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ABSTRACT

Chikungunya virus (CHIKV) is a mosquito-borne arthralgic alphavirus that has garnered international attention as an impor-
tant emerging pathogen since 2005. More recently, it invaded the Caribbean islands and the Western Hemisphere. Intriguingly,
the current CHIKV outbreak in the Caribbean is caused by the Asian CHIKV genotype, which differs from the La Réunion
LR2006 OPY1 isolate belonging to the Indian Ocean lineage. Here, we adopted a systematic and comparative approach against
LR2006 OPY1 to characterize the pathogenicity of the Caribbean CNR20235 isolate and consequential host immune responses in
mice. Ex vivo infection using primary mouse tail fibroblasts revealed a weaker replication efficiency by CNR20235 isolate. In the
CHIKYV mouse model, CNR20235 infection induced an enervated joint pathology characterized by moderate edema and swell-
ing, independent of mononuclear cell infiltration. Based on systemic cytokine analysis, localized immunophenotyping, and gene
expression profiles in the popliteal lymph node and inflamed joints, two pathogenic phases were defined for CHIKV infection:
early acute (2 to 3 days postinfection [dpi]) and late acute (6 to 8 dpi). Reduced joint pathology during early acute phase of
CNR20235 infection was associated with a weaker proinflammatory Th1 response and natural killer (NK) cell activity. The path-
ological role of NK cells was further demonstrated as depletion of NK cells reduced joint pathology in LR2006 OPY1. Taken to-
gether, this study provides evidence that the Caribbean CNR20235 isolate has an enfeebled replication and induces a less patho-

genic response in the mammalian host.

IMPORTANCE

The introduction of CHIKYV in the Americas has heightened the risk of large-scale outbreaks due to the close proximity between
the United States and the Caribbean. The immunopathogenicity of the circulating Caribbean CHIKYV isolate was explored, where
it was demonstrated to exhibit reduced infectivity resulting in a weakened joint pathology. Analysis of serum cytokine levels,
localized immunophenotyping, and gene expression profiles in the organs revealed that a limited Th1 response and reduced NK
cells activity could underlie the reduced pathology in the host. Interestingly, higher asymptomatic infections were observed in
the Caribbean compared to the La Réunion outbreaks in 2005 and 2006. This is the first study that showed an association be-
tween key proinflammatory factors and pathology-mediating leukocytes with a less severe pathological outcome in Caribbean
CHIKY infection. Given the limited information regarding the sequela of Caribbean CHIKYV infection, our study is timely and

will aid the understanding of this increasingly important disease.

hikungunya virus (CHIKV) is a mosquito-borne virus, be-

longing to the alphavirus genus of the Togaviridae family.
CHIKYV is capable of initiating a sustained transmission cycle
that relies on Aedes aegypti, Aedes albopictus, and human ampli-
fication hosts (1). Infection by CHIKV primarily causes Chi-
kungunya fever, a rheumatic-like disease typically character-
ized by an abrupt onset of fever, headache, nausea, rash,
crippling arthralgia, and myalgia (2, 3). Since the discovery of
CHIKYV, the occurrence of CHIKV has been sporadic, and
transmission was predominantly restricted to rural areas (4).
The first notable emergence of CHIKV was during a wave of
outbreaks in 2004 in Kenya (5, 6). Since then, CHIKV has
gained global attention as a major emerging pathogen in a se-
ries of devastating outbreaks across the world, in various loca-
tions, including India (7), Indian Ocean islands (4, 8), Africa
(9), and many parts of Southeast Asia (10-13). Famously, the
2005-2006 Réunion Island epidemic saw the explosive capacity
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and swift dissemination CHIKV is capable of, resulting in
nearly 40% of the population debilitated, with a total of close to
270,000 reported cases (2, 14, 15).

Phylogenetically, CHIKV strains that cause outbreaks can be
traced back to three independent CHIKV lineages that emerged
almost simultaneously in different parts of the world, including
India and Thailand (9, 10, 16-18). Major CHIKV outbreaks were
reported in several islands of the Indian Ocean, India, and several
countries in Southeast Asia (2, 3, 7, 8, 14, 15, 19, 20). During the
ongoing CHIKV epidemics of the East-Central-South-African
(ECSA) genotype, there were major concerns about an inevitable
epidemic in the Caribbean and America fueled by the presence of
suitable vectors (8) and the lack of herd immunity in the islands of
Caribbean and America (21). In the beginning of October 2013,
active CHIKV circulation in Saint Martin was detected (22, 23),
and characterization of the circulating etiologic strain showed that
it belonged to the old Asian lineage (24). In a short span of a year,
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outbreaks caused more than 1 million suspected or confirmed
cases of Chikungunya fever as reported by the Pan America Health
Organization (PAHO), with ongoing local transmission and epi-
demic spread (22, 23, 25).

Current knowledge suggests that CHIKV pathogenesis de-
pends on the interplay of virus replication and host immunity.
Studies have shown that CHIKV infection trigger protective in-
nate immune response involving alpha/beta interferon (IFN-a/3)
(26, 27), IRF3, IRF7 (28), and TLR3 (29) in cells such as mono-
cytes (28, 29) or fibroblasts (26-30). However, monocytes/mac-
rophages (31, 32) and neutrophils (33) were shown to associate
with pathogenic roles since they are one of the major cellular in-
filtrates into the site of inflammation to cause tissue damage. In
addition, recent work in mice on the host adaptive response fur-
ther showed that CD4" T cells are the major proinflammatory
mediators during the peak of inflammation (34, 35), while anti-
bodies remain the key player for viral resolution from early con-
valescent phase onward (35, 36). However, since almost all of
these studies were conducted using La Réunion isolates of the
ECSA clade (26-29, 31-36), it is important to determine whether
Caribbean isolates would induce similar immunopathological pro-
files in infected hosts. The likelihood of a different immunopathology
between the La Réunion CHIKYV isolate (ECSA clade) and CHIKV
from the Asian clade was first suggested in an earlier study using a
joint-footpad CHIKV mouse model by Gardner et al. (37), wherein
infection with the La Réunion isolate (DQ443544) and QIMR Asian
isolate (FJ457921) were compared.

In the present study, we aimed to characterize and compare
with the LR2006 OPY1 isolate from La Réunion, the replicative
capacity of the Asian-Caribbean CHIKV CNR20235 isolate,
and the host response it induces by adopting a systematic ap-
proach. We first defined the replicative capacity in ex vivo set-
tings with primary mouse tail fibroblasts (MTFs), before pro-
ceeding to define pathogenesis in vivo with the joint-footpad
mouse model (37) to further characterize the systemic and lo-
calized response in the site of pathology. We found that
CNR20235 comparatively displayed a weakened replicative
and competitive fitness in vitro. Through immunophenotyping
and immunohistochemistry (IHC), CNR20235 triggered a re-
duced joint pathology in vivo that was associated with reduced
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edema, a weaker Th1 and proinflammatory response both sys-
temically and locally in the joints, and limited natural killer
(NK) cell activity. These observations suggest a debilitated phe-
notype in the Caribbean CNR20235 CHIKV.

