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Abstract:  17 

 T-cell immunoglobin and mucin domain protein-1 (TIM-1) mediates entry of Chikungu-18 

nya virus (CHIKV) into some mammalian cells through the interaction with envelope phospho-19 

lipids. While this interaction enhances entry, TIM has been shown to tether newly formed HIV 20 

and Ebola virus particles, limiting their efficient release. In this study, we investigate the ability 21 

of surface receptors such as TIM-1 to sequester newly budded virions on the surface of infected 22 

cells. We established a luminescence reporter system to produce Chikungunya viral particles 23 

that integrate nano-luciferase and easily quantify viral particles. We found that TIM-1 on the 24 

surface of host cells significantly reduced CHIKV release efficiency in comparison to other entry 25 

factors. Removal of cell surface TIM-1 through direct cellular knock-out or altering the cellular 26 

lipid distribution enhanced CHIKV release. Over the course of infection, CHIKV was able to 27 

counteract the tethering effect by gradually decreasing the surface levels of TIM-1 in a process 28 

that appears to be mediated by the nonstructural protein 2. This study highlights the im-29 
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 2 

portance of phosphatidylserine receptors in mediating not only the entry of CHIKV but also its 30 

release and could aid in developing cell lines capable of enhanced vaccine production. 31 

 32 

Importance:  33 

 Chikungunya virus (CHIKV) is an enveloped alphavirus transmitted by the bites of infec-34 

tious mosquitoes. Infection with CHIKV results in the development of fever, joint pain, and ar-35 

thralgia that can become chronic and last for months after infection. Prevention of this disease is 36 

still highly focused on vector control strategies. In December 2023, a new live attenuated vac-37 

cine against CHIKV was approved by the FDA. We aimed to study the cellular factors involved 38 

in CHIKV egress, to better understand CHIKV’s ability to efficiently infect and spread among a 39 

wide variety of cell lines. We found that TIM-1 receptors can significantly abrogate CHIKV’s 40 

ability to efficiently exit infected cells. This information can be beneficial for maximizing viral 41 

particle production in laboratory settings and during vaccine manufacturing. 42 

Keywords: virus release; phosphatidylserine receptors, alphavirus, chikungunya 43 

INTRODUCTION 44 

Chikungunya virus (CHIKV) is an enveloped positive-sense RNA virus from the Togaviridae 45 

family. Within the alphavirus genus, CHIKV causes the most human infections and is transmit-46 

ted by the bites of infectious Aedes aegypti and Aedes albopictus mosquitoes (1). Chikungunya 47 

disease presents with fever, joint pain, stiffness, and arthralgia with some patients experiencing 48 

severe joint pain for months after infection. During outbreaks, efforts to slow transmission and 49 

spread focused on decreasing the mosquito vector populations. In December 2023, the FDA ap-50 

proved a new live attenuated vaccine for the prevention of CHIKV which will hopefully aid in 51 

slowing future outbreaks. We still lack antivirals to treat CHIKV infection, therefore, identifying 52 

potential targets of CHIKV replication cycle may provide new targets for the development of 53 

new therapeutics. 54 
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Chikungunya virus encodes four non-structural proteins (nsP1-nsP4) and five structural 55 

and accessory proteins (C, E3, E2, 6k, TF, and E1). While the non-structural proteins are respon-56 

sible for transcription and genome replication, the structural proteins assemble to form particles. 57 

CHIKV particles are composed of a nucleocapsid core comprised of the RNA genome and capsid 58 

proteins, surrounded by a lipid envelope studded with glycoproteins (2). Structural studies ob-59 

served the envelope E1-E2 spikes organized in a hexagonal lattice at the plasma membrane, the 60 

site of virus budding (3). As the nucleocapsid buds through the plasma membrane, both the 61 

capsid and glycoproteins are arranged in icosahedral shells (T=4) (3). Assembly of CHIKV is 62 

driven by the interaction of capsid protein and the cytoplasmic tail of the E2 protein (4–7). 63 

However, recent studies suggest that accessory proteins 6k and TF may also facilitate efficient 64 

exit of Sindbis virus, a closely related alphavirus (8). 65 

While capsid and E2 interactions initiate CHIKV particle budding, subsequent events in-66 

volving additional cellular proteins may be required for efficient release. Many enveloped vi-67 

ruses utilize the cellular endosomal sorting complexes required for transport (ESCRT) proteins 68 

to complete the final membrane scission (9). Once newly formed particles are separated from the 69 

plasma membrane, the particles need to escape from the infected cell to perpetuate infection. The 70 

interferon-induced transmembrane protein, tetherin/BST-2, is a cellular surface protein that can 71 

inhibit the release of enveloped viruses including human immunodeficiency virus (HIV), Ebola, 72 

and CHIKV (10–13). Although previous studies have shed light on the mechanisms of alpha-73 

virus budding, our knowledge of cellular factors that can alter particle release is limited. 74 

Phosphatidylserine (PS) in the lipid envelope of viral particles influences multiple steps of 75 

the viral replication cycle (14). PS is an anionic phospholipid typically found on the inner leaflet 76 

of the plasma membrane (15). Apoptotic cells move PS to the outer leaflet which serves as a 77 

marker for cell clearance (16). This process is mediated by flippases, which translocate PS from 78 

the outer leaflet to the inner leaflet of the plasma membrane, and scramblases which 79 

non-specifically shuffle PS between the leaflets. Viral envelopes rich in PS can enter cells via 80 

apoptotic mimicry, where outer leaflet PS in the viral envelope attaches to PS receptors on the 81 

surface of the host cells. Our group and others showed that CHIKV entry in certain cell lines (i.e., 82 

Vero cells) is mainly mediated through attachment to PS receptors, such as T cell immuno-83 
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globulin mucin domain-1 (TIM-1) and receptor tyrosine kinase AXL (AXL) (17–19). Increased 84 

levels of PS in CHIKV’s outer leaflet enhanced the specific infectivity of particles into Vero cells 85 

(17). While PS receptors can aid in virus entry, they can also modulate immune responses and 86 

reduce virion release. For example, PS receptors can prevent the efficient release of HIV and 87 

