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ABSTRACT Chikungunya virus (CHIKV) is a reemerging arthropod-borne alphavirus
and a serious threat to human health. Therefore, efforts toward elucidating how this
virus causes disease and the molecular mechanisms underlying steps of the viral rep-
lication cycle are crucial. Using an in vivo transmission system that allows intrahost
evolution, we identified an emerging CHIKV variant carrying a mutation in the E1
glycoprotein (V156A) in the serum of mice and saliva of mosquitoes. E1 V156A has
since emerged in humans during an outbreak in Brazil, cooccurring with a second
mutation, E1 K211T, suggesting an important role for these residues in CHIKV biol-
ogy. Given the emergence of these variants, we hypothesized that they function to
promote CHIKV infectivity and subsequent disease. Here, we show that E1 V156A
and E1 K211T modulate virus attachment and fusion and impact binding to heparin,
a homolog of heparan sulfate, a key entry factor on host cells. These variants also
exhibit differential neutralization by antiglycoprotein monoclonal antibodies, sug-
gesting structural impacts on the particle that may be responsible for altered interac-
tions at the host membrane. Finally, E1 V156A and E1 K211T exhibit increased titers
in an adult arthritic mouse model and induce increased foot-swelling at the site of
injection. Taken together, this work has revealed new roles for E1 where discrete
regions of the glycoprotein are able to modulate cell attachment and swelling within
the host.

IMPORTANCE Alphaviruses represent a growing threat to human health worldwide.
The reemerging alphavirus chikungunya virus (CHIKV) has rapidly spread to new ge-
ographic regions in the last several decades, causing overwhelming outbreaks of dis-
ease, yet there are no approved vaccines or therapeutics. The CHIKV glycoproteins
are key determinants of CHIKV adaptation and virulence. In this study, we identify
and characterize the emerging E1 glycoprotein variants, V156A and K211T, that have
since emerged in nature. We demonstrate that E1 V156A and K211T function in virus
attachment to cells, a role that until now has only been attributed to specific resi-
dues of the CHIKV E2 glycoprotein. We also demonstrate E1 V156A and K211T
increase foot-swelling of the ipsilateral foot in mice infected with these variants.
Observing that these variants and other pathogenic variants occur at the E1-E1 inter-
spike interface, we highlight this structurally important region as critical for multiple
steps during CHIKV infection. Together, these studies further define the function of
E1 in CHIKV infection and can inform the development of therapeutic or preventa-
tive strategies.
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Arboviruses are an expansive group of human pathogens that constitute a continu-
ing global health threat. Over the last several decades, there has been a resur-

gence of arbovirus outbreaks with high morbidity and mortality, demonstrating the
ability of arboviruses to adapt and spread to new environments (1). Alphaviruses repre-
sent a prominent threat, as members of this family of arboviruses, including chikungu-
nya virus (CHIKV), eastern equine encephalitis virus, O’nyong’nyong virus, Sindbis virus,
and Mayaro virus, have led to outbreaks in Asia, Europe, Africa, and the Americas (2–5).
To date there are no vaccine or antiviral therapies targeting alphaviruses; therefore, a
better understanding of the mechanisms underlying how these viruses cause disease
is crucial to identifying new therapeutic targets.

CHIKV is a reemerging pathogen that has caused explosive outbreaks and spread
throughout the world, including the Americas (2, 6). In 2020 alone, there were large
outbreaks reported around the world, each consisting of 30,000 to 100,000 cases as
well as smaller outbreaks of hundreds of cases (7). CHIKV has a single-stranded posi-
tive-sense RNA genome that encodes two open reading frames (ORFs). The first ORF
encodes four nonstructural proteins (nsP1 to -4), and the second encodes six structural
proteins (capsid, E3, E2, 6K, TF, and E1) (8). The mature CHIKV particle consists of 240
copies of the E1 and E2 glycoproteins, the fusion protein and attachment protein,
respectively. The glycoproteins are arranged in trimeric spikes, (E1-E2)3, of hetero-
dimers in T=4 icosahedral symmetry with E1-E2 interdimer and E1-E1 interspike con-
tacts stabilizing the protein lattice (9). The glycoprotein spikes protrude from a host-
derived lipid bilayer that surrounds the nucleocapsid core (10) containing the RNA
genome.

It has been demonstrated that CHIKV can engage various host cell factors and putative
receptors, such as glycosaminoglycans (GAGs), C-type lectins, and the recently identified re-
ceptor Mxra8 (11–13). Thus far, specific virus-host interactions have been attributed to the
E2 glycoprotein. For instance, binding to the ubiquitous host GAGs is, in part, modulated
by the type of amino acid at E2 residue 82 (11, 14). Residue 82 is a highly conserved glycine
in nearly every CHIKV isolate, except for CHIKV 181/25, which has an arginine at residue 82
and altered GAG utilization (14–16). Moreover, the CHIKV 181/25 E2 residue D71 has been
shown to be critical for interactions with Mxra8 (17). However, interestingly Mxra8 is pre-
dicted to contact residues within both E1 and E2, suggesting both proteins of the spike
have the potential to impact cell attachment (18).

Following attachment, the particle is taken up by clathrin-mediated endocytosis,
and pH-dependent membrane fusion occurs in the early endosome (19, 20). Upon ex-
posure to low pH, the E1-E2 heterodimer dissociates, exposing the fusion peptide (21).
The fusion peptide, consisting of residues 83 to 100 of the E1 cd loop, inserts into the
target membrane, and E1 undergoes a conformational change, folding back on itself
and trimerizing (22–24). The insertion of multiple E1 trimers mediates the joining of vi-
ral and host membranes (24, 25). In addition to virus entry, the CHIKV glycoproteins
play roles in egress of mature particles from infected cells, particle stability, and immu-
nogenicity (24, 26, 27). Considering this multifunctionality throughout the viral replica-
tion cycle, it is likely that there are additional roles for E1, and further details of its
known functions have yet to be elucidated.

