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An Essential Role of Antibodies in the Control of
Chikungunya Virus Infection

Fok-Moon Lum,*,†,1 Teck-Hui Teo,*,‡,1 Wendy W. L. Lee,*,‡ Yiu-Wing Kam,*

Laurent Rénia,*,2 and Lisa F. P. Ng*,†,2

In recent years, Chikungunya virus (CHIKV) was responsible for epidemic outbreaks in intertropical regions. Although acquired

immunity has been shown to be crucial during CHIKV infection in both humans and mice, their exact role in the control of CHIKV

infection remains unclear. In this study, wild-type (WT), CD42/2, and B cell (mMT) knockout mice were infected with CHIKV. Sera

were taken at different days postinfection and measured for anti-CHIKVAb levels. Isotype and neutralizing capacity of these Abs

were assessed in vitro, and specific linear epitopes were mapped. Viremia in CHIKV-infected mMT mice persisted for more than

a year, indicating a direct role for B cells in mediating CHIKV clearance. These animals exhibited a more severe disease than WT

mice during the acute phase. Characterization of CHIKV-specific Abs revealed that anti-CHIKV Abs were elicited early and

targeted epitopes mainly at the C terminus of the virus E2 glycoprotein. Furthermore, CD42/2 mice could still control CHIKV

infection despite having lower anti-CHIKVAb levels with reduced neutralizing capacity. Lastly, pre-existing natural Abs in the

sera of normal WT mice recognized CHIKV and were able to partially inhibit CHIKV. Taken together, natural and CHIKV

infection–induced specific Abs are essential for controlling CHIKV infections. The Journal of Immunology, 2013, 190: 6295–6302.

C
hikungunya virus (CHIKV) is an arthropod-borne alpha-
virus transmitted by Aedes mosquitoes, namely, A. aegypti
and A. albopictus (1). Infected patients experience develop-

ment of Chikungunya fever, characterized mainly by polyarthralgia
(2), febrile illness, maculopapular rashes, myalgia, headache, edema
of the extremities, and gastrointestinal complaints (3, 4). Patients
may also experience development of neurologic complications
and in some extreme cases, death has been reported (5, 6). Cur-
rently, CHIKV is endemic in Africa, India, and many parts of Asia
(7), with occasional sporadic outbreaks (8, 9). The lack of herd
immunity in countries surrounding these endemic areas presents

imminent risks for the spread of large-scale outbreaks. Hence,
CHIKV remains a public threat that should not be ignored.
Anti-CHIKV immunity is poorly understood, and most studies

have focused on innate immunity, particularly in elucidating the
roles of type I IFN and their related antiviral pathways (10–18).
Although these studies have demonstrated the importance of type I
IFNs in restricting virus replication during the acute phase of in-
fection, their effects are insufficient for the complete elimination
of virus in infected hosts. Moreover, CHIKV has been reported to
persist in the tissues and organs in animal model studies even after
viremia has subsided, and when levels of IFN-a/b have returned
to normal (10, 14, 19). Nevertheless, CHIKV in the organs was
shown to be eliminated progressively over time (20). Furthermore,
persistently high levels of viremia with no signs of joint inflam-
mation were observed in infected RAG22/2 mice that have no T
and B cells (20). These observations strongly suggest that adaptive
immunity has a crucial role in controlling and eliminating CHIKV
after the initial IFN-a/b and other innate immune responses have
subsided. It was further revealed that CD4+, but not CD8+, T cells
play a major role in mediating the severity of joint inflammation,
although both subsets have no role in the control of CHIKV
replication and dissemination (20). In addition, passive transfer
of anti-CHIKVAbs was able to clear CHIKV infection in mice
(21, 22). These observations indicated that Abs could be the main
effectors in anti-CHIKV immunity.
In this article, CHIKV infections in B cell–deficient (mMT) mice

(23) were investigated to clearly define the role of B cells in anti-
CHIKV immunity. We characterized the Ab response elicited dur-
ing the infection and demonstrated that the breadth of protective
Ab response is dependent on CD4+ T cells. Remarkably, we also
uncovered a role for natural Abs that are present in the sera of
uninfected mice to control early CHIKV infection.