Japanese Encephalitis virus (JEV) by attaching to the viral envelope PS in newly budded parti-88 

cles (20, 21). To our knowledge, no previous studies have noted the role of PS receptors in the 89 

viral particle release of alphaviruses. 90 

In this study, we aimed to understand the role of PS receptors in the release of CHIKV par-91 

ticles. To facilitate viral quantification, we utilized CHIKV tagged with a nano-luciferase directly 92 

integrated into viral particles. We found that cells lacking TIM-1 receptors released more CHIKV 93 

particles in comparison to their wildtype counterparts which sequestered particles through 94 

TIM-1 interaction. Likewise, cells producing exogenous TIM-1 released fewer particles. The 95 

change in particle release was directly attributed to the PS binding domain in TIM-1. 96 

Chikungunya infection counteracts this effect by reducing surface TIM levels as infection pro-97 

ceeds. Cells producing nsP2 displayed reduced PS binding activity, suggesting it plays a role in 98 

counteracting TIM-1 in particle release. This study highlights an additional role of PS receptors 99 

in the CHIKV replication cycle. 100 

RESULTS 101 

Chikungunya virus exhibits an increased release efficiency in Vero cells lacking PS receptors. 102 

We previously demonstrated that CHIKV entry in Vero cells is facilitated by PS receptors 103 

(17). While entry into Vero cells lacking both TIM-1 and AXL (Vero∆TIM/AXL) was inefficient, 104 

the amount of virus produced from the cells was higher than expected. For example, when Vero 105 

and Vero∆TIM/AXL cells are infected with an equivalent amount of CHIKV particles, viral pro-106 

tein was poorly detected in Vero∆TIM/AXL cell lysates and more readily detected in the super-107 

natant containing released viral particles. (Figure 1A). If Vero∆TIM/AXL cells are infected with 108 

ten times more virions, Vero and Vero∆TIM/AXL cells display comparable levels of E1 protein 109 

(Figure 1A). We observed more CHIKV E1 protein in the supernatant from Vero∆TIM/AXL than 110 

in parental cells and the release efficiency (ratio of protein levels in the supernatants over cell 111 
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lysates) was increased 4-fold in ∆TIM/AXL cells (Figure 1A). This data suggests that while PS 112 

receptors mediate CHIKV entry into Vero cells, they can also decrease particle release. 113 

To more readily quantify CHIKV viral release efficiency, we cloned nano-luciferase (NLuc) 114 

to the N-terminus of the E2 glycoprotein as previously described (Figure 1B) (22). The recombi-115 

nant virus contains NLuc in the virion, therefore viral particles can be readily quantified using a 116 

standard luminescence assay. Purified CHIKV particles displayed three proteins (capsid, E1, and 117 

E2) and showed an increase of ~20kDa in the E2 protein, corresponding to the NLuc enzyme 118 

(Figure 1C). Each particle theoretically incorporates 240 NLuc attached to each E2 molecule in 119 

the particle. Similar ratios of capsid:E1:E2 were observed in both the parental and tagged viruses 120 

suggesting NLuc incorporation did not impede or alter particle formation (Figure 1C). While 121 

tagging the virus reduced CHIKV titers, it did not significantly alter the replication kinetics. Both 122 

tagged and untagged virus titers peaked around 48 hours after infection (Figure 1D). When 123 

comparing the NLuc levels to infectious titers over time (Figure 1E), we observed a consistent 124 

ratio of ~2700±500 RLU/TCID50 U once infection was established (36hpi onward), suggesting 125 

consistent luciferase activity is associated with infectious virions. 126 

To further investigate the role of PS receptors on CHIKV viral release, we infected Vero cells 127 

knocked out for TIM-1, AXL, or both TIM-1 and AXL with CHIKV-GFP-E2-NLuc and calculated 128 

release efficiency by comparing the luciferase activity present in the supernatant to the cell lysate 129 

levels. We observed that CHIKV particles were 2-3 times more efficiently released in Vero∆TIM 130 

and Vero∆TIM/AXL cells than in the parental cell line (Figure 2A). To ensure that this was not an 131 

artifact from the entry defect observed in cells lacking TIM-1 and AXL (Figure 2B), we repeated 132 

the experiment by adjusting the input virus amount (10x) to ensure similar cell lysate luciferase 133 

levels (Figure 2C-D). With similar entry levels, we observed that the ~300% increase in release 134 

efficiency was maintained and variability among trials was reduced (Figure 2C). In contrast, the 135 

release efficiency of Vesicular Stomatitis virus, another enveloped virus, was not affected by the 136 

lack of PS receptors on the surface of the cells (Figure 2E-F). We further confirmed the phenotype 137 

observed for CHIKV by omitting the viral entry step through the production of nano-luciferase 138 

tagged virus-like particles (VLPs) in the cells via plasmid transfection of a structural cassette. 139 
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CHIKV VLPs release efficiency similarly displayed a 3-fold increase in Vero∆TIM/AXL cells 140 

(Figure 2G-H). Together these data indicate that cells lacking TIM release more CHIKV particles. 141 

The presence of PS receptors increases levels of cell-associated virus through binding to en-142 

velope PS of budding virions. 143 

Our data in Vero cells suggested that TIM-1 limited CHIKV particle release to a greater ex-144 

tent than AXL. TIM-1 is an integral membrane protein with a structure comprised of an 145 

N-terminal globular domain, a long highly glycosylated stem region, a transmembrane domain, 146 

and a cytoplasmic tail. The globular N-terminal domain contains the PS binding site (18, 23, 24). 147 

We hypothesized that TIM-1 binding to CHIKV envelope-PS decreases virion release from in-148 

fected cells. Therefore, we asked if we could promote particle release by saturating TIM-1 with 149 

PS liposomes post-virus entry. Fluorescently labeled PC:PE:PS liposomes were added to infected 150 

Vero or Vero∆TIM/AXL cells 6 hpi and release efficiency was calculated after 12 hours (Figure 151 