The evolution and spread of CHIKV has been marked with mutations in the E1 and E2
envelope glycoproteins, making these proteins key determinants of infectivity and patho-
genesis and pivotal for adaptation (28–30). Following a 2005 outbreak, it was retrospec-
tively observed that CHIKV acquired a single mutation in E1, A226V, that increased infectiv-
ity in an alternative vector, Aedes albopictus, as opposed to the primary vector, A. aegypti.
This adaptation event led to outbreaks in areas of naive populations where A. albopictus
was abundant, giving rise to one of the four recognized lineages of CHIKV, the Indian
Ocean lineage (IOL) (31). The IOL strain was also responsible for an explosive outbreak in
Southeast Asia in 2008, where the endemic Asian lineage had already long been circulating
(32). In questioning why the Asian lineage had not yet gained E1 A226V despite the high
abundance of A. albopictus, it was found that E1 98T of the Asian lineage versus E1 98A of
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IOL has an epistatic interaction with E1 226, limiting the penetrance of E1 A226V mutation
and, further, that E1 98A enhances penetrance (33). These findings demonstrate the impact
of adaptive CHIKV glycoprotein variants. Continued work to understand how the glycopro-
teins adapt to modulate CHIKV infection will aid in identifying ways to therapeutically tar-
get these critical viral proteins.

In this study, we identify the novel CHIKV E1 variant V156A in our mouse-mosquito
transmission system that notably arose in humans with a second mutation, K211T (34).
We provide a functional characterization of these residues to guide our developing
knowledge of how E1 functions throughout the CHIKV replication cycle. We show that
CHIKV E1 V156A and K211T, present at the E1-E1 interspike interface, influence cell
binding and fusion and interactions with the GAG heparin. Moreover, we show that
these phenotypes may be driven by a structural change in the glycoproteins, as sug-
gested by altered neutralization by both E1 and E2 targeting monoclonal antibodies
(MAbs). Finally, we demonstrate CHIKV E1 V156A and K211T lead to increased titers
and foot-swelling in a mouse model, with the latter being the first observation of a dis-
crete E1 residue to have this impact. Together, our findings highlight new roles for E1
in modulating binding to cells and pathogenesis in animals and identify E1 residues
156 and 211 as key determinants of virulence.

RESULTS
Emergence of epidemic chikungunya virus E1 variant V156A in mice. In a previ-

ous study to understand chikungunya virus (CHIKV) evolution during vector-to-verte-
brate host transmission, we infected A. aegypti mosquitoes with an IOL strain of CHIKV
via artificial bloodmeal and allowed these mosquitoes to feed on neonatal mice (35).
We then analyzed the emerging virus populations by deep sequencing and identified
several novel mutations in the E1 glycoprotein (V80I and A129V) that increase replica-
tion and transmission in vivo (28, 35). In addition to these variants, we also identified
another emerging mutation in the E1 glycoprotein at residue 156 (V156A) (Fig. 1). E1
V156A could be detected at low frequency yet above background (.0.01%) in the sa-
liva of some bloodmeal-infected mosquitoes. Importantly, in subsequent mice and
mosquitoes, E1 V156A was able to increase in frequency, displacing the parental virus
in some cases (Fig. 1A and B). Although this result was variable between transmission
events, when we performed an additional round of transmission from mouse-fed mos-
quito to mouse, V156A remained fixed in both mosquito and mouse populations (Fig.
1C). Significantly, several years after our transmission study, CHIKV E1 V156A was
detected in the serum of infected humans during an outbreak in Brazil (34).
Interestingly, whereas we identified V156A in the IOL background, it appeared in na-
ture in the East Central South African (ECSA) background and cooccurred with the E1
mutation K211T each time it was detected (34).

Positions 156 and 211 are located on the same face of the E1 glycoprotein, in
domains I and II, respectively (Fig. 1D and E). Position 156 is in the hinge region of E1
and near the domain I-domain III linker, a dynamic region important for the conforma-
tional change of E1 that contributes to the facilitation of membrane fusion (Fig. 1D,
red) (36). Position 211 is in a region of domain II distal to the fusion loop, a region con-
taining intertrimer interacting regions between postfusion E1 trimers (Fig. 1E, blue)
(24). On the mature particle, positions 156 and 211 of adjacent E1 monomers face each
other at the E1-E1 interspike interface. The IOL lineage originated from the ECSA line-
age and carries the epidemic E1 A226V mutation (Fig. 1D and E, yellow) (6). It is possi-
ble that these evolving E1 variants represent discrete residues critical for protein func-
tion. Considering their emergence in our transmission system and in nature, we
hypothesized that E1 V156A and E1 K211T function to provide a replicative advantage
during CHIKV infection.

CHIKV E1 V156A and K211T exhibit replication kinetics and infectious particle
production similar to those of wild-type CHIKV in vitro. To begin characterizing the
E1 variants, we generated both single variants (IOL-V156A and IOL-K211T) and a dou-
ble variant (IOL-V156A:K211T) on the IOL background as well as single and double
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variants on a version of the IOL background with residue V226 mutated to A226
(V226A) (Fig. 1D and E). We first performed multistep replication curves in BHK-21 cells
to assess the replication of each variant (Fig. 2A and B). We found that infectious titers
of the variants exhibited a statistically significant decrease, although this was to a

FIG 1 Identification of emerging CHIKV E1 variant V156A following vector-borne transmission. (A) Schematic representation of
vector-borne transmission system and color key for mutation frequency detected in mosquito bodies or saliva (ovals) and mouse
blood (rectangles). ND, not detected. Line length is arbitrary. (B) Frequency of V156A detection during single rounds of vector-
borne transmission, color-coded as depicted in panel A. Each line represents an independent transmission event from infected
mosquito, to mouse, and to naive mosquito(es). (C) Frequency of V156A detection during an additional round of vector-borne
transmission, from infected mouse to naive mouse via mosquito, color-coded as depicted in panel A. (D) Structure of E1 monomer
depicting the laboratory-identified E1 variant with residues 156 and 226 indicated. E1 domain I is colored green, domain II cyan,
and domain III pink. E1 fusion loop is colored orange. (E) Structure of E1 monomer depicting the E1 variant identified in nature
with residues 156, 211, and 226 indicated. The background limit of detection was ,0.01%, as previously published.

