
Chikungunya Virus Evades Antiviral CD8� T Cell Responses To
Establish Persistent Infection in Joint-Associated Tissues

Bennett J. Davenport,a Christopher Bullock,b Mary K. McCarthy,a David W. Hawman,a Kenneth M. Murphy,b,f Ross M. Kedl,a

Michael S. Diamond,b,c,d,e Thomas E. Morrisona

aDepartment of Immunology and Microbiology, University of Colorado School of Medicine, Aurora, Colorado, USA
bDepartment of Pathology and Immunology, Washington University School of Medicine, St. Louis, Missouri, USA
cDepartment of Molecular Microbiology, Washington University School of Medicine, St. Louis, Missouri, USA
dDepartment of Medicine, Washington University School of Medicine, St. Louis, Missouri, USA
eThe Andrew M. and Jane M. Bursky Center for Human Immunology and Immunotherapy Programs, Washington University School of Medicine, St. Louis, Missouri, USA
fHoward Hughes Medical Institute, Washington University School of Medicine, St. Louis, Missouri, USA

ABSTRACT Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus that causes
explosive epidemics of a febrile illness characterized by debilitating arthralgia and arthri-
tis that can endure for months to years following infection. In mouse models, CHIKV
persists in joint tissues for weeks to months and is associated with chronic synovitis. Us-
ing a recombinant CHIKV strain encoding a CD8� T cell receptor epitope from ovalbu-
min, as well as a viral peptide-specific major histocompatibility complex class I tetramer,
we interrogated CD8� T cell responses during CHIKV infection. Epitope-specific CD8� T
cells, which were reduced in Batf3�/� and Wdfy4�/� mice with known defects in anti-
gen cross-presentation, accumulated in joint tissue and the spleen. Antigen-specific ex
vivo restimulation assays and in vivo killing assays demonstrated that CD8� T cells pro-
duce cytokine and have cytolytic activity. Despite the induction of a virus-specific CD8�

T cell response, the CHIKV burden in joint-associated tissues and the spleen were equiv-
alent in wild-type (WT) and CD8��/� mice during both the acute and the chronic
phases of infection. In comparison, CD8� T cells were essential for the control of acute
and chronic lymphocytic choriomeningitis virus infection in the joint and spleen. More-
over, adoptive transfer of virus-specific effector CD8� T cells or immunization with a vac-
cine that induces virus-specific effector CD8� T cells prior to infection enhanced the
clearance of CHIKV infection in the spleen but had a minimal impact on CHIKV infection
in the joint. Collectively, these data suggest that CHIKV establishes and maintains a per-
sistent infection in joint-associated tissue in part by evading CD8� T cell immunity.

IMPORTANCE CHIKV is a reemerging mosquito-transmitted virus that in the last de-
cade has spread into Europe, Asia, the Pacific Region, and the Americas. Joint pain,
swelling, and stiffness can endure for months to years after CHIKV infection, and epi-
demics have a severe economic impact. Elucidating the mechanisms by which CHIKV
subverts antiviral immunity to establish and maintain a persistent infection may lead
to the development of new therapeutic strategies against chronic CHIKV disease. In
this study, we found that CHIKV establishes and maintains a persistent infection in
joint-associated tissue in part by evading antiviral CD8� T cell immunity. Thus, im-
munomodulatory therapies that improve CD8� T cell immune surveillance and clear-
ance of CHIKV infection could be a strategy for mitigating chronic CHIKV disease.
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Chikungunya virus (CHIKV) is a mosquito-transmitted, positive-sense, single-stranded
RNA virus in the Alphavirus genus of the Togaviridae family (1). CHIKV was first

isolated in 1952 from patient serum samples during an outbreak of febrile illness in
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what is now Tanzania (2). Subsequently, CHIKV became recognized as a cause of
outbreaks of febrile illness in regions of Africa and Asia that were characterized by acute
and often protracted intense musculoskeletal pain and inflammation (2–7). Since 2004,
CHIKV has caused numerous large-scale epidemics in humans involving millions of
infections in the Indian Ocean region and Southeast Asia, with spread into Europe, the
Middle East, and the Pacific region (8–12). In 2013, local transmission of CHIKV occurred
in the Western Hemisphere on islands in the Caribbean (13). The virus rapidly spread
throughout the Americas, causing more than 1 million infections in more than 48
countries (14, 15).

Acute CHIKV infection is characterized by the rapid onset of high fever with severe
joint pain, joint swelling, muscle pain, and rash (16). More severe outcomes, including
encephalitis and even death, can occur in neonates and the elderly (17). Remarkably, in
some studies, up to two-thirds of individuals infected experience relapsing/episodic or
continuous incapacitating arthralgia, arthritis, and tenosynovitis that endure for months
to years after the acute phase (18, 19).

The mechanisms by which CHIKV infection leads to chronic musculoskeletal disease
are not fully elucidated. Although CHIKV infection is hypothesized to induce autoim-
munity, the prevalence of autoimmune markers, such as rheumatoid factor, antinuclear
antibodies, and anticitrullinated protein antibodies, in patients with chronic CHIKV
disease is absent or low (20–29). Persistent CHIKV infection in joint-associated tissues
has also been hypothesized to contribute to chronic CHIKV disease. However, small
joints of the wrists, hands, and feet, which are often the primary sites affected in
patients with chronic CHIKV disease (16), are not routinely tested for the presence of
infectious virus, viral RNA, or viral antigen. Nevertheless, CHIKV antigen and RNA have
been detected in synovial and muscle tissue biopsy specimens collected from patients
during the chronic phase of disease (30, 31). Additional evidence for CHIKV persistence
comes from experiments in animal models. In immunocompetent mice, CHIKV RNA and
antigen persist in joint-associated tissues for weeks to months after infection (32–37).
In addition, mice infected with a recombinant luciferase-expressing CHIKV strain display
luciferase activity as late as 60 days postinfection, and low levels of infectious virus were
detected in the joint-associated tissue of adult and aged mice at 60 to 90 days
postinfection (35). In CHIKV-infected macaques, joint, muscle, liver, and lymphoid
tissues harbor infectious CHIKV or CHIKV RNA for weeks after inoculation (38, 39).

CD8� T cells are critical for the control and clearance of many viral infections.
However, in contrast to humoral immunity, the role of CD8� T cells during CHIKV
infection remains poorly understood. In humans, activated CD8� T cells circulate during
acute and chronic CHIKV disease (22, 30, 40, 41) and are present in muscle and joint
tissue biopsy specimens collected from patients with chronic CHIKV disease (30, 31). In
one study, the antigenic response profile of CD8� T cells correlated with disease
outcome: recovered patients exhibited a CD8� T cell response predominantly against
the CHIKV E2 envelope glycoprotein, whereas patients with chronic disease had greater
responses to the CHIKV nonstructural protein nsP1 (41), suggesting that the pattern of
T cell reactivity may influence the clinical outcome.

Similar to human patients, activated CD8� T cells circulate in nonhuman primates
(NHPs) infected with CHIKV (38, 39). Moreover, the magnitude and breadth of these
responses were diminished in aged NHPs that developed persistent CHIKV infection
(39). In mice, activated CD8� T cells accumulate in joint-associated tissue during CHIKV
and Ross River virus (RRV) infection (42, 43). In the context of RRV infection, the
protective capacity of CD8� T cells was restrained by arginase 1-expressing macro-
phages in some tissues (44, 45), supporting the idea that suppression of CD8� T cell
responses may promote chronic infection with an arthritogenic alphavirus.

In this study, we used a well-defined mouse model of acute and chronic CHIKV
infection, recombinant CHIKV strains encoding ovalbumin (OVA)-specific CD8� T cell
receptor (TCR) epitopes, and newly generated viral peptide-specific major histocom-
patibility complex (MHC) class I tetramers to investigate the magnitude, kinetics, and
function of the CD8� T cell responses against CHIKV (32, 42). During acute CHIKV
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infection, antigen-specific CD8� T cells accumulated in joint-associated tissues. Priming
of these antigen-specific CD8� T cells occurred by both direct and cross-presenting
mechanisms, as antigen-specific CD8� T cell responses were reduced only moderately
in mice with defects in cross-presentation capacity. Functional analyses revealed that
antigen-specific CD8� T cells in joint and lymphoid tissue produce cytokines and have
cytolytic capacity. Nevertheless, the complete absence of CD8� T cells in genetically
deficient mice had no effect on the CHIKV tissue burden during the acute or chronic
phase of infection, suggesting that CHIKV-specific CD8� T cells do not contribute to the
antiviral response. Lastly, adoptive transfer of effector CD8� T cells or immunization
with a T cell-based vaccine prior to infection accelerated viral clearance in lymphoid
tissues but had minimal effects in joint-associated tissue. Taken together, these data
suggest that CHIKV establishes and maintains a persistent infection in joint-associated
tissue in part by evading CD8� T cell immunity.