MATERIALS AND METHODS

Sequence alignment. The nucleotide and protein sequences of LR2006
OPY1 were first obtained from GenBank database. Sequence alignments
of the CNR20235 and LR2006 OPY1 (DQ443544) isolates were deter-
mined using the CLUSTAL W algorithm in MegAlign (DNAStar, Inc.,
Madison, WI).

Mice. Three-week-old female wild-type (WT) C57BL/6] mice were
used. All mice were bred and kept under specific-pathogen-free condi-
tions in the Biological Resource Centre, Agency for Science, Technology,
and Research, Singapore. 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 accor-
dance with the guidelines of the Agri-Food and Veterinary Authority and
the National Advisory Committee for Laboratory Animal Research of
Singapore.

Viruses. LR2006 OPY1 used here was originally isolated from a French
patient returning from Reunion Island during the 2006 outbreak as pre-
viously described (38). The CNR20235 used here was originally isolated
from a patient in a December 2013 Saint Martin Island, French West
Indies, outbreak (24). A low-passage-number virus stock (P2) was used
for propagation in C6/36 cells, followed by purification via ultracentrifu-
gation (39), and titers were determined by a standard plaque assay using
Vero-E6 cells (32) before in vivo infections.

In vitro infection of MTFs and infectivity quantification. Primary
MTFs were isolated from tails of WT C57BL/6] mice using a previously
described method (40), and infections were performed with both LR2006
OPY1 and CNR20235 strains of CHIKV multiplicity of infectivity (MOI)
of 1 in serum-free Dulbecco modified Eagle medium (DMEM). Virus
overlay was removed after incubation for 1.5 h at 37°C and replenished
with fresh DMEM supplemented with 10% fetal bovine serum (FBS).
Mock infections were performed in parallel. Infected fibroblasts were har-
vested at 0, 6, 12, and 24 h postinfection (hpi) for infectivity quantifica-
tion. The degree of infection was quantified by flow cytometry using a
two-step intracellular staining protocol as previously described (32), and
data were acquired with BD FACSCanto II flow cytometer (BD Biosci-
ences). Viral RNA was extracted from 140 pl of culture using QIAamp
viral RNA kit (Qiagen, catalog no. 52906). Viral load was then determined
via quantitative reverse transcription-PCR (qRT-PCR) using previously
described methods that detect for CHIKV nsP1 (41) and E1 RNA (32,42).
Due to a nucleotide mutation within the probe’s sequence, the detection
of CHIKV nsP1 RNA from CNR20235-infected cultures was performed
using another probe with the sequence 5'-TGCTTACACACAGATGT-3'
and CNR20235-specific in vitro-transcribed RNA, which was synthesized
as previously published (32, 42). In addition, viral quantification was also
measured with a plaque assay as previously described (32).

In vitro competition assay. In vitro competition assay was adapted
from (43) to test the replication fitness of respective viruses. Briefly, 5 X
10° Vero E6 cells were seeded onto six wells plate 15 h prior to infection.
Cells were coinfected with an initial combined MOI of 0.1 at various initial
LR2006 OPY1/CNR20235 ratios (1:1, 1:4, 4:1, 1:99, and 99:1) in 2 ml of
DMEM (with 10% FBS). At 48 hpi, the supernatants were harvested.
Portions of the supernatants were diluted 20 times for further infection in
the next passage, while 140-p.l samples of the supernatants were used for
viral RNA extraction and LR2006 OPY1- or CNR20235-specific nsP1
quantification by qRT-PCR as described above. The infection was re-
peated for six passages, and the replicative fitness was assessed from the
ratio of LR2006 OPY1 to CNR20235 nsP1 copies in the respective pas-
sages.

Virus infection and disease monitoring in mice. Mice were inocu-
lated subcutaneously in the ventral side of the right hind footpad toward
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TABLE 1 Amino acid differences between sequences of LR2006 OPY1 and CNR20235 in nonstructural

regions”
a.a % a.a %
Position | OPY1 | CNR | difference Position | OPY1 | CNR | difference

3 P S 1670 I T
34 P S 1682 v A
121 A E 1686 I T
253 K M 1709 T I
326 X V 1711 T o
454 S G 1712 L o
nsP1 73 S R et 1713 P =
478 T A 1714 S >
486 D N 1746 T I
488 R Q 1767 L Q
491 R | Q nsP3 770 v | T
507 R H 1782 M I
551 P L 1784 L F
589 N S 1785 Q R
753 T S 1790 T I
808 Q L 1791 A T
873 K M 1792 T V
nsP2 509 Y H 1.25 1794 P L
1001 M V 1795 N S
1291 v I 1804 S P
1303 N S 1817 E D
1328 v A 1906 A L
1364 X D 1921 M T
1410 S T 1938 A T
1508 I v 1948 R K
1509 V I 1953 S A
1546 M v 1964 T v
1557 T I 2098 Q R

nsP3 1616 S N 6.23 nsP4 2117 A T 2.29
1658 X R 2132 F L
1664 A V 2134 K R
1665 Q R 2143 E D
1667 A V 2229 T A
1669 T M 2363 L Q
e ) 2445 | vV | A

% Amino acid (aa) positions are given with reference to LR2006 OPY1.

the ankle, with 10° 50% tissue culture infective doses (TCID5,) CHIKV
isolates (in 30 wl of phosphate-buffered saline [PBS]). Viremia was
tracked daily from 1 day postinfection (dpi) until 8 dpi and subsequently
on every alternate day until 14 dpi. Joint swelling of the footpad was
scored daily from 0 to 14 dpi, as previously described (30, 34).

Viral RNA extraction and quantification. Ten microliters of blood
collected from the tail vein was diluted in 120 pl of PBS and 10 pl of
citrate-phosphate-dextrose solution (Sigma-Aldrich, catalog no. C7165).
Viral RNA was extracted with QIAmp viral RNA kit (Qiagen) in accor-
dance to the manufacturer’s protocol. Viral RNA copies were quantified
using qRT-PCR, as described previously (39).

Hematoxylin and eosin (H&E) staining and IHC. Mice were perfused
by intracardial injection with PBS, and foot footpad tissues were removed
and fixed with 4% paraformaldehyde. Fixed tissues were embedded in
paraffin wax, processed to obtain 5-pm-pore-size sections, and subjected
to H&E or ITHC staining according to established protocols (30). Anti-
F4/80 (Abcam, catalog no. ab6640), anti-granzyme B (Abcam, catalog no.
ab4059), and anti-CD3 (Abcam, catalog no. ab5690) antibodies were used
for IHC.

Quantification of vascular leakiness in joints. Vascular leakage was
quantified by using a Tracer 653 assay (Molecular Targeting Technology,
Inc.; catalog no. TR-1001). The Tracer 653 assay was modified from a
previously described protocol (44). Briefly, Tracer solution was reconsti-
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tuted in 1 ml of PBS and injected intravenously into mice. After 1 h,
readings were taken using the in vivo imaging system (Perkin-Elmer) at an
excitation and emission of 640 and 700 nm, respectively. Images were
acquired with a field of view of 21.7 cm, adjusting the exposure time (0.5
to 5 s) to allow imaging within the detection range. Regions of interest
were drawn using the software Living Image 3.0, and the average radiance
(photons/s/cmz/steradian) was determined.