Rangel et al. Journal of Virology

February 2022 Volume 96 Issue 4 e01586-21 jvi.asm.org 4

https://jvi.asm.org


modest extent, and overall we consider them comparable to wild-type CHIKV (Fig. 2A
and B). Notably, by 48 h the titers of the variants on the 226V background were signifi-
cantly lower than those of the wild-type control compared with the titers of the coun-
terpart variants on the 226A background, suggesting that 226A is providing an advant-
age for the impaired titers of V156A and K211T. We then inspected the CHIKV

FIG 2 Replication kinetics and particle production of E1 variants resemble wild-type CHIKV. (A and B) Multistep replication
curves for wild-type CHIKV and E1 variants in BHK-21 cells. BHK-21 cells were infected at an MOI of 0.1 PFU/cell, and
infectious titers of supernatant fractions collected at each time point were determined by plaque assay. Data represent
two independent experiments performed in triplicate. *, P , 0.05; **, P , 0.01; ***, P , 0.001. P values were determined
by two-way ANOVA with Dunnett’s multiple-comparison test. (C and D) Immunoblotting of structural proteins of purified
particles of wild-type CHIKV or E1 variants. Equivalent amounts of infectious particles were suspended in Laemmli buffer,
and proteins were separated by SDS-PAGE and analyzed by immunoblotting. Blots represent one of two independent
viral stocks. (E) TEM imaging of purified particles of CHIKV wild type and E1 variants.
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structural proteins in purified stocks of each virus by Western blotting. We found com-
parable levels in E1, E2, and capsid in each virus (Fig. 2C and D). Finally, to investigate
any morphological differences between variants, we visualized infectious mature par-
ticles via transmission electron microscopy (TEM). We found each virus to produce par-
ticles of similar size and uniformity (Fig. 2E). These results demonstrate that E1 V156A
and E1 K211T variants have growth kinetics and infectious particle production similar
to those of wild-type CHIKV.

CHIKV E1 V156A and K211T promote entry and exhibit increased sensitivity to
changes in endosomal pH. The primary recognized role of E1 is the facilitation of low
pH-triggered membrane fusion, a necessary step in establishing infection for envel-
oped viruses. Given the location of residues 156 and 211 in regions important for medi-
ating fusion, we determined the capacity of each of the variants to undergo membrane
fusion at various pHs. To test this, we performed a fusion-from-without assay on BHK-
21 cells (Fig. 3A and B). We compared each variant with its parental virus, IOL or V226A,
and, as a control, included the E1 variant V80L, which we have demonstrated to have a
decreased pH threshold for fusion (28). We observed that, on the IOL background, while
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FIG 3 CHIKV E1-V156A and K211T variants modulate cell entry and increase sensitivity to endosomal pH.
(A and B) Fusion-from-without assay. BHK-21 cells were preincubated with NH4Cl and adsorbed with
ZsGreen-expressing viruses (MOI, 1), fusion was triggered for 2 min at the indicated range of pH, and viral
spread was blocked by replenishing NH4Cl-containing media. At 18 h postinfection, cells were fixed and
DAPI stained, and the percentage of infected cells was assessed by fluorescence imaging. (C to F)
Bafilomycin A1 (C and D) and NH4Cl (E and F) sensitivity assays. BHK-21 cells were preincubated with
bafilomycin A1 or NH4Cl, incubated with ZsGreen-expressing virus (MOI, 1) for 1 h, washed twice, and
incubated in medium containing each treatment for 18 h. Cells were then fixed and DAPI stained, and
the percentage of infected cells was assessed by fluorescence imaging. All data are representative of at
least three independent experiments performed in duplicate. *, P , 0.05; **, P , 0.01; ***, P , 0.001. P
values were determined by two-way ANOVA with Bonferroni’s multiple-comparison test.
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the single variants exhibited a pH threshold for fusion similar to that of the parental virus,
the double mutant IOL-V156A:K211T consistently resulted in an increase in the percentage
of infected cells at low pH values (Fig. 3A). Interestingly, this was not the case on the
V226A background, in which all V226A variants, including the double mutant V226A-
V156A:K211T, resembled the parental virus (Fig. 3B). These results suggest that residues
156, 211, and 226 function together to promote fusion or provide an entry advantage such
as increased cell attachment.

As a complementary approach to assess the pH dependence of the E1 variants, we
tested their infectivity on BHK-21 cells in the presence of NH4Cl or bafilomycin A1, lyso-
somotropic agents used to deacidify the endosome (37–39). IOL-V156A and IOL-
V156A:K211T exhibited increased sensitivity to bafilomycin A1 (Fig. 3C), yet this was
not observed for their V226A counterparts (Fig. 3D). V156A and V156A:K211T on both
IOL and V226A backgrounds were more sensitive to NH4Cl, whereas the K211T single
mutant was more sensitive to NH4Cl on the IOL background but not the V226A back-
ground (Fig. 3E and F). The varying sensitivity of the variants to lysosomotropic agents
further suggests unique entry dynamics dictated by E1 residues 156, 211, and 226.

CHIKV E1 V156A and K211T decrease cell binding. One possible explanation for
the increased infectivity exhibited by IOL-V156A:K211T in our fusion-from-without
assay (Fig. 3A) is enhanced binding of this variant to cells. To test this hypothesis, we
conducted binding assays on mammalian and mosquito cell types (Fig. 4). To differen-
tiate the impact on binding by V156A and K211T apart from E1 V226A, we compared
binding of wild-type CHIKV E1 V226 and E1 A226 (Fig. 4A). Interestingly, we found
A226 exhibits decreased binding on BHK-21 and both insect cell lines, suggesting that
E1 residue 226 influences cell binding. We then investigated the binding of each E1
variant. In BHK-21 cells and both insect cell lines, we found that the single and double
variants on the IOL (V226) background significantly decrease cell binding compared
with wild-type CHIKV (Fig. 4B). V156A and K211T in the 226A background also impaired
binding compared with the wild-type counterpart (Fig. 4C). Taken together, these
results suggest that the increased infectivity observed in the fusion assay for IOL-
V156A:K211T (Fig. 3A) cannot be explained by an increase in binding, as binding of
this variant to BHK-21 cells, as well as both insect cell lines, was decreased compared
with wild-type CHIKV. The decrease in binding of these E1 variants in mammalian and
insect cells suggests that these E1-specific residues influence interactions with a host
membrane component present on the surface of each of these cell types. This may not
necessarily be through direct interactions with the mutated E1 residues but rather a
change in the orientation of the glycoproteins.

CHIKV E1 V156A and K211T reduce CHIKV-heparin interactions. Considering the
decreased binding across all cell types tested, we hypothesized that the E1 variants
have altered interactions with the ubiquitously expressed cell surface factors, GAGs,
known to function as CHIKV attachment factors (15, 16, 40). To test this hypothesis, we
measured the relative binding of each CHIKV E1 variant to heparin, a highly sulfated
GAG similar in structure to heparan sulfate, using an enzyme-linked immunosorbent
assay (ELISA). We found that the single variants IOL-V156A and IOL-K211T and the dou-
ble mutant all exhibited decreased binding to heparin (Fig. 5A and B). Interestingly,
binding of the individual variants in the V226A background was not as dramatically
decreased. However, we did find a significant reduction in heparin binding with the
V226A double variant (V226A-V156A:K211T). Together, these results demonstrate resi-
dues 156, 211, and 226 have the potential to modulate interactions at the cell surface,
particularly with important entry factors such as glycosaminoglycans.