RESULTS
CHIKV infection elicits antigen-specific CD8� T cell responses. CHIKV(OVA)-AF is

a recombinant virus engineered to encode the H-2Kb-restricted ovalbumin OVA257–264

epitope (KbOVA257; SIINFEKL) and the I-Ad/I-Ab-restricted OVA323–339 epitope (ISQAVH
AAHAEINEAGR) in-frame with the viral structural polyprotein in the genome of the
pathogenic CHIKV strain AF15561 (46). Four-week-old wild-type (WT) C57BL/6 male
mice were mock inoculated or inoculated via subcutaneous (s.c.) injection with 103 PFU
of CHIKV(OVA)-AF in the left rear footpad, and CD8� T cell responses were interrogated
during both the acute and the chronic phases at 5, 10, 14, 21, and 28 days postinoc-
ulation (dpi). At 5, 10, 14, 21, and 28 dpi, we detected increased numbers of bulk CD8�

T cells in the ipsilateral and contralateral ankles of CHIKV(OVA)-AF-infected mice
compared with the mock-inoculated control mice (Fig. 1A). In contrast, CHIKV(OVA)-AF
infection marginally increased total CD8� T cell numbers in the spleen at 14, 21, and
28 dpi. During acute infection (5, 10, and 14 dpi), �90% of CD8� T cells in the ipsilateral
and contralateral ankles were CD44hi (Fig. 1B), suggesting an antigen-experienced,
activated phenotype (47). At late time points (21 and 28 dpi), �50 to 60% of CD8� T
cells in the ipsilateral and contralateral ankles remained CD44hi (Fig. 1B). CHIKV(OVA)-AF
infection also resulted in CD8� T cell activation in the spleen (Fig. 1B), but as expected,
the frequency of CD44hi CD8� T cells among total CD8� T cells was lower than that in
joint-associated tissues. The total CD44hi CD8� T cell numbers increased �100-fold and
�50-fold in the ipsilateral and contralateral ankles, respectively, whereas a more
modest increase of �3-fold was observed in the spleen (Fig. 1C). To quantify antigen-
specific T cells during CHIKV(OVA)-AF infection, cell populations isolated from the joints
and spleen were stained with KbOVA257 tetramers (tet). As shown in Fig. 1D to G,
CHIKV(OVA)-AF infection resulted in the expansion of SIINKEFL-specific CD8� T cells in
the ipsilateral ankle, contralateral ankle, and spleen during acute infection (10 and
14 dpi), with KbOVA257 tet-positive (tet�) CD8� T cells representing 26 to 38% of all
CD8� T cells in joint-associated tissues (Fig. 1D and F) and 10% of all CD8� T cells in
the spleen (Fig. 1E and F), with 10- to 1,000-fold increased numbers being seen during
this time frame (Fig. 1G). At later times postinoculation (21 and 28 dpi), the number of
KbOVA257 tet� CD8� T cells decreased in all tissues examined compared with the peak
response detected at 10 to 14 dpi (Fig. 1G), consistent with a contraction phase (48, 49).

A prior study in WT C57BL/6 mice identified an immunodominant CD8� T cell
receptor epitope in the CHIKV E1 glycoprotein (E1331–339) but did not identify its MHC
restriction (50, 51). We used an MHC class I stabilization assay to assess the H-2Db

and/or H-2Kb restriction of the E1331 peptide (DbE1331 and KbE1331, respectively) (52).
C57BL/6 RMA-S lymphoma cells, which are deficient in the transporter associated with
antigen processing 2 (TAP2) (53, 54), were cultured overnight at 27°C to promote the
accumulation of empty H-2Db and H-2Kb MHC class I molecules on the cell surface. The
RMA-S cells were then pulsed with the CHIKV E1331–339 (HSMTNAVTI) peptide for 5 h at
37°C. As controls, RMA-S cells were also pulsed with OVA257–264 (SIINFEKL), an H-2Kb-
restricted peptide (55, 56); lymphocytic choriomeningitis virus (LCMV) NP396 – 404 (FQP
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FIG 1 Antigen-specific CD8� T cells accumulate in joint-associated tissue during CHIKV(OVA)-AF infection.
WT C57BL/6J mice (n � 3 to 8 mice/group) were inoculated in the left foot with PBS (mock) or 103 PFU
of CHIKV(OVA)-AF. At the indicated day postinoculation (dpi), leukocytes were isolated from the
ipsilateral (I.) ankle, contralateral (C.) ankle, or spleen and CD8� T cells were quantified by flow cytometry.
(A) Total CD8� T cells (CD45� B220� TCR�� CD8��). (B and C) Frequency (B) and total numbers (C) of
CD8� T cells showing an activated phenotype (CD45� B220� TCR�� CD8�� CD44hi). (D and E)
Representative flow cytometry plots showing antigen-specific CD8� T cells in the ipsilateral ankle and

(Continued on next page)
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QNGQFI), an H-2Db-restricted peptide (57); or LCMV GP33– 41 (KAVYNFATC), an H-2Db-
and H-2Kb-restricted peptide (58, 59). Next, peptide-mediated MHC class I stabilization
was quantified by staining RMA-S cells with anti-mouse H-2Db (Fig. 2A) or H-2Kb (Fig.
2B) antibodies. As expected, incubation of RMA-S cells harboring empty MHC class I
with the NP396 – 404 peptide increased the cell surface levels of H-2Db (Fig. 2A) but not
the levels of H-2Kb (Fig. 2B) compared with those in no-peptide control cells. Similarly,
incubation of RMA-S cells harboring empty MHC class I with the OVA257–264 peptide
increased the cell surface levels of H-2Kb (Fig. 2B) but not H-2Db compared with those
in the no-peptide control cells. Lastly, as expected, incubation of RMA-S cells with the
GP33 peptide stabilized H-2Db and, to a lesser degree, H-2Kb (Fig. 2A and B).
Incubation of RMA-S cells with the E1331–339 peptide strongly increased the cell
surface expression levels of H-2Db but not those of H-2Kb (Fig. 2A and B). Thus,
although a prior study utilized KbE1331 pentamers to evaluate CHIKV-specific CD8�

T cell responses (60), our data indicate that the CHIKV E1331–339 epitope is predom-
inantly H-2Db restricted. Based on these data, we acquired DbE1331 tetramers to
track CHIKV-specific CD8� T cell responses. Similar to CHIKV(OVA)-AF infection, we
detected the expansion of DbE1331 tet� CD8� T cells in joint-associated tissue and
the spleen of CHIKV-AF-infected mice (Fig. 2C to F), although these were reduced in
frequency and magnitude compared with the frequency and magnitude of the OVA257-
specific CD8� T cell response during CHIKV(OVA)-AF infection (Fig. 1C to F). Collectively,
these data suggest that CHIKV infection results in the expansion of epitope-specific
CD8� T cells in the spleen and joint-associated tissues.

Epitope-specific CD8� T cells display effector functions during CHIKV infection.
During chronic virus infection, increased inhibitory receptor expression on antigen-
specific CD8� T cells impairs their functional and proliferative capacity (61, 62).
Since CHIKV infection can become persistent, we quantified the expression of the
inhibitory receptors PD-1, Tim-3, and Lag-3 on antigen-specific CD8� T cells during
CHIKV(OVA)-AF infection. WT C57BL/6 mice were inoculated with CHIKV(OVA)-AF via
s.c. injection in the left rear footpad, and at 10 dpi, the expression of PD-1, Tim-3, and
Lag-3 on SIINFEKL-specific CD8� T cells was quantified. As controls, we included mice
inoculated via the intraperitoneal (i.p.) route with 2 � 105 PFU of the lymphocytic
choriomeningitis virus Armstrong (LCMV-Arm) strain or mice inoculated via the intra-
venous (i.v.) route with 2 � 106 PFU of the LCMV clone 13 (LCMV-cl13) strain, in which
antigen-specific CD8� T cells express low or high levels of PD-1, Tim-3, and Lag-3,
respectively (61–63). Antigen-specific CD8� T cells in the spleen of CHIKV(OVA)-AF-
infected mice displayed levels of PD-1, Tim-3, and Lag-3 expression comparable to
those found in mice infected with the acutely cleared LCMV-Arm strain, and these levels
were significantly lower than those detected on antigen-specific CD8� T cells in mice
infected with the chronic LCMV-cl13 strain (Fig. 3A and C). In addition, the expression
of these inhibitory receptors was similar on antigen-specific CD8� T cells present in the
joint-associated tissue of mice inoculated s.c. in the foot with CHIKV(OVA)-AF or
LCMV-Arm (Fig. 3B and D). Thus, in contrast to LCMV-cl13 infection, antigen-specific
CD8� T cells in CHIKV(OVA)-AF-infected mice did not display a phenotype consistent
with functional exhaustion.

We next directly assessed the functionality of epitope-specific CD8� T cells during
CHIKV(OVA)-AF infection. Ex vivo stimulation of splenocytes from CHIKV-infected mice

FIG 1 Legend (Continued)
contralateral ankle (D) and in spleen (E) of mock-infected or CHIKV(OVA)-AF-infected mice at 14 dpi. The
plots are gated on CD45� B220� TCR�� CD8�� cells. The numbers embedded in the plots represent the
frequency of KbOVA257-positive (KbOVA257

�) cells within gated CD8� T cells. (F) Frequency of KbOVA257
�

cells among activated CD8� T cells (CD45� B220� TCR�� CD8�� CD44hi). (G) Total KbOVA257
� CD8� T

cells (CD45� B220� TCR�� CD8�� CD44hi KbOVA257
�). The data in the graphs represent the mean �

SEM. Data were combined from 2 to 3 independent experiments. Statistically significant differences from
the results for mock-infected mice were determined by one-way analysis of variance with Tukey’s
posttest (for panels A, B, and C and for spleen in panels F and G) or by the Kruskal-Wallis test with Dunn’s
posttest (for the ipsilateral and contralateral ankles in panels F and G). *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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at 10 dpi with the OVA257 or E1331 peptide resulted in gamma interferon (IFN-�)
production by �3% and �0.5% of CD8� T cells, respectively (Fig. 4A and B). Time-
course analysis revealed that the frequency and total number of IFN-�-producing
(IFN-��) CD8� T cells in the spleen expanded between 5 and 10 dpi (Fig. 4B and C).