Multiplex microbead immunoassay. Cytokine levels in mice sera
were measured simultaneously by using a premixed 19-plex Procarta
multiplex microbead-based immunoassay (Affymetrix, catalog no.
EPX260-26088-901) The 19 cytokines and chemokines assayed include
Eotaxin, Groa, IFN-a, IFN-v, interleukin- la (IL-1av), IL-1B, IL-2, IL-4,
IL-6, IL-10, IL-12p40, IL-12p70, IP-10, monocyte chemoattractant pro-
tein 1 (MCP-1), macrophage inflammatory protein 1o (MIP-1ax), MIP-2,
RANTES, sRANKL, and tumor necrosis factor alpha (TNF-a). The prep-
aration of samples and reagents and the immunoassay procedures were
performed according to the manufacturers’ instructions. Data were ac-
quired using a Luminex FlexMap 3D instrument (Millipore) and analyzed
using Bio-Plex Manager 6.0 software (Bio-Rad) based on standard curves
plotted through a five-parameter logistic curve setting. The levels of inter-
leukin-1pB (IL-1B), IL-2, IL-4, IL-10, and IL-12p70, MIP-1c, and MIP-2
were below the detection limit and were excluded from further analysis.
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TABLE 2 Amino acid differences between sequences of LR2006 OPY1 and CNR20235 in structural

regions”
a.a % a.a %
Position | OPY1 | CNR | difference Position | OPY1 | CNR | difference
37 Q R 642 \% |
55 A \% 643 Y R
capsid 63 R K 1.91 693 \% A
78 Q R E2 696 \% L
93 A \ 700 T S
280 Q R 709 M \%
E3 294 E K 6.25 711 A \%
305 R S 756 | Y
321 H R 768 L M
327 T | 6k 793 T M 8.20
330 N H 795 A T
443 S G 800 M L
474 K R 881 N S
482 \ A 907 A T
E2 489 T A 449 954 T A
519 G S 1020 K E
530 G D E1 1034 A S 2.10
532 N S 1035 \% A
573 L F 1078 \% M
580 | \% 1093 E D
637 M T 1113 P S

“ Amino acid (aa) positions are given with reference to LR2006 OPY1.

Popliteal lymph node and hind joint footpad cell isolation. Ex-
tracted joints were digested in digestion medium containing dispase (2
U/ml; Invitrogen), collagenase IV (20 mg/ml; Sigma-Aldrich), and DNase
I mix (50 mg/ml; Roche Applied Science) in complete RPMI medium,
followed by red blood cell (RBC) lysis using RBC lysis buffer (R&D Sys-
tems, catalog no. WL2000). Cell debris and skin tissues were removed by
passing through 40-pm-pore-size cell strainer and spinning down in 35%
(vol/vol) Percoll solution in RPMI (Sigma-Aldrich, catalog no. P1644-1L)
prior to staining.

The popliteal lymph node (pLN), which is located at the area to the
back of the mice knee joint, was retrieved and incubated in 1 ml of diges-
tion medium containing dispase (2 U/ml), collagenase IV (20 mg/ml),
and DNase I mix (50 mg/ml) in complete RPMI medium for 30 min at
37°C. Both pLN and digestion medium were mixed well before passing
contents through a nylon mesh cloth (70-m pore size; Sefar). The RBCs
were further lysed prior to additional staining procedures.

Phenotyping of leukocytes. pLN and footpad cells were washed once
in complete medium, and cell pellets were resuspended in blocking buffer
(1% [vol/vol] rat and mouse serum) for 20 min. Live cells were deter-
mined by staining with a Live/Dead determination dye (Invitrogen) for 30
min before cell-specific marker staining according to the manufacturer’s
protocol. Staining was performed using allophycocyanin-Cy7-conjugated
anti-CD45 (clone 30-F11; BD Biosciences, catalog no. 557659), phyco-
erythrin-Cy7-conjugated anti-CD3 (clone 145-2C11; BD Biosciences,
catalog no. 552774), Pacific Blue-conjugated anti-CD4 (clone RM4-5,
BioLegend, catalog no. 100534), allophycocyanin-conjugated anti-CD8
(clone 53-6.7; BioLegend, catalog no. 100711), Pacific Blue-conjugated
anti-Ly6G (clone 1A8; BioLegend, catalog no. 127611), phycoerythrin-
conjugated anti-CD11b (clone M1/70; eBioscience, catalog no. 12-0112-
81), Alexa fluor 700-conjugated anti-MHC-II (clone M5/114.15.2: Bio-
Legend, catalog no. 107621), PerCP-conjugated Ly6C (clone HK1.4;
BioLegend, catalog no. 128011), and allophycocyanin-conjugated anti-
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NK1.1 (clone PK136; eBioscience, catalog no. 175941) antibodies for 20
min at room temperature in two separate panels. After staining, the cells
were washed and fixed with 100 pl of IC fixation buffer (eBioscience,
catalog no. 00-8222-49) for 5 min. The cells were then washed and resus-
pended for flow cytometry data acquisition. Data were acquired using an
LSRII flow cytometer (BD Biosciences) with BD FACSDiva software, and
analyses were performed using FlowJo v9.3.2 software (Tree Star, Inc.).

The following leukocytes were gated from the staining antibodies de-
scribed above: CD4™ T cells (CD45%/CD3%/CD4"), CD8" T cells
(CD45"/CD3"/CD8"), mature NK cells (CD45"/CD3 /NKI1.1"/
CD11b*), NKT cells (CD45"/CD3"/NK1.1"), neutrophils (CD45"/
CD37/NK1.17/Ly6G*/CD11b™), and monocytes/macrophages (CD45"/
CD37/NK1.17/Ly6G~/CD11b*/Ly6C™).

Total RNA extraction and gene expression. Mice were anesthetized
with ketamine-xylazine (150 mg/kg of ketamine, 10 mg/kg of xylazine)
and perfused intracardially with PBS, and organs were harvested and pre-
served in 1 ml of TRIzol (Invitrogen) at —80°C. The tissue samples were
transferred to gentleMACS M tubes (Miltenyi Biotec) and homogenized
using a rotor-stator homogenizer (Xiril Dispomix) as previously de-
scribed (30). Homogenized tissues were transferred to clean Eppendorf
tubes, mixed thoroughly with 230 .l of chloroform, and allowed to stand
for 2 min in room temperature. Tissue mixtures were centrifuged at
12,000 X gfor 10 min at 4°C. The aqueous phase was collected into a clean
Eppendorf tube, and an equal volume of 70% ethanol was added in and
mixed. The total RNA for the gene expression studies was subsequently
extracted with an RNeasy kit (Qiagen) according to the manufacturer’s
protocol. Eluted RNA was quantified by using a NanoDrop 1000 spectro-
photometer (Thermo Scientific), diluted to a concentration of 10 ng/p.l,
and subjected to qRT-PCR using a QuantiFast SYBR green RT-PCR kit
(Qiagen) according to the manufacturer’s protocol. qRT-PCR was per-
formed in an Applied Biosystems (ABI) 7900HT Fast real-time PCR sys-
tem as previously described (30). The C; values of granzyme B, T-bet,
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FIG 1 In vitro infection kinetics of LR2006 OPY1 and CNR20235. (A to D) Time course-dependent infection kinetics were examined ex vivo in WT C57BL/6
MTFs. Cells were infected with LR2006 OPY1 and CNR20235 at an MOI of 1 with E1 viral load (A), infectivity (B), nsP1 viral load (C), and plaque assay with
infectious viral particles (D) tracked over 24 h (n = 5 per group). Representative images of LR2006 OPY1 and CNR20235 plaques obtained at 10> and 10>
dilution, respectively, are shown. The data are presented as means = the SD from two independent experiments (two-tailed Mann-Whitney U test). **, P = 0.079
(6 hpi, E1 viral load); *, P = 0.0317 (12 hpi, E1 viral load); *, P = 0.0159 (6 hpi, infectivity); **, P = 0.0079 (12 hpi, infectivity); **, P = 0.0079 (6 hpi, nsP1 viral
load); *, P = 0.0159 (12 hpi, nsP1 viral load); *, P = 0.0159 (6 hpi, plaque assay); **, P = 0.0079 (12 hpi, plaque assay); *, P = 0.0159 (24 hpi, plaque assay). (E)
Competition infection with LR2006 OPY1 and CNR20235 in Vero E6 cells at various initial virus ratios of LR2006 OPY1 to CNR20235 (1:1, 1:4, 4:1, 1:99, and
99:1) over six passages (n = 3 for all ratios). CHIKV isolate-specific nsP1 viral RNA copies were quantified, and graphs were plotted as the ratio of LR2006 OPY1