CHIKV E1 V156A and K211T impact antibody neutralization. We hypothesized
that a mechanism by which E1 V156A and K211T lead to altered binding to cells is by
conferring structural changes on the glycoproteins. To investigate whether E1 V156A
and K211T induce local structural changes in the glycoprotein complex, we treated
gradient-purified virions with increasing concentrations of murine monoclonal anti-
bodies (MAbs) targeting different regions of E1 or E2 in neutralization assays (Fig. 6A)
(41). Mapping of escape mutants performed by Pal et al. revealed that two E2
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***, P , 0.001. P values were determined by Mann-Whitney test (A) or Kruskal-Wallis test (B and C).
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antibodies, CHIK-102 and CHIK-263, target the most distal region of E2, domain B, and
E1 antibody CHIK-166 targets part of domain II of E1, near the shielded fusion loop
(Fig. 6A) (41). CHIK-263 Fab bound to CHIKV was further analyzed by cryoelectron mi-
croscopy (cryo-EM) and was found to have an epitope footprint that spans both E1
and E2 (Fig. 6A) (42). We hypothesized that changes in neutralization by these antibod-
ies reveal altered epitope orientation. We found that IOL-K211T and IOL-V156A:K211T
were both more sensitive than wild-type CHIKV to neutralization by CHIK-102 and
CHIK-263, while IOL-V156A was largely unaffected (Fig. 6B and C). In addition, we
found that IOL-K211T and IOL-V156:K211T were neutralized similarly by CHIK-263,
whereas the double mutant was more sensitive than IOL-K211T to neutralization by
CHIK-102. Finally, we found that IOL-V156A was more sensitive to neutralization by
CHIK-166 than with the E2 antibodies (Fig. 6D). IOL-K211T and IOL-V156A:K211T were
less sensitive to neutralization by CHIK-166 than by CHIK-102 or CHIK-263 but still were
more sensitive than IOL-V156A and the wild type. As a control, none of the variants
were neutralized by an anti-ZIKV antibody (Fig. 6E). Individual 50% inhibitory concen-
tration (IC50) values are listed in Fig. 6F. The differential neutralization of the E1 variants
compared to the wild type by antiglycoprotein MAbs suggests that the variants V156A
and K211T cause structural changes in the particle leading to changes in the MAb epi-
topes. Notably, both E1 residues 156 and 211 are located in the interspike interface of
mature particles, which plays roles in the assembly and orientation of the glycoprotein
lattice, discussed further below. We hypothesize that these changes also mediate the
altered binding to cells and increased fusion observed.

CHIKV E1 K211T promotes dissemination in Aedes aegyptimosquitoes. Previous
studies described the isolation of novel CHIKV isolates of the Asian genotype carrying
the mutation K211E from regions of Southeast Asia (43–45). Noting that these regions
are A. aegypti dominated, a subsequent study showed K211E increases fitness in A.
aegypti (46). To test whether K211T and/or V156A would be advantageous in A. aegypti
in vivo, we infected A. aegypti mosquitoes with either of the single mutants or the dou-
ble mutant in the IOL background and measured infectious titers in the bodies as well
as disseminated virus in the legs and wings. IOL-V156A:K211T had slightly lower titers
in the bodies of mosquitoes, suggesting decreased infectivity in A. aegypti (Fig. 7A).
However, IOL-K211T had elevated titers in the legs and wings, possibly corroborating
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FIG 5 CHIKV E1 V156A and K211T decrease binding to heparin. Avidin-coated ELISA plates were bound with biotinylated
heparin and incubated with serially diluted virus of known genome number for 1 to 2 h. Plates were washed to remove
unbound virus. Bound virus was detected using mouse anti-CHIKV E2 MAb CHIK-187 followed by goat anti-mouse HRP-
conjugated secondary antibody. Plates were developed with TMB substrate and absorbance was measured at 450 nm.
Data are representative of two experiments performed in duplicate. *, P , 0.05; **, P , 0.01; ***, P , 0.001. P values were
determined by two-way ANOVA with Bonferroni’s multiple-comparison test. OD 450, optical density at 450 nm.
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previous findings that associated residue 211 with an advantage in A. aegypti (Fig. 7B).
The percentage of mosquitoes with infected bodies that also had disseminated virus
in the legs and wings (percent dissemination) was not statistically significant between
the viruses (Fig. 7C). Although the differences observed were modest, the varying phe-
notypes between V156A, K211T, and the double mutant in A. aegypti support the inter-
play of these E1 residues during CHIKV infection of mosquito vectors.

CHIKV E1 V156A and K211T enhance viral replication and pathogenesis in
mice. Finally, we sought to determine the impact of V156A and K211T during infection
in a mouse model. We first compared the growth kinetics of each CHIKV variant in NIH/
3T3 mouse embryonic fibroblasts and observed similar growth of each of the variants
(Fig. 8A and B). We then infected 4- to 7-week-old C57BL/6 mice subcutaneously via
the footpad with each of the CHIKV variants on the IOL background, as it was a variant
on this background that exhibited an entry advantage in vitro. At 2 days postinfection,
during peak viremia (47), we measured foot swelling and quantified infectious titers in
the injected foot, the ipsilateral calf muscle, spleen, and serum. While each variant

FIG 6 CHIKV E1 V156A and K211T impact antibody neutralization. (A) Depiction of E1 and E2 regions targeted by anti-CHIKV MAbs used for
neutralization assays. Corresponding escape mutants previously mapped by Pal et al. are indicated by labeled and colored spheres (41). Pink
ribbon represents CHIK-263 Fab footprint as previously mapped by cryo-EM (42). Residues 156 and 211 are also indicated by colored spheres. (B to
E) Virus neutralization assays using E2-targeting MAbs CHIK-102 (B) and CHIK-263 (C), E1-targeting MAb CHIK-166 (D), and ZIKV E-targeting control
MAb ZV-2 (E) were conducted by incubating ZsGreen-expressing variants (MOI, 1) with MAbs at indicated concentrations for 30 min, and mixtures
were used to infect BHK-21 cells. Cells were incubated for 18 h, fixed, and DAPI stained, and the percentage of infected cells relative to untreated
controls was quantified using fluorescence imaging. Data are representative of three independent experiments performed in duplicate. (F)
Nonlinear regression was used to determine best-fit curves, IC50 values, and confidence intervals.
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reached similar levels in the muscle and serum, all three variants had higher titers than
wild-type CHIKV in the injected foot (Fig. 8C). Interestingly, the double mutant-infected
mice exhibited the lowest titers of infectious virus disseminated to the spleen and,
although not statistically significant, to the muscle. Infection with all three variants
resulted in increased swelling of the foot, with the double mutant having the greatest
impact on swelling (Fig. 8D). This demonstrates that discrete E1 residues can impact
both viral replication and virus-induced pathology in the host.