Materials and Methods
Mice

Six-week-old female wild-type (WT), mMT, and CD42/2 C57BL/6J mice
were used. All mice were bred and kept under specific pathogen-free

*Singapore Immunology Network, Agency for Science, Technology and Research,
Biopolis, Singapore 138648; †Department of Biochemistry, Yong Loo Lin School of
Medicine, National University of Singapore, Singapore 117597; and ‡National Uni-
versity of Singapore Graduate School for Integrative Sciences and Engineering,
National University of Singapore, Singapore 117456

1F.-M.L. and T.-H.T. contributed equally to this work.

2L.R. and L.F.P.N. directed this work equally.

Received for publication January 31, 2013. Accepted for publication April 9, 2013.

This work was supported by the Singapore Immunology Network, Agency for Sci-
ence, Technology and Research. F.-M.L. is supported by a Yong Loo Lin School of
Medicine, National University of Singapore postgraduate scholarship. T.-H.T. is sup-
ported by an Agency for Science, Technology and Research postgraduate scholarship.
W.W.L.L. is supported by a National University of Singapore Graduate School for
Integrative Sciences and Engineering postgraduate scholarship.

The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Address correspondence and reprint requests to Prof. Lisa F.P. Ng or Prof. Laurent Renia,
Singapore Immunology Network, A*STAR, Immunos, #04-06, 8A Biomedical Grove,
Biopolis, 138648 Singapore (L.F.P.N.) or Singapore Immunology Network, A*STAR,
Immunos, #03-15, 8A Biomedical Grove, Biopolis, 138648 Singapore (L.R.). E-mail
addresses: lisa_ng@immunol.a-star.edu.sg (L.F.P.N.) or renia_laurent@immunol.a-star.
edu.sg (L.R.)

The online version of this article contains supplemental material.

Abbreviations used in this article: CHIKV, Chikungunya virus; dpi, days postinfec-
tion; PBST, PBS containing 0.05% Tween 20; PDB, Protein Data Bank; WT, wild-
type.

This article is distributed under The American Association of Immunologists, Inc.,
Reuse Terms and Conditions for Author Choice articles.

Copyright� 2013 by The American Association of Immunologists, Inc. 0022-1767/13/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1300304

mailto:lisa_ng@immunol.a-star.edu.sg
mailto:renia_laurent@immunol.a-star.edu.sg
mailto:renia_laurent@immunol.a-star.edu.sg
http://www.jimmunol.org/site/misc/authorchoice.xhtml


conditions in the Biological Resource Centre, Agency for Science, Tech-
nology and Research, Singapore. In all experiments, age- and sex-matched
WT and deficient mice were used. All experiments and procedures were
approved by the Institutional Animal Care and Use Committee (IACUC:
120714) of the Agency for Science, Technology and Research, Singapore,
in accordance with the guidelines of the Agri-Food and Veterinary Au-
thority and the National Advisory Committee for Laboratory Animal
Research of Singapore.

Virus

CHIKV SGP11 isolate, previously described (13), was used for all ex-
periments. Viruses were further propagated in C6/36 cells and purified by
ultracentrifugation (24) before in vivo infections. Virus titer was deter-
mined by standard plaque assays using Vero-E6 cells (13).

Virus infection and evaluation of disease

Mice were infected as previously described (18, 20, 24). Typically, 106

PFUs CHIKV SGP11 particles (in 50 ml PBS) were inoculated in the s.c.
region of the ventral side at the right hind footpad toward the ankle.
Viremia (assessed by viral RNA quantification) was monitored daily
starting from 24 h postinfection until 8 d postinfection (dpi), and subse-
quently at every alternate day until 38 dpi. Viremia was assessed again at
79 and 402 dpi. Joint swelling at the footpad was scored daily from 0 to 19
dpi (18, 20, 24).