FIG 2 E1-specific CD8� T cell responses are detected in joint-associated and lymphoid tissue during WT CHIKV-AF infection. (A and B) RMA-S
lymphoma cells with stabilized H-2Db and H-2Kb (incubated overnight at 27°C) were incubated with H-2Db-restricted (LCMV NP396 and LCMV GP33),
H-2Kb-restricted (OVA257 and LCMV GP33), or CHIKV E1331 peptides for 5 h at 37°C. RMA-S cells in the presence of no peptide were included as a control
for destabilization and the loss of MHC class I during culture at 37°C. Stabilization of cell surface MHC class I was visualized by costaining with
anti-H-2Db and H-2Kb antibodies and flow cytometric analysis. (Top) Representative histograms showing the H-2Db (A) and H-2Kb (B) staining intensity
are shown for each peptide (blue) in comparison with that for unstained peptide (gray) and no peptide (red). (Bottom) Graphs represent the geometric
mean fluorescence intensity (gMFI) of H-2Db (A) or H-2Kb (B), showing the mean � SEM. Data were combined from 2 independent experiments.
Statistical differences between each peptide and no peptide were determined by unpaired Student’s t test. **, P � 0.01; ***, P � 0.001. (C to F) WT
C57BL/6J mice (n � 6 to 8 mice/group) were inoculated in the left foot with PBS (mock) or 103 PFU of CHIKV-AF. At the indicated dpi, leukocytes were
isolated from the ipsilateral (I.) and contralateral (C.) ankles and spleen and CD8� T cells were quantified by flow cytometry. (C and D) Representative
flow cytometry plots showing E1-specific CD8� T cells in the ipsilateral and contralateral ankles (C) and the spleen (D) of mock- or WT
CHIKV-AF-infected mice at 14 dpi. The plots are gated on CD45� B220� TCR�� CD8�� cells. The numbers embedded in the plots represent the
frequency of DbE1331-positive (DbE1331

�) cells within gated CD8� T cells. (E) Frequency of DbE1331
� cells among activated CD8� T cells (CD45� B220�

TCR�� CD8�� CD44hi). (F) Total number of DbE1331
� CD8� T cells (CD45� B220� TCR�� CD8�� CD44hi DbE1331

�). The data in the graphs represent
the mean � SEM. Data were combined from 2 to 3 independent experiments. Statistically significant differences from the results for mock-infected
mice were determined by one-way analysis of variance with Tukey’s posttest. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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Peptide-stimulated cells also were evaluated for the coproduction of IFN-� and tumor
necrosis factor alpha (TNF-�). We observed an increase in polyfunctional (IFN-�� and
TNF-�-producing [TNF-��]) CD8� T cells responding to either OVA257 or E1331 peptide
stimulation between 5 and 10 dpi (Fig. 4D). Polyfunctionality, which was assessed by
IFN-�� cells capable of degranulation (i.e., CD107a�), also was increased between 5 and
10 dpi (Fig. 4E) (64, 65).

We separately evaluated the functionality of epitope-specific CD8� T cells present in
joint-associated tissues during CHIKV(OVA)-AF infection. Ex vivo stimulation of leuko-
cytes isolated from the ipsilateral ankle at 10 dpi with the OVA257 or E1331 peptide
resulted in IFN-� production by 13% and 4% of CD8� T cells, respectively (Fig. 4F and
G), resulting in an increased total number of IFN-�-producing CD8� T cells at this site
(Fig. 4H). Similar responses were detected among CD8� T cells in the contralateral ankle
(Fig. 4F to H). These findings suggest that epitope-specific CD8� T cells induced during
CHIKV(OVA)-AF infection display characteristics of functionally competent effector
CD8� T cells.

FIG 3 Antigen-specific CD8� T cells induced in CHIKV(OVA)-AF infection express low levels of the inhibitory receptors PD-1, Tim-3, and Lag-3. (A and C) WT
C57BL/6J mice (n � 4 mice/group) were inoculated i.p. with 2 � 105 PFU LCMV-Arm, i.v. with 2 � 106 PFU LCMV-cl13, or s.c. in the left foot with 103 PFU
CHIKV(OVA)-AF. At 10 dpi, PD-1, Tim-3, and Lag-3 expression on antigen-specific CD8� T cells in the spleen was quantified by flow cytometry. (A) Representative
histograms showing PD-1, Tim-3, and Lag-3 expression. PD-1-, Tim-3-, and Lag-3-negative cells are represented by CD45� B220� TCR�� CD8�� CD44lo tet�

cells from LCMV-Arm-infected mice. The remaining histograms are gated on antigen-specific CD8� T cells (CD45� B220� TCR�� CD8�� CD44hi tet�), DbGP33
�

cells (LCMV-Arm- and LCMV-cl13-infected mice), or KbOVA257
� cells [CHIKV(OVA)-AF-infected mice]. The numbers embedded in the histograms represent the

average geometric mean fluorescence intensity (GMFI) among tetramer-positive cells and are summarized in panel C. (B and D) WT C57BL/6J mice (n � 3 to
4 mice/group) were inoculated s.c. in the left foot with 103 PFU LCMV-Arm or CHIKV(OVA)-AF. At 10 dpi, PD-1, Tim-3, and Lag-3 expression on antigen-specific
CD8� T cells in the ipsilateral (I.) ankle tissue was assessed by flow cytometry. (B) Representative histograms showing PD-1, Tim-3, and Lag-3 expression on
antigen-specific CD8� T cells. Histograms are gated on antigen-specific CD8� T cells (CD45� B220� TCR�� CD8�� CD44hi Tet�), DbGP33

� cells (LCMV-Arm-
infected mice), or KbOVA257

� cells [CHIKV(OVA)-AF-infected mice]. The numbers embedded in the histograms represent the average geometric mean
fluorescence intensity among tetramer-positive cells and are summarized in panel D. The data in the graphs represent the mean � SEM. Statistically significant
differences were determined by one-way analysis of variance with Tukey’s multiple-comparison test (C) or by unpaired Student’s t test (D). *, P � 0.05; **,
P � 0.01; ***, P � 0.001.
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FIG 4 Antigen-specific CD8� T cells induced during CHIKV(OVA)-AF infection have polyfunctional effector responses. WT C57BL/6J mice (n � 4 to 12
mice/group) were inoculated in the left foot with PBS (mock) or 103 PFU of CHIKV(OVA)-AF. Spleen cells (5 or 10 dpi) were stimulated with the OVA257 or E1331

peptide in the presence of anti-CD107a and brefeldin A for 5 h at 37°C. (A) Representative flow cytometry plots showing IFN-� production in CD8� T cells
following OVA257 or E1331 peptide stimulation. The plots are gated on CD8� T cells (CD45� B220� TCR�� CD8��). The numbers embedded in the plots
represent the frequency of IFN-�� cells among gated CD8� T cells. (B) Frequency of CD8� T cells (CD45� B220� TCR�� CD8��) producing IFN-�. (C) Total
numbers of OVA257- or E1331-specific IFN-�� CD8� T cells (CD45� B220� TCR�� CD8�� IFN-��). (D) Representative dot plots from 10 dpi gated on CD45� B220�

TCR�� CD8�� T cells. The numbers embedded in the plots represent the frequency among all gated cells. Polyfunctional cytokine-producing responder CD8�

T cells are classified as IFN-� single positive (IFN-��), TNF-� single positive (TNF-��), or IFN-� and TNF-� double positive (IFN-�� TNF-��). The pie charts indicate
the percentage of each responding population among all responders. (E) Polyfunctional analysis showing the cytokine production and the cytolytic potential

(Continued on next page)
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In addition to cytokine production, effector CD8� T cells mediate antiviral effects by
cytolysis of infected cells (66). Given that our in vitro peptide stimulation assays
suggested that epitope-specific CD8� T cells in the spleen of CHIKV-infected mice
efficiently degranulate (Fig. 4E), we performed in vivo cytotoxicity assays to more
directly assess their cytolytic capacity (Fig. 5A). To generate target cells, splenocytes
from naive mice were loaded with the OVA257 peptide or LCMV GP33 peptide as a
control. To assess the cytolytic capacity of epitope-specific CD8� T cells in joint-
associated tissue or lymphoid tissue, OVA257 and GP33 peptide-loaded cells were
labeled differentially with carboxyfluorescein succinimidyl ester (CFSE), mixed in a 1:1
ratio, and adoptively transferred to the foot (i.e., by s.c. injection) or circulation (i.e., by
i.v. injection) of mice that had been inoculated 7 days earlier with CHIKV(OVA)-AF. As
controls, the same cell mixtures were transferred into uninfected mice or mice infected
with LCMV-Arm. One day after s.c. or i.v. adoptive transfer, single-cell suspensions were
generated from the foot or spleen, respectively, and the ratio of OVA257- to GP33-loaded
target cells was evaluated by flow cytometry. In naive mice, we detected OVA257- and
GP33-loaded target cells in the ankles of mice receiving s.c. adoptive transfer at
numbers nearly similar to those in the input (Fig. 5B). As expected, in mice s.c. infected
with LCMV-Arm, we detected greatly diminished numbers of GP33-loaded target cells,
whereas the OVA257-loaded targets remained intact, validating the specificity of our in
vivo cytotoxicity assay. In CHIKV(OVA)-AF-infected mice, OVA257-loaded targets were
nearly undetectable in the left foot, whereas GP33-loaded target cells were readily
detected (Fig. 5B). Similar results were observed in the spleen of infected mice receiving
i.v. adoptive transfer of target cells (Fig. 5C). As further validation of our in vivo killing
assay, mice previously infected via the i.p. route with LCMV-Arm eliminated GP33-
pulsed target cells in the spleen (Fig. 5C). Using these data, we calculated the percent-
age of target cell-specific killing and found that during CHIKV(OVA)-AF infection, CD8�

