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Abstract. Chikungunya fever (CHIKF) is amajor public health concern and is caused by chikungunya virus (CHIKV). In
2005, the viruswas reintroduced into India, resulting inmassive outbreaks in several parts of the country. During 2010 and
2016 outbreaks, we recruited 588 patients from a tertiary care hospital in New Delhi, India, during the acute phase of
CHIKF; collected their blood and clinical data; and determined their arthralgic status 12 weeks post-onset of fever. We
evaluated IgM/IgGCHIKV-binding antibodies and their neutralizing capacity, sequenced complete genomesof 21CHIKV
strains, and correlated mutations with patient sequelae status. We also performed infections in murine models using
representative strains from each outbreak to evaluate differences in pathogenesis. Our screening and analysis revealed
that patients of the 2016 outbreak developed earlier IgM and neutralizing antibody responses that were negatively
correlated with sequelae, compared with 2010 patients. Mutations that correlated with human disease progression were
also correlated with enhanced murine virulence and pathogenesis. Overall, our study suggests that the development of
early neutralizing antibodies and sequence variation in clinical isolates are predictors of human sequelae.

INTRODUCTION

Chikungunya fever (CHIKF) is a viral illness characterized by
acute fever coupled with incapacitating, often chronic, ar-
thralgia. Although the fever subsides in 7–10 days, the joint
pain varies in intensity and can persist from 3months to more
than 2 years postinfection (reviewed in ref 1). Before 2005,
CHIKF disease manifestations were poorly characterized and
clinical features were characterized mainly based on reports
documented in the 1970s.2 Since 2005, the etiologic agent,
chikungunya virus (CHIKV), has spread and devastated mil-
lions throughout the Indian Ocean islands, Europe, India,3–5

and other parts of Asia, and more recently, the South Pacific
region and Americas (reviewed in ref 6–8).
Chikungunya virus was endemic in India at least since

1958 and probably caused periodic outbreaksmuch earlier,9

causing epidemics every two to three decades10–12 with
relatively few cases reported during interepidemic periods.
The first Indian outbreakwasdocumented in 1963 inCalcutta
(now Kolkata),13 followed by epidemics in Tamil Nadu,
Andhra Pradesh, and Maharashtra14,15; the last outbreak
during the twentieth century was recorded in Maharashtra in
1973.16 Then, India again experienced major outbreaks from
2005 to 2010.17–20 After 2010, the country experienced a
drastic decline in the number of reported cases,20,21 raising
the question of whether this infection was at the end of its
transmission wave in India. However, in 2016, India reeled
under a massive outbreak, with 64,057 cases confirmed
across the country.20

We conducted a prospective study to investigate the evo-
lution of CHIKV in India since 2010. As part of this study, we
previously performed a detailed analysis of the clinical, sero-
logical, and virological aspects of CHIKF in patients between
2010 and 2013.11 Clinical aspects of the CHIKF outbreak in

2016 have also been recently reported.12 During the analysis
of the samples from the 2016 outbreak, we were intrigued by
the distinctions in disease outcomes between 2010 and 2016
outbreaks.
To study these putative differences between the 2010 and

2016 outbreaks in greater detail, we conducted detailed, com-
parative analyses of the viremia, antibody development, neu-
tralizationpatterns, andsequelae intensities.Wealsosequenced
the complete genomes of several isolates collected during each
outbreak and identified sequence variants that correlated with
disease outcome. We then compared the pathogenesis of the
2010–2016 outbreak viruses in type I interferon receptor–
deficient (A129) and immunocompetent C57BL/6J mice.
Our results demonstrate distinctive features in the neutral-

ization patterns of human antibodies induced during the two
outbreaks, whichmay have implications for pathogenesis.We
also detected a correlation between strain-specific mutations
and sequelae. Finally, pathogenicity studies using mouse
models revealed a strain-dependent pattern in virulence.

MATERIALS AND METHODS

Study site. A prospective study to evaluate the evolution of
CHIKV in India was conducted in New Delhi (28.6139�N,
77.2090�E). Samples were collected at the Vardhman Mahavir
Medical College and Safdarjung Hospital (VMMC and SH), a
teaching institution and amultispecialty hospital with 1,600 beds
that serves as a referral hospital during outbreak situations.
Study design, participants, and clinical assessment.

