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Abstract 14 

Chikungunya virus (CHIKV), an alphavirus of the Togaviridae family, is the causative 15 

agent of the human disease chikungunya fever (CHIKF), which is characterized by debilitating 16 

acute and chronic arthralgia. No licensed vaccines or antivirals exist for CHIKV. Preventing the 17 

attachment of viral particles to host cells is an attractive intervention strategy. Viral entry of 18 

enveloped viruses from diverse families including Filoviridae and Flaviviridae is mediated or 19 

enhanced by phosphatidylserine receptors (PSRs). PSRs facilitate the attachment of enveloped 20 

viruses to cells by binding to exposed phosphatidylserine (PS) in the viral lipid membrane - a 21 

process termed viral apoptotic mimicry. To investigate the role of viral apoptotic mimicry during 22 

CHIKV infection, we produced viral particles with discrete amounts of exposed PS on the virion 23 

envelope by exploiting the cellular distribution of phospholipids at the plasma membrane. We 24 

found that CHIKV particles containing high outer leaflet PS (produced in cells lacking flippase 25 

activity) were more infectious in Vero cells than particles containing low levels of outer leaflet 26 

PS (produced in cells lacking scramblase activity). However, the same viral particles were 27 

similarly infectious in NIH3T3 and HAP1 cells, suggesting PS levels can influence infectivity 28 

only in cells with high levels of PSRs. Interestingly, PS-dependent CHIKV entry was observed 29 

in mosquito Aag2 cells, but not C6/36 cells. These data demonstrate that CHIKV entry via viral 30 

apoptotic mimicry is cell-type dependent. Furthermore, viral apoptotic mimicry has a 31 

mechanistic basis to influence viral dynamics in vivo in both the human and mosquito host.  32 
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Importance 33 

Outbreaks of Chikungunya virus (CHIKV) have occurred throughout Africa, Asia, and 34 

Europe. Climate change permits the expansion of Aedes mosquito vectors into more temperate 35 

regions, broadening the geographic range and increasing the frequency of future human 36 

outbreaks. The molecular basis underlying the broad host and cellular tropism of CHIKV 37 

remains unresolved. While several host molecules have been implicated in CHIKV viral 38 

attachment and entry, the role of lipid-mediated attachment (viral apoptotic mimicry) is unclear. 39 

We observed that higher levels of externalized phosphatidylserine (PS) in the viral lipid bilayer 40 

correlated with enhanced CHIKV infectivity in mammalian cells abundant with PS receptors and 41 

lacking alternative attachment factors. Interestingly, CHIKV infection in mosquito Aag2 cells 42 

was also affected by viral PS accessibility. This study further delineates the role of virus-cell 43 

attachment molecules in CHIKV infection. Viral apoptotic mimicry has potential to influence 44 

CHIKV dynamics in vivo in both the human and mosquito host.  45 
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Introduction 46 

Chikungunya virus (CHIKV) is the causative agent of the human disease chikungunya 47 

fever (CHIKF). CHIKF develops in approximately 82-95% of infected individuals (1, 2), and is 48 

often characterized by debilitating arthralgia in the joints which becomes chronic in 12-36% of 49 

cases (3, 4). Other common symptoms include rash, fever, headache and in extreme but rare 50 

cases, death (5). Currently, there are no licensed vaccines or antivirals specific to CHIKV. 51 

Humans acquire CHIKV from the bite of infected Aedes aegypti or Aedes albopictus mosquitoes 52 

(6, 7). CHIKV outbreaks were originally limited to Africa or Asia (8, 9), however, modern 53 

outbreaks introduced CHIKV throughout the Americas and Europe (10-12). The expansion of 54 

mosquito vectors (e.g., Aedes albopictus) to temperate regions increases the likelihood of future 55 

CHIKV outbreaks. Vector control remains the most effective strategy to limit the spread of 56 

CHIKV (12-15). Developing interventions that interrupt transmission is essential to mitigating 57 

the global health burden from CHIKF.  58 

CHIKV is an Alphavirus within the Togaviridae family. CHIKV has a positive-sense 59 

single-stranded RNA genome that encodes four non-structural proteins (nsP1-4) and six 60 

structural proteins (capsid, E1, E2, E3, 6K and TF) (16, 17). CHIKV virions are enveloped, 61 

icosahedral particles, studded with 80 glycoprotein spikes comprised of trimeric E1/E2 62 

heterodimers (18, 19). E2 is associated with cellular attachment (16) and E1 is a class II fusion 63 

protein that mediates membrane fusion after internalization (16, 20). After capsid uncoating and 64 

genome release, genome replication complexes are formed in cytoplasmic invaginations at the 65 

plasma membrane (PM), which serve as the site of particle assembly and budding (21). 66 

Virus-cell attachment is an essential step in viral invasion of the host cell. Matrix 67 

remodeling associated 8 (MXRA8) (22), glycosaminoglycans (GAGs) such as heparan sulfate 68 
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(HS) (23-26), C-type lectins including DC-SIGN (27, 28), prohibitin 1 (PHB-1) (29) and 69 

phosphatidylserine (PS) receptors such as TIM-1 (30-32) or CD300a (33) have all been 70 

implicated in promoting CHIKV entry. The role of MXRA8 in CHIKV pathogenesis has recently 71 

been investigated in vivo (22, 34). While MXRA8-deficient mice did not develop joint 72 

inflammation, infectious virus was still detected in peripheral tissues during acute infection (34), 73 

supporting the notion that alternative surface molecules are involved in mediating viral 74 

establishment and dissemination. However, none of the identified binding partners are essential 75 

to CHIKV infection. Thus, the broad host and cellular tropism of CHIKV may stem from its 76 

ability to bind a multitude of molecules present on the cellular surface as opposed to a single 77 

ubiquitous factor.  78 

PS on the cell exterior provides a diverse array of physiological functions including cell 79 

signaling and membrane fluidity (reviewed in (35)). As such, cells strongly regulate PS 80 

orientation within the plasma membrane (PM) to prevent the premature display of PS on the 81 

exterior of the cell by restricting PS to the cytosolic leaflet (36). Type 4 P-type ATPases (P4-82 

ATPases), termed flippases, actively translocate PS from the exoplasmic leaflet of the lipid 83 

bilayer to the cytosolic leaflet in an ATP-dependent manner to maintain an asymmetric PS 84 

gradient in healthy cells (37, 38). P4-ATPases require a subunit from the CDC50 family to 85 

promote appropriate cellular localization and flippase activity (39-41). Apoptotic induction 86 

results in the irreversible inactivation of P4-ATPases through caspase cleavage (42), and 87 

activation of a second class of phospholipid regulatory enzymes, termed scramblases (43). 88 

Scramblases indiscriminately shuffle phospholipids between the inner and outer leaflets (43). 89 

Some scramblases, including transmembrane protein 16F (TMEM16F), can undergo a reversible 90 
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activation through calcium signaling (44), while others, such as XK-related protein 8 (XKR8), 91 

are irreversibly activated from caspase cleavage after apoptotic initiation (43). 92 

Phosphatidylserine receptors (PSRs) can facilitate pathogen attachment to cells (30, 31, 93 

45-48). The induction of cellular apoptosis after viral infection was traditionally considered a 94 

host-driven antiviral response. However, mounting evidence from several viral families 95 

including Filoviridae (e.g. Ebola virus (31, 49)) and Flaviviridae (e.g. Dengue virus (30, 33, 50)) 96 

illustrates that virions budding from an apoptotic cell can confer pro-viral effects. Viruses 97 

containing outer-leaflet associated PS in the viral envelope can engage PSRs on host cells, 98 

mimicking apoptotic bodies and triggering internalization (51). As CHIKV buds from the PM of 99 

an infected cell, PS externalization during apoptosis could enhance the ability of virions to attach 100 

to nearby uninfected cells.  101 

In this study, we exploited PM-associated flippases and scramblases to modify the natural 102 

phospholipid dynamics within the lipid bilayer of the cellular PM to produce CHIKV virions 103 

with distinct levels of external PS (low, moderate, or high). We used these particles to assess the 104 

role of viral apoptotic mimicry during CHIKV infection. We postulated that increased PS levels 105 

in the outer leaflet of the virion envelope would promote cellular attachment, resulting in a more 106 

efficient infection in cells containing PSRs. Understanding the variation in entry efficiency 107 

among CHIKV attachment factors broadens our understanding of the molecular basis for the 108 

diverse species and tissue tropism of CHIKV. Viral dynamics and the cross-species transmission 109 

of CHIKV between mammalian and mosquito hosts are likely influenced by the assortment of 110 

cellular attachment factors across cell types. 111 

 112 

Results 113 
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TIM-1 enhances CHIKV infection in a cell-dependent manner 114 

 Previous studies demonstrated that CHIKV infection could be enhanced by the addition 115 

of entry factors including MXRA8, lectin binding proteins, and phosphatidylserine receptors (31, 116 

32, 45). First, we sought to confirm previous findings in 293T cells and evaluate if an infection 117 

enhancement is observed in commonly used cell lines including HAP1 and Vero cells. Cells 118 

were transfected with a plasmid encoding hTIM-1 fused with GFP (hTIM-1-GFP), MXRA8, L-119 

