory cytokines (IL-1b , IL-6, TNF-a, and IFN-g) were tested in brains (D), lungs (E),
hearts (F), and skeletal muscles (G). n = 4 per group. (H) Expression levels of inflammatory cytokines in serum. n = 8. ns, not significant; *, P , 0.05; **,
P , 0.01; ***, P , 0.001.
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FIG 7 Blockade of CXCR3 causes alteration of inflammatory cell infiltration. (A) IHC staining of CD11b, F4/80, and Ly6G in organs and tissues from IgG
isotype- and aCXCR3-treated mice. Black arrows mark CD11b1 cells (mononuclear leucocytes), red arrows mark F4/801 cells (macrophages), and green
arrows mark Ly6G1 cells (neutrophils). (B) Numbers of CD11b1 cells, F4/801 cells, and Ly6G1 cells per mm2 in the organs and tissues of mice.
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(34), it perpetuates the autoimmune process by creating an amplification feedback loop
of inflammation (35). Observational studies found that serum CXCL10 was elevated in
patients with severe HFMD and CXCL10 was an important indicator of prognosis (12).
Our previous population-based study suggested that significantly elevated expression
of serum IFN-g was associated with the development of HFMD severity (36). Our previ-
ous animal experiments also found an increase of serum CXCL10 in human scavenger
receptor class B member 2 (SCARB2) knock-in mice after EV71 infection (37). Collectively,
the activation of the CXCL10/CXCR3 axis may contribute to disease pathogenesis of
mice upon EV infection.

The activation of CXCL10/CXCR3 is linked to many infectious diseases. Deficiency of
CXCL10/CXCR3 or application of an CXCR3 antagonist could alleviate the symptoms or
increase the survival rates of mice via reducing inflammatory cell infiltration induced
by viruses (38–40). Inflammatory cells recruited by chemokines are essential for the
control of infection, but tissue damage will occur when the immune response fails and
uncontrolled inflammatory cells are recruited to the site of infection (41). To explore
the immunopathological role of the CXCL10/CXCR3 axis in CVA2 infection, we used an
anti-CXCR3 neutralizing antibody against the higher expression of CXCL10. As
expected, blockade of CXCR3 showed protective effects on CVA2-infected mice. We
also found that the viral loads in the organs and tissues (brains, lungs, hearts, and skel-
etal muscles) were decreased in aCXCR3-treated mice. These findings appear to con-
tradict a previous study that reported that viral titers and myocardial injury were
higher and more serious in CXCL102/2 mice than in controls after CVB3 infection (34).
Knockout gene models alone may produce the opposite of the desired result, losing
the normal immune response by completely depleting the chemotaxis of one specific
chemokine (34) or maintaining an otherwise excessive inflammatory response through
compensatory trafficking of inflammatory cells (42). In contrast, neutralizing antibodies
in vivo reduce the infiltration without affecting the proliferation of the associated
inflammatory cells (43). We speculate that the proper activation of the CXCL10/CXCR3
axis has an antiviral effect and that proper neutralization, but not deletion, of CXCR3
exerts anti-inflammatory effects.

CXCL10/CXCR3 plays an important role in the directional movement of macrophages,
NK cells, and T cells toward the inflammatory sites, and the recruited inflammatory cells
further produce cytokines at the site of inflammation, which in turn contribute to the
release of chemokines and finally form an inflammatory feedback loop (44). IL-6, TNF-a,
IL-1b , and IFN-g are important for inflammatory responses that further lead to tissue
injury. Our results found that aCXCR3 treatment suppressed the recruitment of inflamma-
tory cells (mononuclear leucocytes, macrophages, and neutrophils) in the multiple organs
and tissues, which might further lead to the reduction of proinflammatory cytokines (45).
Thus, it was apparent that the CXCL10/CXCR3 axis played a crucial role in the inflamma-
tory response induced by CVA2. Higher expression of CXCL10 leads to apoptosis in viral
encephalitis through triggering a caspase cascade (46). We found that aCXCR3 treatment
inhibited the expression of the active form of Caspase-3 and PRAP1. These results suggest
that CXCL10/CXCR3-mediated apoptosis aggravates the pathology of CVA2 infection,
which is reversed by aCXCR3. CXCL10 is also an initial factor for the development of BBB
permeability, which facilitates the infiltration of inflammatory cells (47). The neutralizing
of CXCR3 decreases TNF-a-mediated BBB damage during viral infection (26). We found
that aCXCR3 treatment alleviated tissue damage in the brain, as well as decreasing the
spread of virus into the brain.

