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ABSTRACT Chikungunya virus (CHIKV) is an emerging pathogen capable of causing
explosive outbreaks. Prior studies showed that exacerbation in arthritogenic alpha-
virus-induced pathogenesis is attributed to its interaction with multiple immune
components, including the complement system. Viremia concomitant to CHIKV in-
fection makes exposure of the virus to complement unavoidable, yet very little is
known about CHIKV-complement interactions. Here, we show that CHIKV activated
serum complement to modest levels in a concentration- and time-dependent man-
ner, but the virus effectively resisted complement-mediated neutralization. Heat-
inactivated serum from seropositive donors could actively neutralize CHIKV due to
the presence of potent anti-CHIKV antibodies. Deposition of key complement com-
ponents C3 and C4 did not alter the resistance of CHIKV to complement. Further, we
identified a factor I-like activity in CHIKV that limited complement by inactivating
C3b into inactive C3b (iC3b), the complement component known to significantly
contribute to disease severity in vivo, but this activity had no effect on C4b. Inactiva-
tion of C3b by CHIKV was largely dependent on the concentration of the soluble
host cofactor factor H and the virus concentration. A factor I function-blocking anti-
body had only a negligible effect on the factor I-like activity associated with CHIKV,
suggesting that this activity is independent of host factor I and could be of viral ori-
gin. Thus, our findings suggest a complement modulatory action of CHIKV which
not only helps the virus to evade human complement but may also have implica-
tions in alphavirus-induced arthritogenic symptoms.

IMPORTANCE Chikungunya virus is a vector-borne pathogen of global significance.
The morbidity associated with chikungunya virus (CHIKV) infection, neurovirulence
and adaptability to Aedes albopictus, necessitates a deeper understanding of the in-
teraction of CHIKV with the host immune system. Here, we demonstrate that CHIKV
is resistant to neutralization by one of the potent barriers of the innate immune
arm, the complement system. Chikungunya virus showed marked resistance to com-
plement despite activation and deposition of complement proteins. Interestingly the
C3 component associated with the virion was found to be inactive C3b (iC3b), a key
factor implicated in the pathogenesis and disease severity in the mouse model of
Ross River virus infection. CHIKV also had an associated unique factor I-like activity
that mediated the inactivation of C3b into iC3b. We have unraveled a smart strategy
adopted by CHIKV to limit complement which has serious implications in viral dis-
semination, pathogenesis, and disease.
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The initial defense of the host from a barrage of pathogens is realized primarily by
the innate arm of the immune system, which includes the complement system.

Complement activation pathways, effected by a highly concerted group of proteins, are
multifunctional and not restricted to targeting pathogens (1, 2). Activated complement
directly or indirectly plays an important role in limiting viral dissemination, thereby
largely influencing the magnitude of pathogenesis and the associated disease out-
comes. The effector function of complement occurs through either one or multiple
pathways, namely, the classic pathway (CP), the lectin pathway (LP), and the alternative
pathway (AP). Unique viral signatures and infection-induced endogenous danger-
associated molecular patterns can activate complement pathways, leading to cleavage
of the central component C3 into C3a and C3b (3). Complement components such as
C3b and C4b are potent opsonins, as they can covalently bind to the pathogen surface
or form convertases facilitating further amplification and progression of pathways,
resulting in virus neutralization (4). Unlike the Ca2�-dependent CP or LP triggered by
the immune complex or the mannose-binding lectin (MBL)-sugar complex, basal levels
of activation of AP are maintained and support CP and LP via the amplification loop (5).
Viruses, both enveloped and nonenveloped, encompassing diverse families have been
shown to activate complement, resulting in virus neutralization. Viruses such as measles
virus (MV), mumps virus (MuV), parainfluenza virus 5 (PIV5), dengue virus, influenza A
virus, human immunodeficiency virus (HIV), coxsackievirus B3 virus, West Nile virus, and
vesicular stomatitis virus (VSV) have been shown to activate one or multiple comple-
ment pathways (6–19). Irrespective of the pathway involved, C3 plays a predominant
role in the neutralization of many viruses (9, 20, 21). The assembly of the pore-forming
unit called membrane attack complex (MAC) is the final step in the complement
cascade which supports virolysis, while terminal pathway-independent neutralization
has also been frequently reported (9, 22). The role of complement in the neutralization
of virus is not limited to lysis or aggregation but is multifactorial, with specific
complement components contributing to opsonization, phagocytosis, inflammation,
and priming of the adaptive immune responses (23, 24).

The inability to discriminate the self from nonself by the complement system, due
to a lack of memory, is circumvented by a highly concerted group of membrane-bound
or soluble proteins called regulators of complement activation (RCA). The RCA proteins
function either as cofactors by inactivating critical components such as C3b and C4b,
e.g., CD46, CD35, factor H, and C4BP, or by accelerating the decay of C3/C5 convertase,
e.g., CD55 and CD35 (25). In the race to override complement, viruses have adopted
smart strategies, including exploiting RCAs. Recruitment or incorporation of the host’s
membrane-associated or soluble RCAs has been reported in the case of many envel-
oped viruses, including PIV5, VSV, MuV, MV, HIV, and poxviruses (26, 27). It has also
been established that certain viruses, such as vaccinia, variola, herpes simplex virus 1,
and Kaposi sarcoma-associated herpesvirus, encode mimics that are structurally and
functionally similar to RCAs and are known to possess both cofactor and decay
accelerating activity (28–33). Preferential recruitment of factor H by Sindbis virus is
facilitated by the enrichment of sialic acid on the virus envelope, and the NS1 protein
of West-Nile virus acts as a conduit for factor H binding, thus mediating evasion of
complement (34, 35). Factor I is a cofactor-dependent complement-specific protease
that inactivates C3b/C4b, and recently, the resistance of the Nipah virus (NiV) to human
complement was attributed to a factor I-like activity associated with the virus (36). Thus,
exploitation of RCAs or other complement regulatory proteins is an interesting ploy
adopted by a range of viruses. The overall premise of this study is to investigate the
effect of the human complement system on chikungunya virus (CHIKV) and to under-
stand the mechanism of complement modulation, if any, by CHIKV.

Chikungunya virus is an important human pathogen causing significant joint mor-
bidity. The significance of CHIKV as a reemerging global pathogen can be inferred from
the magnitude of recent outbreaks that occurred across diverse geographical regions
(37, 38). It is a vector-borne alphavirus with a positive-sense single-strand RNA genome
and is transmitted by the Aedes aegypti or Aedes albopictus species of mosquitoes (39).
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Chikungunya and Sindbis virus treated with serum from naive wild-type mice were
found to resist mouse complement (40). Much of the information on alphavirus-
complement interactions has been obtained from studies using the Ross River virus
(RRV). Unlike other viruses, complement was found to support RRV-associated disease
pathogenesis. Using C3�/� and MBL�/� mice, it was demonstrated that the MBL
pathway and C3 were highly essential for the development of RRV-induced arthrogenic
disease (41, 42). The disease symptoms were exacerbated due to the involvement of
complement receptor 3 (CR3) and the downstream signaling at the sites of inflamma-
tion, which thus promote tissue damage (43). In contrast to RRV, complement had a
protective role in Venezuelan equine encephalitis virus (VEEV) infection by promoting
peripheral virus clearance and abatement of neuroinvasion and neuropathology (44).
Although the effect of mouse complement on CHIKV is known, not much is known
about the outcome of CHIKV-human complement interaction. Posttransmission by
mosquitoes, dissemination of CHIKV to distal sites occurs via the hematogenous route
(45). The presence of complement both locally and in the serum necessitates the
adoption of smart strategies by the virus to circumvent complement. Here, we dem-
onstrate that CHIKV can activate complement to modest levels, but this does not result
in virus neutralization despite the deposition of complement components C3b and
C4b. Neutralization was observed only with serum from seropositive donors due to the
presence of anti-CHIKV antibodies. The resistance of CHIKV to human complement is in
part due to a factor-I like activity associated with the virion which mediated the
inactivation of C3b into inactive C3b (iC3b) with the mere addition of factor H. Our
study gains significance, as it offers valuable insights into the mechanism by which
CHIKV limits the potency of the host complement.