Samples were collected from a cohort of patients with
laboratory-confirmed acute CHIKF, who sought care at the
hospital during the 2010 and 2016 outbreaks during the pro-
spective study.11,12 Confirmation of all recruited patients in
various wards and outpatient departments was carried out on
the basis of qualitative IgM ELISA and reverse transcription
polymerase chain reaction (RT-PCR) for patient sera collected
until day 5 post-onset of fever. Medical histories, including
signs and symptoms, and laboratory findings during the acute
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phase of illness were documented in the clinical report form
(CRF) used for downstream analyses. Wherever possible, a
follow-upwas performed12weeks after the acute episodeby a
qualified rheumatologist, andavisual analoguescore (VAS)was
assigned on a scale of 1–10 on the basis of questions related to
the intensity of pain posed to the patients. Once confirmed and
recruited, the patient sera were transferred to the laboratory for
semiquantitative IgM and IgG analysis along with their neu-
tralizing capacities, and Detection of CHIKV by reverse
transcription–quantitative polymerase chain reaction (RT-
qPCR) and further experiments is as detailed in Figure 1.
Semiquantitative detection of CHIKV-specific IgM and

IgG antibodies in patient sera samples using indirect
ELISA. To detect midpoint and endpoint titers of anti-CHIKV
IgG and IgM antibodies, indirect ELISA using purified, inacti-
vated CHIKV as antigen was performed as previously report-
ed.11 Briefly, purifiedCHIKVwas coated ontomicrotiter plates
and left undisturbed overnight at 4�C. Post-blocking, 2-fold
serially diluted patient sera, starting at 1:100, were incubated
at room temperature for 2 hours. After washing, the plates
were developed using antihuman IgM–horseradish peroxi-
dase (HRP) (Cat No: A4290; Sigma-Aldrich) and antihuman
IgG–HRP antibodies (Cat No: AP113P; Sigma-Aldrich, St.
Louis, MO) followed by TMB (Cat No: T0440; Sigma-Aldrich)
as the substrate. The assaywas terminated by a stop solution.
Previously, well-characterized samples with neutralizing an-
tibodies to CHIKV were pooled and used as a positive control
to obtain a linear curve for absorbance and dilution.
Plaque reduction neutralization test (PRNT). The neu-

tralization capacity of sera from confirmed CHIKF patients
was analyzed by PRNTs on Vero cells using standard proto-
cols.11 The CHIKV strain used in the assay belongs to the

ECSA (Indian Ocean Lineage) genotype. Briefly, sera were di-
luted 1:50, mixed with 50 plaque-forming units (PFU) of CHIKV,
then 2-fold serially diluted in 5%completeDulbecco’sModified
Eagle Medium (DMEM), and incubated at 37�C. Sixty minutes
after additionof thevirus/serummix toVerocellmonolayers, the
cellswereoverlaidwith2%carboxymethyl celluloseprepared in
10% complete DMEM. After incubation for 36 hours, the cells
were washed and fixed with 4% paraformaldehyde, and visu-
alized plaques were counted. Results were interpreted using
GraphPad Prism 6, and PRNT endpoint titers were expressed
as the reciprocal value of themaximum serum dilution inducing
a 50% reduction (PRNT50) in plaque counts.
Reverse transcription–quantitative polymerase chain

reaction detection of CHIKV viral RNA (vRNA). Viral RNA
was isolated directly from patient sera using the High Pure
Viral Nucleic Acid kit (Product No: 11858874001; Roche,
Mannheim, Germany) according to the manufacturer’s in-
structions. Viral RNA samples were screened by RT-qPCR
(QuantiTect SYBR® Green RT-PCR Kit [Cat No: 204243;
Qiagen, Hilden, Germany]) for CHIKV using previously de-
scribed primers.19 Laboratory-generated CHIKV was used to
extrapolate virus titers using a standard curve.
Illumina sequencing. Viral RNA fragmentation, first and

second strand synthesis and amplification, cluster formation,
and paired-end 50-base sequencing on an Illumina HiSeq
1000 system were performed as previously described.22

Briefly, for samples with low threshold cycle (Ct) values (lesser
than 20) in RT-qPCR assays, vRNA was fragmented by in-
cubation at 94�C for eight minutes in 19.5 μL of fragmentation
buffer (Illumina Inc., San Diego, CA). First and second strand
synthesis, adapter ligation, and amplification of the library
were performed using the Illumina TruSeq RNA Sample
Preparation Kit v2 under conditions prescribed by the manu-
facturer (Illumina Inc.). Cluster formation of the library DNA
templates was performed using the TruSeq PE Cluster Kit v3
(Illumina Inc., San Diego, CA) and the Illumina cBot worksta-
tion using conditions recommended by the manufacturer.
Paired-end 50-base sequencing by synthesis was performed
using TruSeq SBS Kit v3 (Illumina Inc.) on an Illumina HiSeq
1000 system using protocols defined by the manufacturer.
Cluster density per lane was 820–940 k/mm2, and post-filter
reads ranged from 148 to 218 million per lane.
Sequence analysis. To assemble complete genomic se-

quences, we first assessed the quality of the paired-end reads
using FastQC; lowbase-quality endswere trimmedusing Trim
Galore version 0.4.4. The remaining paired-end reads were
aligned to an Indian strain isolated during an outbreak in 2009
(accession no. KJ796844), using BWA version 0.7.12 and
default parameters. The single nucleotide polymorphism
(SNP) variants were identified using bcftools version 0.1.19 23

and GATK HaplotypeCaller version 3.1.1. 24 The complete
pipeline used to perform the sequence and variant analyses is
presented in Supplemental Figure 1. Variants were visualized
using Circos to facilitate the identification and analysis of
similarities and differences in genome comparisons.25 Fur-
thermore, hierarchical clustering was performed using the
hclust package in R-Bioconductor statistical packages.26