Viral RNA extraction and quantification

Ten microliters blood was collected from the tail vein and diluted in 120 ml
PBS containing 10 ml citrate-phosphate-dextrose solution (Sigma-Aldrich).
Viral RNA was extracted with the QIAamp Viral RNA Kit (Qiagen) fol-
lowing manufacturer’s instructions. Viral RNA copies were quantified by
quantitative RT-PCR (18). Viral RNA copies were estimated from a stan-
dard curve generated using serial dilutions of CHIKV negative-sense nsP1
RNA transcripts as reported previously (22).

Ab quantification and isotyping

Ab titers were assessed by a virion-based ELISA (24–26). CHIKV-coated
(106 virions/well in 50 ml PBS) polystyrene 96-well MaxiSorp plates
(Nunc) were blocked with PBS containing 0.05% Tween 20 (PBST) and
5% w/v nonfat milk for 1.5 h at 37˚C. Sera from normal or infected groups
were heat inactivated and serially diluted in Ab diluent (0.05% PBST +
2.5% w/v nonfat milk). One hundred microliters of diluted sera was added
into each well and incubated for 1 h at 37˚C. HRP-conjugated goat anti-
mouse IgG, IgG1, IgG2b, IgG2c, IgG3, and IgM Abs were used. IgG2c
was tested instead of IgG2a because only the IgG2c gene is present in
C57BL/6 mice (27). Total IgG and IgM quantification assays were per-
formed using sera from respective animals diluted at 1:2000 and 1:100,
respectively. Pooled sera were used for IgG1, IgG2b, IgG2c, and IgG3
isotyping. All HRP-conjugated Abs were from Santa Cruz, except for IgG3
(Southern Biotech). ELISA assays were developed by TMB substrate

FIGURE 1. B cells mediate virus clearance and

disease pathology in CHIKV infection. (A) Viremia

and (B) joint swelling observed in both mMT (n =

6) and WT mice (n = 5). (C) Total CHIKV-specific

IgG and IgM in pooled sera of WT infected mice (n =

3–5) at 2, 4, 6, and 9 dpi in replicates of four. (D)

Total CHIKV-specific IgG and IgM Abs were mea-

sured in WT mice (n = 5) at 3, 15, and 26 dpi. (E)

Total CHIKV-specific IgG and IgM in pooled sera of

naive (n = 5) and WT infected mice (n = 5) at 402

dpi. This assay was done in quadruplicates. All IgM

and IgG titers were determined at 1:100 and 1:2000

dilutions, respectively. (F) Pooled sera from CHIKV-

infected WT mice (n = 5) were neutralizing against

CHIKV infection. Percentage infectivity was nor-

malized against virus-infected samples. All data are

presented as mean 6 SD. *p , 0.05, **p , 0.01,

***p , 0.005 by Mann–Whitney U, one-tailed test.
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(Sigma-Aldrich) and terminated by Stop reagent (Sigma-Aldrich). Absor-
bance was measured at 450 nm. CHIKV-specific Ab isotypes are expressed
as Ab titer that is defined as the lowest dilution required for a detectable
signal above control naive pooled sera.

Detection of CHIKV-specific natural Abs

CHIKV-specific naturally occurring Abs from naive mice sera were as-
sessed by Western blot, immunofluorescence (Supplemental Fig. 1), and
virion-based ELISA assays (24–26). CHIKV-coated (106 virions/well in 50
ml PBS) polystyrene 96-well MaxiSorp plates (Nunc) were blocked with
PBST and 5% w/v nonfat milk for 1.5 h at 37˚C. Sera from WT or mMT
mice were heat-inactivated and serially diluted in Ab diluent (0.05%
PBST + 2.5% w/v nonfat milk). One hundred microliters of diluted sera
was added into each well and incubated for 1 h at 37˚C. HRP-conjugated
goat anti-mouse IgG (Santa Cruz) and IgM (Santa Cruz) were used. ELISA
assays were developed by TMB substrate (Sigma-Aldrich) and terminated
by Stop reagent (Sigma-Aldrich). Absorbance was measured at 450 nm,
and Ab titers were determined by detectable signals above the mean
background signal + 3 SD.