T cells efficiently eliminated epitope-specific target cells in both joint-associated and
lymphoid tissue (Fig. 5D). Thus, the epitope-specific splenic and joint-associated CD8�

T cells induced during CHIKV(OVA)-AF infection are functional effector cells.
Epitope-specific CD8� T cells are reduced in Batf3�/� and Wdfy4�/� mice

during CHIKV infection. MHC class I-restricted epitopes can be presented by infected
cells or by professional antigen-presenting cells (APCs) that acquire exogenous viral
antigens, a process termed cross-presentation (67–69). The role of either pathway in
CD8� T cell priming during infection by CHIKV or any alphavirus has not been
described. To assess the requirement of cross-presentation for priming antigen-specific
CD8� T cell responses during CHIKV infection, we inoculated WT or Batf3�/� mice with
CHIKV(OVA)-AF and quantified the antigen-specific CD8� T cell responses at 10 dpi; the
Batf3�/� mice are deficient in the DC1 subset of classical dendritic cells (DCs) that
cross-present exogenously derived antigens (70–73). The frequency and number of
KbOVA257 tet� CD8� T cells in the ipsilateral ankle and spleen of Batf3�/� mice were
reduced but not abolished compared with those in WT mice (Fig. 6A to D). Thus, DC1
cells contribute to, but are not required for, the induction of antigen-specific CD8� T
cell populations during CHIKV infection.

To corroborate the role of cross-presentation in the induction of antigen-specific
CD8� T cell responses during CHIKV infection, we evaluated CD8� T cell responses in

FIG 4 Legend (Continued)
of responding CD8� T cells. Dot plots from 10 dpi are gated on CD45� B220� TCR�� CD8�� T cells, and the numbers embedded in the plots represent the
frequency among all gated cells. Responders were classified as IFN-�� single positive (IFN-��), CD107a single positive (CD107a�), or IFN-�� cells that were
degranulated (IFN-�� CD107a�) in response to OVA257 or E1331 peptide stimulation. The pie charts indicate the percentage of each responding population
among all responders. (F to H) At 10 dpi, leukocytes were isolated from ipsilateral and contralateral ankle tissue and stimulated with OVA257 or E1331 peptide
in the presence of brefeldin A for 5 h at 37°C. Mock samples represent cells combined from ipsilateral and contralateral tissues. (F) Representative flow plots
from ipsilateral ankle tissue showing IFN-� production by antigen-specific CD8� T cells in response to OVA257 or E1331 peptide stimulation. The numbers
embedded in the flow plots represent the frequency of CD8� T cells (CD45� B220� TCR�� CD8��) producing IFN-�. (G) Frequency of cells producing IFN-�
among all CD8� T cells. (H) Total OVA257- and E1331-specific IFN-�� CD8� T cells. The data in the graphs represent the mean � SEM. Data were combined from
2 to 3 independent experiments. Statistically significant differences between mock- and CHIKV(OVA)-AF-infected mice were determined by one-way analysis
of variance with Tukey’s posttest (B and C) or by the Kruskal-Wallis test with Dunn’s posttest (G and H). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 5 Antigen-specific CD8� T cells in joint-associated and lymphoid tissue during CHIKV(OVA)-AF infection are
cytolytic. (A) WT C57BL6/J mice (n � 3 to 6 mice/group) were inoculated s.c. in the left foot with PBS (mock) or 103

CHIKV(OVA)-AF. As positive controls, mice were i.p. inoculated with 2 � 106 PFU LCMV-Arm (mice receiving i.v.
donor cells) or in the left foot s.c. with 103 PFU LCMV-Arm (mice receiving donor cells via the s.c. route in the foot).
At 7 dpi, naive splenic donor cells were pulsed with OVA257 or GP33 peptide, differentially labeled with CFSE (OVA257

CFSElo, GP33 CFSEhi), mixed together at a 1:1 ratio (input), and transferred adoptively. At 24 h post-adoptive transfer,
donor cells were retrieved from the ipsilateral (I.) ankle or from the spleen, and the ratio of OVA257- to GP33-loaded
targets was determined. (B) (Left) Representative histograms showing donor target cells retrieved from the
ipsilateral ankle following footpad s.c. adoptive transfer. Histograms are gated on total donor CFSE-positive (CFSE�)
cells; (right) frequency of OVA257 or GP33 target populations among total donor cells (CFSE� cells) in the ipsilateral
ankle. (C) (Left) Representative histograms showing donor cells retrieved from the spleen following i.v. adoptive
transfer; (right) frequency of OVA257 or GP33 target populations among total donor cells (CFSE� cells) in the spleen.

(Continued on next page)
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CHIKV(OVA)-AF-infected Wdfy4�/� mice; these mice have normal numbers of DC1 cells
but lack the intracellular mechanisms required to cross-present antigen (74). At 10 dpi,
the frequency and total cell numbers of KbOVA257 tet� CD8� T cells in the ipsilateral
and contralateral ankles and the spleen of CHIKV-infected Wdfy4�/� mice were reduced
compared with those in CHIKV-infected WT mice (Fig. 6E and F). Together, these
findings indicate that both antigen cross-presentation by DC1 cells and possibly other
myeloid cells and direct presentation by infected cells drive the CHIKV-specific CD8� T
cell response.

The CHIKV burden in tissues is unaffected by CD8� T cells. To evaluate the
impact of CD8� T cells on the course of CHIKV infection, we compared the viral burden
in joint-associated tissues and the spleen of WT and CD8��/� mice infected with
CHIKV-AF at 7, 14, 28, and 42 dpi (Fig. 7). Remarkably, no differences in viral infection
were observed in the ipsilateral ankle (Fig. 7A), contralateral ankle (Fig. 7B), or spleen
(Fig. 7C) of WT and CD8��/� mice at any of the time points examined. Thus, despite
eliciting effector CD8� T cell responses in both joint-associated tissues and the spleen,
the absence of these cells had no demonstrable antiviral impact on CHIKV infection in
tissues.

The lack of CD8� T cell antiviral effects in joint-associated tissues is specific to
CHIKV infection. To determine if the lack of CD8� T cell-mediated antiviral effects in
joint-associated tissues was unique to CHIKV infection, we assessed the control of
LCMV-Arm, which produces an acute infection that resolves in a CD8� T cell-dependent
manner (75, 76). We adapted the LCMV infection model that is based on i.p. inoculation
of 6- to 8-week-old WT C57BL/6 mice with 2 � 105 PFU of LCMV-Arm (77); however, in
our experiments, similar to the CHIKV studies, we inoculated 4-week-old WT C57BL6
mice to determine if LCMV-Arm is efficiently cleared in young mice. For comparison, we
also inoculated via the i.v. route 4-week-old WT C57BL/6 mice with 2 � 106 PFU of
LCMV-cl13, which establishes a chronic infection (48). Mice inoculated i.v. with LCMV-
cl13 displayed weight loss from 5 to 8 dpi (Fig. 8A), which was associated with a high
viral burden at 10 dpi in the serum, spleen, liver, and kidney (Fig. 8B). In contrast, mice
inoculated via the i.p. route with LCMV-Arm showed weight gain throughout the
duration of the experiment, and infectious virus was undetectable in serum, spleen,
liver, and kidney at 10 dpi (Fig. 8A and B). These data with LCMV-Arm and LCMV-cl13
in 4-week-old WT C57BL/6 mice are consistent with published results utilizing 6- to
8-week-old mice (48, 78, 79).

To assess if CD8� T cells are required for the clearance of LCMV administered via s.c.
injection in the foot, we inoculated WT and CD8��/� C57BL/6 mice with 103 PFU of
either LCMV-Arm or LCMV-cl13 s.c. in the left foot, the dose and route used in our CHIKV
experiments. At 10 dpi, high levels of infectious virus were present in the ipsilateral
ankle and spleen of LCMV-Arm-infected CD8��/� mice but not those of WT mice (Fig.
8C). Similar results were observed when we measured the LCMV-Arm viral burden in
tissue via reverse transcription (RT)-quantitative PCR (qPCR); viral RNA levels were
higher in the ipsilateral ankle and spleen of CD8��/� mice than in those of WT mice
(Fig. 8D). Thus, in contrast to the findings obtained after CHIKV infection, CD8� T cells
have an antiviral effect in joint-associated and lymphoid tissues of mice inoculated with
a similar dose of LCMV-Arm by a similar route. Since LCMV-Arm infection is cleared by
CD8� T cells (75, 76), we also tested whether CD8� T cells had an antiviral role in
joint-associated and lymphoid tissues following s.c. inoculation of LCMV-cl13. As shown
in Fig. 8E, viral RNA levels in the ipsilateral ankle and spleen of LCMV-cl13-infected

FIG 5 Legend (Continued)
(D) The specific killing of OVA257-loaded targets in CHIKV(OVA)-AF-infected mice or GP33-loaded targets in
LCMV-Arm-infected mice was calculated as described in Materials and Methods. The data in the graphs represent
the mean � SEM. Data were combined from 2 to 3 independent experiments. Statistically significant differences
in the specific killing of target cells in mock-infected mice infected with CHIKV(OVA)-AF or LCMV-Arm were
determined by unpaired Student’s t test (B and C) or by one-way analysis of variance with Tukey’s posttest (D). *,
P � 0.05; **, P � 0.01; ***, P � 0.001.
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CD8��/� mice were increased compared with the levels in the same tissues of WT mice,
suggesting that CD8� T cells also exert an antiviral effect against LCMV-cl13 infection
in joint-associated and lymphoid tissues. Thus, the lack of a demonstrable effect of the
complete absence of CD8� T cells on CHIKV infection in joint-associated and splenic
tissues is independent of mouse age, the virus inoculation route, and the tissues
analyzed. Rather, the data suggest that CHIKV evades CD8� T cell immune surveillance.