In vivo pathogenesis. Viruses were passaged once in C6/
36 cells (ATCC®CRL-1660) for 72 hours to amplify the viruses
and purified using the PEG purification method. Five-week-
old C57/B6J (n = 8) and 8-week-old A129 (interferon type I
receptor–deficient; n = 5 or 6) mice were inoculated

FIGURE 1. Study design. Study design, inclusive of stepwise num-
ber of samplesavailable and tests performedon these samples. VAS=
visual analogue score.
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intradermally in the footpad with a 10-μL inoculum containing
104 PFU of CHIKV strains representative of the 2010 and 2016
outbreaks, and well-characterized strains from all major
CHIKV genotypes: West African (strain SH2380), East/
Central/South African (strain La Reunion), and Asian/
American (strain 99659). In a pilot study, doses in the range
of 102–106 PFUwere tested to determine which strain caused
disease in C57BL/6J mice by monitoring for signs including
body weight, morbidity, and footpad thickness. Every third
day, changes in footpad thickness andmorbidity according to
the Morton and Griffiths scale27 were recoded as a surrogate
for arthritis, the most differentiating feature of CHIKF. In a
second study, Indian outbreak CHIKV strains were compared
in 8-week-old C57/B6J mice at a dose of 106 PFU. Body
weight and footpad thickness were measured daily for
14 days, and mice were bled on alternate days for the first
4 days post-challenge to measure viremia. C57/B6J mice
were purchased from the Jackson Laboratory (Sacramento,
CA), and A129 mice were bred locally at University of Texas
Medical Branch (UTMB) for study. All animals were handled in
accordance with the UTMB and ICGEB policies following
IACUC- and CPCSEA-approved protocols.
Statistical analyses. A Spearman rank test was used to

determine the correlation between 1) absorbance of IgM (at
optical density [OD]450) and days post-onset of fever, 2) ab-
sorbance of IgG (at OD450) and days post-onset of fever, 3)

absorbance of IgM (at OD450) and neutralization capacity of
the patient samples, and 4) absorbance of IgG (at OD450) and
neutralization capacity of the patient samples. Unpaired t-test
was performed to determine the correlation and level of sig-
nificance between neutralization status and absorbance of
IgM (at OD450). Two-way Analysis of Variance (ANOVA) was
used to study the differences in pathogenicity in the animals.
All tests were performed using GraphPad Prism 6.
Ethics statement. Written informed consent was received

fromanonymized participants before inclusion in the study. All
the ethical approvals were peer-reviewed and preapproved
by the authors’ institutional ethical clearance committees,
namely, ICGEB Institutional Ethical Committee and the In-
stitutional Ethical Committee at VMMC and SH (ICGEB/IEC/
2010/01, ICGEB/IEC/2014/01, and IEC/VMMC/SJH/Project/
February-2016/575) and IRB at UTMB.

RESULTS

A total of 588 blood samples (298 samples from the 2010
outbreak and 290 samples from the 2016 outbreak) were
collected from patients whowere seen within 1–10 days since
the onset of fever. A detailed interview of the patients at the
timeof recruitment revealed that all were recently infectedwith
no prior clinical presentation due to either dengue or chi-
kungunya. Comparative analyses between the outbreaks
were performed in a case-matched manner based on days
post-onset of fever. Completed CRFs (n = 428) were ana-
lyzed for differences in clinical presentations. Neutralization
capacity of sera included in the study (n = 588) was de-
termined. Visual analogue score was documented from those
patients who participated in the follow-up after 12 weeks (n =
153). Whole genome sequencing and mutational analysis
were performed on a subset of the CHIKV-positive sera (n =
21), and in vivo pathogenesis of representative isolates (n = 3)
from each outbreak was assessed in C57BL/6J mice. Corre-
lations were analyzed between neutralization titers, mutation
patterns of virus strains, human disease outcome, andmurine
virus pathogenesis, as described in the following.
Clinical featuresof chikungunyaduring the twooutbreaks.