to CNR20235 nsP1 copies.

CXCL-10, IL-12p35, and iNOS were determined, and the C;. values of
GAPDH (housekeeping genes) were also determined. The fold change
relative to mock-infected mice for each gene was determined using the
AC; method and Microsoft Excel 2010 as described previously (30). All
RNA samples were stored at —80°C prior to usage.

Quantification of granzyme B-producing CD8 T cells and NK cells
by flow cytometry. pLN and footpad cells were isolated at respective time
points and processed, as described above. Cells were subjected to Golgi
capture in RPMI (10% FBS) and 1 X brefeldin A solution (BD Biosciences,
catalog no. 555029) and then incubated for 2.5 h at 37°C. Subsequently,
live cell determination and surface staining of CD45, CD3, CD4, CD8, and
NK1.1 cells were performed as described above. For post-surface staining,
the cells were fixed and permeabilized using Cytofix/Cytoperm (BD, cat-
alog no. 554714) according to the manufacturer’s protocol, followed by
staining with anti-mouse granzyme B (eBioscience, catalog no. 12-8898-
80) for 30 min. The cells were then washed and resuspended for flow
cytometry data acquisition. The data were acquired using an LSR II flow
cytometer (BD Biosciences) with BD FACSDiva software and analyzed
using Flow]Jo v9.3.2 software (Tree Star, Inc.).

In vivo NK cell depletion. Anti-asialo GM1 antibody (Wako, catalog
no. 986-10001) was reconstituted in 4 ml of PBS. NK cells were depleted
by giving 150 pl of a-asialo antibody intraperitoneally at 1 day preinfec-
tion and 2 dpi. Equal amounts of rabbit sera (Sigma, catalog no. R4505)
were administered as controls. Successful depletion of the NK cells was
verified to occur when the cells were >90% depleted in the peripheral
blood on 6 dpi and prior to infection on 0 dpi.
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Antibody quantification and isotyping. Antibody titers were deter-
mined using a virion-based enzyme-linked immunosorbent assay
(ELISA) as previously described (39). CHIKV-coated (10° virions/well in
50 ml of PBS) polystyrene 96-well MaxiSorp plates (Nunc) were blocked
with PBS containing 0.05% Tween 20 (PBST) and 5% (wt/vol) nonfat
milk for 1.5 h at 37°C. Sera from normal or infected groups were heat
inactivated and serially diluted in antibody diluent (0.05% PBST plus
2.5% [wt/vol] nonfat milk). One hundred microliters of diluted sera per
well was added, and the mixture was incubate for 1 h at 37°C. Horseradish
peroxidase-conjugated goat anti-mouse IgG (Santa Cruz, catalog no. sc-
2005), IgG1 (Santa Cruz, catalog no. sc-2060), IgG2b (Santa Cruz, catalog
no. sc-2062), IgG2c (Southern Biotech, catalog no. 1079-01), IgG3 (Santa
Cruz, catalog no. sc-2972), and IgM (Santa Cruz, catalog no. sc-2973)
antibodies were used. IgG2c was tested in lieu of IgG2a since only IgG2c
gene is present in C57BL/6 mice (39). Total IgG and IgM quantification
assays were performed on serum samples from animals receiving serum
dilutions of 1:2,000 and 1:100, respectively. Pooled sera were used for
IgGl, IgG2b, IgG2c, and IgG3 isotyping. ELISAs were developed using
TMB substrate and terminated with stop reagent (Sigma-Aldrich). The
absorbance was measured at 450 nm.

Serum neutralization assay. Neutralizing capacity of antibody from
CHIKV-infected mice was analyzed by immunofluorescence-based cell
infection assays using HEK293T cells (39). The infectious virus required
to achieve an MOI of 10 was mixed with diluted (1:100, 1:1,000, 1:10,000,
and 1:100,000), heat-inactivated pooled mouse sera, followed by incuba-
tion for 2 h at 37°C with gentle agitation (350 rpm). Virus-antibody mix-
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FIG 2 Differential pathological outcomes induced by LR2006 OPY1 and CNR20235 CHIKYV infections in mice. Three-week-old WT C57BL/6 female mice were
infected with LR2006 OPY1 or CNR20235 (10° TCIDs,) (1 = 6 per group) by joint footpad inoculation. (A) Disease severity was assessed and scored. Viremia
was determined by qRT-PCR targeting for the E1 (B) and negative-sense (C) nsP1 genes. Dotted line indicates limit of detection. All data are presented as mean * the
SD of two independent experiments (two-tailed Mann-Whitney U test). For the disease scores: **, P = 0.002 (1 dpi); **, P = 0.002 (2 dpi); **, P = 0.005 (3 dpi); **, P =
0.002 (4 dpi); **, P = 0.005 (5 dpi); **, P = 0.002 (6 to 10 dpi); **, P = 0.005 (11 dpi); **, P = 0.008 (12 dpi); **, P = 0.002 (13 dpi); **, P = 0.005 (14 dpi). For E1 viremia:
**,P=0.008 (1 dpi); *, P = 0.015 (2 dpi). For nsP1 viremia: ¥, P = 0.015 (2 dpi). (D) CNR20235 infection triggers less edema but more cellular infiltration than LR2006
OPY1 in mice. Histological analysis of CHIKV-inoculated joint footpad samples from mice by H&E staining at 3 and 6 dpi. Boxed regions are shown at the higher
magnifications indicated on the right. *, Edema; B, bone; M, muscle; T, tendon. The images presented are representative of three mice per group from two independent
experiments. (E and F) Representative images (E) and quantification of vascular leakiness in the inflamed joints (F) of LR2006 OPY1 (n = 5)- and CNR20235 (n =
5)-infected mice. The data were analyzed by a two-tailed Mann-Whitney U test (**, P = 0.0079 [3 dpi]; **, P = 0.0079 [6 dpi] ). All representative images were taken after
2 s of exposure, and the yellow arrows in panel E indicate inflamed joints.