SIGN or a control GFP plasmid. Production of exogenous hTIM-1-GFP, MXRA8, or L-SIGN in 120 

293T cells, which do not natively produce these proteins (22, 31, 52), was verified by flow 121 

cytometry (Figure 1A). We then assessed transfected cells (GFP+) for CHIKV infection 122 

(mKate+) in comparison to GFP-only control wells. Corroborating previous studies (31, 32, 45), 123 

the production of hTIM-1-GFP resulted in a 4-fold increase in CHIKV infection in 293T cells 124 

relative to GFP-only transfected cells (Figure 1B). However, production of exogenous TIM-1-125 

GFP did not increase CHIKV entry into HAP1 or Vero-hSLAM (VeroS) cells (Figure 1C, D). 126 

CHIKV more readily infected 293T and HAP cells producing MXRA8 (Figure 1B, C). Yet, 127 

production of MXRA8 did not enhance CHIKV entry into VeroS cells (Figure 1D). L-SIGN 128 

addition resulted in a 5-fold increase in CHIKV infection in 293T cells but had no effect on 129 

HAP1 or VeroS cells (Figure 1B-D). Overproduction of individual CHIKV attachment factors 130 

facilitated CHIKV infection in a cell-type dependent manner. 131 

 To confirm that the infection enhancements were specific to CHIKV, we infected cells 132 

producing exogenous entry factors with recombinant vesicular stomatitis virus (rVSV) 133 

containing the Lassa virus glycoprotein (rVSVΔG/LASV) (52). Both 293T and HAP1 cells 134 

produce properly glycosylated alpha-dystroglycan, the high affinity receptor for Lassa virus (53, 135 

54), whereas VeroS cells do not (47, 55). As expected, the overproduction of TIM-1, MXRA8, 136 
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or L-SIGN did not significantly affect the entry of rVSVΔG/LASV into either 293T, HAP1, or 137 

VeroS cells (Figure 1E-G). 138 

 Lastly, we used rVSV particles containing the Ebola virus glycoprotein 139 

(rVSVΔG/EBOV), which has previously demonstrated a viral enhancement with 140 

phosphatidylserine receptors, but not with CHIKV-specific receptor MXRA8. Entry of 141 

rVSVΔG/EBOV particles (49) was enhanced in 293T cells producing TIM-1 (Figure 1H). As 142 

expected, MXRA8 did not increase rVSVΔG/EBOV infection in 293T, HAP1, or VeroS cells 143 

(Figure 1H-J). L-SIGN enhanced rVSVΔG/EBOV infection by 8-fold in 293T cells and by 3.5-144 

fold in HAP1 cells but had no effect in VeroS cells (Figure 1H-J). Together, these data suggest 145 

that the role of viral apoptotic mimicry in infection is cell-type specific and depends on the 146 

receptors and attachment factors present on the cellular surface.  147 

Flippase and scramblase knockout cells alter natural PS externalization 148 

 To further evaluate the role of PS and PSRs in CHIKV infection, we used cells with 149 

modified PS translocation dynamics at the plasma membrane (PM) to generate CHIKV virions 150 

with discrete levels of exposed PS on the viral envelope. Knocking out (KO) CDC50A in HAP1 151 

cells (HAP1ΔCDC50A) eliminates P4-ATPase flippase activity, theoretically resulting in cells 152 

with relatively high PS levels in the outer leaflet of the PM. In contrast, deleting XKR8 in HAP1 153 

cells (HAP1ΔXKR8) prevents apoptosis-induced scramblase activity, theoretically resulting in 154 

cells with outer leaflets that remain low in PS even during apoptosis.  155 

Flippase and scramblase knockout lines were functionally validated by assessing PS 156 

externalization and PM integrity in live cells over time. As expected, knocking out CDC50A 157 

resulted in increased basal levels of external PS relative to the parental HAP1 line throughout the 158 

time course (Figure 2A). Conversely, HAP1ΔXKR8 cells maintained the lowest levels of 159 
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external PS (Figure 2A). The activity of cellular flippases and scramblases is dynamically 160 

regulated by stimuli such as apoptosis and calcium influx. To further validate the functional 161 

phenotype of our KO lines, we infected cells with CHIKV (strain 181/c25), a known inducer of 162 

apoptosis (56). Congruent with basal conditions, apoptotic HAP1ΔCDC50A cells displayed the 163 

highest levels of PS in the outer leaflet of the PM and HAP1ΔXKR8 cells displayed the lowest 164 

(Figure 2B). As hypothesized, CHIKV infection resulted in stronger induction of apoptosis 165 

compared to basal levels, while cells lacking XKR8 remained low in outer leaflet PS under both 166 

treatments (Figure 2B). 167 

To validate our findings in an additional cell line, both XKR8 and CDC50A were KO in 168 

VeroS cells (VeroSΔXKR8 or VeroSΔCDC50A). Consistent with the HAP1 background, 169 

VeroSΔCDC50A cells displayed the highest levels of outer leaflet PS in both untreated and 170 

CHIKV infected cells (Figure 2C, D). In contrast, parental VeroS cells displayed 171 

indistinguishable basal levels of externalized PS relative to VeroSΔXKR8 cells (Figure 2C). 172 

However, all VeroS lines lacked a strong signal of scrambling activity following CHIKV 173 

infection (Figure 2D).  174 

Next, we assessed the accessibility of PS on the viral envelope to verify that the lipid 175 

orientation from the cellular PM, the site of CHIKV budding, is maintained. CHIKV particles 176 

collected from each cell line were purified via ultracentrifugation. Normalized genome 177 

equivalents were bound to beads for Annexin V immunofluorescent staining and a portion was 178 

analyzed for CHIKV protein content. CHIKV glycoprotein (E) was detected at mostly similar 179 

intensities from input virus via immunoblotting with α-CHIKV antibody, except that the input 180 

from HAP1ΔCDC50A appeared slightly lower (Figure 2E). Stain-free protein imaging 181 

confirmed the level of capsid (C) protein was similar among the samples (Figure 2E). Congruent 182 
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with PS orientation on the cellular membrane, CHIKV particles produced from CDC50A KO 183 

HAP1 cells bound a statistically higher number of annexin V molecules than HAP1ΔXKR8 184 

produced particles (Figure 2F). While external PS levels on CHIKV particles produced from 185 

XKR8 scramblase KO HAP1 cells were significantly lower than WT, the trend between WT and 186 

HAP1ΔCDC50A did not achieve statistical significance, potentially due to a slightly lower 187 

amount of HAP1ΔCDC50A input virus (Figure 2F). In VeroS cells, similar intensities of 188 

CHIKV E were detected via immunoblotting (Figure 2G) and C using the stain-free protein 189 

staining (Figure 2G). Externalized PS detected on CHIKV particles from VeroS cells were 190 

consistent with the PS orientation at the PM, where VeroSΔCDC50A particles bound well to 191 

annexin V, while particles produced in VeroS was indistinguishable from scramblase KO 192 

VeroSΔXKR8 (Figure 2H). 193 

Deleting CDC50A results in higher CHIKV titers in Vero cells 194 

 Next, we evaluated if altered localization of cellular PS affected CHIKV viral titers in a 195 

multi-cycle replication assay. If apoptotic mimicry enhances CHIKV infection, we expected viral 196 

titers to be highest in our flippase KO lines as the PS-high virions produced from these cells 197 

should bind PS receptors (PSRs) on naive host cells with increased efficiency in subsequent 198 

rounds of infection and boost CHIKV entry. Conversely, the lack of exposed PS on virions 199 

produced in scramblase KO cells should limit virion attachment to PSRs, resulting in fewer cells 200 

infected and a net decrease in viral titers relative to parental lines.  201 

Contrary to our expectations, CHIKV replication kinetics were similar among 202 

HAP1ΔCDC50A, HAP1, and HAP1ΔXKR8 cells when titrated on HAP1 cells (Figure 3A). 203 

HAP1 cells lack robust PSR expression (Horizon Discovery), and therefore we hypothesized 204 

virion infectivity may appear equivalent if attachment occurs through non-apoptotic mimicry 205 
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associated molecules. Next, we titrated the same viral supernatants on VeroS cells to compare 206 

viral titers in cells that contain the PSRs TIM-1 and AXL (47). When titrated on VeroS cells, 207 

HAP1ΔCDC50A cells consistently produced higher viral titers than the other HAP1 cell lines 208 

(Figure 3B). No difference in viral titers was observed between HAP1 and scramblase KO 209 

HAP1ΔXKR8 cells (Figure 3A, B) despite XKR8 KO cells having substantially lower external 210 

PS on the PM throughout the course of CHIKV infection (Figure 2B).  211 

Multi-cycle replication assays were also performed in the VeroS background. 212 

Interestingly, viral titers from our flippase KO VeroSΔCDC50A cells were initially lower than 213 

titers from parental cells, yet surpassed WT levels late in the course of infection (Figure 3C). As 214 

with the HAP1 background, we found CHIKV replication kinetics were unaffected in our 215 

scramblase KO line (VeroSΔXKR8) compared to parental cells (Figure 3C). Thus, these data 216 

suggest that CHIKV can achieve higher viral titers in the absence of CDC50A when infectivity is 217 

quantified on Vero cells, but not HAP1 cells. Further, the lack of accessible PS on the cell 218 

surface or the viral particle did not inhibit CHIKV infection relative to wild-type. 219 