RESULTS
Chikungunya virus activates complement in normal human serum. Chikungu-

nya virus being a hematogenous virus, we first investigated if it can activate human
complement in the fluid phase. To determine the effect of virus concentration on
complement activation, 2-fold dilutions of sucrose-gradient-purified CHIKV starting
with 2.5 �g to 0.07 �g were incubated with normal human serum (NHS; 1:20) for 45 min
at 37°C. The levels of C3a generated, an established complement activation marker,
were determined using Western blotting. Background levels of C3a, similar to the
serum-only controls, were seen at a CHIKV concentration of 0.07 �g, with a gradual
increase observed at 0.15 and 0.31 �g, suggesting concentration dependency. The
levels of C3a generated saturated at concentrations above 0.6 �g (Fig. 1A). The data
presented are a representation of three independent experiments. Complement acti-
vation by CHIKV was also time dependent. Upon incubation of a fixed concentration of
CHIKV (1.25 �g) with NHS (1:20) for various time points, negligible levels of C3a were
observed at 1 min, followed by a gradual increase starting at 5 min, with the highest
levels being observed at 45 min (Fig. 1B, lanes 8 to 13). Only background levels of C3a
could be detected in the corresponding serum-only control (Fig. 1B, lanes 2 to 7).
Zymosan treated with NHS served as the positive control, where robust levels of C3a
were generated. Complement activation levels observed with CHIKV never equaled the
levels achieved with the Zymosan control. Thus, CHIKV was found to activate human
complement in solution; however, increased virus concentration and the prolonged
incubation period required for saturation of C3a indicated that CHIKV supported
complement activation to modest levels.

CHIKV is resistant to complement-mediated neutralization. It was previously
demonstrated that CHIKV is less sensitive to neutralization by mouse complement (40).
Having observed that CHIKV is a poor activator of the human complement, we
hypothesized that unlike highly susceptible enveloped viruses, CHIKV would be less
sensitive to the human complement. Complement-dependent neutralization assays
were performed by incubating CHIKV with different dilutions of NHS or heat-inactivated
NHS (HI-NHS) for 1 h at 37°C, and the remaining infectivity was determined by
performing a plaque assay on monolayers of Vero cells. The virus was found to actively
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resist neutralization at all the dilutions tested. Compared to the input, virus-only
control, only a 10 to 25% reduction in the number of plaques was seen when the serum
concentration was high (1:5 to 1:40; Fig. 2A). Although the reduction in numbers
showed statistical significance when the minimal essential medium (MEM) control and
NHS- or HI-NHS-treated CHIKV were compared, the relative difference between NHS-
and HI-NHS-treated CHIKV samples was not significant. Because the reduction in plaque
numbers was not specific to NHS treatment and was close enough to HI-NHS-treated
samples, a role of serum factors other than complement may be attributed. It should be
pointed out here that each data point is the mean � standard error of the mean (SEM)
of values from experiments carried out with seven independent donor serum samples.
Thus, our findings support the hypothesis that CHIKV is resistant to human comple-
ment. To further substantiate the resistance of CHIKV to NHS, a comparative analysis
was carried out between CHIKV and Chandipura virus (CHPV). We had earlier observed
that the neurotrophic rhabdovirus CHPV, known to cause encephalitis in humans, is
readily neutralized by human complement (46). A marked reduction in the number of
plaques was seen in the case of CHPV compared to CHIKV upon treatment with NHS at
all serum dilutions tested (Fig. 2B). As observed earlier, a minor reduction in the plaque
numbers was observed when CHIKV was treated with either NHS or HI-NHS, while
treatment with HI-NHS had no substantial effect on the infectivity of CHPV. These
observations confirm that CHIKV is highly refractory to complement-mediated neutral-
ization in vitro.

Since both NHS and HI-NHS had no significant effect on CHIKV, we wanted to
determine the effect of serum from seropositive donors on the virus. Serum samples
from 6 individuals with a clinical history of CHIKV infection and one naive donor (donor
8 [D8]) were heat-inactivated to inactivate complement and were tested for their
neutralizing effect on CHIKV. Based on the prior standardization, 100 PFU of CHIKV was
incubated with the donor serum at a dilution of 1:2,500 for 1 h at 37°C, and the
remaining infectious particles were determined by plaque assay (Fig. 2C). Compared to
the MEM-treated control, a marked reduction in plaque numbers was observed when
CHIKV was treated with HI sera from seropositive donors. The number of plaques
equaled that of the control upon treatment with HI serum from the seronegative donor
(D8). The neutralization pattern among the individuals varied, with donors D92 and

FIG 1 Activation of human complement by CHIKV is concentration and time dependent. Complement
activation and subsequent generation of C3a upon incubation of CHIKV with NHS are shown. Serum
treated with zymosan served as a positive control, while the negative control was set up by incubating
serum with PBS. (A) Levels of C3a generated in the serum when incubated with various concentrations
of CHIKV for 45 min. CHIKV activated complement in a concentration-dependent manner. (B) Levels of
C3a generated in the serum at different time points (1, 5, 10, 20, 30, and 45 min) when incubated with
a set concentration of CHIKV. A gradual increase in the levels of C3a occurred with the increase in time
(lanes 8 –13); background levels of C3a were detected at 1 min, with marked saturation occurring
midway. The serum-only control incubated for the indicated time period showed only basal levels of C3a
(lanes 2–7), which were significantly lower than for the samples containing both CHIKV and NHS. The
Western blots are representative of three independent experiments.
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D145 showing �75% neutralization, while the remaining donors had a neutralization
range between 50 and 60%. The differences in the neutralization patterns of the
seropositive donors were consistent with existing variation in the antibody profile
against CHIKV (47).