3A). The addition of liposomes caused a dose-dependent increase in release efficiency in paren-152 

tal Vero cells but did not impact release in cells lacking PS receptors (Figure 3B). Exogenous ex-153 

pression of hTIM-1 in parental Vero cells did not result in significant changes in the release effi-154 

ciency of CHIKV (Fig 3C). Vero cells naturally produce TIM-1 and transfection is unable to in-155 

crease TIM-1 levels further (17). In contrast, transfection of exogenous hTIM-1 in Vero∆TIM/AXL 156 

cells significantly decreased the release efficiency of CHIKV (Figure 3D). 157 

Next, we examined viral release in 293T cells producing different molecules known to me-158 

diate CHIKV entry into mammalian cells (17, 19, 25, 26). 293T cells do not produce TIM-1, AXL, 159 

MXRA8 nor L-SIGN receptors (17, 27). Therefore, cells were transfected with plasmid expression 160 

vectors and release efficiency was compared to transfection of a plasmid encoding GFP for a 161 

control (Figure 3E). Similar to our previous data (17), production of TIM-1, MXRA8, and L-SIGN 162 

increased the entry efficiency of CHIKV as evidenced by the higher cell lysate luciferase activity 163 

(Supplemental Figure 1). TIM-1 production decreased particle release by ~75%, while AXL, 164 

MXRA8, and L-SIGN decreased particle decrease by approximately 50%. Transfection of a TIM-1 165 

mutant deficient in PS binding (N114D) (18) displayed similar release efficiency as GFP. These 166 
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data suggest that CHIKV particle release can be suppressed by the overproduction of entry fac-167 

tors, although TIM-1 was the most efficient. 168 

Cellular knockout of CDC50a flippase subunit displays changes in Chikungunya virus entry, 169 

replication, and release efficiency. 170 

In our previous study, we produced PS-rich CHIKV particles by knocking out the flippase 171 

chaperone CDC50a, which increased outer leaflet PS in the plasma membrane of host cells (17). 172 

Unexpectedly, we observed phenotypic differences in CHIKV replication cycle in cells lacking 173 

CDC50a (∆CDC50) that may also indicate enhanced particle release. In this study, we aimed to 174 

further investigate the relationship between outer leaflet PS and CHIKV using human haploid 175 

(HAP1) and vervet monkey kidney (VeroS) ∆CDC50 cells. CHIKV entered both HAP1 cell lines 176 

with similar efficiencies (Figure 4A). Yet, supernatant titers were consistently higher from 177 

CHIKV-infected HAP1ΔCDC50 cells than parental HAP1 cells (Figure 4B). CHIKV virions 178 

produced in HAP1ΔCDC50 cells contain higher levels of outer leaflet PS which results in higher 179 

particle specific infectivity when titrated on Vero cells (17). To determine if the higher titers 180 

observed in HAP1ΔCDC50 cells were all due to the enhanced particle infectivity, we examined 181 

the release efficiency from the cells. We observed a mild increase in CHIKV release in 182 

HAP1ΔCDC50 cells despite similar luminescence levels in the cell lysates (Figure 4C, 183 

Supplemental Figure 2A). This suggests that HAP1ΔCDC50 cells release more particles which 184 

are more infectious when compared to parental HAP1 cells. Interestingly, we observed 185 

decreased levels of surface TYRO3 in uninfected HAP1∆CDC50 cells, which may enhance 186 

CHIKV release (Figure 4D). TYRO3 is the only known PS receptor produced in HAP1 cells. 187 

However, CHIKV does not rely solely on TYRO3 for entry in HAP1 cells (17), explaining why 188 

initial entry was not affected. 189 

Unlike in HAP1∆CDC50 cells, CHIKV entry was dramatically decreased in VeroSΔCDC50 190 

cells (Figure 5A). While few CHIKV particles were able to initiate infection in the two-hour entry 191 

assay, if CHIKV infection was not limited, there was cell-to-cell spread detected (Figure 5B). 192 

CHIKV infection required an additional 24 hrs in VeroSΔCDC50 cells to obtain a similar number 193 

of GFP-positive cells (Figure 5B). Supernatant titers from VeroS cells were higher during the 194 
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early time points in the multi-cycle replication curve, but by 48 hr CHIKV-infected 195 

VeroSΔCDC50 cells produced higher titers than parental VeroS cells (Figure 5C). A stronger 196 

increase in release efficiency was observed in VeroS∆CDC50 cells in comparison to the 197 

HAP1∆CDC50 cells (Supplemental Fig 2B-C). To overcome the entry defect observed in 198 

VeroSΔCDC50 cells, we evaluated the release efficiency after infecting VeroS∆CDC50 with five 199 

times more virus than parental cells (Fig 5D). This led to similar levels of luminescence in the cell 200 

lysates of parental and VeroS∆CDC50 cells (Supplemental Fig 2D). VeroS cells lacking CDC50a 201 

activity produced 3-4 fold more CHIKV particles than parental VeroS cells (Figure 5D). 202 

Transfection of a plasmid encoding CDC50a in VeroS∆CDC50 cells significantly decreased the 203 

release efficiency of CHIKV (Figure 5E). 204 

CHIKV entry into VeroS cells is dependent on TIM-1 (17). Because VeroS∆CDC50 cells 205 

display altered PS distribution, we hypothesized that the surface levels of TIM-1, a PS receptor, 206 

might be affected. When we examined surface TIM-1 production in uninfected VeroS∆CDC50 207 

cells by surface staining (Figure 5F) and binding of fluorescently labeled PC:PE:PS liposomes 208 

(Figure 5G), we noted a decrease that may explain both the decrease in CHIKV entry into 209 

VeroS∆CDC50 cells and the enhanced CHIKV release phenotype.  210 

CHIKV release efficiency correlates with the presence of phospholipid-binding receptors 211 

across cell lines. 212 

To examine the correlation between cell surface PS receptors and release efficiency, we 213 

compared a panel of cell lines. To evaluate the presence of phospholipid binding receptors across 214 

cell lines without species-specific antibodies, we used fluorescently labeled PC:PE:PS liposomes 215 

and quantified cellular binding through flow cytometry (Figure 6A-B). We then assessed CHIKV 216 

particle release in each cell line (Figure 6C, Supplemental Figure 3). Surprisingly, CHIKV dis-217 

played the highest levels of release in BSR-T7/5 cells. Similar findings were previously evidenced 218 

with BHK cells in Ramjag, et al., 2022 (22). We observed an inverse correlation between PC:PE:PS 219 

liposome binding and particle release in Vero, VeroS, Vero∆TIM/AXL, Aag2, and BSR-T7/5 cells 220 

