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Chikungunya virus replication in skeletal muscle cells
is required for disease development
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Chikungunya virus (CHIKV) is an arbovirus capable of causing a severe and often debilitating rheumatic syndrome in
humans. CHIKV replicates in a wide variety of cell types in mammals, which has made attributing pathologic outcomes
to replication at specific sites difficult. To assess the contribution of CHIKV replication in skeletal muscle cells to
pathogenesis, we engineered a CHIKV strain exhibiting restricted replication in these cells via incorporation of target
sequences for skeletal muscle cell-specific miR-206. This virus, which we term SKE, displayed diminished replication
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important mediators of CHIKV disease.

Introduction

Viral cell and tissue tropism is an important determinant of
viral pathogenesis. The capacity to replicate in a particular cell
or tissue is often an essential precursor to the development of
disease at that site. Following viral replication, damage to cells
and tissues can occur directly via the elaboration of cytotoxic
viral products or indirectly through induction of harmful host
immune responses. Defining the pathologic consequences of
replication at specific sites is critical to an understanding of
how viruses cause disease. This process is relatively straightfor-
ward for viruses with restricted tropism. For example, hepatitis
C virus exhibits a highly specific tropism for human hepato-
cytes, and the resultant hepatitis is attributable to host immune
responses in the liver (1). In contrast, it has been challenging to
ascribe pathogenic outcomes to replication at discrete sites for
viruses displaying broader cell and tissue tropism. This knowl-
edge gap has precluded a precise understanding of molecular
mechanisms of pathogenesis for these viruses.

» Related Commentary: p. 1099

Conflict of interest: The authors have declared that no conflict of interest exists.
Copyright: © 2020, American Society for Clinical Investigation.

Submitted: April 29, 2019; Accepted: November 26, 2019;

Published: February 10, 2020.

Reference information: J Clin Invest. 2020;130(3):1466-1478.
https://doi.org/10.1172/)C1129893.

jei.org  Volume130  Number3  March 2020

in skeletal muscle cells in a mouse model of CHIKV disease. Mice infected with SKE developed less severe disease
signs, including diminished swelling in the inoculated foot and less necrosis and inflammation in the interosseous
muscles. SKE infection was associated with diminished infiltration of T cells into the interosseous muscle as well
as decreased production of I/1b, 116, Ip10, and Tnfa transcripts. Importantly, blockade of the IL-6 receptor led to
diminished swelling of a control CHIKV strain capable of replication in skeletal muscle, reducing swelling to levels
observed in mice infected with SKE. These data implicate replication in skeletal muscle cells and release of IL-6 as

Chikungunya virus (CHIKV) is an arthritogenic alphavirus
transmitted by Aedes species mosquitoes that displays a broad
tissue tropism in mammals (2). Since its discovery and initial
characterization in 1952 (3), CHIKV has periodically emerged
into human populations to cause outbreaks of disease in sub-
Saharan Africa, where the virus is maintained in an enzootic
cycle between mosquitoes and nonhuman primates (4), and in
Asia, where the virus is likely maintained in an urban transmis-
sion cycle (5, 6). More recently, import of the virus into naive pop-
ulations, including the first recorded cases of local transmission
in the Western Hemisphere, has resulted in epidemics affecting
millions of individuals (6, 7). As many as 90% of infected persons
experience a syndrome characterized by fever, rash, and severe
arthralgia and myalgia, with joint disease in many individuals
persisting months to years after initial infection (8, 9). While the
clinical course of CHIKV infection is well-documented, it is not
clear how CHIKV causes disease.

Following the bite of a mammalian host by an infected
mosquito, CHIKV replicates in fibroblasts, keratinocytes, and mac-
rophages near the site of inoculation (10-12). Virus then dissemi-
nates to a variety of sites of secondary replication, including cells
of musculoskeletal tissues and the synovium (11, 13-15). Mount-
ing evidence has implicated skeletal muscle as an important site
in CHIKV disease development (14, 16, 17). CHIKV infection in
humans results in myalgia in almost all patients (18-22). Biopsies
taken from the quadriceps muscle of patients during acute and
chronic disease show atrophy and necrosis of muscle fibers (15).
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Figure 1. CHIKV engineered to contain target sequences for skeletal muscle-specific miR-206 is specifically restricted by its cognate miRNA. (A) Schematic

of the CHIKV genome. Sequences were engineered in-frame within the E3 protein-coding region (shown in grey). (B) Insert cassettes consist of 4 target ele-
ments in tandem appended at the 3’ end by sequences of the FMDV 2A protease. (C) Nucleotide sequence of insert cassettes. Four target sequences exhibiting
perfect complementarity to skeletal muscle-specific miR-206 were introduced into SKE. Silent mutations were engineered into target sequences to produce SKE
mismatch (MM). (D) U-2 OS cells were adsorbed with WT SL15649, SKE MM, or SKE at an MOI of 0.01 PFU/cell. Supernatants were collected at the times shown
after adsorption, and viral titer was quantified by plague assay. (E) U-2 OS cells were transfected with siRNA directed against luciferase (Luc; dotted lines), CHIKV
nsP1 (dashed lines), or muscle-specific miR-206-mimic siRNA (solid lines) and adsorbed with WT SL15649 (black), SKE MM (blue), or SKE (red) at an MOI of 0.01
PFU/cell. Supernatants were collected at the times shown after adsorption, and viral titer was determined by plaque assay. (D and E) Results are expressed as the
mean viral titer from duplicate wells of 3 independent experiments. Error bars indicate SEM. Dashed lines indicate the limit of detection. P values were determined
at 12 and 24 hpi by ANOVA followed by Tukey's post hoc test. The following comparisons were statistically significant (****P < 0.0001): SKE MM-Luc versus SKE
MM-nsP1and SKE-Luc versus SKE-nsP1 (E, left), WT-206 versus SKE-206, and SKE MM-206 versus SKE-206 (E, right).

These hallmarks of human infection are recapitulated in a mouse
model of CHIKV disease. Mice inoculated with CHIKV in the foot-
pad develop biphasic swelling in the inoculated foot and necrotiz-
ing myositis in the interosseous muscles (23). Whether damage
caused by CHIKYV infection in skeletal muscle is a direct result of
viral replication or attributable to elaboration of muscle-injuring
inflammatory responses is unknown.