CDC50A KO cells achieve higher viral titers without an increase in entry or cellular spread 220 

Differences in cell permissivity or susceptibility could result in more virions produced 221 

per infected cell. This could explain the higher viral titers achieved in a multi-step replication 222 

curve from CDC50A KO cells as opposed to increased particle infectivity mediated by improved 223 

PS-PSR interactions. To assess for differences in permissivity or susceptibility, we determined 224 

the number of particles produced from each cell line by quantifying the number of viral genomes 225 

in the cellular supernatant at peak infection (36 hpi) during the multi-cycle replication curve 226 

shown in Figure 3. Genome equivalents did not significantly vary between HAP1ΔCDC50A, 227 

HAP1, or HAP1ΔXKR8 cells (Figure 4A). Consistent with the trends observed in the multi-step 228 
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growth curve (Figure 3C), genomes equivalents at 36 hpi were similar from VeroS and 229 

VeroSΔXKR8 cells compared to a statistically significant reduction in genomes equivalents from 230 

VeroSΔCDC50A cells (Figure 4B). 231 

We next monitored the number of infected cells over time to discern if CHIKV was 232 

spreading through CDC50A KO cells faster than parental or scramblase KO cell lines, which we 233 

would hypothesize if PS-PSR interactions contribute to CHIKV infectivity. Contrary to our 234 

expectations, all HAP1 cell lines were infected at similar rates across several rounds of CHIKV 235 

infection (Figure 4C). While CHIKV spread through VeroS and VeroSΔXKR8 cells at similar 236 

rates, we observed a delay in the kinetics of CHIKV+ VeroSΔCDC50A cells (Figure 4D). 237 

However, once approximately 10% of the VeroSΔCDC50A population was infected, CHIKV 238 

spread at a rate similar to that of VeroS and VeroSΔXKR8 cells (Figure 4D). Altering PS 239 

orientation at the cellular PM did not alter CHIKV replication kinetics except in 240 

VeroSΔCDC50A cells, where viral spread was delayed. Thus, differences in cell permissibility 241 

or susceptibility do not explain the overall increased viral titers observed in CDC50A KO cells 242 

when titrated on a cell line that contains PSRs.  243 

CHIKV entry in Vero cells predominately utilizes PS receptors 244 

We hypothesized that virions with increased levels of PS on their outer leaflet (e.g. virus 245 

produced in CDC50A KO cells) are more infectious due to a higher propensity to bind to cellular 246 

surface PSRs. However, virus produced in cells high in outer leaflet PS have delayed viral spread 247 

in VeroSΔCDC50A cells and initially lower titers during in a multi-cycle replication curve when 248 

quantified on VeroS cells (Figure 3C). We sought to examine why CHIKV infection was 249 

delayed in VeroSΔCDC50A cells, but not HAP1ΔCDC50A cells.  250 
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First, we performed a high MOI entry experiment and monitored reporter gene 251 

expression 12 hours following CHIKV infection in our CDC50A KO, XKR8 KO, and parental 252 

cell lines. To ensure we captured a single round of replication, cells were treated with 253 

ammonium chloride (NH4Cl) either with viral inoculum or 2 hours after infection to prevent 254 

endosomal acidification and synchronize infection. As expected, CHIKV infection was blocked 255 

when NH4Cl was added directly with the inoculum (Figure 5A, B). We found that the altered 256 

cellular PS levels on our flippase and scramblase KO HAP1 lines did not affect the first round of 257 

CHIKV viral entry (Figure 5A). In contrast, we observed a 94% reduction in CHIKV infected 258 

flippase KO VeroSΔCDC50A cells relative to parental cells in the first round of infection and no 259 

reduction in CHIKV+ VeroSΔXKR8 cells (Figure 5B). This strong entry inhibition corresponds 260 

with the low CHIKV titers observed in VeroSΔCDC50A cells early in the multi-step replication 261 

curve (Figure 3C) and initial delay in viral spread (Figure 4D). 262 

Next, we investigated the mechanism behind the observed CHIKV entry inhibition in the 263 

flippase KO VeroSΔCDC50A cells. Both the HAP1 and VeroS cell lines lacking CDC50A 264 

contain high levels of PS in their outer leaflets (Figure 2 A-D). We hypothesized PS may 265 

interact with PSR on neighboring cells causing PSR down regulation, inducing a lower steady-266 

state level of PSRs at the plasma membrane. The decreased levels of PSRs on CDC50A KO cells 267 

could result in decreased virus entry mediated by viral apoptotic mimicry.  268 

To determine if the CHIKV entry defect in VeroSΔCDC50A cells was associated with a 269 

decrease of surface PSRs or an off-target effect of CDC50A deletion, virus entry was assessed in 270 

a previously characterized AXL/TIM-1 double knockout Vero cell line (VeroΔPSR) (47) and its 271 

parental line (Vero). The absence of TIM-1 and AXL on the cellular surface of VeroΔPSR cells 272 

recapitulated the entry defect observed in VeroSΔCDC50A cells (Figure 5B, C). In addition, 273 
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adenovirus infection (non-enveloped, clathrin-mediated entry mechanism) did not result in an 274 

entry defect into either VeroSΔCDC50A or VeroΔPSR cells (Figure 5D). Lastly, the spread of 275 

CHIKV through VeroΔPSR cells was delayed relative to the parental Vero line (Figure 5E); 276 

reflective of the viral spread kinetics observed among VeroSΔCDC50A cells (Figure 4D). 277 

Collectively, these data suggest that CHIKV entry defect into VeroSΔCDC50A cells is related to 278 

PSRs interactions and not a global viral entry defect. 279 

To investigate if PSRs surface down-regulation was occurring in CDC50A KO cells, the 280 

level of PSRs present on the cell surface was compared. According to Horizon Discovery mRNA 281 

expression data, HAP1 cells produce the transcripts for the PSR TYRO3, but not other major 282 

TIM or TAM family members. Proteins present at the cell surface of HAP1 cells were labeled 283 

with biotin, purified, and TYRO3 was detected by immunoblot. Surface TYRO3 levels (SB) 284 

were weaker from HAP1ΔCDC50A relative to either parental HAP1 or HAP1ΔXKR8 cells, 285 

while total cell lysates (TL) for both β-Actin and TYRO3 was comparable across the three cell 286 

lines (Figure 5F).  287 

VeroS and Vero cells produce both TIM-1 and AXL (47), but not TYRO3 or Mer (57). 288 

Immunofluorescence staining indicates that VeroSΔCDC50A cells display lower levels of both 289 

AXL (Figure 5G) and TIM-1 (Figure 5H) compared to VeroS and VeroSΔXKR8 cells. Further, 290 

VeroΔPSR cells were confirmed to lack the surface presentation of both AXL (Figure 5I) and 291 

TIM-1 (Figure 5J). 292 

These data support that PSR surface downregulation is associated with the CHIKV entry 293 

defect in flippase KO VeroSΔCDC50A cells. Interestingly, while PSR downregulation also 294 

occurs in HAP1ΔCDC50A cells, CHIKV entry remains unaffected. Thus, these data also suggest 295 
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that CHIKV entry into Vero cells is dependent on PS-PSR interactions, while entry into HAP1 296 

cells is facilitated via alternative binding partners and is independent of PS-PSR interactions. 297 

CHIKV infection is enhanced through viral apoptotic mimicry in a cell-type dependent 298 

manner in both mammalian and mosquito cells 299 

 We infected a panel of commonly used mammalian and insect cell lines with CHIKV 300 

virions containing discrete levels of envelope outer leaflet PS to determine the relevance of PS-301 

mediated cellular attachment amidst alternative attachment factors and receptors. Genome 302 

equivalents were calculated for each viral inoculum and compared to the tissue culture infectious 303 

dose 50 value (TCID50) to calculate the particle to TCID50 ratio as a metric of particle infectivity 304 

on each cell type. We observed a correlation between the levels of PS on the particle and particle 305 

infectivity when infecting Vero and VeroS cells (Figure 6A, B). Particles produced in HAP1, 306 

flippase and scramblase KO cells displayed three levels of PS (Figure 2F) and three levels of 307 

infectivity into Vero and VeroS cells (Figure 6A, B). Whereas virus made in VeroS, flippase and 308 

scramblase KO cells only displayed two levels of PS on the virus (Figure 2H) and displayed two 309 

levels of infectivity (Figure 6A, B). Infectivity did not correlate with particle PS when particles 310 

were added to either HAP1, Vero∆PSR, or NIH3T3 cells (Figure 6A, B). Our data suggest 311 

CHIKV entry into Vero cells lines is altered by particle PS levels, while the infectivity of the 312 

other tested mammalian cell lines is unaffected.  313 

Based on the known CHIKV attachment factors present on HAP1 and VeroS cells, we 314 

performed competitive inhibition assays to confirm the relevance of glycosaminoglycans and 315 

phosphatidylserine receptors in facilitating CHIKV infection. As expected, luciferase signal 316 

produced by CHIKV-Nluc infection decreased with the addition of increasing concentrations of 317 