(Figure 6D). The release efficiency in mosquito cell lines, C6/36 and Aag2, was similar to that of 221 

Vero cells despite not having any identified TIM or AXL homologs. Surprisingly, Aag2 cells 222 
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displayed liposome binding levels two-fold above background strongly suggesting the presence 223 

of PC:PE:PS binding receptors in these cells. This data further demonstrates the strong effect that 224 

phospholipid binding receptors have on the release of CHIKV virions. 225 

TIM-1 is downregulated from the cell surface following CHIKV infection. 226 

To enhance particle release and prevent superinfection, many viruses downregulate viral 227 

receptors (28–30). This downregulation can be through receptor saturation and subsequent en-228 

docytosis or direct receptor degradation (21, 31). For example, Japanese encephalitis virus (JEV) 229 

counteracts AXL’s viral release inhibition by inducing AXL degradation through the ubiquiti-230 

nation pathway (21). Alternatively, HIV encodes an accessory protein, Nef, which induces the 231 

engulfment of TIM, reducing TIM protein from the cell surface (31). To examine if TIM-1 levels 232 

are changed by CHIKV infection, we infected VeroS cells and monitored TIM-1 levels on the 233 

plasma membrane. CHIKV infection decreased TIM-1 levels (Figure 7A) and the ability of cells 234 

to bind PC:PE:PS liposomes (Figure 7B). To determine if this difference was specific to TIM-1, 235 

cells were mock infected, infected with CHIKV-GFP or with Lymphocytic Choriomeningitis vi-236 

rus (LCMV)-GFP, and surface proteins were labeled with biotin when 90% of the cells were 237 

positive for GFP production (Figure 7C). Total cell lysates and purified surface biotinylated 238 

proteins were separated on an SDS-PAGE gel and visualized on a BioRad stain-free gel (Figure 239 

7D). We found few differences between mock and infected cells, except for the production of the 240 

CHIKV envelope protein which was enriched in the surface fraction (Figure 7D, Supplemental 241 

Figure 4). This suggests that CHIKV infection does not cause a global decrease in the production 242 

of surface proteins. Yet, immunoblot analysis displayed an 85% reduction of TIM-1 levels in pu-243 

rified surface proteins, while transferrin and AXL levels decreased by ~40% in CHIKV-infected 244 

cells (Figure 7E). Infection with LCMV only decreased TIM-1 and AXL surface levels by ~15% 245 

and ~10%, respectively, and increased levels of transferrin by ~40% (Figure 7E). 246 

To further understand the mechanism of surface TIM-1 downregulation we evaluated the 247 

timing of this phenotype. Cell surface TIM-1 levels were first reduced around 6-9hpi, concurring 248 

with E1 detection (Figure 8A Supplemental Figure 5A-B), and continued to decrease over time. 249 

After 12-15hr after infection, we observed a decrease of ~50% in the binding of fluorescently la-250 
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beled liposomes (Figure 8B-C). To determine if a specific CHIKV protein triggers the decrease in 251 

surface TIM-1 levels, we transfected VeroS cells with plasmids encoding each of CHIKV’s pro-252 

teins. Production of each viral protein was confirmed through immunoblots (Supplemental 253 

Figure 5C-D). We observed a decrease in PC:PE:PS liposome binding after the production of 254 

CHIKV nsP2 (Figure 8D). This data suggests that the decrease of TIM-1 in infected cells might be 255 

mediated through the viral protease nsP2. 256 

DISCUSSION 257 

Our study provides evidence that surface receptors can prevent efficient CHIKV viral re-258 

lease. TIM-1 appeared to be more effective than TAM family receptors (i.e., AXL) and other entry 259 

factors (i.e., MXRA8 or L-SIGN) at preventing virions from completing their egress from infected 260 

cells. We propose that the release inhibition observed in Vero cells is mediated through the in-261 

teraction between the PS binding domain of TIM-1 and the lipid envelope surrounding CHIKV 262 

particles (Figure 9). CHIKV entry is efficiently mediated by different molecules depending on 263 

the cell line (17). Presumably, these same factors that mediate entry can also capture newly 264 

formed particles, ultimately reducing release. When various entry factors were transfected into 265 

293T cells we observed they each reduced release, and TIM-1 was most effective. While most of 266 

the work presented here focused on Vero cells and TIM-1, the main entry receptor for CHIKV in 267 

these cells, we hypothesize removal of entry receptors important to other cell types would also 268 

enhance CHIKV release.  269 

PS receptors from the TIM and TAM families interact with PS differently, which may con-270 

tribute to phenotypic differences observed in viral release. Receptors from the TAM family, in-271 

cluding TYRO3 and AXL, require a bridging ligand known as Gas6 (32). Previous studies 272 

demonstrate this cofactor is present in the fetal bovine serum supplemented in the media of 273 

tissue culture cells at concentrations typically required to bridge cell-PS binding (33). Although 274 

our infections took place in serum-containing media, AXL and/or Gas6 levels may not have been 275 

sufficient to link newly formed particles to the cell surface as well as TIM-1. CHIKV particles are 276 

made up of a highly organized lattice of glycoproteins with limited access to the lipid layer (2). 277 

Gas6 may not be able to access CHIKV PS as well as TIM-1 limiting the TAM family’s ability to 278 
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both mediate entry and reduce particle release. While we did not find a role for AXL in limiting 279 