Considering that we observed differing phenotypes in in vitro assays whether
V156A and K211T were expressed on the 226V- or 226A-expressing backgrounds, we
questioned whether residue 226 would also contribute to the increased inflammation
observed in mice. To address this, we infected mice with the V156A and K211T double
mutant on either the IOL or V226A background and measured foot swelling at 2 days
postinfection. The two parental viruses caused similar swelling, whereas V226A-V156A:
K211T caused intermediate swelling compared with the parental viruses and IOL-
V156A:K211T (Fig. 8E). Histological examination of the ipsilateral foot showed an
increase in subcutaneous swelling in mice infected with V156A and K211T viruses that
was more pronounced for the double mutant in the IOL background, as was suggested
by the swelling measurements (Fig. 8F), indicating a functional link between E1 resi-
dues 156, 211, and 226 that impacts replication and pathology in a mammalian host.

DISCUSSION

Alphaviruses are prominent disease-causing arboviruses. They will remain an ongoing
issue as long as the vectors that transmit them exist around human populations and con-
tinue to expand in geographical abundance (48). This raises our need to understand the
mechanistic details of how these viruses are transmitted and cause disease. Using an in
vivo transmission system in the lab, we identified a frequently occurring mutation in the
CHIKV E1 glycoprotein, V156A, that subsequently emerged in nature, cooccurring with the
E1 mutation K211T. In this work, we characterize these mutations in vitro and in vivo and
show that these residues function in virus binding and entry and can significantly impact
dissemination in mosquitoes and pathology in mice.

We demonstrated that the E1 mutations V156A and K211T and the double mutant
exhibit decreased cell binding and decreased in vitro binding to heparin. Interestingly,
these effects were observed to a lesser extent in the background of V226A. Residue
226 has previously been associated with host-specific and epistatic functions, and our
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FIG 7 CHIKV K211E enhances dissemination in A. aegypti mosquitoes. (A and B) Infectious titers quantified in
bodies (A) and legs and wings (B) of A. aegypti mosquitoes infected with wild-type CHIKV or E1 variants (IOL
V156A, N = 45; IOL-K211T, N = 42; IOL V156A1K211T, N = 46). Seven-day-old A. aegypti mosquitoes were fed
an artificial blood meal containing virus (106 PFU/ml) and incubated for 14 days. Viral titers were determined
for homogenized mosquito bodies or legs/wings by plaque assay. (C) Percent dissemination was determined as
the percentage of mosquitoes for which titers were detected in the body as well as legs and wings. Data
represent two independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001; Kruskal-Wallis test.
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study further implicates 226 in modulating phenotypes driven by other E1 residues
(28, 31, 46). These results are intriguing, as CHIKV is known to use glycosaminoglycans
as attachment factors, yet these interactions, so far, have been attributed to residues
of the E2 glycoprotein (14, 49, 50). The CHIKV strain 181/25, for instance, displays
increased GAG binding attributed to the E2 mutation G82R, which was acquired fol-
lowing passage in cell culture (11, 14, 49). Importantly, natural isolates of CHIKV are de-
pendent on GAGs for efficient infection of some mammalian cells. Recent analysis of
glycan interactions for diverse CHIKV strains revealed members of each genetic clade
preferentially bind GAGs over other glycans (14, 16, 51). However, strains from different
clades displayed different binding to GAGs, and this variation indicates the potential
array of genetic differences that may drive GAG-virus interactions.

FIG 8 CHIKV V156A and K211T increase replication and inflammation in mice. (A and B) NIH/3T3 cells were infected with each CHIKV variant at an MOI of
1, and supernatant fractions were collected for plaque assay at the indicated time points. Data represent the mean and SEM from three independent
experiments with internal duplicates. No data were statistically significant by two-way ANOVA. (C and D) Four- to 7-week-old C57BL/6 mice were infected
via subcutaneous injection of the footpad with 1,000 PFU of virus. (C and D) Quantification of infectious titers in the ipsilateral foot, ipsilateral calf muscle,
spleen, and serum (C) and swelling of the ipsilateral foot (D) at 2 dpi for mice infected with wild-type CHIKV or E1 variants (IOL V156A, IOL-K211T, IOL
V156A1K211T), N = 7 to 27. (E) Quantification of swelling of the ipsilateral foot of E1 variant V156A1K211T on either IOL or V226A backgrounds, N = 6 to
7. (F) The pathology of the feet was visualized by H&E staining. E, epidermis; D, dermis. The blue arrow indicates the measurement of swelling of the area
between the dermis and epidermis. Data represent at least two independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001; Kruskal-Wallis test.
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One potential explanation for reduced attachment and GAG interactions may not be
through direct E1 interactions but rather through changes in the glycoprotein complex
structure. Using monoclonal antibodies, we observed that E1 V156A and K211T can alter
antibody neutralization. These results suggest that there are structural changes to the
mature virion caused by residue changes in the E1 glycoprotein. Within the glycoprotein
lattice of the mature particle, E2 makes only intraspike contacts between E1-E2, whereas
biochemical and structural studies have identified the interglycoprotein spike interface to
consist of contacts between neighboring spikes of the mature particle to be sustained
exclusively by E1, forming the icosahedral scaffolding and joining the 80 glycoprotein
spikes (52–55). The E1 residues 156 and 211 are located within this E1-E1 interface
between adjacent E1-E2 trimeric spikes (Fig. 9A, squares). These E1-mediated interactions
being important for stabilization of the glycoprotein lattice and for glycoprotein spike ori-
entation together with E1-E2 intraspike contacts make E1 well poised to influence how
the particle engages with the cell surface. In the way that E1 V156A and K211T have a far-
reaching impact on binding by MAbs that target outward facing residues of E2, they could
similarly have an impact on the orientation of regions known to engage GAGs, such as
that surrounding E2 position 82, located in the upward-facing inner cavity of the spike
(Fig. 9B). Inspecting the electrostatic potential of the interspike interface, it is notable that
the interface harbors many exposed positively charged patches that could favor GAG-pro-
tein interactions that are mostly ionic (Fig. 9C) (56).