α-CHIKV antibody in a dose-dependent manner in HAP1 (Figure 6C) and Vero (Figure 6D) 318 
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cells. The addition of high concentrations of soluble heparan sulfate competed for CHIKV 319 

infection in HAP1 cells (Figure 6E) but not Vero cells (Figure 6F). CHIKV infection in HAP1 320 

cells was unaffected by the addition of PS containing liposomes (Figure 6G). Conversely, Vero 321 

cells exhibited dose-dependent inhibition, where a ~90% reduction in infection was achieved 322 

with 100 µM liposomes (Figure 6H). These data support the cell-type dependence of CHIKV 323 

entry factors, including viral apoptotic mimicry in specific mammalian cells. 324 

The attachment factors promoting CHIKV entry into insect cells remain undefined. 325 

Relative to mammalian cells, mosquito cells contain high levels of phosphatidylethanolamine 326 

(PE) (58-60), which is another negatively charged phospholipid implicated in binding to PSRs 327 

and viral apoptotic mimicry (48). Viral particles produced in the HAP1 cell lines did not alter 328 

infectivity in C6/36 cells (Figure 7A), but HAP1ΔCDC50A derived particles, high in outer 329 

leaflet PS, increased particle infectivity in Aag2 cells (Figure 7B). In contrast, virus produced 330 

from flippase activity KO VeroS cells enhanced CHIKV infectivity in both mosquito C6/36 331 

(Figure 7C) and Aag2 (Figure 7D) cells.  332 

CHIKV infection in C6/36 cells was inhibited with neutralizing α-CHIKV antibody 333 

(Figure 7E) as expected, but unaffected by the addition of either heparan sulfate (Figure 7F) or 334 

liposomes (Figure 7G). CHIKV infection in Aag2 cells was also blocked by α-CHIKV antibody 335 

(Figure 7H) and, in contrast to C6/36 cells, infection was enhanced with heparan sulfate addition 336 

(Figure 7I). We observed a reduction in CHIKV infection in Aag2 cells treated with our highest 337 

concentration (100 µM) of liposomes (Figure 7J), congruent with the enhanced infectivity in 338 

Aag2 cells with particles produced in flippase KO cells (Figure 7B, D). These data support that 339 

viral apoptotic mimicry can also enhance CHIKV infection in mosquito cells, but in a cell-type 340 

dependent manner. 341 
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 342 

Discussion 343 

In this study, we demonstrate that CHIKV entry into mammalian Vero cells and mosquito 344 

Aag2 cells is enhanced through viral apoptotic mimicry, a process that involves PS on the virion 345 

envelope binding to PSRs on the cellular surface. However, CHIKV infection in mammalian 346 

HAP1 and NIH3T3 cells or mosquito C6/36 cells was not affected by virion-associated PS 347 

levels, indicating that viral apoptotic mimicry for CHIKV is cell-type dependent (Figure 8).  348 

The efficiency of CHIKV entry depends on which attachment factors are present. HAP1 349 

cells endogenously produce GAGs (26) and the PSR TYRO3 (Figure 5). Our data supports that 350 

CHIKV attachment to HAP1 cells occurs primarily through GAGs, as previously shown (26), 351 

and is not PS-dependent. In contrast to HAP1 cells, Vero cells naturally produce the PSRs TIM-1 352 

and AXL (47) and virion-associated PS enhances CHIKV infection in these cells. Further, PS 353 

dependence was not observed to enhance CHIKV entry in mouse fibroblast NIH3T3 cells, which 354 

display the nonessential proteinaceous receptor MXRA8 (22). The identity of CHIKV 355 

attachment factors in the mosquito vector remains unresolved. Neither GAGs nor PS appear 356 

involved in CHIKV infection in mosquito C6/36 cells. However, virions containing high 357 

amounts of accessible PS produced from CDC50A KO cells were more infectious on Aag2 cells 358 

and PS-containing liposomes inhibited CHIKV infection by 38%. 359 

We verified that CHIKV acquires a particle envelope with a lipid bilayer composition 360 

reflective of the cellular membrane from which it buds. Virions budding late in infection are 361 

enriched in external PS as infected cells become apoptotic. These late produced PS-rich virions 362 

can demonstrate improved infectivity through binding to nearby susceptible cells via PSRs. 363 
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Thus, apoptotic induction during CHIKV infection has pro-viral effects through improved 364 

attachment efficiency. Viral apoptotic mimicry likely contributes to the broad host and cellular 365 

tropism of CHIKV, but the relevance of this attachment mechanism in viral establishment, 366 

dissemination, and transmission between humans and mosquitoes has yet to be determined in 367 

vivo. 368 

Prior characterization of the regulation of phospholipid distribution within the plasma 369 

membrane (PM) lipid bilayer enabled us to alter natural phospholipid dynamics through the 370 

deletion of key cellular proteins. These data confirm that knocking out flippase activity results in 371 

the accumulation of PS on the outer leaflet of the PM. Further, low levels of PS are maintained 372 

on the extracellular side of the lipid bilayer in scramblase KO HAP1ΔXKR8 cells regardless of 373 

whether the cell is healthy or apoptotic. Similar amounts of external PS between the parental 374 

VeroS cells and our VeroSΔXKR8 scramblase KO line even after CHIKV infection suggest that 375 

VeroS cells contain low scramblase activity. A similar study examining Ebola particle infectivity 376 

found that XKR8 was primarily distributed in Vero cell cytoplasmic membranes rather than the 377 

PM, which may explain reduced PS scrambling on Vero cell surfaces (61).  378 

Considering the prominent role of the PM in CHIKV replication, we investigated whether 379 

viral kinetics, as opposed to particle infectivity, was altered in our flippase and scramblase KO 380 

cell lines. CHIKV spread through the HAP1 cell lines at similar rates and produced similar levels 381 

of viral progeny as evidenced by comparable levels of infectious particles when titrated on HAP1 382 

cells. Preventing PS accumulation on the exterior of the host cell, as in the context of our 383 

scramblase KO HAP1ΔXKR8 line, did not appear to affect CHIKV replication kinetics. This 384 

suggests that in the absence of PSR attachment, CHIKV can efficiently use alternative 385 

attachment factors to bind to HAP1 cells. Indeed, we found the glycosaminoglycan (GAG) 386 
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heparan sulfate, competitively inhibited CHIKV infection in HAP1 cells, supporting previous 387 

findings (26). Interestingly, the boost in CHIKV infection with exogenous ectopic MXRA8 on 388 

HAP1 cells suggests that even in the presence of native GAGs, the addition of a proteinaceous 389 

receptor aids viral attachment efficiency, while TIM-1 addition did not (Figure 1C).  390 

In contrast, CHIKV propagated through CDC50A KO cells produced particles that were 391 

more infectious than those derived from WT or ∆XKR8 cells when titrated on VeroS cells. 392 

Particles produced in ∆CDC50A cells contain higher levels of PS, suggesting CHIKV entry into 393 

Vero cells can be promoted through apoptotic mimicry. Moreover, Vero cells lacking PSRs are 394 

less susceptible to CHIKV infection, suggesting that in the absence of PSRs on Vero cells the 395 

molecular components facilitating virion attachment and entry are inefficient. Interestingly, the 396 

presentation of MXRA8 or additional TIM-1 on VeroS cells did not enhance CHIKV infection, 397 

suggesting that the endogenous PSRs efficiently mediate CHIKV entry (Figure 1D). These data 398 

further support the importance of affinity between virus-cell interactions in CHIKV entry.  399 

NIH3T3 cells were the only cells examined which endogenously present MXRA8 on the 400 

cellular surface (22). CHIKV infection in NIH3T3 cells was unaffected by viral envelope PS 401 

levels (Figure 6A, B). MXRA8 is a nonessential proteinaceous receptor of CHIKV (22, 34, 62) 402 

that binds to the E2 glycoprotein (63, 64), whereas TIM-1 binds PS lipids (48) on the virion 403 

envelope. MXRA8 may promote stronger CHIKV cellular attachment compared to TIM-1 due to 404 

either greater interaction accessibility based on virion structure or a stronger binding affinity. 405 

While recent work has established that NIH3T3 cells have a low abundance of MXRA8 on the 406 

cellular surface relative to human U2OS cells (26), the overall avidity between MXRA8 and 407 

CHIKV-E is likely stronger than those between PSRs and virion-PS; negating any PS-dependent 408 

attachment enhancement in NIH3T3 cells.  409 
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It is well documented that the attenuated CHIKV strain used in this study (181/c25) 410 

displays increased GAG dependence compared to circulating pathogenic strains based on 411 

interactions with residue 82 on E2 (25, 26, 65-67). The degree of GAG dependence appears to be 412 

strain specific (26). Given that we observed viral apoptotic mimicry in Vero cells using a 413 

CHIKV strain with strong GAG affinity, suggests that endemic strains may either (i) be more 414 

reliant on alternative attachment factors such as PSRs and/or (ii) be less infectious in the same 415 

context. A recent study found increased CHIKV infectivity with East-Central-South-African 416 