In order to validate the presence or absence of anti-CHIKV antibodies in the donor
serum, a CHIKV-specific enzyme-linked immunosorbent assay (ELISA) was carried out by
coating 125 ng of gradient-purified CHIKV. Then, 2-fold dilutions of HI-serum were
incubated with the adsorbed virus, and the bound antibodies were detected using
horseradish peroxidase (HRP)-labeled secondary antibodies. Antibodies in the serum
from seropositive donors reacted to bound CHIKV saturating at the highest concen-

FIG 2 Chikungunya virus is less sensitive to serum complement factors but is readily neutralized by anti-CHIKV antibody in
seropositive donor sera. Complement-dependent neutralization of CHIKV and CHPV was assessed by incubating equal
amounts of PFU of the virus with MEM or a 2-fold dilution of NHS or HI-NHS for 1 h at 37°C followed by plaque assay. (A) Effect
of NHS/HI-NHS on CHIKV. A reduction in the number of plaques can be observed with both the NHS- and HI-NHS-treated
samples compared to the CHIKV-alone control. No significant differences were observed within the NHS- and HI-NHS-treated
groups at every dilution tested except at the highest serum concentration of 1:5. The data represent the mean � SEM of all
data points obtained from 7 individual donor serum samples. The symbols in the figure indicate significance as follows: #,
P � 0.0001; ^, P � 0.01; *, P � 0.05; ns, nonsignificance. (B) Comparison of susceptibility of CHIKV and CHPV to NHS. Chandipura
virus was highly sensitive to NHS compared to CHIKV, with neutralization observed in all serum concentrations tested.
Heat-inactivated serum (1:10) was not capable of limiting both CHIKV and CHPV. The data are the mean � SEM of three
independent experiments performed in duplicate. ***, P � 0.0001; **, P � 0.01; ns, nonsignificance. (C) Effect of HI sera from
both seropositive and seronegative donors on CHIKV. Equal PFU of CHIKV were incubated with HI-sera from seropositive/
seronegative donors, and the remaining viral infectivity was determined using a plaque assay. Heat-resistant factors in
seropositive donors and not seronegative serum neutralized CHIKV. The data represent the mean � SEM of 6 independent
experiments. ***, P � 0.001. (D) ELISA to detect anti-CHIKV antibodies in seropositive donors. Purified CHIKV adsorbed to ELISA
plates was incubated with 2-fold serial dilutions of HI-donor sera, and the bound anti-CHIKV antibody was estimated
colorimetrically at 405 nm. Binding was observed only with the serum from the seropositive donor and positive control and
not from the seronegative serum. Serum from a seronegative donor (D8) and immune sera from rabbits immunized with
UV-inactivated CHIKV (P) served as the negative and positive controls, respectively. The data are the mean � SEM of 3
independent experiments.
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tration (1/100 and 1/200). Variation in absorbance was observed between individuals,
which is clearly evident between the dilutions 1/200 and 1/6,400 (Fig. 2D). As expected,
antibodies from donor D8 did not bind to CHIKV; however, antibodies in the hyper-
immune sera from a rabbit immunized with UV-inactivated CHIKV were highly reactive
to the viral antigens, with absorbance at 405 nm being �2 at the highest concentration.
Taken together, these findings make it clear that serum components, including com-
plement in the naive serum, are incapable of neutralizing CHIKV, which is reversed only
when CHIKV-specific antibodies are present as in the case of serum from seropositive
donors.

Complement activation by CHIKV results in deposition of complement compo-
nents C3b and C4b. Deposition of activated complement components, including C3b

and C4b, is an important step in the progression of the complement cascade and
largely dictates the susceptibility of viruses to complement. We had earlier demon-
strated that despite complement activation by CHIKV (Fig. 1), neutralization did not
ensue (Fig. 2A and B). We sought to understand if the block in neutralization is due to
the lack of deposition of complement components. An ultracentrifugation approach
was first employed, wherein gradient-purified CHIKV was incubated with either MEM or
NHS at a dilution of 1:2 for 1 h at 37°C and layered on a 15 to 60% sucrose gradient and
was centrifuged at 150,000 � g for 5 h at 4°C. Fractions of equal volumes collected from
the bottom of the tubes were analyzed with Western blotting to detect CHIKV proteins
and the complement components C3 and C4. Of the total 17 fractions analyzed, viral
antigens were detected between fractions 6 and 8 (Fig. 3A, top panel) in the
CHIKV�MEM sample. Treatment with NHS had no effect in the migration pattern of
viruses, as viral antigens were present in identical fractions 6 to 8, similar to the
CHIKV�MEM samples (Fig. 3A, second panel from top). In the case of enveloped viruses
such as PIV5 or mumps virus, differential shifts in migration have been reported which
corresponded to their mechanism of neutralization, viz., aggregation or lysis (9). In the
case of CHIKV, it is interesting to note that no such differences existed. All the fractions
from the CHIKV�NHS sample were also probed to detect complement proteins C3 and
C4. Complement component C3 was found to comigrate with the viral fractions (6–8),
but C3 reactivity was also observed in the bottom fractions 3 to 5. The remaining
unbound C3 components were detected at the top of the gradient between fractions
13 and 17 (Fig. 3A, third panel from top). The association of C4 components to CHIKV and
migration also followed a pattern similar to that of C3. The peak fractions (6–8) showed
reactivity to C4 antibodies with signal also detected in fractions 4, 5, and 9. Maximum
reactivity to C4 antibody was observed in the fractions at the top of the gradient, similar to
C3 (Fig. 3A, bottom panel). These results indicate that complement components comigrate
with the virus particles through the sucrose gradient, suggesting deposition of the com-
plement proteins. This deposition is limited, as the larger fraction of the complement
proteins was found unbound at the top of the sucrose gradient.

To further confirm deposition of C3 and C4 components on CHIKV, electron micros-
copy (EM) experiments were carried out. Gradient-purified CHIKV was adsorbed to
carbon-coated gold EM grids, incubated with NHS (1:10), and probed for C3/C4
deposition. Treatment with NHS resulted in deposition of both C3 and C4 components
on CHIKV. Anti-CHIKV antibodies bound to the particles were detected readily, as
observed by the marked staining of the 6-nm nano-gold anti-rabbit antibodies (Fig. 3B,
top-right panel). Upon probing with anti-C3/C4 antibodies, positive reactivity to both
the proteins was observed as evident from the 12-nm gold secondary antibody binding
to reactive C3 (Fig. 3B, middle two panels) and C4 antibodies (Fig. 3B, bottom two
panels). Thus, the electron microscopic observations further confirm that vital comple-
ment components, C3 and C4, are deposited on the virion post-complement activation
by CHIKV. However, the overall number of particles which showed positive reactivity to C3
deposition was lower. Particles in 14 independent fields were chosen and checked for
positive reactivity to anti-C3 antibodies. Out of the 165 particles analyzed, only 35 showed
staining for C3, which accounted for only 21% positivity (Fig. 3C). These data suggest that
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the activation of complement by CHIKV resulted in deposition of complement proteins on
the virus particles, but the limited deposition did not support virus neutralization.

The C3 component comigrating with the viral fractions lacks the �= subunit.
Having observed that C3 deposition occurred on the virion without affecting the virus