In addition to interactions with GAGs, E1 residues 156, 211, and 226 each lie within the
predicted contact zones of Mxra8 (Fig. 9A, oval) (13, 18). Notably, the recent

FIG 9 Structural visualization of E1 residues 156 and 211. (A) Top view of CHIKV E1/E2 spike and E1-E1 interspike
interface (PDB entry 2XFB). Squares denote positions 156 and 211 that face each other on E1 and E19. Oval
denotes approximate region predicted to interact with Mxra8 (18). (B) Side view of E1/E2 spike (PDB entry 2FXB).
(C) Electrostatic potentials of E1-E1 interspike interface. E1 residues of interest are indicated. Negative electrostatic
potential is shown in red, and positive electrostatic potential is in blue. (D) Semliki Forest virus E1-E1 postfusion
spike (PDB entry 1RER) with one E1 monomer colored by domain (green, domain I; cyan, domain II; pink, domain
III). The E1 fusion loop is shown in orange.
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characterization of CHIKV-GAG interactions found Mxra8 expression to be inversely corre-
lated with GAG dependency for CHIKV binding and infection (16). Also intriguing, consid-
ering our data, is that in vivo, Mxra8-deficient mice exhibit a modest decrease in titers at
the sight of injection following infection via footpad but dramatically decreased foot swel-
ling (17). In our study, we find V156A and K211T to increase foot swelling and that this is
regulated by residue 226. Taken together, E1 residues in the interspike interface may play
critical roles in glycoprotein assembly, spike orientation, and host-pathogen interactions
at the cell membrane. It will be insightful to investigate the impact of E1 variants on
Mxra8 interactions, in addition to GAG usage, in future studies.

Residue 226 has also been shown to modulate CHIKV fusion and cholesterol de-
pendence and to possess a functional link to residues near the fusion loop (28, 57).
Visualizing E1 residues 156 and 211 on the structurally similar Semliki Forest virus E1
protein, which has been crystalized in its postfusion trimer formation, shows 156 is in
the dynamic E1 hinge and near the domain I-domain III linker, a flexible region impor-
tant for refolding, trimerization, and successful fusion (36) (Fig. 9D). Position 211 is in a
contact region between E1 monomers within the trimer (58). This region is outward
facing and possibly critical for the cooperative ring formation that occurs between up
to 6 interacting E1 trimers during fusion (24, 25). In this study, IOL-V156A:K211T consis-
tently infected more cells at low pH in a fusion assay compared with wild-type virus,
which was not observed with V226A-V156A:K211T. V156A emerged in both V226 and
A226 backgrounds but only cooccurred with K211T in the A226 background. Neither
position 156 nor 211 is located near the fusion loop, and it is intriguing that they fur-
ther demonstrate a long-range functional link to residue 226.

Finally, we found E1 V156A and K211T impact virulence in adult C57BL/6 mice.
Elevated titers and swelling of the inoculated foot were observed for V156A and K211T
variants, and as we hypothesized, this was dictated by residue 226, as variant V226A-
V156A:K211T exhibited intermediate swelling. These in vivo results were surprising
given our in vitro results showing reduced binding to BHK and C6/36 cells and no sig-
nificant growth advantage in BHK or MEF cells. However, in vivo infections are complex.
Therefore, we cannot rule out the altered interactions of these CHIKV variants with dif-
ferent cell surfaces or with the mouse immune response. Future studies to understand
how these CHIKV variants function in vivo will be critical to our understanding of
CHIKV-induced pathogenesis. Nonetheless, previous work has shown that mutations at
E2 residue 82, which impacts GAG utilization, also modulate virus infection and arthritis
in mice (49). Therefore, our findings are in line with these studies and suggest that
modulating GAG interactions through E1 or E2 can impact inflammation in mice.
Future studies will investigate the underlying mechanism of this phenotype and
potential influences on the immune response, including possible differential recruit-
ment of cellular infiltrates and expression of inflammatory cytokines. Multiple recently
identified E1 mutations found to increase pathogenesis are located in the E1-E1 inter-
spike interface where residues 156 and 211 are located, potentially highlighting an
evolution hot spot for emerging CHIKV variants (Fig. 9C).

This work has provided evidence for functional roles of emerging CHIKV E1 variants
V156A and K211T, with implications in cell attachment and pathogenesis. We demon-
strate that the function of E1 in cell entry extends beyond membrane fusion and that
discrete E1 regions can also influence cell binding. As suggested by altered neutraliza-
tion by MAbs, this influence potentially is mediated by structural changes to the parti-
cle. Our findings also highlight V156A and K211T as determinants of CHIKV virulence,
with evidence that E1 can regulate swelling at the site of infection in the host, a
dynamic that will be important to further elucidate. Altogether, these results expand
our current understanding of the multifunctionality of the E1 glycoprotein, which will
be useful for the development of therapeutic and preventative tools.

MATERIALS ANDMETHODS
Cell lines. Mammalian cell lines were maintained at 37°C in 5% CO2. Baby hamster kidney (BHK-21;

ATCC CCL-10) and NIH/3T3 (a gift from Ken Cadwell at the NYU Grossman School of Medicine) cells were
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grown in Dulbecco’s modified Eagle’s medium (DMEM; Corning) supplemented with 10% fetal bovine
serum (FBS; Atlanta Biologicals) and 1% nonessential amino acids (NEAA; Gibco). Vero cells (ATCC CCL-
81) were grown in DMEM supplemented with 10% newborn calf serum (NBCS; Gibco) and 1% penicillin-
streptomycin (Corning). Mosquito cell lines were maintained at 28°C in 5% CO2. A. aegypti cells (Aag2;
provided by P. Turner, Yale University) were grown in DMEM supplemented with 10% FBS and 1%
NEAA. A. albopictus cells (C6/36, ATCC CRL-1660) were maintained in L-15 medium (Corning) supple-
mented with 10% FBS, 1% tryptose phosphate broth (Invitrogen), and 1% NEAA.