(ECSA) strain LR2006-OPY1 and West African (WA) strain 37997 relative to Asian strain 417 

181/c25 in 293T cells stably expressing TIM-1 or a TIM-1 variant lacking the cytoplasmic 418 

domain (32). 419 

In humans, CHIKV infection is initiated by virion deposition into the skin dermis during 420 

the bite of an infectious female mosquito. Fibroblasts, keratinocytes, and resident macrophages 421 

support initial CHIKV infection (22, 68). While fibroblasts are permissive for CHIKV, the 422 

infection appears to be predominately MXRA8-dependent (22). Keratinocytes present in the 423 

basal layer of the skin epidermis express both TIM-1 and AXL (50, 69) and are susceptible to 424 

CHIKV infection (22). Interestingly, an immortalized keratinocyte cell line (HaCat) was shown 425 

to be refractory to CHIKV infection due to an induction of interferon (68). However, a more 426 

recent study demonstrated that HaCat cells produced low levels of AXL along with undetectable 427 

levels of TIM-1, and that the addition of TIM-1 increased CHIKV susceptibility and permissivity 428 

(32). Thus, keratinocytes may have a larger role in CHIKV infection establishment in vivo than 429 

previously thought. Macrophages also display PSRs, conferring phagocytic properties of 430 

apoptotic body clearance (70-72). PS-rich virions from either infected fibroblasts, keratinocytes, 431 

or mosquito inoculation may serve as an ideal target to attach to PSRs on resident macrophages. 432 
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While macrophage infection via apoptotic mimicry could facilitate CHIKV dissemination in 433 

vivo, macrophages often are poor producers of CHIKV virus in vitro (73).  434 

Current evidence suggests that the long-term arthralgia associated with CHIKV infection 435 

is due to immune-mediated tissue pathology (74, 75). While the cellular surface abundance of 436 

MXRA8 overlaps with tissue types of pathogenic relevance (22, 34, 64, 74) and MXRA8 437 

deficient mice have reduced joint pathology (34), apoptotic mimicry may promote initial 438 

infection or dissemination as CHIKV infection in vivo still proceeds in MXRA8-deficient mice 439 

(34). Future research should aim to understand the role of apoptotic mimicry in the context of 440 

infection establishment and dissemination using in vivo model systems.  441 

The transmission of CHIKV to a mosquito vector can occur when a susceptible mosquito 442 

ingests blood from a viremic mammalian host. Key differences exist between mammalian-made 443 

and mosquito-made virions that affect infectivity (76-82). For example, differences in protein 444 

post-translation modifications between mammalian and invertebrate cells contribute to 445 

differences in virion infectivity (N-glycosylation (80, 83)). In addition, the plasma membrane of 446 

insect cells has a distinct lipid profile from that of mammalian cells (60, 84). While we did not 447 

see strong support for viral apoptotic mimicry influencing CHIKV infection in mosquito C6/36 448 

cells, CHIKV demonstrated PS-dependent enhancement in mosquito Aag2 cells. In Aag2 cells, 449 

we observed that elevated externalized PS levels increased CHIKV particle infectivity and PS-450 

liposomes inhibited CHIKV infection. Given the clear role of cell type in dictating PS 451 

dependence, it may not be appropriate to conclude the role of viral apoptotic mimicry in 452 

mosquitoes from either C6/36 cells or Aag2 cells, which are not representative of the cell types 453 

implicated in natural infection. Cell factors that facilitate CHIKV entry into mosquito cells 454 

remain elusive, however, mosquitoes do not produce homologs to MXRA8 (34), drosophila 455 
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encode PSR orthologs, and apoptotic cell clearance via phosphatidylserine exposure is conserved 456 

(85). 457 

The examination of CHIKV entry efficiency throughout infection in vivo is needed to 458 

delineate the relevance of attachment via PSRs among other surface molecules including GAGs 459 

and MXRA8 in influencing infection establishment, dissemination, and cross-species 460 

transmission. Future studies should aim to robustly characterize the role of each CHIKV 461 

attachment factor, including viral apoptotic mimicry, in systems that more closely resemble 462 

natural infection. 463 

 464 

Materials & Methods 465 

Cell lines 466 

Human near-haploid cells (HAP1) derived from the male chronic myelogenous leukemia cell 467 

line KBM-7, HAP1 flippase KO line (HAP1ΔCDC50A, HZGHC005423c007), and HAP1 468 

scramblase KO line (HAP1ΔXKR8, HZGHC005916c007) were purchased from Horizon 469 

Discovery (United Kingdom). HAP1 and HAP1 KO lines were cultured in Iscove’s modified 470 

Dulbecco’s medium (IMDM) supplemented with 8% (v/v) fetal bovine serum (FBS). All vervet 471 

monkey cells (VeroS, VeroSΔCDC50A, VeroSΔXKR8, Vero, and VeroΔPSR,) were maintained 472 

with DMEM supplemented with 5% (v/v) FBS. The Vero and VeroΔPSR cells were a kind gift 473 

from Dr. Wendy Maury at the University of Iowa (47). Mouse embryo fibroblasts cells 474 

(NIH3T3) were purchased from ATCC (CRL-1658) and maintained with DMEM supplemented 475 

with 10% (v/v) FBS. All mammalian cells were kept in a humidified chamber held at 37°C and 476 

with a 5% CO2 content. Mosquito Aedes albopictus C6/36 (ATCC, CRL-1660) were maintained 477 

with Leibovitz’s L-15 medium supplemented with 10% (v/v) FBS in a humidified chamber held 478 
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at 28°C. Aedes aegypti Aag2 (ATCC, CCL-125) larval homogenate cells were maintained in 479 

SFX insect medium with 2% (v/v) FBS in a humidified chamber at 28°C. 480 

CRISPR-Cas9 mediated generation of VeroS KO cell lines 481 

Three guide RNAs targeting each Chlorocebus sabaeus gene, XKR8 482 

(GGCACTGCTCGACTACCACC, TGATCTACTTCCTGTGGAAC, 483 

CAGCTATGTGGCCCTGCACT) and CDC50A (TACGGCTGGCACGGTGCTAC, 484 

TCGTCGTTACGTGAAATCTC, GTGAACTGGCTTAAACCAGT), were inserted 485 

into pSpCas9(BB)-2A-GFP (pX458), which was a gift from Feng Zhang (Addgene plasmid 486 

#48138) (86) and verified using Sanger sequencing. VeroS cells were transfected with equivalent 487 

amounts of pSpCas9(BB)-2A-GFP bearing each of the three guide RNAs using GeneJuice 488 

(Sigma-Aldrich, cat. 70967). Three days post-transfection, VeroS cells were counted and 489 

distributed at a density of 0.5 cells per well into 96-well plates. Cells were monitored for 3 weeks 490 

to maintain single colony clones, and non-clonal wells were discarded. Wells corresponding to 491 

single clones were expanded to 24-well plates and assessed for CRISPR knockout. CRISPR 492 

XKR8 and CDC50A KOs were validated by extracting total DNA and PCR amplifying the guide 493 

RNA targeted regions. PCR amplicons spanning xkr8 CRISPR regions were gel purified and 494 

submitted for Sanger sequencing to verify xkr8 modification, which showed a 136 bp deletion in 495 

exon 2. We could not amplify cdc50a CRISPR regions in exons 1 and 3 but could amplify the 496 

CRISPR region targeting exon 5, indicating the presence of a large deletion spanning multiple 497 

exons in CDC50A. CRISPR CDC50A KO was also validated using a functional screen for 498 

externalized PS. Cells were washed in PBS and the media was changed to Annexin V binding 499 

buffer (1mM HEPES pH 7.4, 14 mM NaCl, 0.25mM CaCl2) with Annexin V-PE conjugate at 500 

1:50 (v/v) and incubated at room temperature for 15 mins. Cells were washed with Annexin V 501 
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binding buffer and visually analyzed under a fluorescence microscope. Cells with high PS 502 

staining compared with parental cells were expanded for future experiments. Parental cells were 503 

treated with 1 mM MG132 for 2 hrs were used as a positive signal control. 504 

DNA transfections 505 

Transfection efficiency and cytotoxicity varied with each cell line and gene KO. We paired 506 

different transfection reagents with different cell lines to optimize transfection efficiency and 507 

reduce cytotoxicity. All HAP1 cells were transfected with JetOptimus (PolyPlus, cat. 117-07), 508 

VeroS, VeroSΔXKR8 and 293T cells with GeneJuice (Sigma-Alrich, cat. 70967), and CDC50A 509 

KO lines with Viafect (Promega, cat. E4981) according to manufacturer recommendations. 510 

Expression vectors encoding a GFP-fused transmembrane hTIM-1 (a gift from Wendy Maury at 511 

the University of Iowa), pCS6-L-SIGN (Transomic; cat. BC038851), pTiger-MXRA8, or 512 

pCMV-GFP were used to assess CHIKV virion surface binding kinetics. 513 

Viruses 514 

Chikungunya virus (CHIKV) strain 181 clone 25 (181/c25) was used to conduct experiments in a 515 