The host RNA silencing machinery can be harnessed to
define mechanisms by which viral replication at discrete sites
influences pathogenesis. In this pathway, small RNA mole-
cules called miRNAs mediate post-translational silencing of
host mRNAs through hybridization to complementary mRNA
target sequences (24). An attractive feature of the mammalian
RNA silencing pathway is that many miRNAs display cell-type-
specific expression (25-27). Therefore, incorporation of target
sequences for cell-type-specific miRNAs into the genome of a
virus should restrict viral replication specifically in cells express-
ing the restrictive miRNA while allowing normal replication in all
other cell types. This approach was applied to studies of Semliki
Forest virus, a related alphavirus, to demonstrate that viral rep-
lication in neurons is required for the induction of encephalitis

(28). In this way, the contribution of replication in specific cells
and tissues to disease induction can be defined.

Here, we investigated the contribution of CHIKV replication in
skeletal muscle cells to disease development. We discovered that a
virus restricted in skeletal muscle cells by incorporation of muscle
cell-specific miRNA target sequencesis attenuated in mice, leading
to diminished inflammation and T cell infiltration into the interos-
seous muscle near the site of inoculation. Additionally, we provide
evidence that replication in skeletal muscle cells promotes release
of IL-6, an important mediator of CHIKV-induced inflammation.
These findings indicate that replication in skeletal muscle cells is
a critical mediator of CHIKV pathogenesis and identify a potential
therapeutic target to alleviate symptoms of severe disease.

Results

Engineering a skeletal muscle-restricted CHIKV variant. CHIKV
infection in humans results in a syndrome characterized by severe
arthralgia and myalgia (29-31). Replication in skeletal muscle has
been associated with development of severe disease (14, 16, 17),
but the pathologic outcome of virus replication in muscle cells has
not been well-defined. To understand the contribution of viral
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Figure 2. Replication of CHIKV containing muscle-specific miRNA target sequences is restricted in skeletal muscle. Three- to 4-week-old male C57BL/6)
mice were inoculated in the left rear footpad with PBS (mock) or 10° PFU of SKE MM or SKE. Left ankle tissue was collected 3 days after inoculation and
processed for either H&E staining or RNAscope in situ hybridization for CHIKV RNA. (A) Regions corresponding to high-magnification insets (x10) of the
interosseous muscle are indicated in the overview micrographs (x0.5) by black boxes. Representative images of 3 (mock) or 6 (SKE MM and SKE) mice

per group are shown. Scale bars: x0.5, 6 mm; x10, 300 pm. (B) Magnification insets x20 with indicated CHIKV staining in myofibers (closed arrows) and
connective tissue (open arrows). Scale bars: x20, 150 um. Images were acquired using an Aperio ScanScope XT slide scanner and processed with Aperio
ImageScope software. (C) DAB signal corresponding to CHIKV staining in interosseous muscle was quantified using Image] software. Horizontal bars indi-
cate mean CHIKV intensity. Error bars indicate SEM. P values were determined comparing SKE and SKE MM by 2-tailed Student’s t test. **P < 0.01.

replication in skeletal muscle cells to CHIKV disease, we engi-
neered a CHIKV strain exhibiting diminished replication at this
site. To achieve this goal, we incorporated into the CHIKV genome
target sequences with perfect complementarity to a skeletal muscle
cell-specific microRNA, miR-206 (32, 33). miR-206 is expressed at
detectable levels in skeletal muscle progenitor satellite cells, strongly
induced upon differentiation, and then stably expressed at high
levels throughout the life of the muscle fiber (34). Target sequences
for miR-206 have been employed with other viruses, including
coxsackieviruses A21 (35) and B3 (36), to specifically limit repli-
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cation in myofibers. To ensure stability of the inserted sequences
and limit reversion, 4 copies of the miR-206 target sequence were
placed in tandem and in-frame into the structural ORF of virulent
CHIKYV strain SL15649 within coding sequences of the viral E3 gly-
coprotein (Figure 1, A and B). This site was chosen because it can
accommodate insertions of exogenous sequences without com-
promising replication capacity (37, 38). A mismatch control virus
was engineered containing silent mutations at synonymous nucle-
otide positions in miRNA target sequences to alleviate restriction
by miR-206 (Figure 1C). Wild-type (WT) SL15649 containing no
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Figure 3. CHIKV replication in skeletal muscle does not
contribute significantly to viral titer in tissue during
acute infection. Three- to 4-week-old male C57BL/6)
mice were inoculated in the left rear footpad with 10°
PFU of WT SL15649, SKE MM, or SKE. At 1, 3, and 7
days after inoculation, mice were euthanized; ankles,
gastrocnemius (gastroc.) muscles, and spleens were
excised; and serum was collected. Viral titers in day
1(A) and 3 (B) tissue homogenates and serum were
determined by FFU assay. Horizontal bars indicate mean
FFU/g (tissue) or FFU/mL (serum) for 5 mice per group.
Viral loads in day 3 (C) and 7 (D) tissue homogenates
were determined by RT-gPCR. Horizontal bars indicate
mean CHIKV genome copies/ug RNA for 5 (7 dpi) or 10
(3 dpi) mice per group. Error bars indicate SEM. Dashed
lines indicate the limits of detection. P values were
determined by comparing SKE and SKE MM by ANOVA
followed by Tukey’s post hoc test. None of the differ-
ences are statistically significant.
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To determine susceptibility of SKE and
SKE MM to miRNA-mediated restriction, a
multistep replication experiment was con-
ducted using U-2 OS cells transfected with
various siRNAs. Both SKE and SKE MM repli-
cated with kinetics comparable to WT CHIKV
in cells transfected with a nontargeting siRNA
directed against luciferase (Figure 1E). Cells
transfected with an siRNA targeting the viral
nsP1 gene allowed diminished but equivalent
replication of SKE and SKE MM, indicating
that both strains are equally susceptible to nsP1
siRNA-mediated restriction (Figure 1E). In
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miRNA target insertion, skeletal muscle-restricted (SKE), and mis-
match control (SKE MM) CHIKYV strains were recovered following
electroporation of'in vitro transcribed viral RNA into baby hamster
kidney (BHK-21) cells. Consensus sequencing of SKE and SKE MM
stocks harvested at 48 hours after electroporation confirmed main-
tenance of inserted sequences.