tures were then added to HEK293T cells seeded on fibronectin-coated =~ maldehyde, and then permeabilized in PBS containing 0.2% Tween 20.
96-well plates, followed by incubation for 1.5 h at 37°C. The virus inocu-  Cells were incubated with mouse anti-alphavirus monoclonal antibody
lum was removed, replaced with DMEM supplemented with 10% FBS,  (Santa Cruz, catalog no. sc-58088) at a 1:500 dilution in PBS, followed by
followed by incubation for 6 h at 37°C, before fixation with 4% parafor-  incubation with Alexa Fluor 488-conjugated goat anti-mouse IgG F(ab’),
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dpi, IP-10); **, P = 0.006 (3 dpi, RANTES); ¥, P = 0.015 (3 dpi, SRANKL); *, P = 0.012 (3 dpi, GROa); ***, P = 0.0004 (3 dpi, MCP-1); *, P = 0.0008 (3 dpi,
IEN-a); ***, P = 0.0008 (3 dpi, IL-6); ***, P = 0.0001 (6 dpi, IFN-vy); *, P = 0.021 (6 dpi, TNF-a); **, P = 0.007 (6 dpi, GROw); *, P = 0.030 (6 dpi, IL-6); **,

P = 0.002 (15 dpi, GROa). ND, below detection limit.

antibody (Invitrogen, catalog no. A11017) at a 1:500 dilution in PBS. Nuclei
were stained with DAPI (4',6'-diamidino-2-phenylindole; 1-pg/pl stock) ata
1:10,000 dilution in PBS, followed by immunofluorescence quantification
using the Cellomics ArrayScan high-content-analysis reader (Thermo Scien-
tific).

Statistics. All data are presented as means * the standard deviations
(SD) or as a percentage. Differences in responses among groups at various
time points and between groups and controls were analyzed using appro-
priate tests (Mann-Whitney U tests, two-tailed analysis). Chi-square anal-
ysis was used to compare patient data from the La Réunion Island out-
break (2005-2006) and the current Caribbean cohort. A P value of <0.05
was considered statistically significant.

RESULTS
CNR20235 has a lower early replicative capacity and replication
fitness than LR2006 OPY1 in vitro. The differences in the pheno-
types of viruses belonging to the same family but different clades
are often correlated with the degree of differences in their ge-
nomes. To have a preliminary understanding of genomic differ-
ences between CNR20235 and LR2006 OPY1 isolates, we com-
pared the full coding sequences of the isolates. As presented in
Table 1 and Table 2, the highest numbers of amino acid differ-
ences were seen in nsP3 (6.23%), 6K (8.2%), E3 (6.25%), and E2
(4.49%). A notable difference in the CNR20235 isolate was the
presence of a 12-nucleotide deletion in nsP3, leading to a 4-ami-
no-acid deletion at positions 1711 to 1714, suggesting possible
differences in replication efficiencies between the isolates.

We addressed whether these genome differences translated into
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phenotypic differences between LR2006 OPY1 and CNR20235 by
comparing the replicative capacity in primary MTFs. Infection was
performed at an MOI of 1, and the replication kinetics across a time
course of 0, 6, 12, and 24 hpi were determined by measuring infectiv-
ity parameters such as level of intracellular CHIKV-nsP2 antigen,
viral load (E1 and negative-sense nsP1), and infectious viral particles
(Fig. 1). A significantly higher percentage of CHIKV antigen-positive
cells (2-fold higher) was detected in LR2006 OPY1 infections than in
CNR20235 isolate infections at 12 hpi (Fig. 1B). In agreement with
this, a greater initial replicative capacity of LR2006 OPY1 was also
reflected in the viral load, where significantly greater E1 (~1-log)
(Fig. 1A) and negative-sense nsP1 (~0.5-log) (Fig. 1C) RNA copies
were observed at 6 and 12 hpi but not at 24 hpi. Likewise, the number
of infectious viral particles determined by plaque assay was signifi-
cantly higher in LR2006 OPY1 than CNR20235 isolates across the
entire course of infection (~1 log higher), accompanied by a larger
plaque size observed in LR2006 OPY1 infection than in CNR20235
infection (Fig. 1D).

To further address the replicative fitness between LR2006
OPY1 and CNR20235, an adapted in vitro competition assay was
performed (43). Vero E6 cells were coinfected with various initial
ratios of LR2006 OPY1 to CNR20235 (1:1, 1:4,4:1,1:99,and 99:1),
followed by successive passages until the ratio of LR2006 OPY1 to
CNR20235 nsP1 viral RNA copies stabilized (43). Expectedly,
LR2006 OPY1 was shown to be fitter than CNR20235 (Fig. 1E).
Conditions with a higher initial LR2006 OPY1 proportion (4:1
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FIG 4 Differential host immune response induced by LR2006 OPY1 and CNR20235 in the pLN. Three-week-old WT C57BL/6 female mice were infected with
LR2006 OPY1 or CNR20235 at 10° TCID5, (n = minimum 6 mice per group) by joint footpad inoculation. (A) At 3 and 6 dpi, pLN was harvested, and the viral
load was determined by qRT-PCR targeting for negative-sense nsP1 gene. The data are presented as the means * the SD of two independent experiments
(two-tailed Mann-Whitney U test). **, P = 0.002 (3 dpi). (B) Cells from the pLN were labeled for CD45, CD3, CD4, CD8, CD11b, Ly6G, and NK1.1. The absolute
cell counts of each immune cell subset were calculated based on the total numbers of live cells determined before labeling. The data are presented as the means * the SD
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**, P =0.002 (3 dpi, IL-12p35); *, P = 0.015 (6 dpi, iNOS).

and 99:1) served as controls, where the ratio of LR2006 OPY1 to
CNR20235 nsP1 viral RNA copies stabilized at ~10' throughout
the six passages (Fig. 1E). For conditions with lower LR2006 OPY1
(1:4 and 1:99), nsP1 copies of LR2006 OPY1 outcompeted
CNR20235 and attained ratios of nsP1 viral RNA copies similar to
those for the controls by passage 3 (1:4 condition) and passage 4
(1:99 condition), respectively (Fig. 1E). Taken together, our re-
sults indicate that the replicative capacity and competitive repli-
cation fitness of CNR20235 is less than that of LR2006 OPY1.

CNR20235 induces a less pronounced pathology than
LR2006 OPY1 in mice. The development of CHIKV-induced pa-
thology is dependent on the interplay of virus replication in the
host and the host immune response. As such, we next examined
whether the weaker ex vivo replicative capacity of CNR20235
could translate into a weaker in vivo pathology in WT C57BL/6
mice. WT C57BL/6] mice were infected with either CNR20235 or
LR2006 OPY1 and monitored daily for survival, viremia, and joint
footpad swelling (Fig. 2).