CHIKV release in Vero cells, it is important to recognize that AXL can inhibit the release of other 280 

viral particles, as is the case for Japanese Encephalitis virus (JEV) (21).  281 

HIV, JEV, and Ebola virus release is limited by PS receptors (20, 21). We found that particle 282 

retention by TIM and AXL could significantly reduce CHIKV release, but was not able to sig-283 

nificantly reduce Vesicular Stomatitis virus (VSV) release. VSV infection consistently produces 284 

higher titers after a single round of infection compared to CHIKV, this may enable VSV to 285 

quickly saturate the PS binding sites and produce enough particles that limit the ability to ob-286 

serve a release defect. This phenotype could be general for a wider variety of enveloped viruses 287 

and may suggest viruses that produce fewer virions per cell may be impacted more than viruses 288 

that produce larger quantities of particles. 289 

We observed that increased release efficiency correlated with decreases in levels of surface 290 

receptors not only in Vero∆TIM/AXL but also in cells knocked out for the flippase subunit 291 

CDC50a. Cells knocked out for CDC50a lack flippase activity resulting in increased levels of 292 

outer leaflet PS, possibly leading to failure in efficient redistribution of their lipids to accom-293 

modate integral proteins. In general, transmembrane proteins (e.g., TIM, AXL, TYRO3) can dis-294 

rupt fluidity within the plasma membrane which can trigger changes in the translocation of 295 

specific lipids (34). Additionally, the composition of the plasma membrane can prevent the in-296 

sertion of receptors into the bilayer and induce changes in their topological orientation (34–36). 297 

TIM proteins have been shown to preferentially enter the lipid bilayer among unsaturated 298 

phospholipids rather than saturated ones (35). Consequently, we hypothesize that ∆CDC50 cells 299 

might undergo a redistribution of membrane proteins and a decrease in the proper insertion of 300 

these membrane receptors (i.e., TIM and TYRO3), resulting in increased CHIKV release. 301 

CHIKV infection decreased cell surface TIM-1 in a mechanism possibly mediated by nsP2 302 

protease. While infection also reduced surface proteins AXL and transferrin, surface TIM levels 303 

were more significantly depleted. nsP2 shuts off cellular transcription and has been suggested to 304 

be one of the main factors behind superinfection exclusion in alphaviruses by interfering with 305 

the formation of replication complexes of incoming viruses (37–39). Therefore, the 306 
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CHIKV-induced receptor decrease may not be specific, but might disproportionally affect sur-307 

face proteins with shorter half-lives such as TIM (half-life <2hrs) (31).  308 

CHIKV release efficiency among cell lines correlated with the presence of phospholipid 309 

binding receptors. We found that the release efficiency of mosquito cells C6/36 and Aag2 was 310 

similar to that of Vero cells, which express TIM-1 and AXL receptors. Aag2 cells were able to 311 

significantly bind PS-containing liposomes, although previous studies have failed to identify 312 

homologs for PS receptors in mosquito cells. Future studies should further explore cellular re-313 

ceptors that might be playing a role in preventing the efficient exit of viral particles in these cells. 314 

Mosquito cells display potential budding of alphaviruses from internal membranes such as cy-315 

topathic vacuoles (40). It would be interesting if PS receptors or other cellular proteins present in 316 

these vacuoles could attach to new virions before they reach the cell surface. This mechanism 317 

would not be surprising as viruses such as JEV that bud from the endoplasmic reticulum have 318 

been shown to bind to AXL (21). 319 

This study provides evidence for the importance of PS receptors during the egress of 320 

CHIKV. The ability of CHIKV to counteract this inhibition might result in higher levels of dis-321 

ease spread inside the host’s body. However, the significant increase in the production of viral 322 

particles from cells lacking TIM-1 and increased infectivity of virions previously observed in 323 

∆CDC50 cells (17) could be employed to maximize particle production during vaccine devel-324 

opment. Further studies should characterize the extent to which PS receptors could inhibit the 325 

efficient egress of other highly pathogenic enveloped viruses. 326 

MATERIALS AND METHODS 327 

Cells 328 

All mammalian cell lines were maintained at 37˚C and 5% CO2. Parental monkey Vero cells 329 

and Vero cells knocked out for TIM (Vero∆TIM), AXL (Vero∆AXL), and both (Vero∆TIM/AXL) 330 

were a gift from Dr. Wendy Maury from the University of Iowa (41). All Vero cells, including 331 

Vero-humanSLAM (VeroS) (42) and VeroS knocked out for CDC50a chaperone (VeroS∆CDC50) 332 

(17), and BHK stably expressing T7 RNA polymerase (BSR-T7/5) (43) cells were maintained in 333 

DMEM supplemented with 5% FBS. Parental human haploid cells (HAP1) and HAP1 knocked 334 
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out for CDC50a (HAP1∆CDC50) cells were purchased from Horizon Discovery and maintained 335 

in Iscoves’ modified Dulbecco’s Medium (DMEM) supplemented with 8% fetal bovine serum 336 

(FBS). Human 293T cells and human osteosarcoma U2OS, a gift from Dr. Neale Ridgway from 337 

Dalhousie University (44), were maintained with DMEM media supplemented with 10% FBS. 338 

Mosquito cell lines were kept at 28˚C and maintained in Leibovitz’s L-15 media supplemented 339 

with 10% FBS (C6/36 – Aedes albopictus) or HyClone SFX-Insect media supplemented with 2% 340 

FBS (Aag2 - Aedes aegypti). 341 

Viruses 342 

All Chikungunya infections were performed using the attenuated vaccine strain 181 clone 25 343 

(181/c25). Full-length CHIKV genome was untagged (CHIKV), encoded gfp as an additional 344 

transcription unit between the non-structural and structural gene (CHIKV-GFP) (45) or con-345 

tained NLuc inserted at the N-terminus of E2 (CHIKV-E2-NLuc, CHIKV-GFP-E2-NLuc). The 346 

described changes were introduced into the molecular clone pSinRep5-181/25c (Addgene cat. 347 

60078), a gift from Dr. Terrance Dermody. To recover the virus, plasmids were linearized and in 348 

vitro transcribed with the mMessage mMachine SP6 transcription kit (Invitrogen, cat. AM1340) 349 

per the manufacturer’s protocol to produce the full-length positive-sense mRNA which was 350 

transfected into Vero cells using Lipofectamine 3000 following the manufacturer’s instructions. 351 