SKE is restricted by cognate miR-206 in vitro. Replication
kinetics of SKE and SKE MM were first assessed using non-
restrictive conditions to ensure that no defects in replication
were conferred by incorporation of exogenous sequences into
the structural ORF of the viral genome. Human osteosarcoma
(U-2 0OS) cells, which do not naturally express miR-206, were
infected with WT CHIKV, SKE, or SKE MM at an MOI of 0.01
PFU/cell, and supernatants were harvested at various intervals
after adsorption to quantify viral progeny production by plaque
assay. SKE and SKE MM replicated with kinetics comparable
to WT CHIKV and reached similar peak titers in U-2 OS cells
(Figure 1D). These data indicate that sequences inserted into
the E3 coding region do not compromise CHIKV replication in
U-2 OS cells.

Spl;‘-.‘en

sequence of miR-206, replication of SKE was
restricted, reaching peak titers significantly
lower than those produced by SKE MM and WT
CHIKYV, which replicated with similar kinetics
and produced equivalent peak titers (Figure
1E). These data demonstrate that SKE is specifically restricted by
its cognate miRNA in cell culture and that mismatch mutations
present in SKE MM are sufficient to alleviate this restriction.

SKE displays diminished replication in murine skeletal muscle.
To assess whether SKE is restricted in skeletal muscle tissue in
vivo, 3- to 4-week-old C57BL/6] mice were inoculated in the left
rear footpad with 10° PFU of either SKE or SKE MM. At day 3
after inoculation, mice were euthanized and the left rear limb
was processed for histology. Myofibers were identified in H&E-
stained sections as striated, multinucleated cells containing
nuclei at the cell periphery (Figure 2, A and B). CHIKV replica-
tion in skeletal muscle was assessed by in situ hybridization of
serial tissue sections using a probe specific for CHIKV RNA. In
mice infected with SKE MM, abundant staining was observed in
the interosseous muscles of the foot (Figure 2, A and B), which is
consistent with prior studies with WT CHIKV (14). This staining
was significantly reduced in mice infected with SKE (Figure 2C),
demonstrating that SKE replication is restricted in skeletal mus-
cle cells in mice. Importantly, intense staining was observed in
connective tissue of mice infected with either SKE or SKE MM

jci.org  Volume130  Number3  March 2020
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(Figure 2B), indicating that incorporation of target sequences
for miR-206 into SKE specifically restricts replication in skeletal
muscle cells while still allowing replication at other sites.

SKE and SKE MM produce comparable titers in musculoskel-
etal tissue of the inoculated foot in mice. Because SKE replication is
restricted in skeletal muscle cells, we assessed whether replication
in these cells contributes to overall viral titers in foot tissue and viral
dissemination during acute infection. Mice were inoculated with
WT CHIKYV, SKE, or SKE MM, and viral burdens in various tissues
both proximal and distal to the site of inoculation were quantified
at days 1, 3, and 7 after inoculation. Because the level of infectious
virus at day 7 after inoculation is often at or below the limit of detec-
tion in our infectivity assays, we used a focus-forming unit (FFU)
assay to quantify infectious virus at days 1 and 3 after inoculation
and real-time reverse transcription PCR (RT-qPCR) to quantify
viral genome copies at day 7 after inoculation. Tissue burdens of
SKE MM and SKE did not differ significantly in the left ankle near
the site of inoculation or at sites of dissemination, including the left
gastrocnemius muscle, right ankle, and spleen, at days 1 (Figure 3A),
3 (Figure 3B), or 7 (Figure 3D) after inoculation. At all time points
examined, both viruses produced titers comparable to those pro-
duced by WT CHIKV. CHIKV RNA in the interosseous muscle of
the left rear foot was significantly reduced at day 3 after inoculation
in our in situ hybridization analysis (Figure 2C). Because total viral
titers in the ankle did not differ between mice infected with SKE
and SKE MM at this time point by FFU assay (Figure 3B), we also
analyzed total ankle homogenates by RT-qPCR. This analysis con-
firmed that, while SKE replication is specifically restricted in inter-
osseous muscle, total viral RNA levels in the ankle produced by SKE
and SKE MM at this time point are comparable (Figure 3C). These
data indicate that replication in skeletal muscle does not contrib-
ute significantly to overall CHIKYV titers in tissues or dissemination
during acute infection and that replication in other cell types, likely
connective tissue fibroblasts that are highly susceptible for CHIKV
infection, is responsible for high viral titers observed in musculo-
skeletal tissues at these time points. Additionally, titers of SKE and
SKE MM reached similar levels in the serum at day 1 after inocula-
tion (Figure 3A) and were cleared by day 3 after inoculation (Figure
3B), indicating that restriction of CHIKV replication in skeletal mus-
cle cells does not affect establishment or clearance of viremia.

Restriction of CHIKV replication in skeletal muscle cells attenu-
ates viral virulence. To define the contribution of viral replication
in myofibers to pathogenesis, mice were inoculated with WT

jei.org  Volume130  Number3  March 2020

The Journal of Clinical Investigation

Figure 4. Restriction of CHIKV replication in muscle diminishes footpad
inflammation. Three- to 4-week-old male C57BL/6) mice were inoculat-
ed in the left rear footpad with PBS (mock) or 10° PFU of WT SL15649,

SKE MM, or SKE. Left rear footpad swelling was quantified using digital
calipers on the days shown. Results are normalized to initial footpad area
and presented as the mean percentage of initial footpad area for 10 mice
per group. Error bars indicate SEM. P values were determined by comparing
SKE and SKE MM by ANOVA followed by Tukey's post hoc test. *P < 0.05;
**P < 0.01; ****P < 0.0001.