BSL2 laboratory environment. Full-length DNA CHIKV clones containing reporter genes (gfp, 516 

mKate, or Nluc) were linearized and in vitro transcribed (Ambion, cat. AM1344) adhering to the 517 

manufacturer's protocol. Infectious CHIKV virions expressing reporter genes were recovered 518 

after direct RNA transfection (1µg) into VeroS cells with Lipofectamine 3000 (Thermofisher, 519 

cat. L3000001). Unless otherwise stated, viral stocks were propagated in VeroS cells and passage 520 

3 viral stocks were used for all experiments. The amount of infectious virus was determined by 521 

calculating the 50% tissue culture infective dose (TCID50) units per mL through end-point 522 

dilution using the Spearman-Karber method (87). Replication deficient adenovirus 523 
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(Ad5CMVeGFP) was purchased from UI Viral Vector Core Web at a predetermined high titer of 524 

5x1010 PFU/mL. 525 

Real-time quantification PCR (RT-qPCR) of genome equivalents 526 

CHIKV genome equivalents/mL were calculated via RT-qPCR. Viral RNA was extracted from 527 

infected cell supernatant (Zymo, cat. 11-355), eluted in nuclease-free water, and converted to 528 

cDNA with random hexamers (ThermoFisher, cat. 4388950) following kit protocols. RT-qPCR 529 

reactions were set up with cDNA, TaqMan Gene Master Mix (Applied Biosystems, cat. 530 

4369016), primers, and TaqMan probe (5’-531 

6FAMACTTGCTTTGATCGCCTTGGTGAGAMGBNFQ-3’) as previously described (88) with 532 

each sample run in duplicate. A plasmid-based standard curve of a full-length CHIKV clone was 533 

used to enumerate the total number of genome equivalents per mL of the original sample. A no 534 

template control (NTC) and no amplification control (NAC) were included in each run on a 535 

StepOne platform (Applied Biosystems, cat. 4376357). The amplification profile included 1 536 

cycle of 2 mins at 50°C, 10 mins at 95°C, followed by 40 cycles of 15 secs at 95°C and 1min at 537 

60°C. 538 

293T immunofluorescence staining 539 

293T cells were plated at 2.0x105 cells per well in 12-well plates 48 hrs before 540 

immunofluorescence staining. Cells were transfected with plasmids encoding MXRA8, hTIM-1-541 

GFP, or L-SIGN along with a plasmid encoding GFP 24 hrs before immunofluorescence 542 

staining. Transfected cells were rapidly cooled and stained in blocking solution (dPBS with 2% 543 

(v/v) bovine serum albumin (BSA)) containing anti-MXRA8 (1:100, W040-3, MBL 544 

International), anti-hTIM1(1:100, AF1750, R&D Systems), or anti-CLEC4M (L-SIGN/CD299) 545 

2G1 antibody (1:100, MA5-21012, Thermo) at 4°C with gentle shaking for 1 hr. Cells were 546 
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washed with PBS before lifting the cells with a scraper. Cells were pelleted (500xg for 5 mins), 547 

resuspended, and washed in PBS two additional times before adding secondary anti-goat Cy5 548 

(1:2500, 072-02-13-06, KPL) or anti-mouse Alexa Fluor 647 (1:2500, A32728, Invitrogen) and 549 

incubated at 4°C in the dark for 30 mins. Cells were washed with PBS three times and then 550 

analyzed via flow cytometry. Cell populations were gated using forward scatter/side scatter. The 551 

mean fluorescence intensity (MFI) of a minimum of 10000 GFP positive cells were quantified 552 

per experimental condition and performed three independent times. Secondary only and GFP 553 

only transfected cells were stained with primary and secondary antibodies and used as controls 554 

for all conditions. All cells were analyzed using a NovoCyte Quanteon (Aligent) flow cytometer. 555 

Quantification of cellular outer leaflet phosphatidylserine (PS)  556 

Cellular surface levels of PS were assessed using Promega’s RealTime-Glo Annexin V 557 

Apoptosis and Necrosis Assay (Promega, cat. JA1012) according to manufacturer specifications. 558 

HAP1 or VeroS cell lines were plated in media supplemented with 0.1 M HEPES at 3.0x104 or 559 

104 cells per well, respectively, in a 96-well black-walled, clear bottom plate 1 day prior to 560 

treatment. Cells were infected with CHIKV-mKate (MOI of 1.0) or mock infected. Kit 561 

components 1-4 were added to cells 1 hr following infection and the plate was moved into a pre-562 

warmed GloMax Explorer. Kit components 1-4 were used when assaying HAP1 cells at 0.5x 563 

concentration as cytotoxicity was observed at 1x manufacturer recommendations. Automated 564 

luminescence (Annexin V) and fluorescence (membrane integrity) measurements were collected 565 

every 30 mins in a GloMax Explorer (Promega) held at 37°C. 566 

Quantification of viral outer leaflet phosphatidylserine (PS) 567 

Virus Production: T75 flasks were seeded with wild type, ΔXKR8, and ΔCDC50A HAP1 and 568 

VeroS cells with 7.2 x 106 cells or 3.6 × 106 cells, respectively. After 24 hrs, wild-type and 569 
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ΔXKR8 cells were infected with CHIKV using MOI =0.001 and CDC50A cells were infected 570 

using MOI=0.01. After 12 hrs at 37°C, inoculum was removed, cells were treated with citric acid 571 

buffer (40 mM citric acid, 10 mM KCl, 135 mM NaCl [pH 3.0]) for 1 min, rinsed, and FBS-free 572 

media was added. After incubating for an additional 36 hrs, the supernatant was collected, 573 

cleared twice using centrifugation (6,000xg) and overlaid on a 20% sucrose cushion. Overlaid 574 

supernatants were then subjected to ultracentrifugation at (234,116xg) for 2 hrs at 4°C. Pellets 575 

were resuspended in 100 μL PBS.  576 

Input normalization: Prior to staining, purified CHIKV samples were normalized using RT-577 

qPCR: To detect CHIKV capsid (C) levels, normalized samples were denatured using SDS-urea 578 

buffer (200 mM Tris [pH 6.8], 8 M urea, 5% SDS, 0.1 mM EDTA, 0.03% bromophenol blue), 579 

run on Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-Rad), and imaged with a ChemiDoc 580 

XRS digital imaging system (Bio-Rad). Gels were then subjected to immunoblot analysis for 581 

CHIKV E using an anti-E antibody (1:1000, R&D Systems, MAB97792SP). 582 

Particle surface PS staining: Equivalent numbers of CHIKV particles were conjugated to 4-μm 583 

aldehyde/sulfate latex beads (Thermo Fisher Scientific) overnight at 4°C with gentle shaking. 584 

Due to differences in viral yields between cell types, beads were bound with approximately 106 585 

genome equivalents from HAP1 cell lines and 109 genome equivalents from VeroS cell lines. 586 

Beads were blocked with a final concentration of 1% (v/v) bovine serum albumin (BSA) in PBS 587 

for 2 hrs while rotating at room temperature. Beads were washed 3 times with 1% (v/v) BSA in 588 

PBS and then incubated with 100 μl of AnV binding buffer containing AnV-PE conjugate for 30 589 

mins on ice. Beads were diluted 1:4 in AnV binding buffer and analyzed using the NovoCyte 590 

Quanteon flow cytometer (Aligent). Bead only samples were included as a mock control. 591 

Multi-step CHIKV replication kinetics 592 
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A low MOI (0.01) was used to assess replication kinetics over multiple replication cycles. Cells 593 

were seeded at a density of 3x105 cells/mL for HAP1 lines and 2.5x105 cells/mL for VeroS lines 594 

and inoculated with virus in FBS-free media for 1 hr at 37°C before removing viral inoculum 595 

and replacing with complete media. At each time point, the supernatant was collected, and fresh 596 

media was replaced. Supernatants were frozen at -80°C until all time-points were collected. 597 

Virus was titrated on the indicated cell line and the number of infectious particles per mL was 598 

calculated by determining the 50% tissue culture infective dose (TCID50) as described above. 599 

Cell-to-cell viral spread kinetics 600 

Cells were plated at either 7.5x104 cells per well in a 48-well plate (HAP1 lines) or 5x104 cells 601 

per well in a 24-well plate (Vero lines) 1 day prior to infection. Assuming cells doubled 602 

overnight, cells were inoculated with CHIKV-GFP virus (MOI of 0.1). After 1 hr (T = 0 hpi) 603 

virus inoculum was removed and replaced with complete media. At the indicated time, cells were 604 

lifted in trypsin, resuspended in PBS, and fixed in 1.5% (v/v) formaldehyde. GFP positive cells 605 

were enumerated in a NovoCyte Quanteon (Aligent) flow cytometer. Cells were first gated based 606 

on forward/side scatter, and cellular aggregates were removed by gating with forward scatter 607 

area to height. Uninfected cells were used to set the GFP gate. 10000 live cells were collected 608 

and the percent infection (% GFP+) was recorded and compared over time. 609 

Entry assays 610 

Viruses expressing gfp were used to determine if cellular attachment and internalization varied 611 

across cell lines. 7.5x104 cells per well were plated in a 48-well format for HAP1 cell lines and 612 