Preexisting effector antigen-specific CD8� T cells enhance CHIKV clearance. To
test whether the presence of preexisting effector CD8� T cells could enhance the
clearance of CHIKV infection, we adoptively transferred activated OT-I transgene-

FIG 6 Disruption of Batf3 and Wdfy4 reduces the induction of antigen-specific CD8� T cells during
CHIKV(OVA)-AF infection. (A to D) WT C57BL6/J mice (n � 5 to 10 mice/group) and congenic Batf3�/�

mice (n � 5 to 8 mice/group) were inoculated in the left foot with 103 PFU of CHIKV(OVA)-AF. At 10 dpi,
antigen-specific CD8� T cells (CD45� B220� TCR�� CD8�� CD44hi KbOVA257

�) were enumerated in the
ipsilateral (I.) and contralateral (C.) ankle and the spleen. Representative flow cytometry plots showing
KbOVA257

� CD8� T cells at 10 dpi from the ipsilateral ankle (A) and the spleen (B) of WT and Batf3�/�

mice. The plots are gated on CD8� T cells (CD45� B220� TCR�� CD8��). The numbers embedded in the
plots represent the frequency of KbOVA257

� cells among CD8� T cells. (C) Frequency of KbOVA257
� cells

among CD8� T cells (CD45� B220� TCR�� CD8�� CD44hi). (D) Total numbers of KbOVA257
� CD8� T cells

(CD45� B220� TCR�� CD8�� CD44hi KbOVA257
�). (E and F) WT C57BL6/J mice (n � 5 to 8 mice/group)

and congenic Wdfy4�/� mice (n � 7 to 11 mice/group) were inoculated in the left foot with 103 PFU of
CHIKV(OVA)-AF. (E) Frequency of KbOVA257

� cells among CD8� T cells (CD45� CD3� CD8��). (F) Total
KbOVA257

� CD8� T cells (CD45� CD3� CD8�� KbOVA257
�). The data in the graphs represent the mean �

SEM. Data were combined from 2 to 3 independent experiments. Statistically significant differences
between WT and Batf3�/� mice or WT and Wdfy4�/� mice were determined by unpaired Student’s t test.
*, P � 0.05; **, P � 0.01; ***, P � 0.001.
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positive (Tg�) CD8� T effector cells into naive mice prior to inoculation with either
CHIKV(OVA)-AF or CHIKV(OVA4K)-AF, which encodes a single N-to-K amino acid sub-
stitution in the SIINFEKL epitope that abrogates the stimulation of OT-I Tg� CD8� T
cells (Fig. 9A) (80). Following in vitro activation and expansion, OT-I Tg� CD8� T cells
exhibited an activated phenotype, as shown by elevated CD25 and CD69 expression
compared with that by naive CD8� T cells (Fig. 9B). Following peptide stimulation,
activated OT-I Tg� CD8� T cells produced cytokines (IFN-� and TNF-�) and exhibited
the capacity to degranulate (Fig. 9C). Next, 107 activated OT-I Tg� CD8� T cells or naive
splenocytes as a control were adoptively transferred into WT mice. Two hours later,
mice were inoculated s.c. with 103 PFU of either CHIKV(OVA)-AF or CHIKV(OVA4K)-AF.
At 7 dpi, more than 50% of the circulating CD8� T cells in mice inoculated with
CHIKV(OVA)-AF were OT-I Tg� CD8� T cells (Fig. 9D). In comparison, the frequency
of OT-I Tg� CD8� T cells was reduced 4- to 5-fold in mice inoculated with
CHIKV(OVA4K)-AF (Fig. 9D); thus, OT-I Tg� CD8� T cells are preferentially expanded and
maintained in mice inoculated with CHIKV(OVA)-AF encoding an intact SIINFEKL
epitope. At 28 dpi, the viral burden was reduced in the ipsilateral ankle (3-fold) and the
contralateral ankle (6-fold) of CHIKV(OVA)-AF-infected mice that received OT-I Tg�

CD8� T cells compared with the burden in mice that received naive splenocytes (Fig.
9E and F). In the spleen, the CHIKV burden was decreased 16-fold in CHIKV(OVA)-AF-
infected mice that received OT-I Tg� CD8� T cells compared with that in mice that
received naive splenocytes (Fig. 9G). The adoptive transfer of OT-I Tg� CD8� T cells had
no effect on the viral burden in mice infected with CHIKV(OVA4K)-AF (Fig. 9E to G),
indicating that the antiviral effects of the donor cells are epitope specific. Thus, the
presence of preexisting antigen-specific CD8� T cells prior to CHIKV infection can
promote CHIKV clearance, but this effect is more potent in the spleen than in joint-
associated tissues.

We next tested if the activation and expansion of antigen-specific effector CD8� T
cells in vivo prior to CHIKV infection could enhance the clearance of CHIKV infection. WT
mice were vaccinated with whole OVA antigen or no antigen (control) in the presence
of an adjuvant composed of agonistic anti-CD40 and the Toll-like receptor 3 agonist
poly(I·C), which induces robust OVA-specific T cell responses in mice (81). At 7 days
postvaccination (dpv), mice were inoculated with CHIKV(OVA)-AF, and the viral burden
was measured in joint-associated tissue and spleen at 28 dpi (35 dpv) (Fig. 10A).
Induction of SIINFEKL-specific CD8� T cells by this immunization was confirmed by
increases in both the frequency and the number of KbOVA257 tet� CD8� T cells in the
spleen of mice at 7 dpv (Fig. 10B and C). Moreover, ex vivo stimulation of splenocytes

FIG 7 The viral burdens in joint-associated and lymphoid tissue are similar in CHIKV-infected WT and CD8��/� mice. WT C57BL/6J mice (n � 5 to 10 mice/time
point) or congenic C57BL/6J CD8��/� mice (n � 5 to 9 mice per time point) were inoculated in the left foot with 103 PFU of CHIKV-AF. (A to C) On the indicated
days postinfection, CHIKV RNA in the ipsilateral (I.) ankle (A), contralateral (C.) ankle (B), and spleen (C) was quantified by RT-qPCR. The data in the graphs
represent the mean � SEM. Data were combined from 4 independent experiments. No statistically significance differences between WT and CD8��/� mice were
detected by two-way analysis of variance.
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from control mice and mice immunized with the OVA257 peptide also demonstrated
that immunization increased the frequency and number of IFN-�-producing CD8� T
cells (Fig. 10D to F). In addition, a large fraction of these cells coproduced IFN-� and
TNF-� or IFN-� and CD107a (Fig. 10E and F), indicating that the immunization elicited
SIINFEKL-specific, polyfunctional, effector CD8� T cells.

At 28 dpi, the viral burden was quantified in the contralateral ankle and spleen of
mice treated with phosphate-buffered saline (PBS), treated with adjuvant alone [anti-
CD40/poly(I·C)], or vaccinated with OVA plus anti-CD40/poly(I·C) (Fig. 10G and H).
Despite the presence of preexisting SIINFEKL-specific effector CD8� T cells, there was
no decrease in viral infection in the joint-associated tissues of vaccinated mice (Fig. 10G). In
contrast, viral infection was reduced in the spleen of mice vaccinated with adjuvanted
OVA compared with that in the spleen of mice treated with PBS or adjuvant alone (Fig.
10H). Thus, a T cell-based vaccine that elicits effector CD8� T cells has antiviral effects
in an antigen-specific manner in the spleen but not in the joint-associated tissue of
CHIKV-infected mice.

DISCUSSION

Infection with CHIKV is associated with the persistence of virus in lymphoid and
joint-associated tissue that is not cleared by adaptive immune responses. CD8� T cells
are critical for the control and clearance of viral infections, but their role during CHIKV

FIG 8 The absence of CD8� T cells impairs the clearance of LCMV in joint-associated and lymphoid tissue. (A and B) WT C57BL/6J mice
were inoculated with 2 � 105 PFU LCMV-Arm via the i.p. route (n � 5 mice) or 2 � 106 PFU LCMV-cl13 via the i.v. route (n � 5 mice).
(A) Weight gain was monitored daily and is reported as a percentage of the starting weight. (B) At 10 dpi, viral loads in the serum,
spleen, liver, and kidney were quantified by plaque assay. Bars represent the SEM. Statistically significant differences were determined
by two-way analysis of variance with Bonferroni’s posttest (A) or by Mann-Whitney test (B). **, P � 0.01; ***, P � 0.001. (C) WT (n � 5)
or CD8��/� (n � 5) C57BL/6J mice were inoculated in the left foot with 103 PFU of LCMV-Arm. At 10 dpi, viral titers in the ipsilateral
(I.) ankle and spleen were determined by plaque assay. (D and E) WT (n � 5) or CD8��/� (n � 5) C57BL/6J mice were inoculated in
the left foot with 103 PFU of LCMV-Arm (D) or LCMV-cl13 (E). At 10 dpi, LCMV RNA in the ipsilateral ankle and spleen was quantified
by RT-qPCR. The data in the graphs represent the mean � SEM. Data were combined from 2 independent experiments. Statistically
significant differences were determined by the Mann-Whitney test (C) or unpaired Student’s t test (D and E). **, P � 0.01; ***, P � 0.001.