CHIKV, SKE, or SKE MM, and swelling of the inoculated foot,
a hallmark of CHIKV-mediated disease in mice (23), was mea-
sured using digital calipers. Following inoculation with either WT
CHIKYV or SKE MM, mice exhibited a bimodal pattern of swelling,
with swelling peaking at days 3 and 6 after inoculation (Figure
4), which is consistent with prior studies (39, 40). Mice infected
with SKE displayed significantly diminished swelling during both
phases, with the second phase peaking later at day 7 after inocu-
lation (Figure 4). These data implicate skeletal muscle cells as a
site of viral replication essential to the induction of both phases of
swelling following CHIKYV infection in mice.

To understand how CHIKYV replication in skeletal muscle
cells influences tissue injury, mice were inoculated with SKE or
SKE MM, euthanized at day 7 after inoculation, and the left rear
limb was processed for histology. H&E-stained tissue sections
were scored by a veterinary pathologist blinded to the conditions
of the experiment to compare severity of synovitis, inflammation
and necrosis in the interosseous muscle, and tenosynovitis. SKE
MM-infected mice displayed significant myositis and necrosis of
the interosseous muscle, with most mice displaying greater than
40% displacement of muscle tissue with infiltrating leukocytes
(Figure 5A). This finding is consistent with prior studies with WT
CHIKV (23). Synovitis was reduced in SKE-infected mice com-
pared with those infected with SKE MM, although scores did not
differ significantly (Figure 5B). In contrast, mice infected with
SKE exhibited significantly diminished necrosis and inflamma-
tion in the interosseous muscle as well as diminished tenosyno-
vitis in the tendon sheath compared with SKE MM-infected mice
(Figure 5B). These findings suggest that while replication in skel-
etal muscle cells does not contribute significantly to tissue viral
burden, these cells are an important site of replication for devel-
opment of muscle inflammation and necrosis.

Diminished CHIKYV replication in skeletal muscle cells results in
decreased infiltration of T cells into interosseous muscle. CD4* T cells
are important mediators of inflammation and disease following
CHIKYV infection in mice (39). To determine how CHIKYV replica-
tion in skeletal muscle cells affects recruitment of T cells into mus-
culoskeletal tissues, mice were inoculated with SKE or SKE MM
and euthanized at day 7 after inoculation. The left rear limb was
processed for immunohistochemistry using an antibody directed
against CD3 (Figure 6A) and stained with H&E (Figure 6B). Mice
infected with SKE exhibited significantly diminished infiltration
of CD3* cells into the interosseous muscle relative to mice infected
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Figure 5. Restriction of CHIKV replication in skeletal muscle diminishes interosseous muscle inflammation and necrosis. Three- to 4-week-old male
C57BL/6) mice inoculated in the left rear footpad with PBS (mock) or 10° PFU of WT SL15649, SKE MM, or SKE. (A) H&E staining of left rear interosseous
muscle of mock-, SKE MM-, or SKE-infected mice 7 days after inoculation. Data are representative of 2 independent experiments with 3 mice per group in
each experiment. Scale bars: 100 pm. (B) H&E-stained sections were scored for histological evidence of synovitis, inflammation, and necrosis in the inter-
osseous muscle, and tenosynovitis. Results are expressed as disease score of tissues from individual animals for 5 to 6 mice per group. Horizontal bars
indicate mean disease score. Scores were assigned based on the following scale: 0, no lesions; 1, mild, fewer than 5 areas of small clusters of leukocytes; 2,
moderate, leukocytes forming larger clusters to thin tracts throughout the tissue, multiple sites/tissues affected; 3, severe, clusters and tracts of leuko-
cytes coalescing into at least 1large area that displaces/replaces tissue; 4, markedly severe, leukocytes in aggregates sufficient to replace more than 40%
of normal tissue. Error bars indicate SEM. P values were determined by comparing SKE and SKE MM by Mann Whitney test. *P < 0.05; **P < 0.01.

with SKE MM (Figure 6, A and C). This reduction in infiltrating
CD3" T cells appears to be specific for the interosseous muscle, as
the calcaneal tendon, a representative connective tissue, of both
SKE- and SKE MM-infected mice was heavily infiltrated with
these cells compared with mock-infected mice. These results were
reproduced when immunohistochemistry was conducted using an
antibody to CD4 (Figure 6D), although staining was less intense.
Overall, these data indicate that replication in skeletal muscle cells
is a required precursor to T cell infiltration into this site.

CHIKV replication in skeletal muscle cells is important for
production of proinflammatory mediators. We next tested whether
diminished foot swelling and pathology following infection
with SKE is attributable to altered immune responses elicited
by virus incapable of replicating in skeletal muscle cells. Severe
CHIKYV disease in humans is associated with the production
of IL-6, RANTES, and TNFA, with levels of IFNG, IL-1B, IP10,
MCP1, and MIP1A also increasing during infection (19, 41, 42).
To understand how replication in myofibers influences produc-
tion of these proinflammatory mediators, mice were infected
with SKE or SKE MM, and proinflammatory mediator induction
in the left rear foot at day 3 after inoculation was quantified by
RT-qPCR. Relative to mice infected with SKE MM, mice infected
with SKE exhibited a significant reduction in I/1b, Ii6, Ip10, and
Tnfa transcripts in the left rear foot (Figure 7A). Importantly,
this reduction was not due to a global decrease in the transcript
levels of inflammatory molecules, as mRNA levels of Ifng, Mcpl,
Mipla, and Rantes did not differ significantly in mice infected
with SKE compared with SKE MM (Figure 7A). Additionally,
while levels of Ii1b, 116, Ip10, and Tnfa transcripts tended to be

higher following infection with SKE MM, induction of these
proinflammatory mediators did not differ significantly in the
contralateral foot (Figure 7B), which does not swell following
infection with either SKE or SKE MM (data not shown). These
data suggest that local production of specific proinflammatory
mediators drives swelling of the inoculated foot during CHIKV
infection in mice.