5x104 cells per well in a 24-well format for Vero cell lines 1 day prior to infection. A high MOI 613 

was used to infect ~50% of the cell population in the initial round of infection. Virus inoculum 614 

was added to cells for 1 hr at 37°C after which viral inoculum was removed and replaced with 615 
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complete medium, marking 0 hpi. CHIKV requires low pH in the endosome for membrane 616 

fusion and genome release. To ensure we were measuring GFP production from only the first 617 

round of infection for CHIKV, 30 mM ammonium chloride (NH4Cl) was added 2 hpi or with 618 

virus inoculum to demonstrate blocking potency. Cells were lifted at either 12 hpi (CHIKV) or 619 

20 hpi (AdenoV), resuspended in PBS, and fixed with 4% formaldehyde. A NovoCyte Quanteon 620 

(Aligent) flow cytometer was used to determine the percentage of GFP+ cells. Cell gating was 621 

the same as described above for viral spread.  622 

Surface biotinylation 623 

Parental HAP1 and KO lines were seeded at 5x105 cells per well in a 6-well plate and incubated 624 

for 48 hrs. Cells were then washed with cold PBS and biotinylated with 0.5 mg/ml 625 

sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-dithiopropionate (ThermoFisher) while gently 626 

shaking for 45 mins on ice. The reaction was quenched using Tris-HCl. Cells were lysed in M2 627 

lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) at 4°C and 628 

clarified with centrifugation at 17,000Xg for10 min. To purify surface exposed proteins, lysates 629 

were incubated with streptavidin sepharose beads (GE Healthcare) overnight while rotating at 630 

4°C. Following incubation, the streptavidin sepharose beads were washed in buffer 1 (100 mM 631 

Tris, 500 mM lithium chloride, 0.1% Triton X-100) and then in buffer 2 (20 mM HEPES [pH 632 

7.2], 2 mM EGTA, 10 mM magnesium chloride, 0.1% Triton X-100), incubated in urea buffer 633 

(200 mM Tris [pH 6.8], 8 M urea, 5% sodium dodecyl sulfate [SDS], 0.1 mM EDTA, 0.03% 634 

bromophenol blue, 1.5% dithiothreitol [DTT]) for 30 min at 56°C, and subjected to immunoblot 635 

analysis using anti-βactin C4 (1:1000, Santa Cruz Biotechnology, sc-47778) and anti-Tyro-3 636 

(1:1000, R&D Systems, MAB859100) antibodies. Immunoblots were probed with appropriate 637 
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secondary antibodies conjugated with HRP and imaged with a ChemiDoc XRS digital imaging 638 

system (Bio-Rad). 639 

Vero immunofluorescence staining 640 

Vero cell lines were plated at 105 cells per well in a 24-well format 24 hrs before 641 

immunofluorescence staining. Cells were rapidly cooled by placing cells on ice and replacing 642 

media with ice cold PBS for 15 mins. PBS was removed and replaced with 200 µL of blocking 643 

solution (dPBS with 2% (v/v) BSA) containing α-TIM1(1:100, AF1750, R&D Systems) or α -644 

AXL antibody (1:100, AF154, R&D Systems) and incubated at 4°C and gently shook for 1 hr. 645 

Cells were washed three times with PBS. Following the third wash, 200 µL of blocking solution 646 

containing α -goat Cy5 (1:2500, 072-02-13-06, KPL) and incubated at 4°C in the dark and gently 647 

rocked for 30 mins. After three PBS washes, cells were scraped, homogenized, and analyzed via 648 

flow cytometry. Cell populations were gated using forward scatter/side scatter. The mean 649 

fluorescence intensity (MFI) of a minimum of 5,000 live cells was quantified per experimental 650 

condition. Secondary only was used as a negative control in all conditions. All cells were 651 

analyzed using a NovoCyte Quanteon (Aligent) flow cytometer. 652 

Particle infectivity 653 

We used the ratio of genome equivalents to infectious viral particles to assess particle infectivity. 654 

This ratio represents the number of particles needed to start an infection. A smaller value 655 

indicates a virus stock is more infectious, or each particle has a higher probability of starting an 656 

infection. Particle number was determined by quantifying the number of genome equivalents in 657 

the virus preparation using qRT-PCR described above. Infectivity was determined by TCID50 658 

units per mL. CHIKV readily forms plaques on VeroS cells, however, not all our cell lines 659 
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tolerated forming a confluent monolayer under an agar overlay and therefore TCID50 units were 660 

used when comparing various cell lines. 661 

Competition assays 662 

CHIKV-Nluc stocks were used to assess the ability of antibody, liposomes, or heparin sulfate to 663 

block infections into the indicated cell lines. HAP1 cells were seeded at 5x104 cells per well in a 664 

96-well plate 1 day prior to infection. For each well in the competition assay approximately 150 665 

CHIKV-Nluc virions were added. 24 hrs following infection, cells were lysed with NanoGlo 666 

substrate and lysates were quantified in a GloMax Explorer (Promega) according to 667 

manufacturer’s instructions for all competitive inhibition assays. 668 

Antibody competition: virus was incubated with the indicated concentrations of CHIKV 669 

polyclonal antibody (IBT, cat. 04-008) or no antibody control at room temperature for 45 mins. 670 

After incubation, the virus-CHIKV antibody mix was added to cells.  671 

Heparan competition: the indicated concentration of heparan sulfate (Sigma-Aldrich, cat. 672 

H7640-1MG), or control PBS was added to cells at 37°C for 10 mins prior to infection. After the 673 

10 min pre-treatment, virus was added.  674 

Liposome competition: the indicated concentration of liposomes (30% PS: 69% PE: 1% PC) (48) 675 

or PBS was added to cells at 37°C for 10 mins prior to infection. After the 10 min pre-treatment, 676 

virus was added. 677 

Statistical analysis 678 

Data were visualized and analyzed using GraphPad Prism software (v8.2.1, windows 64-bit). An 679 

unpaired parametric Student T-test assuming equal variance was used to test for statistical 680 

significance for data on a linear scale (e.g., percent infected). An unpaired parametric Student T-681 

test using a Welch’s correction was used to test for statistical significance for normalized data 682 
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(e.g., relative infection, normalized MFI). Logarithmic data were natural log (ln) transformed 683 

and then assessed with an unpaired parametric Student T-test assuming equal variance (e.g., 684 

genome equivalents, specific infectivity).  685 
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Figure 1. Overexpression of TIM-1 enhances CHIKV infection in a cell-dependent manner. 702 

(A) 293T cells were assessed for the surface presentation of known CHIKV attachment factors 703 

(TIM-1, MXRA8, or L-SIGN) via flow cytometry. 293T cells were transfected with either TIM-704 

1, MXRA9, L-SIGN, or GFP 24 hrs prior to the addition of primary antibodies specific against 705 

hTIM-1, MXRA8, or L-SIGN. 24 hrs post transfection, 293T, HAP1, and VeroS cells were 706 

inoculated with either (B-D) mKate-expressing CHIKV strain 181/c25, (E-G) recombinant 707 

vesicular stomatitis virus containing the Lassa virus glycoprotein (rVSVΔG/LASV), or (H-J) 708 

rVSV studded with the Ebola virus glycoprotein (rVSVΔG/EBOV) for 1 hr. 12 hrs post 709 

infection, cells were assessed for CHIKV infection (mKate+) and transfection efficiency (GFP+) 710 

via flow cytometry. Relative infection was calculated as the proportion of cells infected with 711 

CHIKV (mKate+) among transfected cells (GFP+) normalized to infection levels in a GFP only 712 

control well. At least three independent replicates were performed with each bar representing the 713 

mean and error (±SEM) with an unpaired parametric Student’s T-test with unequal variance 714 

(Welch’s correction) was used to determine statistical significance, where * (p < 0.05), ** (p < 715 

0.01), *** (p < 0.001).  716 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 15, 2022. ; https://doi.org/10.1101/2022.01.14.476428doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476428
http://creativecommons.org/licenses/by-nc-nd/4.0/


34 

 

Figure 2. Knocking out flippases and scramblases affects the amount of externalized 717 

cellular PS. HAP1 cell lines and VeroS cell lines were monitored for Annexin V binding (RLU) 718 

for 36 hrs with automated measurements taken every 30 mins using a GloMax Explorer 719 

multimode microplate reader held at 37°C. Parental, scramblase XKR8 KO, and flippase subunit 720 

CDC50A KO cells were either (A, C) untreated (Basal) or treated with (B, D) viral infection 721 

(CHIKV strain 181/c25, MOI 1.0). Three independent replicates were performed with the solid 722 

line representing the mean and faded region indicating the error (±SEM). To quantify levels of 723 

externalized PS on the CHIKV viral particle, CHIKV was propagated through both HAP1 and 724 

VeroS cell lines. (E, G) Viral inputs were immunoblotted with an α-CHIKV antibody and 725 

accessed for purity using a stain-free gel. (F, H) Annexin V conjugated to PE was used to stain 726 

normalized amounts of virus-bound beads and quantified via FACs analysis. A bead only control 727 