Based on our data, CVA2 could replicate in multiple organs and tissues in a murine
model of CVA2 infection, but the viral loads were the highest in muscles, followed by
hearts, and were least in the brains and lungs. Muscle is the major site of viral replica-
tion and may be the source of virus entering the CNS, which may give rise to corre-
sponding degrees of inflammation in the four types of tissues. Meanwhile, different
degrees of pathological damage in different tissues were found in CVA2-infected mice,
and CVA2 caused the most severe damage to muscle and heart, followed by brains,
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and the least to lungs (48). Various degrees of IL-6 elevation in different tissues were
detected in EV71-infected mice, and anti-IL-6 antibody therapy was most effective in
muscle (49). Consistent with the different changes in inflammatory cytokines induced by
EVs in different tissues, aCXCR3 could reverse the inflammatory response and improve
tissue damage, appearing to be most effective in muscles and hearts, followed by brains,
and least effective in lungs. We propose that the anti-CXCR3 antibody treatment allevi-
ates inflammatory cell infiltration and further reduces inflammatory cytokine production
after CVA2 infection, which finally prevents the subsequent destruction of the organs or
tissues from uncontrollable cell-mediated autoimmunity (50).

In conclusion, our study presents the first evidence for the involvement of the
CXCL10/CXCR3 axis in the disease pathogenesis induced by CVA2. The activation of
CXCL10/CXCR3 contributes to CVA2 pathogenesis via inducing apoptosis and inflam-
matory cytokines, which can be reversed by an anti-CXCR3 neutralizing antibody. This
study provides new insight into the pathogenesis of HFMD, which has an important
guiding significance for the treatment of HFMD. A limitation in this study is that our
findings are only novel for the CVA2 strain, which means infection by other EVs needs
to be studied to support these observations.

MATERIALS ANDMETHODS
Ethics statement. The study presented here was approved by the Life Science Ethics Review

Committee of Zhengzhou University (permission no. ZZUIRB2020-29).
Cell culture and viruses. Human rhabdomyosarcoma (RD) cells and African green monkey kidney

(Vero) cells cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco Company, New York, NY,
USA) supplemented with 10% fetal bovine serum (FBS) (Gibco Company, New York, NY, USA) were pur-
chased from the National Collection of Authenticated Cell Cultures (Shanghai, China) and incubated at
37°C with 5% CO2. The CVA2 strain (HN202009, accession number MT992622) used in this study was iso-
lated from the stool of a severe case hospitalized in the First Affiliated Hospital of Xinxiang Medical
University as described previously (48).

Animal infection experiments. The specific-pathogen-free (SPF) BALB/c mice used in this study
were obtained from the Experimental Animal Center of Zhengzhou University, and all mice were housed
in SPF laboratory environments in the College of Public Health, Zhengzhou University, on a 12-h-light/-
dark cycle with ad libitum access to food and water. For in vivo experiments, each mouse was inoculated
with a lethal dose of the CVA2 strain (104 50% tissue culture infective dose [TCID50]/mouse). To investi-
gate the role of the CXCL10/CXCR3 axis in CVA2 pathogenesis, we used anti-CXCR3 neutralizing anti-
body (clone CXCR3-173) (Bio X Cell, Lebanon, NH, USA) (aCXCR3) and polyclonal Armenian hamster IgG
isotype control antibody (Bio X Cell). Both were administered via the intraperitoneal (i.p.) route on the
same day as the infection and every 24 h until 5 days postinfection (dpi). The quantity of antibodies
administered was 100 mg of monoclonal antibody (MAb) per mouse. The body weight, clinical score,
and survival state were recorded from day 1 to 14 after CVA2 inoculation. The grade of clinical disease
was scored as follows: 0, healthy; 1, lethargic and inactive; 2, ataxic; 3, losing weight; 4, hind limb paraly-
sis; 5, dying or dead. The control mice were inoculated with an equal volume of culture supernatants of
RD cells.

RNA extraction, reverse transcription, and qPCR. Total RNA was extracted from organs and tissues
(brains, lungs, hearts, and skeletal muscles) of mice at 3 days postinfection (dpi) and 5 dpi. The concen-
tration of total RNA was measured using a NanoDrop ND-2000 (Thermo Fisher Scientific, Waltham, MA,
USA). Reverse transcription (RT) was then performed with Hifair II 1st-strand cDNA synthesis supermix
(Yeasen BioTechnologies Co., Ltd., Shanghai, China). Each cDNA was initially denatured at 95°C for 5 min
and then amplified for 40 cycles of 10 s at 95°C, 30 s at 60°C using the Quantagene q225 (Kubo
Technology Co., Ltd., Beijing, China). The transcription levels of relevant genes were normalized to that
of the b-actin gene and were calculated by the cycle threshold (22DDCT) method. The primers used for
the above-described experiments are listed in Table S1 in the supplemental material.