Sero-neutralization assay

Neutralizing activity of Abs was tested in a fluorescence-based cell infection
assay in HEK293T cells as described previously (24–26). In brief, CHIKV
was incubated with diluted heat-inactivated mouse sera at a multiplicity of
infection of 10 for 2 h at 37˚C with gentle agitation (350 rpm). Virus–Ab
mixtures were then added to HEK293T cells seeded in a 96-well plate (104

cells/well) and incubated for another 1.5 h at 37˚C. Virus–Ab overlays
were subsequently removed and fresh DMEM medium supplemented with
5% FBS was replenished. Cells were incubated for 6 h at 37˚C before
fixation with 4% paraformaldehyde followed by immunofluorescence stain-
ing and quantification using the Cellomics ArrayScan V (Thermo Fisher
Scientific, Waltham, MA). Percentage of infectivity was calculated according
to this equation: % Infectivity = 1003 (% responder from sero-neutralization
group/% responder from virus infection group). All data presented are
representative of two independent experiments with similar results.

Epitope determination and structural localization

Peptide-based ELISA was performed using heat-inactivated pooled sera
from infected mice to screen for B cell epitopes using overlapping synthetic
18-mer biotinylated-peptides (Mimotopes) (24, 25). Streptavidin-coated
96-well plates (Nunc) were blocked with 1% w/v sodium caseinate (Sigma-
Aldrich) in 0.1% PBST for 1 h at room temperature. Peptides were dis-
solved in DMSO (15 mg/ml), diluted 1:1000 in 0.1% PBST, and coated
onto the plates (100 ml/well). Heat-inactivated pooled sera were diluted
1:500 in 0.1% PBST and 100 ml diluted sera were added into each well and
incubated for 1 h at 37˚C. HRP-conjugated goat anti-mouse IgG Abs
(Santa Cruz) diluted 1:10,000 in Ab diluent were used to detect the bound
Abs. Reactions were developed and absorbance was measured accordingly.
Pools of five peptides were first used for initial screening. Positive peptide
pools were determined as absorbance values greater than mean 6 6 SD
values. Peptides from positive pools were then screened individually, and
those with absorbance values greater than mean 6 6 SD of the noninfected
controls were plotted. Results were expressed as percentage of Ab rec-
ognition within the CHIKV structural proteome.

Computational modeling

Structural data of the E1, E2, and E3 glycoproteins were retrieved from
Protein Data Bank (PDB) (ID: 3N42) and visualized using the UCSF
CHIMERA software (28). Structures of Capsid sequences were predicted
using individual I-TASSER queries (29) and visualized using UCSF
CHIMERA software.

Statistical analysis

Data are presented as mean 6 SD. Differences between groups and con-
trols were analyzed using Mann–Whitney U test. Statistics were performed
with GraphPad Prism 5.04.

Results
B cells and Abs are essential for the control of CHIKV infection

CHIKV was inoculated at the joint footpad of WT and mMT mice
to test for the role of B cells and Abs (23). In WT mice, CHIKV
infection developed very rapidly, with high levels of viral RNA
detected in the circulation at 2 dpi. It was observed that CHIKV
infection peaked at 2 dpi and cleared by 10 dpi (Fig. 1A). In

contrast, viremia developed more rapidly in mMT mice, reaching
a peak of infection with viral load 3 logs higher than that of WT
mice (Fig. 1A). After a strong reduction in CHIKV replication,
infection became chronic with high levels of viral RNA copies
still detectable at 79 dpi (Fig. 1A). Furthermore, viral RNA of
2.75 3 105 copies/ml could still be detected in one of the six
infected mMT mice that survived up to 402 dpi (data not shown).
The increase in viremia and the prolonged presence of CHIKV in
the blood circulation might play a role in the exacerbated disease
severity observed in the joint footpad of mMT mice during the
peak of the acute phase (Fig. 1B). These observations clearly
demonstrated that B cells and Abs are necessary for the control of
viral replication.
To further characterize the role of Abs induced by CHIKV