FIG 3 Exposure of CHIKV to NHS results in deposition of complement components on the virus. (A) Western blot analysis of
sucrose density gradient fractions of NHS- or MEM-treated CHIKV. Purified CHIKV was incubated with NHS or MEM and
subjected to ultracentrifugation over a preequilibrated 15 to 60% linear sucrose gradient. Fractions of equal volume collected
from the bottom of the tube were analyzed for CHIKV antigens and the associated complement components. Complement
components C3/C4 comigrated with CHIKV in a linear sucrose gradient when subjected to high-speed ultracentrifugation. Note
that fraction 1 is from the bottom, while fraction 17 is the topmost of the gradient as indicated. The migration pattern of viral
antigens in both MEM- (top) and NHS-treated CHIKV (2nd from top) was identical to the reactivity observed between fractions
6 to 8. Components of complement proteins C3 (3rd from top) and C4 (bottom) could be seen migrating with CHIKV antigens,
but excess or unbound C3/C4 in the CHIKV � NHS sample appeared in the top fractions. P indicates purified CHIKV (top two
blots, extreme left lane), C3 (third from the top), and C4 (bottom). The Western blot data comprise a representative image of
three independent experiments. (B) Visualization of the C3/C4 component bound to CHIKV by electron microscopy. Chikun-
gunya virus was adsorbed on EM grids and treated with NHS. Bound complement components (C3/C4) to CHIKV were detected
after multiple washes followed by probing with anti-human C3 (middle panel, magnification 68,000�) or anti-human C4
(bottom panel, magnification 98,000�) antibody followed by anti-CHIKV antisera and nanogold-conjugated secondary
antibodies. The controls included secondary only (top left, magnification 68,000�) and particles probed for viral antigens only
(top right, magnification 120,000�). Viral antigens are highlighted by 6-nm (closed triangles) and C3/C4 by 12-nm (arrows)
gold secondary antibodies, respectively, with the scale bar indicating 0.025 �m. (C) Pie chart depicting the percentage of
particles staining positive for C3 deposition in comparison to C3-negative particles.
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integrity, as no neutralization was observed, it was intriguing to identify the form of C3
component associated with the virion. Upon initial activation, the native C3 is cleaved
into the active C3b, which can bind covalently to pathogens. However, unprecedented
complement activation can generate significant levels of C3b and C4b, which is
inactivated readily by the combined action of a complement-specific serine protease,
factor I, and cofactors. Cofactors such as factor H and CD46 support the factor
I-mediated inactivation of C3b into iC3b. The 102-kDa �= subunit of C3b is cleaved into
68- and 43-kDa fragments with the release of C3f as depicted in the stick diagram (Fig.
4A). A closer analysis of the peak viral fractions in the CHIKV�NHS samples (for gradient
samples see Fig. 3A) with Western blotting revealed that the species of C3 associated
with the virion lacked the intact �= subunit. This clearly resembled iC3b, as both the 68-
and 43-kDa subunits were also detected in the peak fraction (Fig. 4B, lane 4). This led
to the hypothesis that CHIKV harbors an associated factor that can mediate the
inactivation of C3b into iC3b. A nonspecific signal between the 68- and 43-kDa bands
was also observed, the identity of which is not clear. However, based on the molecular
weight, the bands corresponded to that of the envelope proteins of CHIKV.

A factor I-like activity associated with CHIKV mediates the inactivation of C3b
into iC3b and not that of C4b. C3b and C4b cofactor assays were reconstituted with
purified C3b, factor H or C4b, C4BP, factor I, and CHIKV. In the presence of the cofactor
factor H, the serine protease factor I mediates the cleavage of the �= subunit of C3b into
the 68- and 43-kDa fragments, resulting in C3b inactivation (Fig. 5A, lane 2). Viruses
such as PIV5 and VSV have been shown to recruit the host CD46, and the mere addition
of purified factor I to the substrate C3b and the CD46 harboring virus was sufficient to
inactivate C3b into iC3b. In order to check if this is same in the case of CHIKV, C3b was
incubated with the virus and only factor I; however, no inactivation was observed even
after 6 h of incubation (Fig. 5A, lane 5). Interestingly, in the absence of factor I, the mere
addition of the cofactor factor H and CHIKV to C3b resulted in the cleavage of the �=
subunit of C3b (Fig. 5A, lane 6). This suggested that CHIKV harbors a factor I-like activity
capable of inactivating C3b into iC3b.

Yet another function of factor I is that it can cleave C4b, another important
complement activation product, into C4c and C4d in the presence of the cofactor C4BP
(Fig. 5B, lane 2). We wanted to determine if the CHIKV-associated factor I-like activity
can support C4b inactivation similarly to C3b. Incubation of C4b with C4BP and CHIKV
did not result in the cleavage of the �= subunit of C4b (Fig. 5B, lane 6); similarly,
addition of factor I and not the cofactor also did not have any effect on C4b (Fig. 5B,

FIG 4 An inactive form of C3b is associated with CHIKV. (A) Schematic diagram depicting C3b and the first order of inactivation
to iC3b. C3b comprises a 102-kDa �= subunit and a 75-kDa � subunit linked by an intermolecular disulfide bond. Inactivation
of C3b by a specific serine protease factor I in the presence of cofactors such as factor H, CD35, or CD46 results in the first-step
cleavage of the C3b �= subunit into 68- and 43-kDa fragments with the release of a 2-kDa fragment called C3f. The resulting
C3b component is called iC3b. The closed balloon indicates the position of the thioester bond, and the solid vertical arrows
indicate the site of first-order cleavage by factor I. (B) Western blot analysis of the peak fractions to identify the species of C3b
associated with CHIKV. Blots containing the peak fractions 6 to 8 (lanes 3 to 5), purified C3b (lane 1), and iC3b (lane 2) were
probed with anti-C3 antibody. The samples in lanes 3, 4, and 5 lacked the �=-subunit of C3b (note lane 1) and corresponded
to iC3b (note lane 2) characterized by the presence of the 68- and 43-kDa fragments, suggesting the association of inactive
C3b (iC3b). The image is representative of 3 independent experiments.
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lane 5). Thus, the factor I-like activity supports only the inactivation of C3b into iC3b and
not that of C4b into C4c and C4d.

Inactivation of C3b by CHIKV is dependent on the concentration of the virus,
factor H, and time. Having observed that the factor I-like activity associated with
CHIKV can inactivate C3b, in-depth analysis of C3b inactivation with respect to factor H
and CHIKV concentration and time was carried out. In order to test the effects of CHIKV
concentration on C3b-�= cleavage, while C3b (3 �g) and factor H (1 �g) were kept
constant, the concentration of CHIKV was varied (2.5, 5, 10, 12.5, 15, 17.5, and 20 �g).
As observed earlier, incubation of CHIKV with C3b and only the cofactor, factor H,
without the protease factor I resulted in cleavage of the �= subunit into the 68- and
43-kDa fragments. This inactivation was highly dependent on the concentration of
virus. As the concentration of CHIKV was increased, the level of 68-kDa fragment
generated also increased (Fig. 6A, lanes 4 to 10). C3b cleavage occurred even at the
lowest concentration of CHIKV (2.5 �g), and a gradual increase in the cleaved product
was seen as the concentration was increased. The function of factor I is indispensable
for cofactor activity as may be observed in the control (Fig. 6A, lane 2), wherein C3b
cleavage occurred only in the presence of both the cofactor (factor H) and the enzyme
(factor I). The 68-kDa fragment generated was taken as a measure of C3b inactivation,
and densitometry analysis of this fragment clearly showed a dependency on CHIKV
concentration (Fig. 6B).

Similarly, time course experiments were performed by incubating a fixed concen-
tration of CHIKV (10 �g), factor H (2.5 �g), and C3b (3 �g) for the indicated time points
(0.5, 1, 2, 3, 4, 5, and 6 h). The 68-kDa fragment generated was minimal at the shortest
time of incubation (0.5 and 1 h). However, an increase in levels was observed as time
progressed (Fig. 6C). Densitometry analysis of three independent experiments further
confirmed that increased incubation periods resulted in greater levels of C3b inactiva-
tion by CHIKV (Fig. 6D).