Davenport et al. Journal of Virology

May 2020 Volume 94 Issue 9 e02036-19 jvi.asm.org 14

https://jvi.asm.org


infection is not well-defined. Using a recombinant CHIKV strain encoding a CD8� TCR
epitope from ovalbumin and an E1 peptide-specific MHC class I tetramer, we found that
antigen-specific CD8� T cells expand in lymphoid and joint-associated tissue following
CHIKV infection and that this expansion is reduced in Batf3�/� and Wdfy4�/� mice

FIG 9 Adoptive transfer of OT-I Tg� CD8� T effector cells prior to CHIKV infection enhances viral clearance. (A)
Schematic of experimental design. (B and C) In vitro-expanded OT-I Tg� CD8� T cells were analyzed for expression
of CD25 and CD69 activation markers (B) and function (cytokine production and degranulation) (C) in response to
SIINFEKL peptide stimulation. (D to G) Activated OT-I Tg� CD8� T cells or naive splenocytes (107) were adoptively
transferred i.v. into recipient mice. Two hours later, the mice were inoculated in the left foot with 103 PFU of
CHIKV(OVA)-AF or CHIKV(OVA4K)-AF. (D) At 7 dpi, OT-I Tg� CD8� T cells were quantified in the peripheral blood.
(Left) Representative dot plots show endogenous CD8� T cells (CD45.1�) and donor OT-I Tg� CD8� T cells
(CD45.1�) within the total CD8� T cell compartment. The numbers embedded in the plots represent the frequency
of OT-I Tg� CD8� T cells among total CD8� T cells. (Right) The frequency of OT-I Tg� CD8� T cells among all CD8�

T cells is summarized in the graph. (E to G) At 28 dpi, CHIKV RNA in the ipsilateral (I.) and contralateral (C.) ankle
and the spleen was quantified by RT-qPCR. The data in the graphs represent the mean � SEM. Data were derived
from 2 independent experiment. Statistical significance in panels D to G was determined by an unpaired Student’s
t tests. **, P � 0.01; ***, P � 0.001. PBMC, peripheral blood mononuclear cells; TE cells, effector T cells.
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FIG 10 Prophylactic vaccination with a T cell-based vaccine accelerates CHIKV clearance from the spleen but not
joint-associated tissue. (A) Schematic of experimental design. WT C57BL/6 mice were immunized with PBS (n � 16),
anti-CD40/poly(I·C) (n � 16), or OVA and anti-CD40/poly(I·C) (n � 16) 7 days prior to (day �7) CHIKV infection. At
7 days postvaccination (dpv), mice were inoculated in the left foot with 103 PFU CHIKV(OVA)-AF. (B) Representative
flow plots showing KbOVA257

� CD8� T cells in the spleen of mice immunized with PBS or OVA and anti-CD40/
poly(I·C) at 7 dpv. (C and D) The frequency and total number of KbOVA257

� cells among CD8� T cells (CD45� B220�

TCR�� CD8�� CD44hi KbOVA257
�) (C) and the frequency and total number of OVA257-specific IFN-�� CD8� T cells

(CD45� B220� TCR�� CD8�� IFN-��) (D) following 5 h of in vitro stimulation with OVA257 peptide in mice
immunized with PBS or OVA and anti-CD40/poly(I·C) at 7 dpv (n � 8 mice per group). (E) Representative dot plots
of splenocytes from 7 dpv gated on CD45� B220� TCR�� CD8�� T cells showing responder cells by either IFN-�
and TNF-� or by IFN-� and CD107a. (F) Polyfunctional cytokine-producing responder CD8� T cells are classified as
IFN-� single positive (IFN-��), TNF-� single positive (TNF-��), or IFN-� and TNF-� double positive (IFN-�� TNF-��)
in response to OVA257 peptide stimulation. Alternatively, responders were classified as IFN-�� single positive
(IFN-��), CD107a single positive (CD107a�), or IFN-�� cells that were degranulated (IFN-�� CD107a�) in response
to OVA257 peptide stimulation. The pie charts indicate the percentage of each responding population among all

(Continued on next page)
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defective for antigen cross-presentation. Moreover, ex vivo and in vivo analyses revealed
that epitope-specific splenic and joint-associated CD8� T cells induced during CHIKV
infection display characteristics of functional effector CD8� T cells, including cytokine
production and cytolytic activity. Nevertheless, experiments in WT and CD8��/� mice
showed that, unlike LCMV infection, CHIKV infection in lymphoid and joint-associated
tissues is unaffected by CD8� T cells. Finally, we found that the presence of preexisting
effector antigen-specific CD8� T cells can accelerate CHIKV clearance from lymphoid
tissue but not joint-associated tissue. These data suggest that CHIKV establishes and
maintains a persistent infection in joint-associated tissue by evading CD8� T cell
immunity.

Antigen-specific CD8� T cell responses are induced during CHIKV infection. The
control of CHIKV infection depends on adaptive immune responses (32–34, 39, 82);
however, the contribution of CD8� T cells has remained poorly understood. Activated
CD8� T cells are elevated in the circulation of CHIKV-infected patients (22, 30, 40, 41),
and studies in NHPs and mice have demonstrated that CD8� T cells expand in the
circulation, lymphoid tissue, and joint-associated tissue following CHIKV infection (38,
39, 42, 43, 82, 83). In addition, a number of distinct vaccine candidates elicit CHIKV-
specific CD8� T cell responses, but their role in protective immunity has rarely been
evaluated (60, 84–89). In one study in mice, vaccine-elicited T cells were poorly
protective against CHIKV infection (84). More recently, a study used cytomegalovirus-
and adenovirus-vectored vaccines encoding CHIKV fusion peptides capable of eliciting
CD4� and CD8� T cell responses to investigate the antiviral activity of T cells during
CHIKV infection (51). This study found that prime-boost vaccination prior to intramus-
cular CHIKV injection reduced the viral burden in muscle tissue in a CD8� T cell-
dependent manner. However, the viral burden in joint-associated tissue was unaffected
in immunized mice (51).

Our data show that antigen-experienced (CD44hi), epitope-specific CD8� T cells
accumulate in spleen and joint-associated tissues of CHIKV-infected mice. These re-
sponses peaked at 10 to 14 dpi; however, CD44hi antigen-specific CD8� T cells re-
mained detectable during the chronic phase of infection, particularly in joint-associated
tissues. These findings are similar to those of prior studies reporting the presence of
CHIKV-specific CD4� T cells in joint-associated tissues of mice at �90 dpi (82). The role
of CHIKV-specific T cell populations that persist in joint-associated tissues in both
protection and pathology requires further investigation. Collectively, these data sug-
gest that CHIKV infection results in the priming and expansion of antigen-specific CD8�

T cells that accumulate in the spleen and joint-associated tissues.
Cytokine production and cytolytic activity by antigen-specific CD8� T cells are

important antiviral effector functions. In some cases, such as persistent virus infection
or immunosuppressive environments, these effector functions can become compro-
mised (90). However, we found that antigen-specific CD8� T cells in CHIKV-infected
mice displayed lower levels of Lag-3, PD-1, and Tim-3 inhibitory receptors than antigen-
specific CD8� T cells in LCMV-cl13-infected mice, suggesting that the cells are not
functionally exhausted. Consistent with these data, we found that antigen-specific
CD8� T cells in the spleen of CHIKV-infected mice exhibit polyfunctionality by produc-
ing multiple proinflammatory cytokines (IFN-� and TNF-�) and degranulating (i.e.,
showing cytolytic potential) upon peptide restimulation. Thus, the classical effector
functions of CD8� T cells are not compromised during CHIKV infection, at least when
analyzed ex vivo. These results are consistent with those of studies demonstrating that
circulating CHIKV-specific CD8� T cells in patients with acute and chronic CHIKV disease
also produce proinflammatory cytokines and exhibit cytolytic potential in response to

FIG 10 Legend (Continued)
responders. Statistical significance in panels C and D was determined by unpaired Student’s t test. ***, P � 0.001.
(G and H) At 28 dpi (35 dpv), CHIKV RNA in the contralateral (C.) ankle and the spleen was quantified by RT-qPCR.
Data were combined from 3 independent experiments. Statistical significance was determined by the Kruskal-
Wallis test with Dunn’s posttest. *, P � 0.05; ***, P � 0.001.
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ex vivo peptide restimulation (41, 91). Similar observations were made using CD8� T
cells from CHIKV-infected NHPs; however, as discussed above, the magnitude and
breadth of the CHIKV-specific CD8� T cell responses are diminished in aged NHPs that
develop persistent CHIKV infection (39). In vivo cytotoxicity is a hallmark of antigen-
specific CD8� T cells induced during acute viral infection and correlates with protection
against many virus infections (92–95). We found that both the joint-associated and
splenic antigen-specific CD8� T cells induced during CHIKV infection are cytolytic
against peptide-loaded splenocytes in vivo, suggesting that CD8� T cells have the
potential to control CHIKV infection via specific lysis of antigen-bearing target cells.
Collectively, these data indicate that the epitope-specific splenic and joint-associated
CD8� T cells induced during CHIKV infection have features of functionally competent
effector cells that should promote the control of infection.