infection, we quantified CHIKV-specific Ab responses using a
CHIKV virion-based ELISA (26). Anti-CHIKVAb responses were
followed through different disease phases: the acute phase (5–10
dpi when joint swelling is prominent; Fig. 1C), the convalescent
to early chronic phase (11–30 dpi; Fig. 1D), and the late chronic
phase (30 dpi onward; Fig. 1E). Total IgG and IgM were first
tested in pooled sera from five CHIKV-infected mice at 2, 4, 6,

FIGURE 2. Presence of natural Abs against CHIKV in the serum of

naive WT mice. Presence of naturally occurring Abs against CHIKV is

found in the sera of naive WT mice (n = 5), and these Abs can be of either

(A) IgM or (B) IgG. Presence of natural Abs against CHIKV was deter-

mined by detectable signals above the mean background signal + 3 SD

(dotted lines). (C) Pooled sera from naive WT mice (n = 5) were neu-

tralizing against CHIKV infection in an in vitro neutralization assay.

Percentage infectivity was normalized to sera isolated from mMTmice. All

data are presented as mean 6 SD. *p , 0.05, **p , 0.01, ***p , 0.005

by Mann–Whitney U or unpaired t test, one-tailed test.
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and 9 dpi (Fig. 1C). CHIKV-specific IgM was detected as early as
2 dpi, and production peaked at 6 dpi, before declining (Fig. 1C).
Contrary to IgM, CHIKV-specific IgG was detected starting at
6 dpi, and their levels increased substantially and remained con-
stant even after CHIKV has been cleared from the circulation (Fig.
1D). Interestingly, both IgG and IgM could still be detected up to
402 dpi at a level 2- to 3-fold lower than the peak (Fig. 1E). Sera
taken at 15 dpi showed potent neutralizing activity against CHIKV
infection in an in vitro cell-based assay, with .60% reduction in
infectivity (p , 0.005) at different dilutions (Fig. 1F).
By comparing the viral kinetics, it was observed that at 1 dpi,

mMT mice already had a significantly higher viral load than the
WT mice (Fig. 1A). Moreover, IgM production is normally ob-
served only after 24 h even with strong polyclonal activation (30).
Therefore, the difference in viral load observed in this study be-
tween the WT and mMT mice is not due to the IgM induced by the
infection. One possible explanation is the presence of natural Abs
in the sera of naive WT animals that cross-reacted with CHIKV as
seen in other viral infections (30). To test this hypothesis, we
assayed low serial dilutions of sera collected from naive WT and
mMT mice in the same CHIKV virion-based ELISA system for

IgM (Fig. 2A) and IgG quantification (Fig. 2B). WT mice, but not
mMT mice, had very low levels of IgM detected. However, these
Abs failed to detect CHIKV by both immunofluorescence and
Western blot assays (Supplemental Fig. 1). Nevertheless, these Abs
were neutralizing as sera from WT mice diluted at 1:20 were able
to reduce CHIKV infection significantly by ∼40% when compared
with sera from naive mMT mice (p , 0.05; Fig. 2C).

Isotype profile of anti-CHIKV Abs

Isotyping of CHIKV-specific Abs from pooled sera collected
during the early convalescent phase of 15 dpi from WT mice
revealed that the major isotype was IgG2c (Fig. 3A). This ob-
servation supports earlier reports that IgG2c is the major class of
anti-CHIKV Abs present in CHIKV-infected mice (10). Because
IgG2c production is driven mainly by IFN-g (31), a cytokine that
is induced during CHIKV infection in mice (10, 20), we went on
to determine the isotype profile of IgG in IFN-g–deficient mice at
15 dpi (Fig. 3B). In contrast, a modest reduction in total IgG titer,
and notably only in IgG2c, was observed in these animals, sug-
gesting that IFN-g is not the main driver of isotype selection
during CHIKV infection in mice.