Our earlier data showed that CHIKV did not possess a cofactor-like activity (Fig. 5A,
lane 5); however, it required a host cofactor, factor H, to inactivate C3b. In order to
check if the concentration of the cofactor, factor H, also contributed to the degree of
inactivation, the C3b cofactor activity assay was carried out with increasing concentra-
tions of factor H (0.5, 1, 2.5, 5, 7.5, and 10 �g). Minimal 68-kDa fragment generation was
observed when 0.5 �g of factor H was used; however, a gradual increase in the

FIG 5 Chikungunya virus supports factor H-mediated cleavage of C3b- and not C4BP-dependent
inactivation of C4b. (A) A C3b cofactor activity assay was carried out by incubating the indicated purified
proteins, including gradient-purified CHIKV, and subjecting the samples to SDS-PAGE followed by
GelCode blue staining. The virus alone without the addition of the enzyme factor I mediated the cleavage
of the C3b-�= with the cofactor factor H, indicated by the closed arrowhead (lane 6), similar to the control
(lane 2). CHIKV by itself (lane 4) or upon supplementation of factor I (lane 5) was incapable of inactivating
C3b. (B) A C4b cofactor activity assay was performed with the proteins and CHIKV as indicated in the
figure, followed by SDS-PAGE analysis. C4b inactivation into C4c and C4d can be observed only in the
control lane with C4BP and factor I (lane 2). Unlike the C3b inactivation by CHIKV, C4b was found to be
intact in both the samples where either factor I (lane 5) or C4BP (lane 6) was supplemented. The gel
images are representative of two independent experiments. The labels En and Ca in the gels indicate the
positions of the CHIKV envelop and nucleocapsid proteins, respectively, while the closed arrows point to
the 68-kDa fragment generated upon cleavage of the �= subunit of C3b.
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generation of cleavage product was observed with an increase in factor H concentra-
tion (Fig. 6E). The increase in the degree of C3b-�= cleavage was proportional to the
factor H concentration, as can be observed in the plot of densitometry analysis of three
independent experiments (Fig. 6F). Greater than 50% decay in C3b-�= was evident at a
factor H concentration of 5 �g. Thus, the concentration of factor H is critical for the
inactivation of C3b by the factor I-like protease in CHIKV.

The factor I-like activity associated with CHIKV is not due to the host factor I.
The cofactor activity assays clearly show that CHIKV harbors a factor I-like activity
associated with the virus. Recruitment of host membrane-bound complement regula-
tors such as CD46 and CD55 and soluble regulators such as factor H have been reported

FIG 6 Chikungunya virus harbors a factor I-like activity that supports C3b inactivation into iC3b. C3b
cofactor activity was set up with purified CHIKV, C3b, factor H, and factor I. After the indicated incubation
at 37°C, the entire assay volume was loaded onto a 12% gel, subjected to SDS-PAGE, and stained with
GelCode blue. C3b �= cleavage was assessed by varying either the concentration of purified CHIKV (A; lanes
4 to 10), the duration of incubation (C; lanes 4 to 10), or the concentration of factor H (E, lanes 5 to 10).
Controls included C3b with factor I (lane 1; A, C, E) and virus alone (lane 3; A, C, E). The positive control (lane
2; A, C, E) included purified C3b, factor H, and factor I incubated for 6 h at 37°C. Note the disappearance
of the �= subunit and generation of 68-and 43-kDa fragments. The labels En and Ca in the gels indicate the
positions of the CHIKV envelop and nucleocapsid proteins, respectively, while the closed arrows point to
the 68-kDa fragment generated upon cleavage of the �= subunit of C3b. (B, D, F) Densitometry analysis of
the 68-kDa fragment of C3b generated upon its inactivation by either varying CHIKV concentration (A), time
(C), or factor H (E). The analysis is based on three independent experiments on images acquired using the
VersaDoc MP 5000 and Image Lab software.
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in viruses. We wanted to address if the C3b inactivation by CHIKV is due to the
recruitment of host factor I or if it is of viral origin. Gradient-purified CHIKV was
subjected to Western blotting and probed with an antibody against human factor I.
Reactivity to the antibody was observed only in the factor I control lane. No signal was
observed in the CHIKV-only lanes even at the highest concentration of 10 �g (Fig. 7A).
To further confirm that CHIKV does not harbor host factor I, ELISA was performed by
coating 2-fold dilutions of gradient-purified CHIKV starting from 10 to 0.078 �g, while
bovine serum albumin (BSA) served as the control. The bound antibodies were de-
tected by probing with anti-factor I antibody, and the absorbance was measured at
405 nm. Factor I served as the positive control, and the initial concentration taken for
the assay was 1 �g. No reactivity to factor I antibody was observed in the wells coated
with CHIKV or BSA, with absorbance matching only background levels, while at the

FIG 7 The factor I-like activity associated with CHIKV is not due to human factor I. (A) Western blotting to check
if host factor I is bound to CHIKV. No reactivity to anti-human factor I antibody was observed in the lanes containing
0.1, 1, or 10 �g of CHIKV, while robust signal was seen in the factor I (FI) control lane (top panel). A positive
reactivity to anti-E1 antibody correlating to the levels of CHIKV is evident from the bottom panel. The image is a
representation of three independent experiments. (B) ELISA to detect bound host factor I. Various concentrations
of gradient-purified CHIKV, factor I, or BSA as indicated in the x axis of the graph were coated and probed with
anti-human factor I to detect bound factor I if any. The dose-dependent response can be seen in the case of the
positive control factor I with background levels of binding in the case of CHIKV-and BSA-immobilized wells. The
data are the mean � SEM of 3 independent experiments. The # symbol indicates that the initial concentration of
human factor I begins with 1 �g. (C) Factor I inhibition assay. C3b cofactor activity was reconstituted with purified
CHIKV, C3b, factor H, or factor I in either the presence or absence of a human factor I function-blocking antibody.
The effects were assessed using SDS-PAGE followed by GelCode blue staining. The function-blocking antibody was
found to completely inhibit the C3b-�= cleavage by factor I (lane 5) compared to the no-antibody control (lane 4).
The antibody did not have any effect on the factor I-like activity associated with CHIKV (lane 7). The labels En and
Ca indicate the position of the envelope and nucleocapsid protein, respectively, while HC and LC indicate the heavy
and the light chain of the blocking antibody, respectively. (D) The experiments were carried out in triplicate, and
the percent reduction in the proteolytic activity of factor I or CHIKV in the presence or absence of factor I functional
blocking antibody was assessed by performing a densitometry analysis of the 68-kDa fragment generated using
Image Lab software. The data are the mean � SEM with. ***, P � 0.01.
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highest concentration of factor I (1 �g), the absorbance was found to be 1.5, followed
by a concentration-dependent reduction in absorbance (Fig. 7B).

Although the biochemical assays showed that the host factor I is not associated with
CHIKV, we wanted to further confirm this by carrying out a functional assay. A
well-established factor I function-blocking antibody was used in the cofactor activity
assays. This antibody specifically blocks the protease activity of factor I responsible for
cleavage of C3b-�=. As expected, while factor I effectively mediated C3b cleavage into
iC3b (Fig. 7C, lane 4), incubation with anti-factor I-blocking antibody inhibited this
function, resulting in an intact C3b-�= (Fig. 7C, lane 5). Interestingly, the antibody had
only a minimal effect on factor I-like activity associated with CHIKV, with levels of the
68-kDa fragment generated being similar in both instances, either with or without
antibody treatment (Fig. 7C, lanes 6 to 7). Densitometry analysis of the 68-kDa fragment
generated from three independent experiments showed more than 95% inhibition of
human factor I activity with negligible levels of inhibition of the CHIKV-associated factor
I-like activity (Fig. 7D). The relative difference between the antibody-treated samples
showed a high degree of significance. These results clearly suggest that the factor I-like
activity associated with CHIKV could be of viral origin but not of host-derived factor I.