Antigen-specific CD8� T cell priming during CHIKV infection. The mechanisms
by which infection with CHIKV or other alphaviruses prime CD8� T cell responses have
not been elucidated. In general, APCs prime CD8� T cells by proteolytically processing
endogenously synthesized (i.e., direct presentation) or exogenously acquired (i.e.,
cross-presentation) antigens to peptides that bind to MHC class I molecules (96). To
identify the cells and the pathways involved in priming CHIKV-specific CD8� T cell
responses, we analyzed these responses in Batf3�/� mice selectively deficient in DC1
cells, the primary DC subset that cross-presents antigen to CD8� T cells in mice (70).
Since other DC1 effector functions are impacted by the absence of these cells in
Batf3�/� mice, we also evaluated CHIKV-specific CD8� T cell responses in mice lacking
WDFY4, which is essential for the cross-presentation of antigens (74). Importantly,
Wdfy4�/� DC1 cells express normal levels of MHC class I at steady state and after
activation and can directly present antigen. In both CHIKV-infected Batf3�/� and
Wdfy4�/� mice, epitope-specific CD8� T cell responses were reduced in magnitude,
particularly in the spleen, suggesting that antigen cross-presentation by DC1 and
possibly other cells contributes to the priming of epitope-specific effector CD8� T cells
during CHIKV infection. However, epitope-specific CD8� T cell responses were not
eliminated in CHIKV-infected Batf3�/� or Wdfy4�/� mice, suggesting that other antigen
presentation mechanisms contribute to the generation and expansion of epitope-
specific effector CD8� T cells during CHIKV infection.

The CHIKV burden in joint-associated tissue is unaffected by the absence of
CD8� T cells or the presence of preexisting, activated effector CD8� T cells.
Despite the priming and expansion of effector CD8� T cells during CHIKV infection,
their accumulation in spleen and joint-associated tissues, and their apparently intact
effector functions, we found that the viral burden at these sites was equivalent in WT
and CD8��/� mice, which lack CD8� T cells and certain subsets of dendritic cells (97,
98), during both the acute and the chronic phases of infection. These findings are
consistent with those of other studies which reported indistinguishable viremia in
CHIKV-infected WT and CD8��/� mice and WT mice depleted of CD8� T cells (82),
further suggesting that CD8� T cells have remarkably little or no effect on the control
of CHIKV infection. The mechanism(s) by which CHIKV infection evades control by CD8�

T cells remains to be elucidated. In this study, we found that the antiviral activity of
CD8� T cells is required for the control of LCMV-Arm and LCMV-cl13 infection in the
spleen and joint-associated tissue following inoculation of mice via the same route with
a similar dose of virus, indicating that the lack of antiviral activity of CD8� T cells during
CHIKV infection is not due to the age of the mouse, the route of inoculation, or the
specific tissues evaluated. Although endogenously primed CD8� T cell responses
appear to be ineffective at controlling CHIKV infection, we found that the adoptive
transfer of antigen-specific CD8� T effector cells prior to CHIKV infection led to modest
viral clearance in joint-associated tissue and more robust clearance in lymphoid tissue.
Moreover, using a T cell-dependent immunization approach, we found that the expan-
sion of antigen-specific effector CD8� T cells in vivo prior to virus inoculation enhanced
the clearance of CHIKV infection in the spleen but not in joint-associated tissues.
Together, these data suggest that preexisting antigen-specific CD8� T cells elicit a more
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pronounced antiviral effect in lymphoid tissue than in joint-associated tissue. These
findings are similar to those of studies of RRV infection in mice, which found that CD8�

T cells contributed to the control of RRV infection in some tissues but failed to mediate
an antiviral effect in joint-associated tissues (44). Thus, our findings provide a founda-
tion for investigating the mechanisms by which CHIKV and other arthritogenic alpha-
viruses evade the CD8� T cell response in joint-associated tissues. This deficit could be
due to impaired antigen presentation by CHIKV-infected cells, such as dermal fibro-
blasts and skeletal muscle cells, which harbor persistent CHIKV infection (36); spatial
relationships between antigen-specific CD8� T cells and CHIKV-infected cells that limit
CD8� T cell killing; immunosuppressive microenvironments; or the acquisition of
escape mutations in dominant CD8� TCR epitopes.

MATERIALS AND METHODS
Ethics statement. This study was conducted in accordance with the recommendations in the Guide

for the Care and Use of Laboratory Animals (99) and the American Veterinary Medical Association (AVMA)
Guidelines for the Euthanasia of Animals (100). All animal experiments conducted at the University of
Colorado Anschutz Medical Campus were performed with the approval of the Institutional Animal Care
and Use Committee (IACUC) at the University of Colorado School of Medicine (assurance number
A3269-01) under protocols 00026 and 00215. Animal experiments conducted at Washington University
were approved by the IACUC at the Washington University School of Medicine (assurance number
A3381-01).

Cells. BHK-21 cells (ATCC CCL10) were grown in �-minimal essential medium (Life Technologies)
supplemented with 10% bovine calf serum (HyClone), 10% tryptose phosphate broth, penicillin, strep-
tomycin, and 0.29 mg/ml L-glutamine. Vero cells (ATCC CCL81) were grown in Dulbecco’s modified Eagle
medium (DMEM)–F-12 medium (Life Technologies) supplemented with 10% fetal bovine serum (FBS;
Lonza), nonessential amino acids (Life Technologies), sodium bicarbonate, penicillin, streptomycin, and
0.29 mg/ml L-glutamine.

Viruses. CHIKV AF15561 (CHIKV-AF) and the recombinant CHIKV-AF strain encoding immunodomi-
nant CD8 (SIINFEKL) and CD4 (ISQAVHAAHAEINEAGR) [CHIKV(OVA)-AF] T cell epitopes for ovalbumin
have been described previously (46). CHIKV(OVA)-AF with a single N-to-K amino acid substitution at
position 4 of the SIINFEKL epitope (SIIKFEKL) [CHIKV(OVA4K)-AF] was generated by site-directed mu-
tagenesis. The substitution of K for N at position 4 of the SIINFEKL epitope preserves peptide binding to
H-2Kb yet greatly diminishes the stimulation of CD8� T cells (80). Virus stocks were generated by
electroporation of BHK-21 cells with viral RNA transcribed in vitro from plasmid DNA templates as
described previously (46, 101). LCMV-Arm (clone 53b) and LCMV-cl13 stocks were propagated by a single
passage in BHK-21 cells. CHIKV infectious titers were determined by plaque assay on BHK-21 cells, and
LCMV titers were determined by plaque assay on Vero cells (42, 102). All work with infectious LCMV was
conducted under biosafety level 2 conditions, and work with infectious CHIKV was conducted under
biosafety level 3 conditions.

Mouse experiments. WT C57BL/6J mice (catalog number 000664), congenic CD8��/� mice
(B6.129S2-Cd8atm1Mak/J; catalog number 002665), congenic CD45.1� OT-I Tg� mice expressing the TCR
specific for the ovalbumin-derived H-2Kb-rescrited immunodominant CD8� TCR epitope SIINFEKL
[C57BL/6-Tg(TcraTcrb)1100Mjb/J; catalog number 003831], Batf3�/� mice [B6.129S(C)-Batf3tm1Kmm//J;
catalog number 013755], and Wdfy4�/� mice (C57BL/6NJ-Wdfy4em1(IMPC)J/J; catalog number 029334) mice
were acquired from The Jackson Laboratory and/or bred in specific-pathogen-free facilities at the
University of Colorado Anschutz Medical Campus or Washington University. For virus inoculation,
4-week-old male and female mice were injected subcutaneously in the left rear footpad with 103 PFU of
CHIKV or LCMV in a 10-�l volume. For standard LCMV infections, mice were inoculated with 2 � 105 PFU
of LCMV-Arm via the i.p. route or with 2 � 106 PFU of LCMV-cl13 via the i.v. route. For immunization
studies, mice were injected i.p. with 50 �g of polyinosinic-poly(C) [poly(I·C); catalog number P1530;
Sigma] and 50 �g of anti-mouse CD40 antibody (clone FGK4.5; catalog number BE0016-2; BioXcell) with
or without 0.5 mg of ovalbumin (vac-pova-25; Invivogen). Mice were euthanized by sedation with
isoflurane vapors followed by bilateral thoracotomy. Blood was collected, and mice were perfused by
intracardiac injection of 10 ml of PBS. PBS-perfused tissues were removed and homogenized in the TRIzol
reagent (Life Technologies) for RNA isolation or PBS–1% FBS for tissue homogenate using a MagNA Lyser
instrument (Roche).

Tissue processing for flow cytometry. Single-cell suspensions of splenocytes were generated by
dispersion through 100-�m-mesh-size nylon mesh cell strainers. Ankle tissues were incubated with glass
beads in digestion buffer (RPMI supplemented with 10% FBS, 2.5 mg/ml collagenase type I [Worthington
Biochemical], and 1.7 mg/ml DNase I [Roche]) with vigorous shaking at 37°C for 1.5 h. Following
digestion, the cells were filtered through a 100-�m-mesh-size nylon mesh cell strainer. Erythrocytes were
lysed by incubation with ammonium-chloride-potassium (ACK) red blood cell lysis buffer (spleen and
ankle tissue). Total viable cell numbers were enumerated by trypan blue exclusion.