Viruses.Wild-type chikungunya virus (CHIKV) and E1 glycoprotein variants were generated from the
CHIKV strain 06-049 (AM258994) infectious clone, described previously (59). Amino acid substitutions
were introduced into the E1 glycoprotein by site-directed mutagenesis using a cloning plasmid that con-
tained the genomic region of interest flanked by XhoI and NotI restriction enzyme sites, Phusion DNA
polymerase (Thermo-Fisher), and the primers in Table 1. The XhoI/NotI fragment was then subcloned
into the full-length infectious clone plasmid using the same restriction sites. The variants were also intro-
duced by this method to a ZsGreen-expressing CHIKV infectious clone described previously (28). All E1
variants were confirmed by full-genome Sanger sequencing. To produce in vitro-transcribed viral RNA,
10mg of each CHIKV plasmid was linearized overnight using NotI (Invitrogen), purified by phenol-chloro-
form extraction, and used as a template for in vitro transcription using the SP6 mMessage mMachine kit
(Invitrogen). Resulting RNA was purified by phenol-chloroform extraction, aliquoted, and stored at
280°C. To produce stocks of infectious virus, 3.9 � 106 BHK-21 cells were mixed with 10mg RNA, electro-
porated with one pulse at 1,200 V, 25 mF, and infinite resistance, and then incubated at 37°C for 72 h.
Virus-containing supernatant, passage 0 (P0), was collected, clarified by centrifugation for 5 min at 1,200
rpm, and used to infect a monolayer of BHK-21 cells for 24 h to produce passage 1 (P1). P1 supernatant,
used as the working virus stock, was collected, clarified by centrifugation for 5 min at 1,200 rpm, ali-
quoted, and stored at 280°C. Gradient-purified virus stocks were produced as described above, with the
addition of ultracentrifugation of P1 over a 20% sucrose cushion at 25,000 rpm for 2 h and resuspended
in infection medium (DMEM, 0.2% bovine serum albumin [BSA], and 1 mM HEPES, pH 7.4) before aliquot-
ing and storing at 280°C. Viral titers were determined by plaque assays on Vero cells as described
below. Full genomes of all P1 stocks were Sanger sequenced (Genewiz) to ensure the absence of sec-
ond-site mutations. All CHIKV infections were conducted at the NYU Grossman School of Medicine under
biosafety level 3 conditions.

Plaque assay. A total of 400,000 Vero cells/well were seeded in 12-well plates 1 day prior to infec-
tion. Tenfold dilutions of virus-containing samples were prepared in DMEM, and 200 ml of each dilution
was used to infect cell monolayers. Virus-cell mixtures were incubated for 1 h at 37°C and then overlaid
with DMEM containing 2% NBCS and 0.8% agarose. Cells were incubated for 3 days at 37°C and then
fixed with 4% formalin, and plaques were visualized using crystal violet staining. Viral titers were deter-
mined by counting the number of plaques on the lowest countable dilution.

Viral growth kinetics. BHK-21 or NIH/3T3 cells were infected at a multiplicity of infection (MOI) of
0.1 or 1, respectively, for 1 h. Inoculum was removed, and cells were washed with phosphate-buffered
saline (PBS) and replenished with media. Supernatant fractions were collected at the time points indi-
cated, and infectious viral titers were quantified by plaque assay.

CHIKV RNA extraction and genome quantification. RNA was purified using TRIzol (Fisher-Scientific)
by following the manufacturer’s instructions. The number of CHIKV genomes per milliliter was quantified
by reverse transcription-quantitative PCR (RT-qPCR) using the Applied Biosystems TaqMan RNA-to-CT
one-step kit (Fisher-Scientific) with primers listed in Table 1. A CHIKV RNA standard was generated from
in vitro-transcribed RNA as described above and used to calculate the number CHIKV genomes per milli-
liter. All RT-qPCR analyses were run with a CHIKV standard, and all samples and standards were run in
technical duplicate.

Fusion-from-without assay. BHK-21 cells were incubated at 4°C in binding buffer (RPMI, 0.2% BSA,
10 mM HEPES, 20 mM NH4Cl) for 1 h. Gradient-purified ZsGreen-expressing viruses were diluted in

TABLE 1 PCR primers used in this study

Primer Sequencea

CHIKV E1 V156A forward CCATGCCGTCACAGCTAAGGACGCC
CHIKV E1 V156A reverse GGCGTCCTTAGCTGTGACGGCATGG
CHIKV E1 K211T forward CGCACACCTGAGAGTACAGACGTCTATGCTAATAC
CHIKV E1 K211T reverse GTATTAGCATAGACGTCTGTACTCTCAGGTGTGCG
CHIKV E1 V226A forward GCAGAGACCGGCTGCGGGTACGGTACACG
CHIKV E1 V226A reverse CGTGTACCGTACCCGCAGCCGGTCTCTGC
CHIKV RT-qPCR forward TCACTCCCTGCTGGACTTGATAGA
CHIKV RT-qPCR reverse TTGACGAACAGAGTTAGGAACATACC
CHIKV RT-qPCR Probe (6-carboxyfluorescein)-AGGTACGCGCTTCAAGTTCGGCG
BHK-21 GAPDH forward GGTGTGAACCATGAGAAGTATGA
BHK-21 GAPDH reverse GAGTCCTTCCACGATACCAAAG
Aedes actin forward AAGGCTAACCGTGAGAAGATGAC
Aedes actin reverse GATTGGGACAGTGTGGGAGAC
aBoldface nucleotides are mutations from the consensus sequence.
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binding buffer and allowed to bind the cell monolayer at 4°C for 1 h at an MOI of 1. Unbound virus was
removed, and fusion was induced at a range of pHs by adding fusion buffer (RPMI, 0.2% BSA, 10 mM
HEPES, 30 mM succinic acid) adjusted to each pH. After 2 min, fusion buffer was removed, complete me-
dium supplemented with 20 mM NH4Cl was added, and cells were incubated at 37°C for 16 h. Cells were
then fixed with 2% paraformaldehyde and 49,6-diamidino-2-phenylindole (DAPI) (Thermo-Scientific)
stained. Infected cells were quantified using a CellInsight CX7 high-content microscope (Thermo-
Scientific) and HCS Navigator Software version 6.6.1 (Thermo-Scientific).

Lysosomotropic agent sensitivity assay. BHK-21 cells were incubated in DMEM containing a range
of concentrations of NH4Cl or bafilomycin A1 for 3 h. Cells were then infected at an MOI of 1 for 1 h with
ZsGreen-expressing viruses in the presence of either lysosomotropic agent. Virus was removed, and cells
were washed with PBS three times and replenished with complete medium supplemented with either
agent. Cells were incubated at 37°C for 16 h and then fixed and DAPI stained. Infected cells were quanti-
fied using fluorescence microscopy as described above.