With all of the preceding data taken together, we have confirmed earlier findings
that CHIKV is resistant to complement, with the addition that this resistance occurs
despite complement activation and deposition of the critical complement components
C3b and C4b. This resistance can be attributed at least in part to the inherent
virion-associated factor I-like activity capable of inactivating C3b into iC3b.

DISCUSSION

Facing the innate immune barrier, including the complement system, is an unavoid-
able circumstance faced by most viruses. The systemic presence of complement apart
from blood signifies its role in limiting viruses, irrespective of the route of infection (48,
49). The severity of clinical symptoms during CHIKV infection is directly related to
viremia, which raises the important question of the nature of the interaction of CHIKV
with the human complement system. A role for complement in the severity of disease
symptoms involving alphaviruses has been elegantly demonstrated in mouse models
using the Ross River virus (41–43, 50); however, the direct effect of human complement
on CHIKV remained unexplored.

Enveloped viruses, including VSV, dengue virus, MuV, PIV5, and WNV, activate
complement (7–11, 17–19). We observed that CHIKV also activated complement. Our
observation that CHIKV activates complement at a higher concentration (2.5 �g) and a
prolonged incubation period (45 min) suggests that CHIKV is a poor activator of
complement. This strikingly contrasts with complement activation by other viruses,
including NiV, wherein just 0.01 �g of the virus was sufficient to activate complement
to saturating levels within 2 min (36).

The progress of the complement cascade upon activation by viruses often results in
virus neutralization and may involve one or multiple complement pathways. In the fluid
phase, deposition of complement proteins on the virus can lead to virus aggregation
(e.g., in PIV5) or virolysis (e.g., in MuV and VSV), depending upon the extent of the
pathway involved (9, 51). Exceptions include NiV, where both wild-type (WT) NiV and
pseudotypes bearing NiV glycoproteins, despite being potent activators of comple-
ment, were resistant to neutralization by complement (36, 52). Limited complement
activation indicated that CHIKV possessed mechanisms to overcome complement.
Treatment of CHIKV with both NHS and HI-NHS showed marked resistance to neutral-
ization. Even at the highest concentrations of serum treatment (1:5, 1:10), only a modest
reduction in plaques was observed; however, a role for complement in this reduction
can be ruled out, as the percent reduction was comparable in NHS and HI-NHS. Our
findings are very much in line with earlier observations that CHIKV and Sindbis virus are
less sensitive to mouse complement (40). The significance of this resistance by CHIKV
is further highlighted by the potent reduction in viral titer observed in the case of CHPV
treated with NHS, where �90% neutralization occurred within 1 h. Complete resistance
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to neutralization by complement is not a common feature and thus holds great
significance for the viruses, including CHIKV, in establishing productive infection and
overall pathogenesis.

Remarkable differences have been reported in the mechanism of complement
activation and resultant virus neutralization among paramyxoviruses, which include
CP-mediated neutralization of measles, AP-dependent neutralization of PIV5 and MuV,
and antibody dependency in the case of measles virus and HPIV2, while NiV was
completely resistant to complement (9, 36, 53–55). Antibodies, which are either natural,
specific, or cross-reactive to a specific virus, have significant roles in dictating the
mechanism of virus neutralization. While serum components, including antibodies and
complement in normal human serum, had no effect on CHIKV, a reversal of this effect
was observed when the serum of seropositive donors to CHIKV was used. The donor
serum used in this study is from a South Indian cohort in an area which saw widespread
infection during the 2008 outbreak (56), yet the prevalence of anti-CHIKV neutralizing
or cross-reacting antibodies was negligible among the normal donors. Chikungunya
virus treated with serum from seropositive donors was readily neutralized, although to
various degrees, compared to that of the MEM- or D8-NHS-treated samples (Fig. 2C).
NHS, HI-NHS, and antibodies purified from seropositive donors were all capable of
neutralizing CHIKV, which suggested that anti-CHIKV antibodies in these samples were
the neutralizing factor (data not shown). Chikungunya virus-specific ELISA further
confirmed the presence of anti-CHIKV antibodies only in the seropositive and not in
the seronegative donor serum. Antibody-dependent enhancement in complement-
mediated virus neutralization was reported earlier in viruses such as measles, VSV, etc.
(55, 57); however, not much improvement in complement involvement was observed
even after employing subneutralizing concentrations of anti-CHIKV antibodies (data not
shown). The sensitivity of CHIKV to only virus-specific antibodies from seropositive
donors and not to NHS further confirmed the earlier findings on resistance to comple-
ment.

As mentioned earlier, in most viruses, complement activation results in deposition
of active C3b and C4b on viral surfaces. This covalent interaction paves the way for
further amplification, leading to multiple effector functions, including opsonization,
aggregation, and assembly of MAC followed by lysis (24). For example, virolysis
post-complement deposition has been reported in the case of MuV and VSV, but viral
aggregation was observed with PIV5 (9, 58). A comparison between two paramyxovi-
ruses, PIV5 and NiV, showed that while significant levels of C3b were found to be
deposited on PIV5 exposed to NHS, negligible levels were seen on NiV (36). Western
blot analysis of sucrose gradient fractions of CHIKV treated with NHS subjected to
ultracentrifugation showed comigration of C3 and C4 components with the virus,
which was further validated by electron microscopy. Although deposition of comple-
ment components C3 and C4 occurred, the levels of complement deposition were
significantly less. Electron microscopic analysis of C3 deposition on CHIKV in over 15
independent fields in the EM grids showed just 21% positive reactivity to anti-C3
antibodies. Similar experiments reported earlier with PIV5 showed marked enrichment
of C3 moieties on virus exposed to NHS (36). The rate of deposition of C3 components
on CHIKV had striking similarities to that of Nipah virus, where a marked reduction in
complement deposition was observed.

In-depth analysis of the species of C3 comigrating with the virion showed that the
associated C3 component is iC3b and not C3b. The accumulation of active complement
components in sites affected by CHIKV infection is clinically significant, as it contributes
to the severity of the disease symptoms. In the RRV model, C3 component deposition
was observed in disease sites, including the ankles, quadriceps, and skeletal muscle in
WT C57BL/6 mice and RAG1�/� mice and not in C3�/� or MBL�/� mice (41, 42). This
is pathologically significant because in vivo studies with RRV demonstrated that iC3b
was found in all the affected tissue samples tested. Even though iC3b is an inactivation
product generated by the cofactor activity of RCAs such as factor H or CD46 with factor
I, the binding of this ligand to complement receptor 3 (CR3) leads to downstream
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signaling, leading to proinflammatory responses. This is supported by yet another RRV
study, where it was found that the generation of iC3b and the resultant engagement
with CR3 exacerbated disease symptoms in wild-type mice compared to CR3�/� mice
(43).