Despite both isolates inducing the maximum pathology at 6
dpi, we observed an overall less pronounced joint swelling in mice
infected with CNR20235 than in mice infected with LR2006 OPY1
(Fig. 2A). Similar to earlier observations for ex vivo primary MTF
infections (Fig. 1B and C), infection with LR2006 OPY1 resulted
in significantly higher viremia than with CNR20235 (~1 log
higher for E1 at 1 and 2 dpi; ~0.5 log higher in nsP1 at 2 dpi)
during the early acute infections at 1 and 2 dpi (Fig. 2B and C).
Histological assessment by H&E staining at 3 and 6 dpi showed
that the more pronounced swelling observed in mice infected with
LR2006 OPY1 was due to a greater degree of edema (Fig. 2D).
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Unexpectedly, the pronounced joint swelling caused by LR2006
OPY1 infection was not elucidated by a greater infiltration of
mononuclear cells. Instead, a greater degree of mononuclear in-
filtration was observed in mice infected with CNR20235 at 3 and 6
dpi (peak of swelling), despite having less pronounced joint swell-
ing (Fig. 2D).

To further quantitatively assess the differences in the edema in-
duced by LR2006 OPY1 and CNR20235, a tracer assay was performed
to measure the vascular leakage in the joint of virus-infected animals
(Fig. 2E and F). A greater degree of vascular leakiness in LR2006
OPY1 was observed at both 3 and 6 dpi (Fig. 2E and F). These obser-
vations were in stark contrast to previous studies suggesting mono-
nuclear infiltrates as the primary driver of joint swelling (37, 45).
Taken together, these observations highlight that CHIKV-induced
joint swelling is a combination of both edema and cellular infiltration
and that CNR20235 induces a weaker pathology associated with re-
duced edema in the joint of animals.

CNR20235 induces a milder systemic inflammatory re-
sponse than LR2006 OPY1. To identify the mediators in systemic
host response that may be responsible for the reduced pathology
induced by CNR20235, we next examined the serum levels of 19
cytokines in LR2006 OPY1- and CNR20235-infected mice at 3, 6,
and 15 dpi (Fig. 3). Among the 19 cytokines analyzed, levels of
seven cytokines were below detection limit and were therefore
excluded from subsequent analysis. Two-way hierarchical cluster-
ing analysis showed that infection with CNR20235 triggered a
milder proinflammatory host response than with LR2006 OPY1,
particularly at 3 dpi (Fig. 3A). Significantly higher levels of proin-
flammatory (IFN-vy, TNF-a, and IL-6), antiviral (IFN-a), che-
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motactic (IP-10, RANTES, GROaq, and MCP-1), and bone-asso-  infected with LR2006 OPY1, with higher GRO« levels persisting
ciated (SRANKL) immune mediators were observed in mice until 15 dpi (Fig. 3B).

infected with LR2006 OPY1 at 3 dpi (Fig. 3B). At 6 dpi, the levels CNR20235 and LR2006 OPY1 induce a differential localized
of IFN-vy, TNF-q, and IL-6 remained significantly higher in mice  host immune response. Although infection with CNR20235 in-
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FIG 6 Histological assessment of granzyme B expression in the pLN and joint footpads of LR2006 OPY1- and CNR20235-infected mice. Three-week-old WT
C57BL/6 female mice were infected with LR2006 OPY1 or CNR20235 at 10° TCIDs, (1 = 3 mice per group) by joint footpad inoculation. Histological analysis
of pLN and CHIKV-inoculated footpad by labeling with anti-granzyme B antibody at 3 and 6 dpi was performed. The images in the boxed regions were taken at
X200 magnification within the inset images, which were taken at X 100 magnification. Black arrowheads indicate positively stained cells. For the pLNss, the scale
bars represent 30 and 50 wm for the main and inset images, respectively. For the footpads, the scale bars represent 50 and 100 pm for the main and inset images,
respectively. The images presented are representative of three mice per group from two independent experiments. The mean granzyme B intensity in positively
stained cells (n = 20) was quantified from photos taken at X200 magnification using Image] and is presented as a histogram (two-tailed Mann Whitney U test).
#% P < 0.0001 (3 dpi, pLN); **, P = 0.0018 (6 dpi, footpad).
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duced a milder systemic host immune response than with LR2006
OPY1 (Fig. 3), CNR20235 induced a greater degree of mononu-
clear cell infiltration into the joint footpad, despite a less pro-
nounced joint swelling (Fig. 2D). This discrepancy suggests that
general infiltration in the joint was insufficient as a marker of
pathogenicity. Instead, a more defined understanding of patho-
genic host immune factors in core organs involved is required. To
address this issue, viral load, immunophenotyping, and gene ex-
pression analysis were performed in the nearest draining lymph
node, the popliteal lymph node (pLN), and at the site of virus
inoculation (footpad) (Fig. 4 and 5).

In the pLN, mice infected with LR2006 OPY1 had a signifi-
cantly higher viral load compared to mice infected with
CNR20235 on 3 dpi (Fig. 4A). In addition, recruitment of T cells
and NK cells in the pLN were differentially modulated in mice
infected with LR2006 OPY1 and CNR20235 (Fig. 4B). A higher
number of CD3" T cells were recruited during infection with
CNR20235: both CD4* and CD8" T cells at 3 dpi and mainly
CD8™ T cells at 6 dpi (Fig. 4B). Fewer NK cells were recruited
during CNR20235 infection compared to LR2006 OPY1 (Fig. 4B).
Gene expression analysis further revealed that CNR20235 did not
drive a strong host immune response despite the recruitment of
more immune cells (Fig. 4C). On the other hand, infection with
LR2006 OPY1 led to a higher expression of IL-12p35 (Th1-asso-
ciated gene; ~1-fold higher at 3 dpi), and granzyme B (~3-fold
higher at 3 dpi and ~0.5-fold higher at 6 dpi) and IP-10 (~2.5-
fold higher at 3 dpi and ~1-fold higher at 6 dpi) (Fig. 4C). Al-
though the number of monocytes/macrophages was not signifi-
cantly modulated, it is interesting that the expression of iNOS, a
macrophage-associated gene was significantly induced during
CNR20235 infection at 6 dpi (Fig. 4C).

At the site of virus inoculation (i.e., footpad), there was no
significant difference in viral load between LR2006 OPY1 and
CNR20235 (Fig. 5A). At 3 dpi, infiltration of NK cells with LR2006
OPY1 infection was significantly higher compared to CNR20235 in-
fection (Fig. 5B). During the peak of joint swelling at 6 dpi, signifi-
cantly higher total CD3™ T cells (mainly CD4™ T cells) and CD11b™
Ly6C" monocytes was observed predominantly in CNR20235 infec-
tion (Fig. 5B). This finding is consistent with the histological assess-
ment by H&E staining (Fig. 2D), verifying the nature of the increased
mononuclear infiltrates to be comprised primarily of CD3* CD4" T
cells and CD11b™ Ly6C* monocytes. Similar to the pLN (Fig. 4C),
the increased number of immune cells infiltrating into the
CNR20235-inoculated joint footpad did not result in a stronger host
immune response (Fig. 5C). Instead, gene expression analysis re-
vealed a smaller Thl response, with T-bet (~10-fold lower at 3 dpi
and ~5-fold lower at 6 dpi), IP-10 (~15-fold lower at 3 dpi), and
IL-12p35 (~ 0.5-fold lower at 3 dpi) expression being significantly
lower at either 3 or 6 dpi (Fig. 5C).