IL-6 produced following viral replication in skeletal muscle medi-
ates CHIKV-induced inflammation. Because increased IL-6 pro-
duction is associated with severe CHIKV disease and production
of IL-6 is dependent on virus replication in skeletal muscle cells
(Figure 7), we next assessed the contribution of IL-6 to CHIKV
pathogenesis. Mice were inoculated intraperitoneally with 200 pg
of either an IL-6 receptor blocking antibody or an IgG2b isotype
control at 0, 3, and 5 days after inoculation with either SKE or SKE
MM. Swelling of the inoculated foot was quantified using digital
calipers. As expected, SKE MM-infected mice treated with the
isotype control exhibited significant swelling that peaked 6 days
after inoculation (Figure 8A). In contrast, swelling in SKE MM-
infected mice treated with the IL-6 receptor blockade antibody
was significantly reduced 5, 6, and 7 days after inoculation, with
levels more comparable to the swelling induced in SKE-infected
mice treated with the isotype control antibody (Figure 8A). This
phenotype was not due to differences in viral replication, as viral
loadsin the left and right ankles of SKE MM-infected mice treated
with either the IL-6 receptor antibody or isotype control were
comparable at day 7 after inoculation (Figure 8B). Thus, IL-6
released following CHIKYV infection in skeletal muscle cells is a
critical mediator of CHIKV disease in mice.
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Figure 6. CHIKV replication in myofibers promotes T cell infiltration into interosseous muscle. Three- to 4-week-old male C57BL/6) mice were inoculated in
the left rear footpad with PBS (mock) or 10° PFU of either SKE MM or SKE. Left ankle tissue was collected 7 days after inoculation and processed for either CD3
immunohistochemistry (A) or H&E staining (B). Regions corresponding to high-magnification insets (x10) of the interosseous muscle and calcaneal tendon
(connective tissue) are indicated in the overview micrographs (x1) by black boxes. Representative images of 3 (mock and SKE) or 4 (SKE MM) mice per group
are shown. Scale bars: x1, 3 mm; x10, 300 um; x20, 150 pm. Images were acquired using an Aperio ScanScope XT slide scanner and processed with Aperio
ImageScope software. DAB signal corresponding to CD3 (C) or CD4 (D) staining in interosseous muscle was quantified using Image] software. Horizontal bars
indicate mean intensity. Error bars indicate SEM. P values were determined comparing SKE and SKE MM by 2-tailed Student’s t test. *P < 0.05.

Discussion

The broad tropism of CHIKV has made it challenging to define
determinants of CHIKV pathogenesis. In this study, we exploited
the host RNAi machinery to assess how CHIKV replication in
skeletal muscle cells influences disease development. Target
sequences for a skeletal muscle cell-specific miRNA, miR-206,
were engineered into the structural ORF of the CHIKV genome.
The presence of these target sequences was sufficient to specif-
ically restrict CHIKV replication in a miR-206-dependent man-
ner in vitro. Additionally, viral replication was diminished in the
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interosseous muscles of infected 3- to 4-week-old mice following
footpad inoculation with CHIKYV, as assessed by in situ hybrid-
ization for CHIKV RNA. Interestingly, restriction of replication
in skeletal muscle cells did not significantly affect CHIKV titers
in tissues, implicating other cell types, likely connective tissue
fibroblasts (13), as the major contributor to viral loads in tissues.
Restriction of CHIKYV replication in skeletal muscle cells led to
significantly reduced inflammation and necrosis in the interos-
seous muscles of the left foot, with a concomitant decrease in T
cell infiltration and transcript levels of select proinflammatory
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Figure 7. CHIKV replication in skeletal muscle is required for induction of I/1b, II6, Ip10, and Tnfa. Three- to 4-week-old male C57BL/6) mice were inocu-
lated in the left rear footpad with PBS (mock) or 10° PFU of either SKE MM or SKE. At 3 days after inoculation, mice were euthanized, and left (A) and right
(B) ankles were excised. RNA was extracted and reverse transcribed, and expression of the genes shown was quantified by qPCR. Data are normalized to
18s rRna levels and expressed as the relative expression (n-fold increase) over that in mock-infected tissue. Horizontal bars indicate means of 2 indepen-
dent experiments with 4 mice per group in each experiment. Error bars indicate SEM. P values were determined by comparing SKE and SKE MM by 2-tailed

Student’s t test. *P < 0.05; **P < 0.01.

mediators including I11b, 116, Ip10, and Tnfa. Finally, we found
that IL-6 released following CHIKV replication in skeletal mus-
cle cells is an important mediator of inflammation. Accordingly,
treatment with an IL-6 receptor antibody significantly dimin-
ished swelling in the inoculated foot of mice infected with a con-
trol virus capable of replication in skeletal muscle cells to levels
similar to those produced by virus restricted at this site.

The capacity to replicate in skeletal muscle is common among
arthritogenic alphaviruses and other viruses that cause myalgia
and myositis (43, 44). Whether these viruses cause disease in
skeletal muscle using mechanisms similar to CHIKV is unknown.
Importantly, it is unclear even for the leading causes of viral myo-
sitis, including enteroviruses and influenza virus, whether virus
replication in muscle cells directly damages muscle tissue or if
disease results from immunologic processes induced by viral
infection (45-47). While CHIKV has primarily been studied in the
context of disease manifestations in the joints, CHIKV-patient
biopsies demonstrate that virus also elicits significant infection
and damage in muscle tissue (15), a facet of disease that was previ-
ously underappreciated. Additionally, intradermal inoculation of
newborn mice with a virulent strain of CHIKV isolated in Senegal
in 1983 results in diminished hind limb weakness and viral titer

in muscle compared with inoculation of a more contemporary
strain isolated in La Reunion in 2006, implicating viral replication
in skeletal muscle as an important, and perhaps strain-specific,
mediator of pathogenesis (16). Unfortunately, the divergent
nature of these strains has precluded a precise determination of
the exact mechanism of attenuation. Understanding how CHIKV
causes damage to skeletal muscle is important both to gain a
broader understanding of mechanisms of CHIKV pathogenesis
and to inform studies defining mechanisms by which other viruses
cause muscle pathology.