Since CHIKV was resistant to complement-mediated neutralization, and iC3b, not
C3b, was associated with the virion, we hypothesized that CHIKV has an inherent
mechanism to overcome complement. Enveloped viruses such as PIV5, MuV, and VSV
have been shown to incorporate CD46, a membrane-associated RCA in the virus
envelope during budding. The associated CD46 was found to be functionally active and
capable of mediating the inactivation of C3b into iC3b, thus providing a selective
survival advantage over complement compared to viruses lacking CD46 (51, 59).
Poxviruses, including vaccinia and variola, also have been shown to encode proteins
capable of mimicking RCA cofactor activity by inactivating both C3b and C4b into iC3b
and C4c (28, 30, 60). Unlike the examples mentioned above, interestingly, incubation of
CHIKV with C3b and factor I did not result in inactivation of C3b into iC3b (Fig. 5A, lane
5). Although it was not investigated if, in fact, CD46 was associated with the virion, the
functional assay proved beyond a doubt that the presence or absence of CD46 was
immaterial, as it did not support C3b inactivation. However, addition of factor H and
C3b to gradient-purified CHIKV without factor I was sufficient to convert C3b into iC3b,
suggesting that CHIKV possessed a factor I-like activity. Recruitment of factor I or
possessing its activity is not a common feature among pathogens; earlier, a factor I-like
activity was reported in NiV, supporting the inactivation of C3b into iC3b, similar to in
CHIKV. The factor I activity associated with NiV was more potent than that with CHIKV
since the cofactor activities of both factor H and CD35 were supported by NiV.
CD35-mediated inactivation of C3b by factor I involves two steps. The first step is
conversion of C3b into iC3b, followed by conversion of iC3b into C3c and C3d, with NiV
supporting only the first cleavage (36). The inactivation of C3b into iC3b mediated by
CHIKV depended on the concentration of virus and factor H and the time of incubation.
C3b cleavage into iC3b is a unique function of factor I, and the activity associated with
CHIKV could be due to a host factor I recruited by the virus or may be of viral origin.
Factor I function-blocking experiments with a specific inhibiting antibody showed that
the antibody could block the function of factor I and not that of the CHIKV derived
factor I-like activity. This suggests that the activity is of viral origin. Identification of the
precise CHIKV signature needs further investigation. In summary, the factor I-like
activity associated with CHIKV may be considered one of the weapons in the virus
arsenal to target complement.

As discussed earlier, the role of complement in the overall pathogenesis, including
the arthritogenic symptoms, both mild and severe, has been well established. Being a
virus adapted to the hematogenous route of spread, our confirmation that CHIKV is
resistant to human serum addresses the fundamental question of the survival and
dissemination of CHIKV in serum. In addition, the identification of a factor I-like activity
associated with CHIKV highlights a plausible mechanism of complement evasion and,
thereby, iC3b generation, a key factor implicated in Alphavirus-specific disease mani-
festations. These findings, besides providing invaluable insights into the nature of
interaction of CHIKV with human complement, offer a rationale to develop new
strategies for improving therapeutic interventions.

MATERIALS AND METHODS
Ethics statement. All human ethical guidelines were followed with regard to the use of human

samples for this study. The study protocol “IHEC/1/2018/14” was reviewed and approved by the
institutional human ethics committee of the Rajiv Gandhi Centre for Biotechnology (RGCB) as per the
guidelines of the government of India Ministry of Health and Family Welfare (the Drugs and Cosmetics
Act, 1940, and the Drugs and Cosmetics Rules, 1945). Only adult human samples (serum) were used in
this study, and all the participants gave written informed consent. Animal experiments were performed
after approval was obtained for the study protocol “IAEC/559/JOHN/2016” from the institutional animal
ethics committee of RGCB as per the guidelines of the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Department of Animal Husbandry and Dairying,
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Ministry of Agriculture and Farmers Welfare, government of India. Approval was obtained from the
institutional biosafety committee of RGCB for use of both chikungunya virus and Chandipura virus.

Cells and viruses. Vero cells were grown and maintained in minimal essential medium (MEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM/liter glutamine, 100 IU/ml
penicillin, and 100 �g/ml streptomycin at 37°C in a humidified CO2 incubator (5%). Both CHIKV (reference
identifiers [National Institute of Virology, Pune, India] NIV_No634029, M/K-No M-16229) and CHPV
(NIV_No-653514, M/K-No M-1461) were kindly provided by the director of the National Institute of
Virology, Pune, India. The viruses used in the study were validated by partial sequencing of the E2 gene
of CHIKV and the N, M, and G genes of CHPV in a 3730XL DNA analyzer (Applied Biosystems, CA). Viruses
were grown and titrated using a plaque assay in Vero cells. Briefly, plaque assays were carried out by
infecting a monolayer of Vero cells with CHIKV suspended in MEM supplemented with 10% BSA fraction
V and incubated for 2 h at 37°C. Postinoculation, the monolayer was washed with phosphate-buffered
saline (PBS) and overlaid with 2% of 1,500 cP carboxymethyl cellulose (Sigma, MO) in Dulbecco modified
Eagle medium (DMEM) (Millipore) supplemented with 2% FBS, penicillin, streptomycin, and 5 mM HEPES,
incubated for 72 h, and fixed with 3.7% formaldehyde. Plaques were enumerated after staining with 0.2%
crystal violet in 20% ethanol.

Chikungunya virus was purified as described earlier (61) with slight modifications. Briefly, Vero cells
were infected with CHIKV at a multiplicity of infection (MOI) of 1. After 48 h, the culture supernatant was
collected and clarified by centrifugation at 3,000 � g for 10 min, and the virus in the supernatant was
precipitated with 40% polyethylene glycol 8000 (Sigma, MO) to a final concentration of 8% by gently
stirring for 12 h at 4°C. The precipitate was pelleted by centrifugation at 8,000 � g for 30 min and
resuspended in ice-cold NTE buffer (150 mM NaCl, 50 mM Tris-HCl, 5 mM EDTA, pH 8.0). The suspension
was then layered on top of a 30 to 60% sucrose gradient followed by ultracentrifugation at 90,000 � g
using a Beckman Coulter Optima XL-100k centrifuge (Beckman, CA) for 12 h at 4°C in an SW28 rotor. The
opaque virus band at the interphase of 30% and 60% sucrose gradient was collected, diluted with NTE
buffer, and pelleted by further ultracentrifugation at 9,000 � g for 6 h at 4°C using an SW41Ti rotor over
a 20% sucrose cushion. The pelleted virus was resuspended in MEM, aliquoted, and stored at – 80°C.

Sera, complement reagents, proteins, and antibodies. Blood was collected from human donors
with either a history of chikungunya virus infection or no such history after consent was obtained per
IHEC/1/2018/14. Serum was separated from the blood as described earlier (62). Briefly, the collected
blood was allowed to clot at room temperature (RT) for 30 min and was clot retracted and centrifuged
at 3,000 � g for 10 min at RT. The serum obtained was subjected to a second high-speed centrifugation
at 20,000 � g for 5 min before being aliquoted and frozen at – 80°C. Purified human complement
proteins C3b, factor H, factor I, and antibodies against human C3, C4, factor H, and C3a were procured
from Complement Technologies (Tyler, TX). Rabbit anti-human IgG-HRP was from Santa Cruz Biotech-
nology (catalog number sc-2769). Anti-CHIKV polyclonal antibodies were raised in-house in a New
Zealand white rabbit using one prime and two boost schemes after immunizing it with UV-inactivated
CHIKV mixed with Freund’s complete and incomplete adjuvant (Sigma-Aldrich, CA). The secondary
antibody used in this study included anti-human IgG-HRP (Santa Cruz, CA), anti-rabbit and -mouse-HRP
(Bio-Rad, CA), and 6- and 12-nm gold-labeled anti-mouse, -rabbit, or -goat antibodies (Jackson Immu-
noResearch, PA).