Early and intensive NK response mediates early acute joint
pathology in LR2006 OPY1 infection. Transcriptional analysis in
tissues showed high levels of granzyme B expression with CHIKV

Caribbean CHIKV Induces a Debilitated Joint Pathology

infection (Fig. 4C and 5C). In addition, the CHIKV proteome was
previously predicted to contain several regulatory domains within
viral proteins that were potential sites of granzyme B cleavage,
suggesting that granzyme B has direct antiviral activity (46). This
led us to further characterize granzyme B expression using IHC in
the pLN and footpad (Fig. 6). Intense granzyme B staining was
observed in the pLNs of mice infected with either virus at 3 dpi
(Fig. 6). Consistent with granzyme B transcriptional analysis (Fig.
4C) of the pLN, the intensity of granzyme B staining was higher in
LR2006 OPY1 at 3 dpi but not at 6 dpi (Fig. 6). Compared to the
pLN, granzyme B staining was less intense in the joint footpad.
Granzyme B staining in the footpad was indistinguishable be-
tween LR2006 OPY1 and CNR20235 at 3 dpi, but higher gran-
zyme B intensity was seen in CNR20235 at 6 dpi (Fig. 6).

To better distinguish the source of granzyme B between NK
and CD8 T cells, granzyme B was captured with brefeldin A in cells
isolated from the pLN and joint footpad at 3 and 6 dpi. This was
followed by surface and intracellular staining of defined markers
for NK cells, CD8 T cells, and granzyme B (Fig. 7). In the pLN,
high levels of granzyme B were detected predominantly in the NK
cells and not in CD8 T cells at 3 dpi (Fig. 7A). Consistent with the
THC staining (Fig. 6), higher total counts and expression levels of
granzyme B in NK cells and CD8 T cells were observed in LR2006
OPY1 at 3 dpi compared to CNR20235 in the pLN (Fig. 7A and B).
Similarly, higher levels of granzyme B were also detected in the NK
cells of the joint footpad at 3 dpi (Fig. 7C). Differential regulation
of granzyme B expressing CD8 T cells was observed between
LR2006 OPY1 and CNR20235 (Fig. 7C and D).

To further verify the role of NK cells as an important mediator
of the joint pathology observed at 3 dpi, NK cells were depleted
using a-asialo-GM1 antibody prior to LR2006 OPY1 and
CNR20235 infection. Interestingly, depletion of NK cells signifi-
cantly reduced joint footpad swelling in LR2006 OPY1 and not in
CNR20235 infection at 3 dpi (Fig. 7E). Taken together, these ob-
servations suggested that NK cells partially mediate joint inflam-
mation in LR2006 OPY1 during early acute infection.

LR2006 OPY1 but not CNR20235 induces a predominant
Thl-associated IgG2c response during early infection. It has
been established in mice that the IgG isotype of specific antibodies
reflects the type of Th response. Antibodies of IgG1 isotypes are
known to associate with Th2 response, whereas antibodies of
IgG2b and IgG2c isotypes are known to associate with Thl re-
sponse (46). In order to evaluate the functional significance of Th
response induced by LR2006 OPY1 and CNR20235, we examined
the levels of CHIKV-specific total IgM, IgG, and their isotypes
(IgG1, IgG2b, IgG2c, and IgG3) using virion-based ELISA and
CHIKV neutralizing assays from sera of infected mice collected
at 3, 6, and 15 dpi (Fig. 8). Despite a lower replication capacity,
it was interesting that infection with CNR20235 induced high
levels of CHIKV-specific total IgM (at 3, 6, and 15 dpi) and IgG
(at 6 and 15 dpi) (Fig. 8A and B). Consistent with previous
studies (37), infection with LR2006 OPY1 induced a Thl bias

FIG 7 Early acute NK activation in LR2006 OPY1 mediates joint pathology. Three-week-old WT C57BL/6 female mice were infected with LR2006 OPY1 or
CNR20235 at 10° TCIDs, (n = minimum 5 mice per group) by joint footpad inoculation. (A and C) Mean fluorescence intensity (MFI) representing granzyme
B expression in CD8 and NK cells in pLNs (A) and footpads (C) in CHIKV infection (two-tailed Mann-Whitney U test). *, P = 0.0476 (pLN, 3 dpi, CD8); *, P =
0.0317 (pLN, 3 dpi, NK); *, P = 0.0476 (footpad, 6 dpi, CD$). (B and D) Absolute counts of granzyme B CD8 and NK cells in pLNs (B) and footpads (D) in
CHIKYV infection (two-tailed Mann-Whitney U test). *, P = 0.0317 (pLN, 3 dpi, CD8); *, P = 0.0317 (pLN, 3 dpi, NK); *, P = 0.0317 (footpad, 6 dpi, CD8); *,
P =0.0317 (footpad, 6 dpi, NK). NK cells were depleted from mice using a-asialo-GM1 antibody, and equal amounts of rabbit serum were given for controls.
(E) Disease scores at 3 and 6 dpi in CHIKV infection (two-tailed Mann-Whitney U test). **, P = 0.0079 (nsP1, day 6); ***, P < 0.0001 (disease score, day 6).
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response, consisting predominantly of CHIKV-specific IgG2c
response at both 6 and 15 dpi (Fig. 8B and C). In contrast, the
IgG1/1gG2c antibody response during CNR20235 infection
shifted toward IgGl1 at 6 dpi (Fig. 8B and C), highlighting a less
prominent Thl response that coincided with the reduction in
the peak of joint footpad inflammation. At 15 dpi, both LR2006
OPY1 and CNR20235 infections displayed a dominant IgG2c
response (Fig. 8B and C).

Neutralizing CHIKV-specific antibodies were assessed by us-
ing pooled sera. Interestingly, higher levels of CHIKV-specific to-
tal IgM and IgG antibodies induced by CNR20235 infection did
lead to more efficient CHIKV neutralization. The neutralizing ca-
pacity against CHIKV was similar in sera taken from LR2006
OPY1- and CNR20235-infected mice at 3, 6, and 15 dpi (Fig. 8D).
Collectively, these observations suggest that while infection with
LR2006 OPY1 induces an early predominant Th1-bias antibody
response compared to CNR20235 infection, the antibody neutral-
izing capacity remains similar.

DISCUSSION

CHIKYV can be categorized into three main genotypes, namely, the
West Africa, ECSA, and Asian genotypes (47). Interestingly, each
lineage has its own geographically distinct distribution. Isolates
that caused the Indian Ocean outbreaks from 2004 to 2006 form a
distinct cluster within the ECSA lineage (15). The ability of the
Indian Ocean isolates to increase their fitness in A. albopictus due
to an A226V mutation in the E1 glycoprotein put Europe and the
Americas at risk of CHIKV outbreaks since A. albopictus mosqui-
toes are abundantly distributed in these regions (48, 49). It is in-
teresting that the primary etiological agent that caused recent
CHIKYV outbreaks in China, the Philippines and Indonesia, and
the Caribbean in December 2013 belongs to the Asian but not the
ECSA genotype (24, 50, 51).