Restriction of CHIKYV replication in skeletal muscle resulted
in diminished induction of Il1b, Il6, Ip10, and Tnfa in mice. Of
these, IL-1B and IL-6 are biomarkers of severe CHIKV disease
in humans (41), although IP10 and TNFA also are significantly
induced following CHIKV infection (19, 42). The cellular source
of these cytokines during infection is unknown. Although pro-
duced by a variety of cells (including activated macrophages and
T cells), IL-1B, IL-6, IP10, and TNFA could conceivably be directly
elaborated by skeletal muscle cells following infection. Skeletal
muscle is capable of producing IL-6 and IP10 following contrac-
tion of muscle fibers, which is important in muscle regeneration
and homeostasis (48-52). Additionally, muscle injury results

jci.org  Volume130  Number3  March 2020

1473



1474

RESEARCH ARTICLE

A 250,

—#— SKE MM + isotype
—t— SKE MM + aILER
—— SKE + isotype

Fhkk
2254

200
175
1504
125

Footpad area (% of initial)

100

0 1 2 3 4 5 6
Time after inoculation (d)

The Journal of Clinical Investigation

m SKE MM + isotype
84 + SKE MM + alL6R
A SKE + isotype

*

*

L 3
oyt
".I‘b

CHIKV copies/ug RNA (log4g)
w

4
34
2
14
0 . ~
Left Right
ankle ankle

Figure 8. IL-6 mediates CHIKV-induced inflammation. Three- to 4-week-old male C57BL/6) mice were inoculated intraperitoneally with 200 pg of either a
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in elaboration of TNFA by muscle fibers (53). In the context of
inflammation, IL-1B and TNFA are potent inducers of IL-6 pro-
duction by skeletal muscle (51). The precise mechanism by which
these molecules are elaborated following CHIKV infection of
skeletal muscle remains undefined.

The 3- to 4-week-old mice used in these studies recapitulate
many hallmarks of human disease, including muscle necrosis,
myositis, and tenosynovitis (23). However, the inflammatory
response to CHIKV in mice is not well-understood. Although
molecular mediators of biphasic swelling in the inoculated foot
are not known, CD4"* T cells are required for the second phase of
swelling (39). We discovered that restriction of CHIKV replica-
tion in skeletal muscle results in diminished infiltration of CD4*
T cells into the interosseous muscle at 7 dpi. Additionally, block-
ade of the IL-6 receptor significantly diminishes swelling during
this phase, indicating that IL-6 receptor signaling is important
for this disease manifestation. How IL-6 receptor signaling and
CD4" T cells synergize to mediate this phenotype is unknown.
IL-6 receptor expression is limited in mice, reaching detectable
levels mainly on hepatocytes and some leukocytes (54). IL-6
induces chemotaxis of T cells in vitro, indicating a potential
function in T cell homing to sites of CHIKV infection (55). Addi-
tionally, stimulation of naive T cells with IL-1B and IL-6 induces
naive T cells to differentiate into TH17 cells (56).1L-17 elaborated
by these cells is a mediator of inflammatory myopathy (57, 58).
Stimulation of muscle cells with a combination of IL-1B, IL-17,
and TNFA results in upregulation of MHC class I, which is
directly cytotoxic to muscle cells (59). It is also possible that IL-6
functions in the activation of CD4* T cells. IL-6 is a costimula-
tory molecule involved in T cell activation, expansion, and sur-
vival (60, 61). Additionally, costimulation of CD4* T cells with
IL-6 and TNFA is sufficient to activate these cells in an antigen-
independent manner (62). Finally, while CD4* T cells have a
pathogenic role during CHIKYV infection, it is also possible that
T cells are required for viral clearance and that diminished
Volume 130 March 2020
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infiltration by these cells caused by restriction of CHIKV repli-
cation in skeletal muscle could enhance persistence in musculo-
skeletal tissues at late times after inoculation.

While our studies have demonstrated that skeletal muscle cells
are a critical infection site for development of severe musculo-
skeletal disease, there are a number of other important questions
related to CHIKV pathogenesis that can be answered by coopting
the host RNAi machinery. Cell culture-based susceptibility assays
have implicated keratinocytes, fibroblasts, and skin-resident mac-
rophages as potential primary sites of virus replication following
deposition by the bite of an infected mosquito (10-12). The func-
tion of these cells in the amplification or dissemination of CHIKV
following primary infection is unknown. Additionally, CHIKV is
one of few arboviruses capable of achieving sufficiently high levels
of viremia in humans to infect a naive mosquito following a blood
meal (63). Because CHIKYV is incapable of appreciable replication
in leukocytes, serum viremia is likely the result of virus released
from another cell type into the bloodstream (10). These gaps in
knowledge could be addressed by engineering CHIKV strains
restricted in other cell types through miRNA targeting.

Our study contributes to a better understanding of cellular and
molecular determinants of disease development during CHIKV
infection. These data also may enhance the development of CHIKV
vaccines and targeted antivirals. To date, no CHIKV vaccines have
achieved licensure, though a number of vaccine candidates are
currently in clinical trials (64-66). Live-attenuated vaccines are
often preferable, due to their capacity to elicit robust humoral and
cellular immune responses and long-lived protection (67). One
challenge in the development of live-attenuated vaccine candi-
datesis to ensure an appropriate degree of attenuation to eliminate
disease while allowing sufficient replication to induce a protective
immune response. Addition of skeletal muscle cell-specific miRNA
target sequences is an attractive method of attenuating CHIKV dis-
ease without affecting viral loads in tissues. Skeletal muscle cell-
specific miRNA target sequences could potentially be incorporated
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into existing candidates to achieve ideal attenuation. Additionally,
our studies identify IL-6 receptor signaling as a critical mediator
of CHIKYV disease. Importantly, an IL-6 receptor antibody, tocili-
zumab, is approved for use in the treatment of rheumatoid arthritis
(68). Our data indicate that this therapeutic could be used in the
treatment of CHIKV disease. Overall, the findings reported here
establish the foundation to understanding the contributions of dis-
crete CHIKV-infected cell types to pathogenesis and potentially
inform the development of effective vaccines and antivirals to limit
the global burden of CHIKYV disease.