Activation and neutralization assays. Concentration- and time-dependent activation of comple-
ment by CHIKV was determined by analyzing the levels of C3a generated by Western blotting. Various
concentrations of purified CHIKV (0.07, 0.15, 0.31, 0.6, 1.2, and 2.5 �g) were incubated with a set dilution
(1:20) of NHS for 45 min at 37°C to study the effect of CHIKV concentration. For the time course activation
assay, a set concentration of CHIKV (1.2 �g) was incubated for various time periods (1, 5, 10, 20, 30, and
45 min) with NHS (1:20) at 37°C. SDS-PAGE followed by Western blotting was performed on the samples
to detect the levels of C3a generated by probing the blots with anti-C3a antibody (1:5,000) and
anti-rabbit HRP (1:10,000). The blots were developed using the SuperSignal West Pico chemilumines-
cence substrate (Pierce, IL). Neutralization assays were carried out by incubating 100 PFU of CHIKV/CHPV
with a 2-fold serial dilution of NHS or HI-NHS (1:5 to 1:80) from a single or multiple donors for 1 h at 37°C.
Virus incubated with MEM alone served as the control. Following incubation, the remaining infectivity in
the samples was determined by plaque assays as described earlier. An antibody-dependent neutraliza-
tion assay was performed using 1:2,500 diluted HI serum samples from 6 seropositive donors (D2, D3, D7,
D92, D95, and D145) and one seronegative donor (D8), and the remaining virus was determined using
plaque assays.

ELISA and Western blotting. The presence of anti-CHIKV antibodies in donor sera was determined
using ELISA, carried out in Nunc MaxiSorp flat bottom 96-well plates (Thermo Fisher Scientific) coated
with sucrose gradient-purified CHIKV (125 ng) followed by overnight incubation at 4°C. The wells were
blocked with 2% skim milk in PBS for 2 h at 37°C, washed with PBS containing 0.05% Tween, and
incubated with 2-fold serially diluted donor sera (1:100 to 1:224,800) for 1 h at 37°C. Hyperimmune serum
obtained from a rabbit was used as a positive control, while serum from a seronegative donor served as
the negative control. HRP-conjugated anti-human or anti-rabbit secondary antibodies were used at a
dilution of 1:5,000 for 1 h at 37°C.

In order to determine if human factor I is associated with the virion, an ELISA was carried out by
coating 2-fold dilutions of gradient-purified CHIKV or BSA beginning with 10 �g to 0.007 �g. Two-fold
dilutions of factor I were used as positive controls, but the starting dilution used for coating was 1 �g.
The coated samples were probed with anti-human factor I antibody at a dilution of 1:2,500 followed by
anti-goat HRP conjugated secondary antibody.
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For both the ELISA protocols described above, absorbance was measured at 405 nm 20 min after the
addition of ABTS [2,2=-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt] substrate
(Roche, IN) in 0.1 M Na-citrate.

Ultracentrifugation and Western blotting. Sucrose gradient-purified CHIKV (50 �g) was mixed with
an equal volume (1:1) of NHS or MEM alone and incubated for 1 h at 37°C. Following incubation, the
reaction mixture was layered on top of 15 to 60% preequilibrated sucrose gradient and subjected to
ultracentrifugation at 100,000 � g for 5 h at 4°C using an SW41Ti rotor. Fractions of approximately 500 �l
were collected from the bottom of the tube and analyzed using SDS-PAGE and Western blotting using
anti-CHIKV antibodies (1:2,500). The blots were further stripped, blocked, and probed with goat poly-
clonal anti-human C3/C4 (1:5,000). Virus alone or purified complement proteins were used as markers for
comparison of their respective signals from the sucrose gradient fractions being analyzed. Antibody
binding was detected using the Pierce West Pico chemiluminescent substrate.

The presence or absence of factor I in gradient-purified CHIKV was determined using Western
blotting by taking a range of virus concentration (0.1 to 10 �g) with purified factor I serving as the
control. The blots were probed with anti-human factor I antibody (1:5,000 dilution) and mouse
anti-CHIKV E1 antibody (EastCoast Bio, ME) at a dilution of 1:2,500 followed by the corresponding
secondary labeled antibodies. Detection was carried out with a chemiluminescent substrate as
described above.

Factor I cofactor activity assay. In vitro C3b/C4b cofactor activity assays were set up as described
earlier (36) with slight modifications. Briefly, the purified complement protein C3b (3 �g) or C4b
(3 �g) was incubated with gradient-purified CHIKV (10 �g) either alone or in the presence or absence
of the serine protease factor I (100 ng) and the respective complement regulator factor H (2.5 �g)
or C4BP (2.5 �g) as indicated. Positive controls included a combination of C3b, factor H, and factor
I or C4b, C4BP, and factor I for the C3b or C4b cofactor activity assays, respectively. Concentration-
dependent C3b cofactor activity assays were set up by incubating C3b with various concentrations
of either CHIKV (with a constant 2.5 �g of factor H) or factor H (with a constant 10 �g of CHIKV) as
indicated. Time course experiments, on the other hand, were carried out by keeping the concen-
tration of C3b (3 �g), factor H (2.5 �g), and CHIKV (10 �g) constant but by varying the time as
indicated. In the case of the cofactor activity inhibition assays, factor I (100 ng) or CHIKV (10 �g) was
incubated first with 5 �g of the function-blocking anti-human factor I antibody (A247; Quidel, CA)
followed by the addition of other components of the reaction. The assay and the analysis were
continued as described above.

In all cases, the final volume of the reaction was made up to 20 �l with PBS containing Ca2� and
Mg2�, and all incubations were carried out at 37°C for 6 h unless otherwise indicated. After
SDS-PAGE followed by GelCode blue staining (Thermo Fisher Scientific, IL), the images of the gels
were acquired using a VersaDoc MP 5000 imaging system. The extent of C3b inactivation was
estimated by carrying out a densitometry analysis of the 68-kDa fragment generated using the
Image Lab Software (Bio-Rad, CA).

Electron microscopy. Complement component (C3 and C4) deposition on CHIKV was detected by
incubating purified virus with equal volumes (1:1) of NHS (1:10) or PBS for 1 h at 37°C. Postincubation,
10 �l of the sample was loaded onto gold Formvar carbon support film on square grids (FCF200-Au;
Electron Microscopy Sciences, PA) and allowed to adsorb at RT for 30 min. After adsorption, the grids
were fixed with 2.5% glutaraldehyde and blocked with 1% BSA for 30 min at RT. Deposition was detected
using a 2-step dual-staining protocol where the grids were initially probed with goat polyclonal
anti-human C3/C4 antibody (1:10) for 1 h before being probed with rabbit polyclonal anti-CHIKV antisera
(1:10) for another 1 h. For the immunodetection of CHIKV antigens and associated complement proteins,
grids were washed with PBS and incubated with a mixture of 12- and 6-nm gold particle-conjugated
anti-goat and anti-rabbit secondary antibodies, respectively (Jackson ImmunoResearch Laboratories, PA)
at a dilution of 1:20. The grids were negatively stained with 2% phosphotungstic acid (pH 6.6), and
images were acquired using a 1011 transmission electron microscope (TEM) (Jeol, MA) using the Digital
Micrograph software (Gatan, CA).

Statistical analysis. GraphPad Prism software was used to analyze and plot the data. The analysis of
statistical significance was performed using Student’s t test wherever required.
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