(mock) was used to establish a baseline signal. MFI values from three independent trials were 728 

normalized to parental values (HAP1 or VeroS) with the mean and ±SEM displayed. An 729 

unpaired parametric T-test with Welch’s correction was used test for statistical significance, 730 

where * (p < 0.05), ** (p < 0.01), *** (p < 0.001).   731 
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Figure 3. Multi-step CHIKV replication kinetics. Multi-step replication kinetics of CHIKV 732 

strain 181/c25 (MOI = 0.01) in parental, scramblase XKR8 KO, or flippase subunit CDC50A 733 

KO cells. Cellular supernatants from HAP1 cell lines were titrated on either (A) HAP1 cells or 734 

(B) VeroS cells. (C) Cellular supernatants from VeroS cell lines were titrated on VeroS cells. 735 

Three independent replicates were performed with error bars representing ±SEM.  736 
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Figure 4. Increased CHIKV titers in CDC50A KO cells are not due to increased viral 737 

production or cellular spread. The number of genome copy equivalents per mL were 738 

determined from the cellular supernatants collected at 36 hrs post infection (peak infection) from 739 

the multi-step replication curve (MOI = 0.01) in Figure 3 with real-time qPCR for each (A) 740 

HAP1 cell line and (B) VeroS cell line. Genome copy equivalents per mL were natural log (ln) 741 

transformed prior to performing an unpaired parametric student T-test relative to parental cells 742 

(HAP1 or VeroS). CHIKV cellular spread kinetics were quantified by FACs analysis of the 743 

percent of GFP+ cells over time after CHIKV-gfp infection (MOI = 0.1) in (C) HAP1 lines or (D) 744 

VeroS lines. Three independent replicates were conducted with error bars representing ±SEM. 745 

Values of significance are shown as * (p < 0.05), ** (p < 0.01), *** (p < 0.001).  746 
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Figure 5. CHIKV entry in Vero cells predominately utilizes PS receptors. CHIKV-gfp (strain 747 

181/c25) stock virus was used to infect either (A) HAP1 lines (MOI = 10), (B) VeroS lines (MOI 748 

= 100) or (C) Vero lines (MOI =100). 30mM ammonium chloride (NH4Cl) was added with the 749 

viral inoculum (0hr: hollow bars) or 2 hrs post inoculum removal (2hr: solid bars). At 12 hrs post 750 

infection, the percent of cells infected (GFP+) was determined by FACs analysis. Three 751 

independent replicates were conducted with error bars representing ±SEM. Unpaired parametric 752 

student T-tests were performed relative to the parental cell line (HAP1, VeroS, or Vero). (D) A 753 

viral inoculum was used to achieve ~60% of cells infected with AdenoV in parental VeroS and 754 

Vero cells. Viral inoculum was removed and replaced with complete media 2 hrs post infection. 755 

At 20 hrs post infection, the percent of infected cells (GFP+) was determined by FACs analysis 756 

(E) CHIKV cellular spread kinetics were quantified by FACs analysis of the percent of GFP+ 757 

cells over time after CHIKV-gfp infection (MOI = 0.1) in Vero and VeroΔPSR cells. Three 758 

independent replicates were conducted with error bars representing ±SEM. (F) HAP1, 759 

HAP1ΔXKR8, and HAP1ΔCDC50A cells were immunoblotted for the PSR TYRO3 in both the 760 

total cell lysate (TB) and surface (SB). β-Actin immunoblotting of the TL served as a protein 761 

loading control. A representative image of two independent trials is displayed. The surface 762 

presentation of the PSR (G) AXL or (H) TIM-1 on each VeroS cell line was assessed with 763 

immunofluorescence. The mean fluorescence intensity (MFI) was normalized to the parental 764 

value within each trial with the mean and ±SEM represented. An unpaired parametric student T-765 

test with a Welch’s correction was performed with mean normalized MFI values relative to 766 

parental cells. Surface levels of (I) AXL or (J) TIM-1 were assessed for Vero and VeroΔPSR 767 

cells as described above. Values of significance are shown as * (p < 0.05), ** (p < 0.01), *** (p 768 

< 0.001).  769 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 15, 2022. ; https://doi.org/10.1101/2022.01.14.476428doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.14.476428
http://creativecommons.org/licenses/by-nc-nd/4.0/


38 

 

Figure 6. CHIKV viral apoptotic mimicry is cell-type dependent in mammalian cells. The 770 

particle (genome copy equivalents) per mL to TCID50 units per mL ratio for each sample was 771 

used to assess the infectivity of particles produced from (A) HAP1 cell lines or (B) VeroS cell 772 

lines on a panel of commonly used mammalian cell types (human HAP1, monkey Vero, and 773 

mouse NIH3T3). CHIKV virions were collected from the producer cell at 24 hrs post CHIKV 774 

infection (MOI of 1.0). Congruent with TCID50 methods, equal volumes of collected virus were 775 

added to each cell line in the panel without inoculum removal and scored based on CPE and 776 

GFP+. At least three independent replicates were conducted with bars representing the mean and 777 

error (±SEM). Infectivity values were natural log (ln) transformed prior to performing an 778 

unpaired parametric student T-test relative to parental cells. (C-H) CHIKV-Nluc stocks were 779 

used to assess the ability of (C, D) CHIKV antibody, (E, F) heparan sulfate, or (G, H) PS-780 

containing liposomes (30% PS: 69% PE: 1% PC), to block infections into either HAP1 or Vero 781 

mammalian cells at the indicated concentrations. Twenty-four hours following infection the cells 782 

were lysed with NanoGlo substrate and lysates were quantified with a GloMax Explorer. At least 783 

three independent replicates were conducted with dots representing means and error bars 784 

representing ±SEM. Values of significance are shown as * (p < 0.05), ** (p < 0.01), *** (p < 785 

0.001).   786 
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Figure 7. CHIKV viral apoptotic mimicry is cell-type dependent in mosquito cells. The 787 

particle (genome copy equivalents) per mL to TCID50 units per mL ratio for each sample was 788 

used to assess the infectivity of particles produced from (A, B) HAP1 cell lines or (C, D) VeroS 789 

cell lines on mosquito (A, C) C6/36 and (B, D) Aag2 cells. Congruent with TCID50 methods, 790 

equal volumes of collected virus were added to each cell line in the panel without inoculum 791 

removal and scored based on CPE and GFP+. At least three independent replicates were 792 

conducted with bars representing the mean and error (±SEM). Infectivity values were natural log 793 

(ln) transformed prior to performing an unpaired parametric student T-test relative to parental 794 

cells. (E-J) CHIKV-Nluc stocks were used to assess the ability of (E, H) CHIKV antibody, (F, I) 795 

heparan sulfate, or (G, J) PS-containing liposomes (30% PS: 69% PE: 1% PC), to block 796 

infections into either C6/36 or Aag2 mosquito cells at the indicated concentrations. Twenty-four 797 

hours following infection the cells were lysed with NanoGlo substrate and lysates were 798 

quantified with a GloMax Explorer. At least three independent replicates were conducted with 799 

dots representing means and error bars representing ±SEM. Values of significance are shown as 800 

* (p < 0.05), ** (p < 0.01), *** (p < 0.001).   801 
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Figure 8. CHIKV viral apoptotic mimicry is cell-type dependent. A visual summary of the 802 

current study and main findings. To study the role of viral apoptotic mimicry in CHIKV 803 

infection we generated CHIKV virions with distinct levels of phosphatidylserine (PS) exposed 804 

on the viral envelope. First, HAP1 and VeroS cells were genetically modified by creating either a 805 

flippase subunit KO line (ΔCDC50A) or a scramblase KO line (ΔXKR8) to exploit natural 806 

phospholipid translocation dynamics. Abolishing flippase activity (ΔCDC50A) resulted in cells 807 

with constitutively high levels of externalized PS in the plasma membrane, whereas impairing 808 

scramblase activity (ΔXKR8) resulted in low levels of PS. Next, CHIKV virus was passaged 809 

once through each genetically modified cell line to produce viral particles with discrete levels of 810 

PS in the outer leaflet of the virion envelope. These produced particles were placed on several 811 

cell lines with unique combinations of identified CHIKV attachment factors to assess the role of 812 

viral apoptotic mimicry during CHIKV infection in both mammalian (HAP1, Vero, and 813 

NIH3T3) and mosquito (C6/36 and Aag2) cells. We found the role of viral apoptotic mimicry in 814 

CHIKV infection to occur in a cell type dependent manner. Our data support that GAGs such as 815 

heparan sulfate are a major contributor to infection in HAP1 cells, while the PSR TYRO3 is not. 816 

CHIKV PS levels correlated with infectivity in Vero cells containing the PSRs TIM-1 and AXL, 817 

providing a role of viral apoptotic mimicry in CHIKV entry. Further, we found CHIKV 818 

infectivity on NIH3T3 cells to be unaffected by virion PS levels. Lastly, we did not observe a 819 

clear role of PS dependent entry in mosquito C6/36 cells, but CHIKV infection in mosquito 820 

Aag2 cells was enhanced by viral apoptotic mimicry.   821 
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