Identification of CHIKV E1331 MHC class I restriction and generation of CHIKV E1331-specific
MHC class I tetramer. The C57BL/6 mouse-derived RMA-S lymphoma cell line, which is deficient in TAP2,
was used in an MHC class I stabilization assay (52). Briefly, RMA-S cells were cultured overnight at 27°C
to promote the accumulation of peptide-absent MHC class I H-2Db and H-2Kb molecules at the cell
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surface. RMA-S cells harboring empty H-2Db and H-2Kb were coincubated with immunodominant CD8�

T cell peptides at 10 �M for 5 h at 37°C. The peptides used were OVA257–264 (SIINFEKL; H-2Kb restricted),
LCMV NP396 – 404 (FQPQNGQFI; H-2Db restricted), LCMV GP33– 41 (KAVYNFATC; H-2Db and H-2Kb restricted),
and CHIKV E1331–339 (HSMTNAVTI; restriction unknown). LCMV and CHIKV peptides were acquired from
GenScript, and the OVA peptide was purchased from Invivogen. Next, peptide-mediated MHC class I
stabilization was quantified by staining RMA-S cells with anti-mouse H-2Db (clone 28-14-8) and H-2Kb

(clone AF6-14-8) antibodies while on ice. Cells were fixed in 1% paraformaldehyde (PFA) for 15 min, and
MHC class I stabilization was quantified by flow cytometry. H-2DbE1331 MHC class I tetramers were
generated by the NIH Tetramer Core Facility at Emory University.

Ex vivo peptide stimulation, degranulation assay, and cell staining procedures. Single-cell
suspensions from spleen or ankle tissue were stimulated ex vivo with the OVA257 peptide (SIINFEKL) or
the CHIKV CD8� T cell immunodominant epitope E1331 peptide (HSMTNAVTI) at 1 �M in the presence of
3 �g/ml of brefeldin A and 0.5 �g/ml of anti-mouse CD107a (catalog number 1D4B; BioLegend) for 5 h
at 37°C (46, 50, 64). Following stimulation, the cells were incubated with a fixable live/dead cell stain
(catalog number L34955; Invitrogen) and then incubated with anti-mouse Fc� receptor III (Fc�RIII)/Fc�RII
(93) for 20 min on ice in PBS supplemented with 1% FBS and 15 mM NaN3 (fluorescence-activated cells
sorting [FACS] buffer). The cells were then stained with fluorophore-conjugated antibodies against TCR�

(catalog number H57-597; BioLegend), B220 (catalog number RA3-6B2; BD Biosciences), CD8� (catalog
number 53-6.7; BioLegend), and CD45 (catalog number 30-F11; BioLegend) to delineate the CD8� T cells.
Following surface staining, the cells were fixed and permeabilized in a paraformaldehyde-saponin buffer
(4% PFA plus 1 mg/ml saponin and 1 mM HEPES, pH 7.3, in PBS) for 15 min at room temperature. The cells
were washed two times in saponin buffer (1 mg/ml saponin in FACS buffer) following fixation. For
intracellular cytokine staining, permeabilized cells were incubated with anti-IFN-� (catalog number
XMG1.2; BioLegend) and anti-TNF-� (catalog number MP6-XT22; BioLegend) antibodies in saponin buffer
for 45 min at room temperature. Following intracellular staining, the cells were washed three times in
saponin buffer.

To identify antigen-specific CD8� T cells using MHC class I tetramers, cells were stained with a
live/dead fixable viability dye and anti-mouse Fc�RIII/Fc�RII as described above. The cells were then
costained with KbOVA257 or KbE1331 tetramers in the presence of anti-mouse CD8� (catalog number
53-6.7; BioLegend) for 30 min at 37°C. The following remaining surface antibodies were added and the
mixture was incubated for an additional 20 min at 37°C: anti-mouse TCR� (clone H57-597; BioLegend),
CD3� (clone 145-2C11; BioLegend), B220 (clone RA3-6B2; BD Biosciences), CD44 (clone IM7; BioLegend),
CD45 (clone 30-F11; BioLegend), PD-1 (clone RMP1-30; BioLegend), Tim-3 (clone 5D12/Tim-3; BD
Biosciences), and Lag-3 (clone C9B7W; BD Biosciences). Subsequently, the cells were washed with PBS
three times and fixed in PBS containing 1% PFA for 15 min at room temperature. Samples were processed
on a BD Fortessa X-20 or a BD FACSCalibur flow cytometer.

In vivo cytotoxicity assay. Antigen-specific CD8� T cell cytotoxicity was quantified using an in vivo
assay adapted from published protocols (94, 103, 104). WT C57BL/6 mice were inoculated with 103 PFU
of CHIKV(OVA)-AF or 103 PFU of LCMV-Arm via s.c. inoculation in the foot or 2 � 105 PFU of LCMV-Arm
via i.p. injection. Target cells were prepared from naive WT C57BL/6 spleen cells by pulsing with either
OVA257 or GP33 at 1 �g/ml for 1 h at 37°C. Target cells were washed three times with PBS, differentially
labeled with CFSE (OVA257 at 0.25 �M, GP33 at 2.5 �M) for 10 min at 37°C, washed three times in RPMI
plus 10% FBS, and then mixed together at a ratio of 1:1 (OVA257/GP33). Mixing of the differentially labeled
cells was confirmed by flow cytometry prior to adoptive transfer. Target cells were adoptively transferred
i.v. (3 � 106 to 6 � 106 total cells, 1.5 � 106 to 3 � 106 cells of each target population) into mice
inoculated with CHIKV(OVA)-AF or LCMV-Arm (at 7 dpi). In some experiments, the target cells were
adoptively transferred via s.c. injection in the foot. At 24 h post-adoptive transfer, donor cells were
retrieved from the spleen of mice receiving target cells through i.v. transfer or from the left ankle of mice
receiving target cells through s.c. transfer, and the ratio of OVA257 to GP33 donor target cells was
quantified by flow cytometry. Specific lysis of target cells was determined using the calculation [1 – (ratio
of infected cells/ratio of mock-infected cells)] � 100, where the ratio is the quotient of target pulsed
donor cells to control pulsed donor cells.

Expansion of OT-I Tg� CD8� T effector cells and adoptive transfer. Splenocytes from OT-I Tg�

CD45.1 congenic mice were cocultured with OVA257-pulsed splenocytes from naive WT mice (1 �g
OVA257 peptide per 106 cells incubated at 37°C for 1 h) in RPMI plus 10% FBS supplemented with 50 �M
�-mercaptoethanol (�ME). After 2 days of coculture, fresh RPMI plus 10% FBS and �ME containing 10
U/ml recombinant mouse interleukin-2 (catalog number 212-12; PeproTech) was added. After 7 days,
expanded OT-I Tg� CD8� T cells were enriched from the debris and apoptotic cells by purification over
the Lympholyte-M reagent (catalog number CL5031; Cedarlane). Purified cells were confirmed to be OT-I
Tg� CD8� T cells by flow cytometry and adoptively transferred i.v. (107 cells per mouse) 2 h prior to virus
inoculation. As a control, 107 naive splenocytes were adoptively transferred i.v. to mice.

Quantification of viral RNA by RT-qPCR. For both CHIKV and LCMV RNA quantification assays,
tissue samples were homogenized in the TRIzol reagent (catalog number 15596018; Life Technologies)
and RNA was isolated using an Ambion PureLink RNA minikit (catalog number 12183025; Life Technol-
ogies). During RNA isolation, samples were subjected to an on-column DNase (catalog number 12185010;
Life Technologies) digestion to eliminate DNA contamination. cDNA was generated using random
primers and SuperScript IV reverse transcriptase (catalog number 18091050; Life Technologies).

Quantification of CHIKV genomes was performed as previously described (33, 105). Briefly, qPCR was
performed with CHIKV-specific forward (5=-TTTGCGTGCCACTCTGG-3=) and reverse (5=-CGGGTCACCACA
AAGTACAA-3=) primers and an internal TaqMan probe (5=-ACTTGCTTTGATCGCCTTGGTGAGA-3=). The
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total number of CHIKV genomes was extrapolated from a standard curve generated from samples
containing 108 to 100 copies of CHIKV genomic RNA spiked into RNA from BHK-21 cells, and cDNA was
synthesized in vitro under conditions identical to those for samples from tissues. Mock-infected tissues
and no-template reverse transcription reactions were included in each assay to ensure RT-qPCR speci-
ficity.

For quantification of LCMV RNA, we utilized a previously described assay with minor modifications
(106). Following the generation of cDNA as described above, qPCR was performed using LCMV
glycoprotein-specific forward (5=-CATTCACCTGGACTTTGTCA-3=) and reverse (5=-GCAACTGCTGTGTTCCC
GAAAC-3=) primers with an internal TaqMan probe (5=-TCCAGGTGGTTATTGCCTGACCAA-3=). An LCMV-
specific standard curve was generated as described above using RNA transcribed in vitro from a plasmid
containing the full-length LCMV glycoprotein sequence (pHCMV/LCMV-Arm53b; catalog number 15796;
AddGene). All qPCRs were performed using an Applied Biosystems QuantStudio (version 7) or ViiA
(version 7) analyzer.

Data analysis. All data processing, graphical representations, and statistical analyses were conducted
using GraphPad Prism (version 8.2) software. Graphical representations of all data are expressed as the mean
� the standard error of the mean (SEM), and statistical significance was determined using the tests indicated
in the figure legends. Variances in data were deemed significant with a P value of �0.05.
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