Vesicular Stomatitis virus (VSV) used to perform release efficiency assays was tagged with 352 

nano-luciferase in the coding region of the matrix protein (M) following residue 37 and encodes 353 

GFP as an additional transcriptional unit at a post-G site (VSV -M-NLuc-GFP) as described in 354 

(46, 47). Tri-segmented attenuated lymphocytic choriomeningitis virus encoding GFP 355 

(LCMV-GFP) was a gift from Dr. Luis Martínez-Sobrido (48). CHIKV and VSV stocks were 356 

propagated using Vero cells and LCMV stocks were propagated in BSR-T7/5 cells. All stocks 357 

were titrated on Vero cells using serial dilutions to determine the tissue culture infection dose 50 358 

(TCID50) according to the Spearman-Karber method.  359 

Virus Release Assays: Immunoblots 360 

Vero or Vero∆TIM/AXL cells were plated in 10 cm2 dishes at a density of 2.5x106 per plate, 361 

one day before infection. Cells were infected for one hour with CHIKV-GFP at an MOI of 0.5 362 
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(Vero, ∆TIM/AXL 1x) or 5 (∆TIM/AXL 10x) and incubated at 37˚C. Eighteen hours following 363 

infection, supernatants were collected, and cells were lysed in M2 lysis buffer (50 mM Tris [pH 364 

7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) for 5 minutes and collected. Cell lysate 365 

samples were cleared by centrifuging at 6,000xg for 25 minutes. Supernatant samples were 366 

cleared twice at 6,000xg for five minutes and concentrated with ultracentrifugation over a 20% 367 

sucrose cushion for 3 hours at 28,000 rpm at 4°C. Purified pellets were resuspended in 200l of 1x 368 

PBS. Cell lysates and purified supernatants were separated on an SDS-PAGE and analyzed 369 

through immunoblotting against vinculin as a loading control (1:2,000, MGA465GA, BioRad) or 370 

CHIKV E1 glycoprotein (1:1,000, MAB97792, R&D systems). Protein levels were quantified 371 

through Image Lab 6.1 densitometry analysis. 372 

Multi-step Replication Curves 373 

Vero, VeroS, and VeroS∆CDC50 cells were plated at 2.5x105 cells/well in a 12-well plate 374 

while HAP1 and HAP1∆CDC50 cells were plated at a density of 3.0x105 cells/well. Cells were 375 

infected with untagged CHIKV or CHIKV-GFP-E2-NLuc at an MOI of 0.01 for one hour. At each 376 

indicated time point, supernatants were collected and replaced with corresponding media con-377 

taining FBS. Samples were titrated by calculating the tissue culture infection dose 50 (TCID50) on 378 

Vero cells using the Spearman-Karber method. Luminescence was quantified using the 379 

Nano-Glo Substrate (Promega) and measured in a GloMax Explorer (Promega) luminometer. 380 

Virus Release Assays: Luminescence 381 

Cells were plated in 24-well plates at a density of 2.5x105 cells/well, one day before infection. 382 

CHIKV inoculum was added for one hour at an MOI of 0.5 unless stated otherwise and incu-383 

bated at 37˚C. 18 hours following infection, supernatants were collected, and cells were lysed in 384 

M2 lysis buffer for 5 minutes and collected. Samples were cleared by centrifuging at 17,000xg for 385 

either 5 minutes (supernatants) or 25 minutes (cell lysates). Luminescence in supernatants and 386 

cell lysates was determined using the Nano-Glo Substrate (Promega) and measured in a GloMax 387 

Explorer (Promega) luminometer. Viral release was calculated as the ratio of luminescence in the 388 

supernatant divided by the luminescence in the cell lysates. Vesicular Stomatitis virus infections 389 
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were performed at an MOI of 1 for one hour and samples were harvested 8 hours post-infection 390 

as described above. 391 

Virus Release Assays: Transfections and Plasmids 392 

Vero and Vero∆TIM/AXL cells were plated in a 24-well plate at a density of 5x104 cells/well. 393 

The following day, cells were transfected with a plasmid encoding CHIKV’s structural cassette 394 

(C, E3, E2, 6K, E1) with NLuc inserted at the N-terminus of E2 to produce luminescence viral-like 395 

particles (VLPs). Transfections were performed using Jet Optimus (Polyplus, #101000025) fol-396 

lowing the manufacturer’s protocol. Supernatants and cell lysates were collected 24 hours 397 

post-transfection and release assays were performed as described above.  398 

Vero and Vero∆TIM/AXL cells were also transfected with plasmids encoding hTIM-1-GFP 399 

or GFP using Jet Optimus. 24 hours following transfection, CHIKV inoculum was added at an 400 

MOI of 0.5 for one hour and supernatants and cell lysates were harvested 18 hours 401 

post-infection. Release assay was performed as described above. 402 

293T cells were plated in a 24-well plate at a density of 1.5x105 cells/well one day before 403 

transfections. The following day, cells were transfected with plasmids encoding hTIM-1-GFP, 404 

TIM-1-N114D, AXL, MXRA8, or L-SIGN using Jet Prime (Polyplus, #101000027) following the 405 

manufacturer’s protocol. TIM plasmids were a gift from Dr. Wendy Maury (18). AXL 406 

(BC032229), MXRA8 (BC006213) (17), and L-SIGN (BC038851) plasmids were purchased from 407 

Transomic and if necessary, cloned into expression vectors. The following day, cells were in-408 

fected, and release assays were performed as described above. 409 

Virus Release Assays: DioC18(3) PC:PE:PS liposomes 410 

PC:PE:PS liposomes (75% PC: 20% PE: 5% PS) were prepared as described in (49) with the 411 

addition of DiOC18(3) (3,3'-Dioctadecyloxacarbocyanine Perchlorate) (Invitrogen, D275) for flu-412 

orescence, following manufacturer’s indications. Vero and Vero∆TIM/AXL cells were plated at a 413 

density of 2.5x105 cells/well in a 24-well plate. The next day, cells were infected at an MOI of 0.5 414 

for one hour. Six hours post-infection, DioC18(3) PC:PE:PS liposomes were added to the cells at 415 

the indicated concentrations. Supernatants and cell lysates were collected 18 hours post-infection 416 

and release assays were performed as described above.  417 
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Entry Assays 418 