FIGURE 3. CD4+ T cell CHIKV-spe-

cific Abs (IgG). Isotype IgG2c is the

dominant isotype of CHIKV-specific IgG

Abs in pooled sera from (A) CD42/2

mice (n = 5) and from (B) IFN-g2/2mice

(n = 5) collected at 15 dpi. Pooled sera

fromWTmice (n = 5) were also isotyped

in parallel. Production of (C) CHIKV-

specific IgG Abs and (D) CHIKV-spe-

cific IgM Abs was significantly reduced

in CD42/2 mice (n = 5). (E) Pooled sera

from animals diluted 1:500 in serum-free

DMEMmedium were neutralizing against

CHIKV, with the neutralizing capacity of

the WT sera being significantly stronger.

Percentage infectivity was normalized

against virus-infected samples. CHIKV-

specific Ab isotypes are expressed as Ab

titer that is defined as the lowest dilution

required for a detectable signal above

control naive pooled sera. All data are

presented as mean 6 SD. *p , 0.05,

***p , 0.005 by Mann–Whitney U test.
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CD4+ T cells promote a stronger production of CHIKV-specific
Abs

We have previously shown that in the absence of CD4+ T cells,
CHIKV viremia was still resolved in mice (20). This observation
was surprising because CD4+ T cells are important for Ab pro-
duction (32, 33). To determine whether neutralizing Abs were
produced in the absence of CD4+ T cells, we infected CD42/2

mice with CHIKV. Clearly, anti-CHIKV IgG and IgM Abs were
still being produced (Fig. 3C, 3D), albeit at a significantly lower
titer (p , 0.05) when compared with WT animals. Furthermore,
IgG isotyping of the sera from CHIKV-infected CD42/2 mice
showed reduced levels of IgG2c, IgG1, and IgG2b Abs at 15 dpi
(Fig. 3A). Despite the reduced titers, these Abs were still neu-
tralizing (∼40% reduction; p , 0.005) against CHIKV infection,
although with less efficiency than the Abs from WT animals (p ,
0.005; Fig. 3E).

B cell linear epitopes by anti-CHIKV Abs

To identify linear epitopes recognized by anti-CHIKVAbs, peptide-
based ELISA assays using a peptide library (Mimotopes) con-
sisting of 18-mer overlapping, biotinylated peptides covering the
whole CHIKV structural proteome (24, 25) were performed with
pooled sera using an optimized serum dilution of 1:500. Pep-
tides were screened individually, and those with an absorbance
greater than the mean 6 6 SD of the noninfected controls are
presented (Fig. 4A, 4B). CHIKV-specific sera from CHIKV-
infected WT animals recognized 28 different epitope-containing
peptides: 4 in Capsid, 4 in E1, 19 in E2, and 1 in E3 glycoproteins
(Fig. 4A). No recognizable linear epitopes were found in the 6K
protein. Most of these CHIKV-specific Abs detected epitopes lo-
calized in the E2 glycoprotein, which concord to previous inves-
tigations with CHIKV-infected patients’ plasma (Fig. 4C) (24, 25).
However, the prominent epitope-containing peptides identified

were P399 and P400, followed by P351, P382, and P391 in the
E2 glycoprotein (Fig. 4A, 4B). It is interesting to note that P351
contain part of the linear “E2EP3” peptide previously reported to

FIGURE 4. Mapping of CHIKV B cell epitopes within the CHIKV structural proteome with CHIKV-infected mice sera. Pooled sera at 15 dpi from

CHIKV-infected (A) WT mice (n = 5) and (B) CD42/2 mice (n = 5) were screened. Peptides plotted are significantly above the mean 6 6 SD values of the

noninfected sera. Sera from noninfected mice were used as negative controls. (C) Regions of identified B cell epitopes from mouse and human CHIKV-

specific Abs. The numbers correspond to the position of the amino acid of the identified peptides along the CHIKV viral genome. E2EP3 peptide is

highlighted in red. Percentage of Ab recognition was calculated according to this equation: % Ab recognition = 100 3 (OD values from individual peptide

group/sum of OD values from all peptide groups). All data are presented as mean 6 SD. *p , 0.05 by Mann–Whitney U, two-tailed test.