A total of 428patients, 228 from2010and200 from2016,were
included in this study for the determination of clinical features
(Tables 1 and 2). The age of the patients ranged between 11
and 68 years; themale–female ratiowas1.3:1 fromboth years.
At the time of assessment, 128 (56.14%) patients of 228 in
2010and194 (97%)patients of 200 in 2016 reported restricted

TABLE 1
General observations and patient information for patients found
positive by IgM and/or RT-PCR data

General observations 2010 (N = 298) 2016 (N = 290)

Age (years), range 17–68 11–68
Age (years), median 36 35
Males 145 131
Females 153 158
Temperature range (�F) 99–101 (98.6�F) 99–101 (98.6�F)
Temperature median (�F) 100 100
Days of onset of fever (range) 1–10 1–10
Days of onset of fever (median) 4 5
Hemorrhagic symptoms,* n (%) 33 (14.47) 21 (10.5)
IgM+/RT-PCR−, n (%) 101 (33.89) 69 (23.67)
IgM−/RT-PCR+, n (%) 141 (47.31) 18 (6.33)
IgM+/RT-PCR+, n (%) 56 (18.80) 203 (70)
VAS (range) 1–9 1–8
VAS (median)† 7 4
VAS = visual analogue score.
* Hemorrhagic symptoms include epistaxis, bleeding from the gums, positive Hess test,

subconjunctival bleed, and petechial/purpuric rash.
† Statistically significant variable.

TABLE 2
Clinical features and laboratory observations seen in patients suffering from chikungunya

Clinical features 2010 (N = 228) % patients exhibiting the clinical feature 2016 (N = 200) % patients exhibiting the clinical feature

Lymphadenopathy 38 16.7 4 2
Vomiting/nausea 4 1.8 23 11.5
Diarrhea 13 5.7 3 1.5
Rashes 46 20.17 105 52.5
Itching 14 6.14 48 24
Muscoskeletal
Joint movement restriction 128 56.1 194 97
Swelling 108 47.4 78 39
Morning stiffness 69 30.7 43 21.5
Rheumatoid arthritis-like illness 85 37.3 4 2
Undifferentiated inflammatory arthritis 42 18.4 28 14
Low backache 76 33.3 5 2.5
Body ache 27 11.84 3 1.5
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FIGURE 2. Comparison of days post-onset of fever and development of binding antibodies along with their neutralization status. (A) Com-
parison of days post-onset of fever and IgG (OD at 450 nm) antibodies between the patient sera samples from 2010 and 2016 outbreaks (P <
0.0001). (B) Comparison of days post-onset of fever and IgM (ODat 450 nm) between the patient sera samples from2010 and2016outbreaks: (C)
Correlation of binding antibodies (IgM and IgG; OD at 450 nm) of the patient sera samples and their neutralizing capacity from the two CHIK
outbreaks. Pooled negatives and positive sera sampleswere used as control. The error bars inA andB indicate SD. The straight and curved lines
indicate the correlation status between binding antibodies and their neutralizing status. The dotted line in (A), (B), and (C) represents the cutoffs.
P-values and R2 values are presented in the graphs. This figure appears in color at www.ajtmh.org.
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joint movement related to CHIKV infection. Joint swelling was
observed in 108 (47.36%) and 78 (39%) patients in 2010 and
2016, respectively, which was mainly observed in the small
joints of the hand/wrist followed by the elbows. Rashes and
itching were also important observations in 105 (52.5%) and
48 (24%) patients in 2016, as opposed to 46 (20.17%) and 14
(6.14%) patients in 2010. Although clinical signs/symptoms,
suchas restricted jointmovements, rashes, and irritation,were
majorly present in acute CHIKV infection in 2016 as opposed
to 2010, ANOVA revealed that there were no significant dif-
ferences between the clinical signs/symptoms exhibited in
2010 versus 2016 (P > 0.05), except for the VAS discussed
below.
Antibody responses and correlation with disease

outcome. Analysis of IgM and IgG antibodies and neutrali-
zation titers in sera from the two outbreaks (n= 298 from2010,
n = 290 from 2016) revealed that 2016 patients developed
higher mean titers of IgM than 2010 patients (Supplemental
Figure 2), whereas this trend was inverted in the case of IgG
titers (Supplemental Figure 2). Furthermore, we observed
similar neutralizing capacities of sera from the two outbreaks,
with 57.7% of 2010 sera and 52.3% of 2016 sera exhibiting
neutralization activity (Supplemental Figure 2). In-depth
analysis revealed no difference in the mean IgG titers of sera
from the two outbreaks (Figure 2A). However, IgM antibodies
developed 5–6 days after the onset of fever in 2010, whereas
in 2016, they developed as early as 2 days post-onset of
fever (Figure 2B). Furthermore, evaluation of the neutralizing
capacity of these sera revealed that in the 2010 samples,
neutralization titers correlated with the development of neu-
tralizing IgG antibodies (62.5%) (r = −0.61,P < 0.05). However,
among the 2016 samples, neutralization correlated better with
IgM antibodies, with 89.1% of IgM-positive patients having
neutralizing antibodies to Chikungunya (CHIKV) (r = −0.55,P <
0.05) (Figure 2C).
Sequelae analysiswas carried out for 103patients from the

2016 CHIK outbreak and 50 patients from 2010, 12 weeks
post-onset of disease. From physical examination and in-
terviews, a VAS was assigned on the basis of the clinical
disease activity index and further rated on a scale of 1–10 on
the basis of questions on the intensity of pain prepared by a
rheumatologist10 and documented in the clinical records.