ELISA. The blood from mice was collected by heart puncture, and serum was obtained after centrifu-
gation for 10 min at 12,000 rpm. The expression levels of IL-6, TNF-a, IL-1b , and IFN-g in serum were
measured using the corresponding ELISA kits (Biolegend, San Diego, CA, USA), and the results detected
by ELISA were expressed in pg/mL. The detection ranges were 26 to 2,900 pg/mL for IL-6, 36 to 2,900
pg/mL for TNF-a, 150 to 2,500 pg/mL for IL-1b , and 30 to 7,600 pg/mL for IFN-g.

Western blotting. Proteins of all tissues were extracted using a protein extraction kit (Cwbio Company
Ltd., Beijing, China) and mixed with an equal amount of 2� sodium dodecyl sulfate (SDS) loading buffer.
Proteins were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked for 1 h at room temperature using 5% nonfat milk powder and incubated in pri-
mary antibodies overnight at 4°C. The primary antibodies used in this study included anti-PARP1 antibody
(Wuhan Servicebio Technology Co., Wuhan, China), anti-Caspase-3 antibody, and anti-cleaved-Caspase-3
antibody (Cell Signaling Biotechnology, Inc., MA, USA). After incubation with the primary antibody, the
membranes were washed 3 times, incubated with secondary antibody (Proteintech Group, Inc., Wuhan,
China) for 1 h at room temperature, washed 3 times, and finally developed using the enhanced
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chemiluminescence (ECL) kit (Absin Bioscience, Inc., Shanghai, China). The expression levels of proteins
were quantified by densitometry using Image J software.

Histopathological examination and immunofluorescence staining. Control mice, infected mice
with administration of anti-CXCR3 neutralizing antibody, and infected mice with administration of IgG iso-
type control antibody were all euthanized at 5 dpi. Tissue and organ (brains, lungs, hearts, and skeletal
muscles) specimens were taken out and fixed in 4% paraformaldehyde for 48 h. After fixation, paraffin-em-
bedded lungs were cut into 5-mm sections and stained with hematoxylin and eosin (H&E). Histology scores
of the tissues and organs were evaluated on a gradation of 0 to 4 with increments of 0.5 by a person
blinded to the treatment of the groups. For immunofluorescence staining, the slices were stained following
a standard protocol, and the number of positive stained cells per slice was quantified by Image J software.

IHC staining. Control mice and infected mice were all euthanized at 3 dpi and 5 dpi. Tissue and
organ (brains, lungs, hearts, and skeletal muscles) specimens were taken out and fixed in 4% paraformal-
dehyde for 48 h. After fixation, paraffin-embedded lungs were cut into 5-mm sections and the slices
were then stained with CXCL10 and CXCR3 primary antibodies (1:100, Absin Bioscience, Inc., Shanghai,
China). The reaction was revealed using a biotin-streptavidin horseradish peroxidase (HRP) detection
systems (ZSGB-Bio, Beijing, China). As mentioned above, the slices of the organ and tissue specimens
from mice with the administration of aCXCR3 or IgG isotype control were stained with anti-CVA2 VP1
mouse monoclonal antibody (prepared in our own laboratory), anti-CD11b antibody, anti-F4/80 anti-
body, and anti-Ly6G antibody (Wuhan Servicebio Technology Co., Wuhan, China), and the reactions
were revealed using a biotin-streptavidin HRP detection system (ZSGB-Bio, Beijing, China). The number
of positive stained cells per slice was quantified by using ImageJ software.

Statistical analysis. Statistical analysis was performed with GraphPad Prism version 8.3 (GraphPad
8.3 Software, San Diego, CA, USA). The differences in the survival rates of treated versus control mice
were assessed with the Mantel-Cox log rank test, and survival curves were plotted using the Kaplan-
Meier method. The results were expressed as the mean values 6 standard deviations (SD). Differences in
gene expression, clinical scores, and viral loads were assessed using the Mann-Whitney test or one-way
analysis of variance (ANOVA). A P value of less than 0.05 was regarded as significant.

Data availability. qPCR data were uploaded into the gene expression omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) (accession no. GSE189549).
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