Table I. Annotation of the individual peptides for mapping of CHIKV
B cell epitopes within the CHIKV structural proteome

Viral Ags Peptide Annotation Polypeptide Sequencea

Capsid P317 2529–2546
P321 2561–2578
P322 2569–2586
P342 2729–2746

E3 P349 2785–2799
E2 P350 2800–2810

P351 2801–2818
P367 2929–2946
P368 2937–2954
P374 2985–3002
P379 3025–3042
P380 3033–3050
P381 3041–3058
P382 3049–3066
P383 3057–3074
P384 3065–3081
P388 3097–3114
P389 3105–3122
P390 3113–3130
P391 3121–3138
P392 3129–3146
P398 3177–3194
P399 3185–3202
P400 3193–3210

E1 P420 3353–3370
P421 3361–3378
P437 3489–3506
P440 3513–3530

aThe numbers correspond to the amino acid positions along the CHIKV viral
genome. The first amino acid from nsP1 is annotated as 1.
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be a major epitope recognized by plasma samples obtained from
both CHIKV-infected human patients and macaques (24, 25).
When E2EP3 was tested, it was also strongly recognized (Fig.
4B). P399 and P400, which are located at the C terminus of the E2
glycoprotein, had the strongest detection signal (.12% total IgG
Abs when results were expressed as percentage of Ab recognition
for the entire CHIKV structural proteome; percentage Ab recog-
nition is defined as the percentage of total anti-CHIKV IgG specific
for a particular peptide). In contrast, sera from CHIKV-infected
CD42/2 mice recognized only four epitope-containing peptides
within the E2 glycoprotein (P379, P398, P399, and E2EP3; Fig.
4B). Annotation and the precise location of the individual epitope-
containing peptides recognized by the anti-CHIKV Abs are illus-
trated in Table I. Positions of the amino acid sequences recognized
by mouse Abs within the CHIKV structural proteins are illustrated
(Fig. 4C). Epitopes identified from CHIKV-infected human patients’
plasma (24, 25) are also illustrated for comparative purposes (Fig.
4C, Table II). Position of the E2EP3 peptide (polypeptide sequence
2800–2818) is highlighted in red (Fig. 4C).
Linear epitope-containing sequences were next mapped onto

predicted three-dimensional structures of the Capsid proteins (Fig.
5A) or available crystal structures of the E3 (Fig. 5B), E2 (Fig.
5C), and E1 (Fig. 5D) glycoproteins (PDB no. 3N42).

Discussion
In this study, we demonstrated the functional roles of B cells and
Abs in a mouse model of CHIKV infection. Upon CHIKV in-
fection, mice usually display a bimodal phase of joint inflamma-
tion, with the shorter and less severe phase observed at 2 dpi,
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FIGURE 5. Localization of identified CHIKV B cell epitopes within