Virus-cell binding assay. BHK-21, Aag2, or C6/36 cells were incubated in binding buffer at 4°C for
1 h. Purified viruses were diluted in binding buffer to an infection ratio of 10 genomes/cell and allowed
to bind cells at 4°C for 1 h. Unbound virus was removed and cells were washed with PBS three times.
Cells were harvested in TRIzol and total RNA was purified by following the manufacturer’s instructions.
cDNA was synthesized using the Maxima H RT kit (Invitrogen), and viral genomes relative to cellular glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) (BHK-21) or actin (C6/36 and Aag2 cells) were quanti-
fied using SYBR green qPCR with primers targeting CHIKV nsP4, listed in Table 1.

Heparin ELISA. Ninety-six-well ELISA plates coated in biotin-conjugated heparin were incubated
with serially diluted gradient-purified virus particles (108 to 105 genomes) for 1 to 2 h at room tempera-
ture. Unbound virus was removed and plates were washed three times. Bound virus was detected by
incubation with a primary anti-CHIKV E2 antibody and an horseradish peroxidase (HRP)-conjugated sec-
ondary antibody, followed by addition of TMB substrate for up to 15 min. Oxidation of TMB was stopped
by adding sulfuric acid, and absorbance at 450 nm was measured using a plate reader. Heparin ELISAs
were performed at the University of Pittsburgh under biosafety level 3 conditions.

Antibody neutralization assay. ZsGreen-expressing viruses were incubated for 30 min at room
temperature with a range of concentrations of monoclonal antibodies targeting CHIKV E1 (CHIK-166), E2
(CHIK-102 and CHIK-263) (41), or Zika virus E as a control (ZV-2; Sigma-Aldrich) (kindly provided by
Michael Diamond, Washington University). Virus and antibody mixtures were used to inoculate BHK-21
cells, which were then incubated at 37°C for 18 h. Cells were fixed and DAPI stained, and infected cells
were quantified as described above.

Mouse infections. Four- to 7-week-old male and female C57BL/6 mice were infected in the left rear
footpad with 1,000 PFU of wild-type CHIKV and each variant diluted in 50 ml of PBS. At 2 days postinfec-
tion, foot swelling was measured using calipers and mice were euthanized. Blood was collected by car-
diac puncture, and harvested organs were homogenized in 500 ml PBS with two 5-mm stainless steel
beads using a tissue lyser (Tissue-Lyser II; Qiagen) for two 2-min rounds at 30 Hz and centrifuged to pel-
let debris for 10 min at 8,000 rpm. Infectious particles in the supernatants were quantified by plaque
assay as described above. Animal experiments were performed under biosafety level 3 conditions in ac-
cordance with all NYU School of Medicine Institutional Animal Care and Use Committee (IACUC) guide-
lines (protocol no. IA16-01783).

Mosquito infections. A. aegypti mosquitoes (P20; Poza Rica, Mexico) were obtained from Gregory
Ebel (Colorado State University) (60). Mosquitoes were reared and maintained in Memmert humidified
chambers at 28°C and 70% humidity with a 12-h diurnal light cycle. Artificial blood meals were prepared
by diluting viruses to 106 PFU/ml in washed sheep whole blood (Fisher-Scientific) supplemented with
5 mM ATP and fed to 7-day-old female mosquitoes for 60 min through a pork intestine membrane
warmed to 37°C. Engorged females were sorted and incubated for 14 days in 28°C chambers while being
fed 10% sucrose ad libitum. Mosquito bodies and legs/wings were removed, placed in 250 ml PBS con-
taining a 5-mm stainless steel bead, and homogenized using a tissue lyser (Tissue-Lyser II; Qiagen) for 2
min at 30 Hz. Debris was pelleted by centrifugation at 8,000 rpm for 10 min, and infectious titers of the
supernatants were determined by plaque assay as described above.

Western blotting. A total of 105 PFU of sucrose gradient-purified virions were suspended in
Laemmli sample buffer supplemented with 2-mercaptoethanol. Suspensions were boiled at 95°C for 10
min and centrifuged at 10,000 � g for 1 min. Protein was separated by SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane (Immobilon, Millipore). Blots were blocked using 5% milk in
Tris-buffered saline containing 0.1% Tween 20 (TBS-T). Blots were incubated with primary antibodies to
CHIKV E1 (provided by Gorben Pijlman), CHIKV E2 (CHIK-187; provided by Michael Diamond), and CHIKV
capsid (CHIK-122; provided by Andres Merits). Blots were then washed extensively and incubated with
HRP-conjugated goat anti-mouse or anti-rabbit IgG secondary antibodies (Invitrogen). Blots were devel-
oped using the SuperSignal West Pico plus chemiluminescent substrate kit (Thermo) and imaged using
the ChemiDoc MP imaging system (Bio-Rad).

Electron microscopy. Purified viruses were fixed in 4% paraformaldehyde in PBS overnight at 4°C. A
volume of 5 ml of fixed viruses was added onto a glow-discharged carbon-coated 400 mesh Cu/Rh grid
(Ted Pella Inc., Redding, CA) and stained with 1% aqueous uranyl acetate (Polysciences, Inc, Warrington,
PA). Stained grids were imaged under a Talos120C transmission electron microscope (Thermo Fisher
Scientific, Hillsboro, OR) using a Gatan OneView digital camera (4K x 4K; Gatan, Inc., Pleasanton, CA).

Histopathology. The method used for preparation of samples for histology was adapted from a pro-
tocol kindly provided by Deborah Lenschow (Washington University). At 2 days postinfection, the
injected left rear feet of mice were harvested and fixed in 10% neutral buffered formalin for 72 h. Feet
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were rinsed with PBS and decalcified using 5 M EDTA for 2 weeks at 4°C. Feet were rinsed and stored in
70% ethanol. Feet were embedded in paraffin, and 5-mm sections were prepared at the NYU School of
Medicine Experimental Pathology Research Laboratory. Sections were stained with hematoxylin and eo-
sin (H&E) and imaged under light microscopy.

Protein structures. Protein structural data were accessed via the Protein Data Bank (PDB) and ana-
lyzed using PyMOL version 2.3.3. Surface electrostatic potential maps were generated using the PyMOL
plug-in Adaptive Poisson-Boltzmann Solver (APBS) (61).

Statistics and data analysis. All data and statistical analyses were performed using GraphPad Prism
software (version 9.0.0). Two-way analysis of variance (ANOVA) with Bonferroni’s multiple-comparison
test, Kruskal-Wallis test with Dunn’s multiple-comparison test, Mann-Whitney U test, and nonlinear
regression were performed as indicated in the figure legends. All experiments were performed at least
two independent times with internal duplicates. A P value of,0.05 is considered significant.
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