Methods

Cells and viruses. Human osteosarcoma cells (U-2 OS; ATCC HTB-96)
were maintained in McCoy’s 5A medium (Gibco) supplemented to
contain 10% FBS (VWR). Baby hamster kidney cells (BHK-21; ATCC
CCL-10) were maintained in alpha minimal essential medium («MEM;
Gibco) supplemented to contain 10% FBS and 10% tryptose phosphate.
Vero81 cells (ATCC CCL-81) were maintained in «MEM supplemented
to contain 5% FBS. All cell maintenance medium was supplemented to
contain 2 mM L-glutamine (Gibco).

The WT CHIKV strain SL15649 infectious clone (pMH56) as well
as a variant SL15649 infectious clone in which eGFP was introduced
into the virus structural ORF (pMH75) were provided by Mark Heise
(University of North Carolina at Chapel Hill). Skeletal muscle-restricted
(SKE) and mismatch control (SKE MM) SL15649 strains were engi-
neered to contain inserts designed in silico containing either 4 target
sequences for skeletal muscle-specific miR-206 or 4 mismatch target
sequences. These sequences were appended to a nucleotide sequence
encoding 15 amino acids of the 2A protease of foot-and-mouth disease
virus (FMDV). Insert cassettes were synthesized by Genscript containing
BssHII and Apal restriction sites at the 5" and 3’ termini, respec-
tively. The pMH?75 plasmid was digested with BssHII to release a 331-
bp fragment. The vector lacking this fragment was religated to produce
a plasmid containing a single BssHII site (pMH75.1), which was then
digested with BssHII and Apal to remove the eGFP insert from the
structural ORF. Inserts containing miR-target and mismatch sequences
were digested from Genscript constructs using BssHII and Apal and
ligated into pMH75.1. The BssHII-BssHII fragment was then reinserted
and screened for orientation by consensus sequencing.

Virus was recovered by linearization and in vitro amplification
of infectious clone plasmids using the mMessage mMachine SP6
transcription kit (Ambion). BHK-21 cells were electroporated with
in vitro-transcribed viral RNA using a Gene Pulser Xcell electropo-
rator (Bio-Rad) and incubated at 37°C for 48 hours. Supernatants
containing progeny virions were harvested, clarified by centrifuga-
tion at 1500 g at 4°C for 10 minutes to remove cell debris, and stored
at -80°C. Titers of virus stocks were determined by plaque assay. All
experiments using SL15649 and variant clones were conducted using
biosafety level 3 conditions.

Viral plaque assays. Serial 10-fold dilutions of samples in virus
dilution buffer (VDB; RPMI medium with 25 mM HEPES [Gibco]
supplemented to contain 1% FBS) were adsorbed to Vero81 cells at
37°C for 1 hour. Monolayers were overlaid with 0.5% immunodiffu-
sion agarose (VWR) in completed aMEM and incubated at 37°C for
40 to 42 hours. Plaques were visualized following staining with neu-
tral red (MilliporeSigma). Plaques were enumerated in duplicate and
averaged to calculate PFU.
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FFU assays. Serial 10-fold dilutions of samples in DMEM/F12
medium supplemented to contain 2% FBS were adsorbed to Vero81
cells at 37°C for 2 hours. Monolayers were overlaid with 0.5% meth-
ylcellulose (MilliporeSigma) in medium and incubated at 37°C for
16 to 18 hours. Cells were fixed with 1% paraformaldehyde (PFA)
in PBS at room temperature (RT) for 1 hour, washed 3 times with
PBS, and permeabilized with perm/wash buffer (PBS supplemented
to contain 0.1% saponin and 0.1% BSA) at RT for 5 minutes. Cells
were incubated with CHIKV-specific monoclonal antibody CHK-11
(69) diluted to 500 ng/mL in perm/wash buffer at RT for 2 hours,
washed 3 times with perm/wash buffer, incubated with a horserad-
ish peroxidase-conjugated goat anti-mouse IgG secondary antibody
(SouthernBiotech, 1030-05, 1:2000 dilution) at RT for 1 hour, and
washed 3 times with perm/wash buffer. Foci were visualized follow-
ing incubation with TrueBlue Substrate (Fisher) at RT for 10 minutes
and enumerated using a CTL Biospot analyzer and Biospot software
(Cellular Technology) to calculate FFU.

Assessment of CHIKV replication kinetics. U-2 OS cells were
adsorbed with CHIKV strains diluted in VDB at an MOI of 0.01 PFU/
cell at 37°C for 1 hour. The viral inoculum was removed, cells were
washed twice with PBS, and complete medium was added. Following
incubation at 37°C for various intervals, 10% of the cell supernatant
was collected and replaced with fresh complete medium. Viral titers in
culture supernatants were determined by plaque assay.

Transfection of miRNA-mimic siRNAs. U-2 OS cells were trans-
fected with 10 nM of nonspecific siRNA (Luc), siRNA directed
against the viral nsP1 gene, or a miR-206 mimic siRNA using Lipo-
fectamine RNAIMAX (Invitrogen) diluted in serum-free OPTI-
MEM according to the manufacturer’s instructions. Cells were incu-
bated at 37°C for 12 hours and then adsorbed with CHIKV strains
diluted in VDB at an MOI of 0.01 PFU/cell at 37°C for 1 hour. The
viral inoculum was removed, cells were washed twice with PBS, and
complete medium was added. After incubation at 37°C for various
intervals, 10% of the cell supernatant was collected and replaced
with fresh medium. Viral titers in culture supernatants were deter-
mined by plaque assay.