CHIKV structural proteome. Schematic representation of identified B cell

epitopes in (A) Capsid, (B) E3, (C) E2, and (D) E1 proteins. Epitopes in the

E3, E2, and E1 proteins were located based on the structural data obtained

from PDB records: 3N42. Epitopes in the Capsid protein were located

based on the structures predicted via the I-TASSER server. Number cor-

responds to the position of the amino acid of the identified peptides along

the CHIKV viral genome. All representations are shown in frontal view

except for the E1 glycoprotein peptides, and peptides 2729–2746 of capsid

protein, which are shown in the back view.
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whereas the longer and more severe phase was observed during the
peak of the acute phase at 5–6 dpi (10, 20). We have previously
identified CD4+ T cells as the major effector for maximal joint
inflammation during the peak of the acute phase, but not in viral
clearance (20). In WT mice, CHIKV infection induced the pro-
duction of anti-CHIKV Abs that led to the rapid clearance of
CHIKV and resulted in less severe joint inflammation during the
peak of the acute phase, when compared with mMT mice. Anti-
CHIKVAbs persisted for a long time. Interestingly, IgM could be
detected for more than a year postinfection. Unusual long-term
persistence for IgM was also reported in CHIKV patients (34). We
also demonstrated that IgM Abs that are able to recognize CHIKV
are present in the sera of naive WT mice. These Abs likely rec-
ognize conformational epitopes (25) because reactivity to CHIKV
proteins was not detected by Western blot or by immunofluores-
cence. Natural Abs of IgM, IgG, and IgA isotypes were previously
shown to be present both in human subjects (35, 36) and in mice
(35). They were shown to be capable of providing early protection
and controlling dissemination of infectious pathogens via direct
neutralization, activation of the complement system, as well as
enhancing the immune responses in secondary lymphoid organs
(37). Our data clearly suggest that these natural Abs are neutral-
izing against CHIKV and control viral replication in CHIKV-
infected animals during the early phase of infection. Studies are
under way to determine whether such Abs exist in naive human
populations.
We have recently demonstrated in CD42/2 mice that viremia

was cleared as efficiently as in WT mice (20). This was surprising
because CD4+ Th cells interact with B cells to enhance Ab pro-
duction, induce class switching, and promote affinity maturation
(32, 33). Therefore, in this study, we sought to characterize the
specific anti-CHIKV Ab response in both WT and CD42/2 mice.
Interestingly, we observed that both CHIKV-specific total IgG and
IgM were significantly reduced in infected CD42/2 mice. Despite
this significant difference in Ab levels, sera from both groups were
capable of reducing CHIKV infectivity in in vitro neutralization
assays, although sera from CD42/2 mice exhibited a reduced
neutralizing capacity. This led to the conclusion that CD4+ T cells
control the breadth of Ab response, but nevertheless in their ab-
sence, anti-CHIKV Abs against the E2 glycoprotein are still in-
duced and are important in the antiviral protection during CHIKV
primary infection. In fact, we have shown that anti-CHIKV Abs
from infected CD42/2 mice, targeting just four epitope-containing
regions of the E2 glycoprotein, were able to fully protect against
CHIKV infection as efficiently as the WT mice, suggesting that
these epitope-containing regions are major targets of CD4+ T cell–
independent protective Ab responses. Nevertheless, it is plausible
that CD4+ T cells could still be required for the long-term per-
sistence of anti-CHIKV Abs. In addition, the limited influence of
CD4+ T cells in the development of protective anti-CHIKV Abs
could explain why CHIKV infections are not more frequent or
severe in regions where CHIKV and HIV coinfection occurs (38–
43). Several CHIKVendemic regions are found in areas where HIV
transmissions are prevalent, such as India and the sub-Saharan
African nations (38–42). Furthermore, HIV/CHIKV coinfections
have been previously reported in northern Tanzania (43). The res-
olution of CHIKV infection in CD42/2 mice would strongly imply
that HIV patients with low CD4+ T cell counts (44) could still
resolve CHIKV infection effectively.
Previous studies have shown that CHIKV-specific CD4+ T cells

were induced by CHIKV infection, and the specific CD4+ T cells
were the major producers of IFN-g (20). Th1 cells have been
shown to skew the production of IgG2c Abs by B cells through
their production of IFN-g (31). However, this does not apply to

CHIKV infection as we have shown that CHIKV-specific IgG2c
Abs were only marginally reduced in IFN-g2/2 mice at 15 dpi.
This finding suggests that other alternative IFN-g–independent
pathways are responsible for IgG2c production and will warrant
further studies to decipher the mechanism.
The demonstration of an essential role for B cells and Abs in

controlling CHIKV infection together with the identification of
B cell epitopes recognized by protective Abs further advocate the
mouse model as an important preclinical tool for diagnosis and
vaccine development.
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