Cells were plated in a 48-well plate at a density of 1x105 cells/well (HAP1, HAP1∆CDC50) or 419 

in a 24-well plate at 1.25x105 cells/well (VeroS, VeroS∆CDC50). The next day, cells were infected 420 

with enough CHIKV-GFP infectious viral particles to obtain approximately 50% of infected cells 421 

after 12 hours. Inoculum was removed from the cells after one hour and treated with 30 mM 422 

ammonium chloride (NH4Cl) after 2 hours to prevent subsequent rounds of infection. Infected 423 

cells were resuspended in PBS, fixed using 4% formaldehyde, and the percentage of GFP+ cells 424 

was quantified using a NovoCyte Quanteon cytometer (Agilent). 425 

Surface Biotinylation 426 

HAP1 and HAP1∆CDC50 cells were plated in a 6-well plate at a density of 1x106 cells/well. 427 

Cells were either mock infected or infected one day after plating with CHIKV-GFP (MOI 0.5) or 428 

LCMV-GFP (MOI 1) and harvested at the indicated time points. Cells were washed with cold 429 

PBS, and surface proteins were biotinylated with 0.5 mg/mL sulfosuccinimidyl-2-(biotinamido) 430 

ethyl-1,3-dithiopropionate (ThermoFisher) on ice for 45 minutes with gentle shaking. The reac-431 

tion was quenched using Tris-HCl and cells were lysed with M2 lysis buffer at 4˚C. Samples 432 

were centrifuged at 17,000xg for 10 minutes. A fraction of the lysate was saved (total cell lysate, 433 

TCL), and the surface proteins were bound to streptavidin Sepharose beads overnight at 4°C (GE 434 

Healthcare). Beads were then washed with buffer containing 100 mM Tris, 500 mM lithium 435 

chloride, 0.1% Triton X-100 followed by a buffer containing 20 mM HEPES [pH 7.2], 2 mM 436 

EGTA, 10 mM magnesium chloride, 0.1% Triton X-100. Samples were then analyzed through 437 

immunoblotting probing against TYRO3 (1:1000, R&D Systems, MAB859100), TIM (TIM (1:500, 438 

AF1750, R&D Systems), AXL (1:100, AF154, R&D Systems), GAPDH (1:2000, Santa Cruz Biotech, 439 

#sc-47724), Transferrin (1:1,000, PA5-27739, ThermoFisher), or CHIKV E1 (1:1,000, MAB97792, 440 

R&D systems). 441 

Cell-to-cell Spread Kinetics 442 

VeroS and VeroS∆CDC50 were plated in a 24-well plate at a density of 1.25x105 cells/well. 443 

One day after plating, cells were infected with CHIKV-GFP at an MOI of 0.1 for one hour. At the 444 

indicated time points, cells were lifted using trypsin, resuspended in PBS, and fixed in 4% for-445 
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maldehyde. A NovoCyte Quanteon cytometer (Agilent) was used to analyze 10,000 live cells and 446 

quantify the percentage of GFP+ cells over time. 447 

Surface Receptor Staining 448 

Cells were plated at a density of 1.0x106 cells/well in a 6-well plate one day prior to staining. 449 

Cells were harvested either uninfected or after infection with CHIKV-GFP at an MOI of 0.5, 18 450 

hours post-infection. Monolayers were cooled, washed, and treated with a blocking solution 451 

(dPBS +Ca2 +Mg2 with 2% (v/v) FBS) containing an anti-hTIM1(1:50-1:100, AF1750, R&D Sys-452 

tems) antibody. Samples were incubated at 4˚C with gentle shaking for one hour and washed 453 

three times with ice-cold PBS. A blocking solution containing the corresponding secondary an-454 

tibody, donkey anti-goat Alexa Fluor 594 (1:2500, A32758, Invitrogen), was added. Samples were 455 

incubated at 4˚C in the dark with gentle shaking for 30 minutes. Samples were washed three 456 

additional times with PBS, lifted via scraping, and analyzed using a NovoCyte Quanteon cy-457 

tometer (Agilent). Populations of live, single cells were gated using FSC/SSC and SSC-A/SSC-H, 458 

respectively. The GFP gate was set using uninfected, GFP- cells, and the AF594 gate was set with 459 

a secondary-only control. The AF594 MFI of 10,000 live, single, GFP+ cells was quantified. A 460 

488-nm laser with a 530/30 “FITC” bandpass filter was used to assess GFP fluorescence, and 461 

AF594 was measured with a 561-nm laser with a 615/20 “PE-Texas Red” bandpass filter; all filter 462 

sets had default gain. 463 

Liposome binding assay 464 

For comparison of liposome binding among different cell lines, cells were plated in a 465 

12-well plate at a density of 5x105 cells/well, and binding was assessed the following day. For 466 

assessing liposome binding following infection, VeroS cells were plated at a density of 2.5x105 467 

cells/well in a 12-well plate. CHIKV inoculum was added at an MOI of 0.5 for 1hr and binding 468 

was assessed after 18hrs. To evaluate the effect of CHIKV’s proteins on liposome binding, VeroS 469 

cells were plated in a 24-well plate at a density of 1x105 cells/well. The following day, cells were 470 

transfected with plasmids encoding for CHIKV’s non-structural proteins with a FLAG tag (nsP1, 471 

nsP2, nsP3, and nsP4), a structural cassette (C, E3, E2, 6K, E1), capsid, E 181/25 (Southeast Asian 472 

strain) or E S27 (African strain). Plasmid encoding E S27 was a gift from Dr. Graham Simmons 473 
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(50). Transfections were performed using Jet Optimus (Polyplus, #101000025) following the 474 

manufacturer’s protocol. Two days following transfection, binding was assessed. 475 

To measure liposome binding, cells were placed on ice for 30 minutes. DioC18(3) PC:PE:PS 476 

liposomes were sonicated for 1 hour and added to the cells at a final concentration of 10µM. 477 

Liposomes were bound to cells for 1 hour on ice, removed, and washed with FBS-free media. 478 