Visual analogue score ranging between 0 and 5 were con-
sidered low, whereas a score between 6 and 10 was ranked
as high. On examination, 91.3% of patients from the 2016
outbreak exhibited low VAS (mean = 2.8 and median = 2),
whereas 70% of the patients from 2010 exhibited high VAS
(mean = 7.2 andmedian = 4). Furthermore, correlation of VAS
and IgM status was studied in 139 patients, for which com-
plete data were available (n = 36 from 2010 and n = 103 from
2016) (Figure 3). Of the patients with low VAS, 88.9% de-
veloped high titers of IgM (P > 0.05). Furthermore, of the
patients who developed high IgM titers, 86.9% of these sera
also had neutralizing capacity. We segregated these high
IgM titer samples on the basis of their neutralizing capacities
into two groups: group 1: patients who developed IgM anti-
bodies in the early days of infection (defined here as 2–6 days
post-onset of fever) and group 2: patients who developed
IgM antibodies later (> 6 days after the onset of fever). We
observed that 61.5% of patients in group 1 developed early
neutralizing antibodies, whereas only 38.5% in group 2 de-
veloped neutralizing antibodies, all > 6 days after onset.
Furthermore, the first appearance of neutralizing antibodies
during the acute phase (early or late) was correlated with the
onset of fever; P-values for both groups were < 0.05.
Therefore, we hypothesized that infections during the 2016
outbreak led to the generation of high IgM titers and that
these had higher neutralizing capacity than the 2010 patients
who developed low IgM titers (P < 0.05).
Mutant analysis in CHIKV isolates from the two

outbreaks. Based on PRNT assays and associated clinical
symptoms, we hypothesized that the CHIKV strains circulat-
ing during the two outbreaks differed in one ormoremutations
that affect pathogenesis, resulting in differential host re-
sponses and disease chronicity. Representative viral strains
(n=11 from2010andn=10 from2016) that showedmaximum
viral load, variation in neutralization capacity, and sequelae
were subjected to genomic sequencing; 19 samples (n = 11
from2010andn=8 from2016) yielded sufficient depth (>200×)
and coverage (> 98%) (Accession numbers: MH124570–
MH124589) for analyses (SupplementalTable 1).
Mutation analysis of these sequences and a reference strain

isolated in 2009 from India (GenBank Accession no. KJ796844)
revealed a total of 43 nonsynonymous differences when the

FIGURE 3. Comparison of the status of neutralizing IgM antibodies with sequelae (visual analog score [VAS]). (A) Comparison of IgM and VAS in
the 2010CHIK outbreak: IgM (at 450 nm) was comparedwith VAS collected from patients 12 weeks pi. (B) Comparison of IgM and VAS in the 2016
CHIKoutbreak: IgM (at 450 nm)was comparedwith VAScollected frompatients 12weeks pi. In both the analyses, VASwasdivided into twogroups
(0–5) and (6–10) corresponding to low and high VAS, respectively. This figure appears in color at www.ajtmh.org.
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referencewascomparedwith the2010and2016strains (Figure4).
Of these, 18 were present in structural protein genes and 25 in
nonstructural genes. Furthermore, outbreak-specific hierarchical
clustering revealeda total of 28nonsynonymousdifferences (11 in
structural proteins and 17 in nonstructural proteins) that distin-
guished all 2010 sequences from the 2009 reference. Twenty-four
nonsynonymous differences (14 in structural proteins and 10 in
nonstructural proteins) distinguished all 2016 CHIKV sequences
from the 2009 reference (Figure 5). Of these nonsynonymous

mutations,ninewerecommontoboth2010and2016strains.With
respect to outbreak-specific mutations, 19 nonsynonymous mu-
tations (four in structural and 15 in nonstructural protein genes)
were unique to 2010, whereas 15 nonsynonymous mutations
(seven in structural and eight in nonstructural protein genes) were
unique to 2016 (Table 3).
Correlation betweenmutationsandsequelae.Clustering

analysis between SNPs and arthralgia symptoms or VAS
revealed that one ormoremutations differing between the two