Mouse experiments. C57BL/6] mice were obtained from the Jack-
son Laboratory. All mouse infection studies were conducted in an
animal biosafety level 3 laboratory. Three- to 4-week-old male mice
were used for all studies. Mice were inoculated in the left rear foot-
pad with 10 pL containing either 10° PFU of virus in diluent (PBS
supplemented with 1% bovine calf serum [BCS]) or diluent alone
(mock). Mice were weighed at 24-hour intervals and monitored for
signs of disease. The area of the left rear footpad was determined prior
to infection by measurement of footpad width and thickness with
digital calipers and then at 24-hour intervals thereafter for either 7
or 14 days. For IL-6 receptor blockade studies, mice were inoculated
i.p. with 200 pg of either aIL6R antibody (BioXCell, BEO047) or an
IgG2b isotype control antibody (BioXCell, BEO090) diluted in PBS
on days 0, 3, and 5 after inoculation with CHIKV. For experimental
endpoints, mice were euthanized by exposure to isoflurane followed
by thoracotomy. Blood was collected, and mice were perfused by
intracardiac injection of PBS or 4% PFA in PBS, depending on the
experiment. PBS-perfused tissues were resected and homogenized
using a MagNA Lyser (Roche) in either TRIzol reagent (Life Technol-
ogies) for RNA isolation or PBS supplemented to contain 1% BCS for
viral titer determination by FFU assay.
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RT-gPCR. RNA was isolated using a PureLink RNA minikit
(Life Technologies), and 1 ug RNA was reverse transcribed to cDNA
using random primers (Thermo Fisher Scientific, 48190011) and
the SuperScript IV first strand kit (Invitrogen). CHIKV sequence-
specific forward primer (5'-TTTGCGTGCCACTCTGG-3'), reverse
primer (5'-CGGGTCACCACAAAGTACAA-3'), and an internal
TagqMan probe (5'-ACTTGCTTTGATCGCCTTGGTGAGA-3') were
used to amplify and detect a region of the viral nsP2 gene. A stan-
dard curve was established from known samples containing 10 to
10% genome copies of in vitro-transcribed CHIKV RNA. Purified
RNA from BHK-21 cells was added to bring each standard sample to
1 pg total RNA prior to reverse transcription in an identical manner
to that used for experimental samples. Experimental samples were
amplified concurrently with standards to quantify CHIKV genome
copies/ug RNA. Controls without template were processed in par-
allel. To determine host gene expression, cDNAs were subjected to
qPCR analysis using TagMan primer/probe sets specific for murine
18s rRna, Ifng, Il1b, 116, Ip10, Mcpl, Mipla, Rantes, and Tnfa (Ther-
mo Fisher Scientific). Murine gene expression was normalized to
18s rRna values to control for differences in ¢cDNA input. The rel-
ative fold induction of amplified mRNA relative to samples from
mock-infected mice was determined using the Ct method (70).

Histopathological analysis. At defined times after inoculation,
mice were euthanized, and PFA-perfused tissues were resected
and fixed in 4% PFA in PBS at 4°C for at least 72 hours. Fixed tis-
sue was embedded in paraffin, sectioned (5-um thick), stained with
H&E, and visualized by light microscopy to assess histopathologic
changes. Tissues resected at day 7 after inoculation were scored by
a board-certified veterinary pathologist blinded to the conditions of
the experiment for the presence, distribution, and severity of his-
topathological damage. For all tissue changes, the following scor-
ing system was used: O, no lesions; 1, mild, fewer than 5 areas of
small clusters of leukocytes; 2, moderate, leukocytes forming larger
clusters to thin tracts throughout the tissue, multiple sites/tissues
affected; 3, severe, clusters and tracts of leukocytes coalescing
into at least 1 large area that displaces/replaces tissue; 4, markedly
severe, leukocytes in aggregates sufficient to replace more than
40% of normal tissue. Immunohistochemical staining was con-
ducted with tissue sections obtained from mice on day 7 after inoc-
ulation by incubation with antibodies directed against CD3 (Dako,
A0452,1:200 dilution) or CD4 (Abcam, ab183685, 1:1000 dilution)
followed by incubation with a horseradish peroxidase-conjugated
OmniMap anti-rabbit IgG secondary antibody (Ventana, 760-4311,
ready to use). CD3 and CD4 signal in the interosseous muscle was
quantified using Image]. Regions of interest containing interosse-
ous muscle were defined from H&E-stained serial sections of each
foot. CD3- and CD4-stained images were separated into hematox-
ylin and DAB channels. DAB staining was quantified in the DAB
channel for each interest region, and the intensity of CD3 and CD4
signal was calculated as the average of the staining intensity in each
region weighted by its relative area.

In situ hybridization. At defined times after inoculation, mice
were euthanized, and PBS-perfused tissues were resected and fixed
in 4% PFA in PBS at 4°C for at least 72 hours. Tissue was washed 3
times in PBS at RT for 15 minutes, then 3 times in deionized water at
RT for 15 minutes. Tissue was decalcified in 14% EDTA and placed
on an orbital shaker at RT. EDTA was replaced after 24 hours and at
Volume 130 March 2020
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72-hour intervals thereafter for 10 to 14 days until tissue was fully
decalcified. Tissue was dehydrated, embedded in paraffin, and sec-
tioned (5-um thick). Viral RNA in situ hybridization was conducted
using RNAscope 2.5 (Advanced Cell Diagnostics) according to the
manufacturer’s instructions. Tissue sections were incubated twice in
xylene at RT for 5 minutes to remove paraffin, twice in 100% etha-
nol at RT for 1 minute, once in hydrogen peroxide at RT for 10 min-
utes, and boiled in RNAscope Target Retrieval reagent (Advanced
Cell Diagnostics) for 15 minutes. Slides were cooled to RT in deion-
ized water and treated with RNAscope Protease Plus (Advanced
Cell Diagnostics) at 40°C for 30 minutes before incubation with
the hybridization probe. CHIKV RNA was detected using a probe
(V-CHIKV-sp, 479501) designed by Advanced Cell Diagnostics. Tis-
sues were counterstained with Gill’s hematoxylin (MilliporeSigma)
and visualized by light microscopy.

Statistics. All statistical tests were conducted using Graph-
Pad Prism 7 software. Significant differences were detected using
2-tailed Student’s ¢ test, Mann-Whitney test, or ANOVA with
Tukey’s post hoc test to correct for multiple comparisons. P values
of less than 0.05 were considered to be statistically significant.
Descriptions of the specific statistical tests used for each experi-
ment are provided in figure legends.

Study approval. All animal work reported here conforms to Public
Health Service policy and was approved by the Institutional Animal
Care and Use Committees at the University of Pittsburgh and Univer-
sity of Colorado School of Medicine.
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