To address the propagation ability of the current circulating
CNR20235 in the host, we performed a series of in vitro infections
in MTFs and competition assays in Vero E6 compared to the well-
characterized LR2006 OPY1. We found that CNR20235 displayed
a weakened phenotype, whereby a lower replicative capacity and
replication fitness was observed during in vitro infection. Impor-
tantly, CNR20235 further display a waned pathogenicity in vivo.
Mice infected with CNR20235 showed a reduced joint pathology
during acute infection compared to LR2006 OPY1. Interestingly,
preliminary observations indicate a higher proportion of asymp-
tomatic cases from CNR20235 infections in the St Martin Carib-
bean cohort (40% asymptomatic cases) compared to that from
LR2006 OPY1 infections (52) in La Réunion (13% asymptomatic
cases; data not shown). Together, these observations suggest that
CNR20235 displays a debilitated phenotype in its ability to repli-
cate and induce disease in the mammalian host.

It was previously reported that the Asian CHIKV isolate in-
duced a modest joint swelling due to reduced macrophage infil-
trates and a weaker proinflammatory response (37). However, it
should be noted that in that study, the Asian-CHIKYV isolate was
murine adapted by nine passages in C57BL/6] mice (37, 53),
which could potentially alter the immunopathology. In our study,
mice were infected with the Caribbean CNR20235 CHIKYV isolate
propagated in the C6/36 mosquito cell line. This method confers
several advantages that include limited genetic changes to the vi-
rus isolates used and providing a closer simulation to natural in-
fection from mosquitoes in a mammalian host.
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In the present study, a systemic CHIKV-induced host immune
response illustrated that the symptomatic phase in infected mice
could be further segregated into two phases: early acute at 1 to 3
dpi (peak of viremia) and late acute at 6 dpi (peak of inflamma-
tion). Distinct pathological outcomes could differentiate the two
phases. The early acute phase is presented by high viral load in the
organs, where joint swelling is composed primarily of edema but
not cellular infiltrates. In the late acute phase, viral load in the
organs is reduced, and joint swelling is mediated by both edema
and cellular infiltrates, verifying earlier observations (45). Inter-
estingly, we show here that, compared to mice infected with
LR2006 OPY1, mice infected with CNR20235 presented with sig-
nificantly less edema, lower viremia and viral load in the organs,
and overall lower levels of systemic proinflammatory cytokines
during the early acute phase. Furthermore, differentially regulated
proinflammatory cytokines/chemokines, including IFN-a, IFN-y,
TNF-a, IL-6, IP-10, and MCP-1, were recently reported to be the
most common systemic immune signatures observed across dif-
ferent CHIKV cohorts during the early acute phase (54).

Minimal NK cell activity in the pLN and footpad was also ob-
served in CNR20235-infected mice during early acute CHIKV in-
fection. The association between reduced edema and NK cell ac-
tivity during CNR20235 infection suggests a potential pathogenic
role for NK cells during the early acute phase. These NK cells could
activate CD11b™ cells, leading to IL-6 and other proinflammatory
mediators inducing vascular leakage and edema (55), confirming
our data in which a greater extent of edema in LR2006 OPY1
infection correlated with higher NK activity and higher levels of
IL-6 and other proinflammatory mediators, such as IFN-v,
TNF-a, IP-10, RANTES, sRANKL, Groa, MCP-1, and IFN-a.
The detection of higher granzyme B in the NK cells of LR2006
OPY1-infected mice further corroborated the role of NK cells in
driving pathology since the depletion of NK cells significantly re-
duced the joint pathology. However, whether NK cells mediate
CHIKV-induced pathology such as edema through granzyme B
(56) remains to be elucidated. Taken together, data presented here
indicate that during early acute infection, the lower viral replica-
tion (by CNR20235) will result in a reduced systemic proinflam-
matory response and NK activity with reduced edema in the in-
flamed tissues. It was suggested in an earlier report that NK cells
expressing NKG2C may play a protective role in virus sensing and
clearance in CHIKYV infections (57). Our data further support a
role for NK cells where a strong NK response leads to pathology.

During the peak of inflammation at the late acute phase (6 to 8
dpi) of CN20235 infection, despite a drastic reduction in joint-
footpad swelling, immunophenotyping and IHC revealed a
greater degree of cellular infiltration. These cellular subsets in-
cluded CD4™ T cells, CD8™ T cells, and CD11b™ Ly6C™ mono-
cytes. Although CD4™ T cells have been demonstrated to be vital
mediators of inflammation during the late acute phase of CHIKV
infection (34), the mechanism used by these pathogenic CD4" T
cells and the direct involvement of Th1 dominance CD4" T cells
remains unclear. However, a Th1-biased host response during the
symptomatic period has been reported in both human studies and
CHIKYV animal models (31, 37, 58, 59). In addition, other mouse
models with similar inflammatory characteristics at the site of
pathology have reported the importance of Th1 cells as vital me-
diators of inflammation (60-62). In tandem with these observa-
tions, CNR20235 infection also led to lower levels of systemic
IFN-v and TNF-a and reduced T-bet expression (Th1 master reg-
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FIG 8 CHIKV-specific antibody induction during CNR20235 and LR2006 OPY1 infection. Three-week-old WT C57BL/6 female mice were infected with
LR2006 OPY1 or CNR20235 at 10° TCID5, (n = 6 to 18 per group) by joint footpad inoculation. (A) The total CHIKV-specific IgM and IgG levels were
determined from serum samples collected at 0, 3, 6, and 15 dpi at dilutions of 1:100 and 1:2,000, respectively, using purified CHIKV virion-based ELISA.
Data were obtained from three independent experiments and are presented as the mean relative optical density at 450 nm (OD,5,) * the SD after
subtracting the background OD 5, (two-tailed Mann-Whitney U test). ***, P = 0.0008 (3 dpi, IgM); ***, P = 0.0001 (6 dpi, IgM); **, P = 0.004 (15 dpi,
IgM); ***, P = 0.0001 (6 dpi, IgG); **, P = 0.004 (15 dpi, IgG). (B) The levels of CHIKV-specific IgG1, IgG2b, IgG2c, and IgG3 were determined in pooled
sera collected at 3, 6, and 15 dpi using a purified CHIKV virion-based ELISA. ND, below the detection limit. The antibody titer of each isotype was
determined from the highest serum dilution with the same detection limit as naive mice (n = 6). (C) Ratio of IgG1 to I1gG2c determined from
CHIKV-specific antibody titer. An assay was performed in duplicate, and the results are presented as the mean from three independent experiments. (D)
Neutralizing capacity of pooled sera collected at 3, 6, and 15 dpi. Pooled sera from three independent experiments (n = 6 to 18 per group) were diluted
from 1:10% to 1:10° and mixed with CHIKV (MOI of 10) for 2 h before infection of HEK293T cells for 6 h. The assays were performed in quintuplicate,
and data are expressed relative to samples infected with virus only without sera. The dotted line indicates the detection limit of the assay determined from
mock-infected samples. Data are presented as means * the SD.
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ulator) in the footpad than did LR2006 OPY1 infection. In addi-
tion, CNR20235 infection led to an increased IgG1/IgG2c ratio
compared to LR2006 OPY1 infection. Collectively, we provide
evidence here that CNR20235 CHIKYV induces a limited Th1 re-
sponse that could underlie the reduced joint inflammation phe-
notype during acute disease. This also provides pertinent insights
into functionally important cytokines and immune subsets to be
monitored in these patient cohorts in order to better define the
mechanisms of CHIKV immunopathogenesis by different clades.
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