FIGURE 4. Visualization of nonsynonymousmutations in the patient sera samples collected during the 2010 and 2016 outbreaks using theCircos
Table Viewer. All samples are represented on the left side, and themutations observed in these samples are indicated on the right side of the figure.
The ribbons in between indicate the allelic frequency of a particular mutation as observed in each sample normalized on the scale of 100. The outer
ring represents the individual mutations observed during two outbreaks along with the patient samples analyzed. The inner ring represents the
frequency of mutations in relation to the particular sample IDs. Major mutations under discussion are marked with *. This figure appears in color at
www.ajtmh.org.
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outbreaks may have contributed to the host response. In
2010, two sequence clusterswere identified,with viruses from
six of 11 patients (54.5%) possessing mutations in the E2
(G55R, H73Y), nsP1 (G230R), and nsP3 (opal 524R) proteins
that were unique to the 2010 outbreak. Although the mean
VAS was 6.90 (± 2.92) for the 2010 outbreak, all six samples
containing these mutations (hereafter called putative high
pathogenicity genotype) showed exceptionally high VAS (> 7).
By contrast, none of the 2016 outbreak samples with a low
mean VAS of 2.25 (± 2.60) exhibited the aforementioned
mutations.
Differences in in vivo pathogenesis between 2010 and

2016 CHIKV virus strains. Given the observed differences in
human immune response and disease progression between
the 2010 and 2016 outbreaks, and the existence of outbreak-
specificmutations,weevaluatedmurinepathogenicity among
strains from the two outbreaks using footpad swelling as a

proxy for arthritis. We included all major CHIKV lineages as
comparators. As described in an earlier study,28 the most
pathogenic strain belonged to the West African genotype,
followedby theECSAandAsian strains,with themost recently
emergent Asian/American strain being the least virulent for
footpad swelling (Figure 6). At lower doses (104 PFU) in
C57BL/6J mice, representative strains of the 2010 versus
2016 Indian outbreaks showed no significant differences in
footpad swelling. The study was repeated in A129 (a lethal
IFNAR−/− model) mice with similar results (Figure 6).
Our genetic analysis revealed that certain uniquemutations

in 2010 samples, specifically in proteins E2, nsP1, and nsP3,
separated these 2010 CHIKV strains into two major cate-
gories: 1) CHIKV strains carrying possible pathogenic
mutations (E2-G55R, E2-H73Y, nsP1-G230R, and nsP3-
STOP524R), associated with high VAS (6–10) during the
post-acute phase (2010#01), and 2) CHIKV isolates without

FIGURE 5. Hierarchical clustering of nonsynonymous mutations in 2010 and 2016 CHIK patient serum samples. A total of 41 nonsynonymous
mutations were observed in the structural (E1, E2, E3, C, and 6K) and nonstructural (nsP1, nsP2, nsP3, and nsP4) regions of the chikungunya virus
genome in 11 samples from the 2010 outbreak and eight patient sera samples from the 2016 outbreak. These mutations were clustered hierar-
chically using R-Bioconductor statistical packages. It was observed that 2010 and 2016 patients clustered separately of each other. Also, certain
mutations were found to be linked. This figure appears in color at www.ajtmh.org.
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these mutations, associated with low VAS (2010#10). By
contrast, no such genetic distinction was seen among the
2016CHIKV strains, as all had similar clinical associations and
exhibited lower VAS at convalescence; because of this, only
one 2016 isolate was selected at random for murine studies
(2016#01). To understand the implication of this observation
for pathogenesis, we used one strain of each category from
the 2010 outbreak and one strain from the 2016 outbreak for a
comparative analysis. Previous reports have emphasized that
initial viremia plays a decisive role in disease progression and
intensity of CHIKF in the post-acute phase.11,29 Furthermore,
a recent murine pathogenesis study from our group showed
that better distinction of clinical presentation with respect to
limb thickness and morbidity was observed at a viral dose of
106 for footpad injections30; hence, the same dose was used
to study mutation-specific pathogenesis in the wild-type
C57BL/6J mice. After intradermal challenge with 106 PFU,
significant differences in footpad swelling and morbidity were
observed. The strain with mutations E2-G55R, E2-H73Y,
nsP1-G230R, and nsP3-STOP524R (2010#01) showed a
continuous increase in thickness until day 12 post-infection
(Figure 7A), after which all animals died. Footpad swelling was
positively correlated with the VAS for the patient from whom
this strain was isolated (Figure 7B). On the other hand, sample

2010#10, the CHIKV strain from the 2010 outbreak not con-
taining the mutations mentioned earlier, exhibited a continu-
ous but gradual increase in the footpad swelling until day 9 pi,
with a slight reduction in the footpad thickness by day 12 pi;
the trend was similar to that produced by strain 2016#01 from
the2016outbreak (Figure 7A). It wasobserved that theVAS for
both the cases associatedwith these strainswas < 5, andwas
not considered significant according to the Morton and Grif-
fiths scale31 (Figure 7B). These results suggested that al-
though all animals developed footpad swelling, themagnitude
of disease caused by 2016#01 was not comparable to that
produced byCHIKV strain 2010#1 bearing the four mutations,
and animals did not suffer restricted movement at any point
during the study.

DISCUSSION

Our study compared the 2016 Indian CHIKF outbreak dy-
namics with those of the 2010 outbreak that affected the
population in similar numbers, but with different clinical
manifestations. Our detailed comparison of immunological
responses revealed that the neutralization capacity observed
in the 2010 patients was due to the development of IgG anti-
bodies, whereas in 2016 outbreak it was due to the develop-
ment of early IgM antibodies. Furthermore, sequence analysis
of these strains identified distinct sets of mutations unique to
each outbreak. Preliminary in vivo murine studies with repre-
sentative CHIKV strains from both outbreaks correlated with
our clinical observations. These findings suggest that disease
dynamics of the 2010 and 2016 outbreaks were different
owing to the neutralizing capacities induced by circulating
viral strains that may be determined by mutations in these
viruses affecting their overall pathogenicity.
Host response leads to differences in the disease

progression.Comparison of the clinical findings between the
two CHIKF outbreaks revealed differences with respect to
clinical presentation, viremia, and neutralization antibody in-
duction that correlated with disease outcome, as represented
in Figure 8. One of the main differences was the manner in
which the disease progressed. Patients in 2016 recovered
faster than those infected during 2010, possibly because of
the virus being neutralized earlier in the former. Correlations
between the timing of secretion of antibody isotypes sug-
gested that the 2010 neutralization capacity was primarily
attributed to IgG, whereas in 2016, early neutralization was
attributed to IgM. Although patients in 2010 and 2016 initially
exhibited similar viral loads (data not shown) and suffered
similar initial arthralgia, the chronic phase lasted only for a
few weeks in most 2016 patients. By contrast, a longer
chronic phase, lasting for more than 2 months on average,
was observed in 2010 patients. Earlier reports proposed that
IgG mainly contributes to the neutralization of CHIKV and
determines the risk for chronicCHIKF.11,32 However, another
study recently reported the presence of neutralizing IgM in
CHIKF patients and demonstrated independent contribu-
tions of IgM and IgG toward neutralizing activity during the
acute phase. This suggested that IgM may play an integral
and complementary role in IgG-mediated neutralization in
preventing chronicity.33,34 We observed that our 2016 pa-
tients developed neutralizing IgM within the first 4 days of
illness. When IgM-positive and -negative samples were
assayed for neutralization activity, samples with higher IgM

TABLE 3
List of nonsynonymous mutations unique to 2010 and 2016 samples:
Whole genome sequencing was performed for 22 chikungunya
virus–infected patient sera from the two outbreaks (11 each from
2010 and 2016)

Protein Nonsynonymous mutations Percent occurrence

Mutations unique to 2010 (n = 11)
E2 G55R 54.54
E2 H73Y 45.45
E3 V42I 100
E3 P59S 100
nsP1 G230R 54.54
nsP1 M314L 36.36
nsP1 R85H 9.09
nsP1 T215A 9.09
nsP1 F391L 9.09
nsP1 K128T 45.54
nsP1 V172L 36.36
nsP1 V452A 9.09
nsP2 G641D 9.09
nsP2 M290T 9.09
nsP2 A256V 9.09
nsP2 V639I 9.09
nsP3 I175V 9.09
nsP3 STOP524R 45.45
nsP4 G85R 100

Mutations unique to 2016 (n = 8)
C Q58R 12.5
E1 I317V 100
E1 N349I 12.5
E1 S167P 12.5
E1 T288I 12.5
E2 K189R 12.5
E2 L412F 12.5
nsP1 K224T 12.5
nsP2 H130Y 100
nsP2 E145D 75
nsP2 T446S 25
nsP2 P689S 12.5
nsP2 H109Q 12.5
nsP3 H377R 12.5
nsP4 S55N 87.5
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OD values showed a significant, positive correlation with
neutralization titer and a negative correlation with earlier viral
load (data not shown). Furthermore, we observed that IgM
not only acted in a complementary manner with the early
neutralizing IgG antibodies but was also capable of neutral-
izing the virus as early as 2 days post-onset of fever, pre-
sumably reducing viremia and shortening the arthralgic
phase of the disease.
Outbreak-specific mutations correlated with disease

progression. Earlier reports have stressed the role of muta-
tions in mosquito vector transmission potential35,36 and al-
tered pathogenesis ofCHIKV.36–39Our genomic analysis of 21
representative viruses revealed several mutations unique to
each outbreak, which may have a direct impact on disease
outcome. Our genomic analysis also revealed two distinct
CHIKV genotypes that circulated during the 2010 outbreak.
With respect to the 2010 genotype associated with high
pathogenicity, substitutions E2-G55R and E2-H73Y form a
part of an epitope critical for viral pathogenesis40,41 and have
been implicated in hindering the binding of neutralizing IgM.
Furthermore, the relevance of mutations in the E2 gene for

establishing infection of the joints and possibly increasing
the severity of the arthritic phase has been recently
proposed.37,42 Specific substitutions in the nonstructural
proteins, namely, nsP1-G230R and nsP3-STOP524R, have
been reported to directly impact viral replication, collec-
tively increasing viral pathogenicity under experimental
conditions.38 These reports are consistent with our obser-
vation that the four mutations we identified from the 2010
outbreak also had a positive correlation with disease pro-
gression and establishment of sequelae. These findings
could have a direct implication on disease prognosis and
predictive value in patient management. Analysis of the
clinical data from patients with these mutations showed
high VAS (> 7, P < 0.05), associated with a chronic phase
exceeding 12 months. In 2016, the average VAS of patients
was 2.25 ± 2.6, as opposed to a higher overall VAS of 6.9 ±
2.92 during 2010. One mutation, E1-I317V, was present in
all 2016 samples, and its relevance in disease progression
warrants in-depth studies, owing to its predicted role in
decreasing protein stability based on informatic analyses
(data not shown).

FIGURE 6. Comparison of pathogenicity among various chikungunya virus (CHIKV) strains in C57BL/6J and A129 mice models until day 10
postinfection. (A) Percent change in weight among the C57BL/6Jmice post-challenge with 104 plaque-forming units (PFU) of CHIKV strains (n = 8).
(B) Percent change in footpad thickness among the C57BL/6J mice post-challenge with 104 PFU of CHIKV strains (n = 8). (C) Percent change in
weight in A129 mice post-challenge with 104 PFU of CHIKV strains (n = 5/6). (D) Percent change in footpad thickness in A129mice post-challenge
with 104 PFU of CHIKV strains (n = 5/6). (F) Viral load in A129mice post-challengewith 104 PFU of CHIKV strains (n = 2/3). The limit of detectionwas
102 PFU/mL. All percent changedatawere estimated from theday 0measurements. For all the results discussedearlier, error bars indicateSD. This
figure appears in color at www.ajtmh.org.
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Viruses of the two outbreaks differed in pathogenesis
based on genetic makeup. Our genomic analysis of the
outbreak samples revealed that two CHIKV genotypes circu-
lated during the 2010 outbreak (one with putative pathogenic
mutations and one without) and that there were also mutations
unique to the 2016 viruses. Reports have suggested that se-
quence variations directly impact CHIKV pathogenicity, which
could be lineage-specific, genotype-specific, and strain-
specific.28,43,44 Furthermore, our preliminary evaluation of the
pathogenicity of these viruses in a murine model suggests that
the2010and2016virusesvary in their virulence; althoughsome
strains of viruses from both outbreaks revealed similar patho-
genicity, another type of virus from the 2010 outbreak exhibited
higher pathogenicity, which could be attributed to these mu-
tations, and warrants further in-depth analyses. Furthermore,
evaluation of neutralization responses to infection showed
development of early neutralizing antibodies in mice infected
with a 2016 CHIKV strain without the putative virulence muta-
tions, compared with the 2010 strain with the mutations, in
which neutralization onset was observed as late as day 9 pi
(data not shown). However, an earlier study involving immune
serum from humans infected with CHIKV of either ECSA or
Asian genotypes also reported differences in neutralization re-
sponses.34 In-depth studies involving more virus strains and
animals and reverse genetic approaches are required to vali-
date our findings.

LIMITATIONS AND CONCLUSION

Taken together, our study compared two major CHIKF
outbreaks (2010 and 2016) in the Indian subcontinent to
evaluate the changes that can occur during outbreaks, both
with respect to host response andpathogenesis. Althoughour
study has provided potential determinants for the severity of a
CHIKF outbreak, its limited scope with respect to the number
of cases studied and animals infected prevented more direct

testing of these important hypotheses, such as the role of
developing early neutralizing antibodies in disease progres-
sion and the specific impacts of eachmutation in this process.
Our study design also did not permit nationwide sampling,
limiting our understanding of the geographic origins and pat-
terns of spread for the mutations identified. Although some of
the mutations we identified have been studied previously,
reverse genetic studies are required to understand the indi-
vidual or combined effects on pathogenicity and potentially
on spread of the mutations found in the putative high-
pathogenicity 2010 genotype. Despite these caveats, we
provide further evidence that the timing of the development of
neutralizing antibodies may affect pathogenesis and chronic
arthralgia. Considering the major, direct impact CHIKF has on
disability, this information can play an important role in un-
derstanding disease burden at a population level.
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