Cells were lifted in FBS-free media and fixed in equal volume of 4% formaldehyde. 479 

Samples were analyzed using a NovoCyte Quanteon cytometer (Agilent). Populations were 480 

gated using SSC-H/FSC-H and SSC-A/SSC-H to identify live and single cells, respectively. A 481 

488-nm laser with a 530/30 “FITC” bandpass filter was used to assess DiOC18(3) fluorescence. A 482 

DiOC18(3)+ gate was set using non-liposome-treated cells as a DiOC18(3)- control. The DiOC18(3) 483 

MFI of 10,000 live, single events was quantified. 484 

Statistical Analysis 485 

All graphs were made and analyzed using GraphPad Prism (v10.1.1, macOS). An unpaired 486 

parametric student’s T-test was performed to determine the significance between two groups. 487 

For data determining statistical significance among two groups where data was normalized, a 488 

Welch’s correction was used. For logarithmic data, values were first natural log (ln) transformed 489 

and then analyzed with T-tests. An ordinary one-way ANOVA with multiple comparisons was 490 

used to evaluate statistical differences among more than two groups with non-normalized data. 491 

 492 

FIGURE CAPTIONS 493 

Figure 1. Nano luciferase tag serves as a measure for quantification of CHIKV viral particles. 494 

(A) Immunoblot analysis of total lysates and supernatants harvested from CHIKV-infected Vero 495 

and Vero∆TIM/AXL cells. Cells were infected with CHIKV-GFP at 0.5 (1x) or 5 (10x) MOI. Total 496 

cell lysates and purified supernatants were probed against CHIKV E1 or vinculin as a control. 497 

(B) Diagram of CHIKV-GFP-E2-NLuc virus genome used for release efficiency assays. Nano 498 

luciferase (NLuc) was inserted at the N-terminus of E2. Created in BioRender.com (C) Vero cells 499 

were infected with either CHIKV-GFP or CHIKV-GFP-E2-NLuc. Supernatants were purified 500 
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through ultracentrifugation and analyzed using a stain-free gel. (D) Multi-step replication curve 501 

of CHIKV and CHIKV-GFP-E2-NLuc in Vero cells (0.01 MOI) was harvested at each indicated 502 

time point. (E) Ratio between TCID50U/mL and Relative Luminescence Units (RLU) from sam-503 

ples harvested in the multi-step replication curve of cells infected with CHIKV-GFP-E2-NLuc. 504 

Data represents the mean ±SEM from at least three independent trials. 505 

Figure 2. CHIKV particles are released more efficiently from Vero cells lacking TIM-1. Re-506 

lease efficiency assay of CHIKV-GFP-E2-NLuc in Vero, Vero∆TIM, Vero∆AXL, and 507 

Vero∆TIM/AXL cells (MOI 0.5, harvested at 18 hours) (A) and corresponding levels of lumines-508 

cence present in the total cell lysates (TCL) and supernatants (sup) (B). Release efficiency assay 509 

with Vero∆TIM/AXL cells infected with ten times more CHIKV-GFP-E2-NLuc than Vero cells 510 

(C) and corresponding luminescence levels (D). Release efficiency assay of VSV-GFP-M-NLuc 511 

in Vero, Vero∆TIM, Vero∆AXL, and Vero∆TIM/AXL cells (MOI of 1, harvested at 8hrs) (E) and 512 

corresponding luminescence levels (F). Release efficiency assay of CHIKV VLPs in Vero and 513 

Vero∆TIM/AXL cells transfected with a plasmid encoding CHIKV’s structural cassette tagged 514 

with nano-luciferase (G) and corresponding luminescence levels (H). Data represent the mean 515 

±SEM from at least three independent trials. For each release assay, data was normalized to the 516 

parental cell line to determine the relative release efficiency. Unpaired parametric Student’s 517 

t-test with unequal variance (Welch’s correction) was performed to determine statistical signifi-518 

cance in comparison to the parental cell line. *, p < .05. 519 

Figure 3. Chikungunya binds to the phospholipid binding domain of TIM-1, preventing its 520 

efficient release. (A) Experimental design for fluorescent liposome competition during release 521 

of CHIKV-infected Vero and Vero∆TIM/AXL cells. Created in BioRender.com (B) Increasing 522 

concentrations of fluorescent PC:PE:PS liposomes were added to CHIKV-E2-NLuc infected Vero 523 

or Vero∆TIM/AXL cells 6 hpi and release efficiency was calculated 18hrs post-infection. Data 524 

was normalized to the no-liposome control of each cell line. Vero (C) and Vero∆TIM/AXL (D) 525 

cells were transfected with a plasmid encoding hTIM-1 and infected with CHIKV-E2-NLuc 24 526 

.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 26, 2024. ; https://doi.org/10.1101/2024.01.25.577233doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.25.577233
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

hours following transfection. Release efficiency was calculated 18hrs post-infection. (E) 293T 527 

cells were transfected with plasmids encoding the indicated surface receptors and infected with 528 

CHIKV-E2-NLuc 24 hours following transfection. Release efficiency was calculated 18hrs 529 

post-infection. Data was normalized to the GFP-transfected control. Data represents the mean 530 

±SEM from at least three independent trials. Unpaired parametric Student’s t-test with unequal 531 

variance (Welch’s correction) was performed to determine statistical significance in comparison 532 

to the parental cell line. *, p < .05; **, p < .01; ***, p < .001. 533 

Figure 4. CHIKV displays an increase in release efficiency in HAP1∆CDC50 cells and a de-534 

crease in surface receptor Tyro3. (A) Entry efficiency of CHIKV-GFP in HAP1 and 535 

HAP1∆CDC50 cells. (B) Multi-cycle replication curve of CHIKV in HAP1 and HAP1∆CDC50 536 

cells (MOI 0.01). (C) Release efficiency of CHIKV-GFP-E2-NLuc in HAP1 and HAP1∆CDC50. 537 

Data was normalized to the release efficiency of the parental cell line to determine the relative 538 

release efficiency. (D) Surface biotinylation analysis of uninfected HAP1 and HAP1∆CDC50 539 

cells. Total lysates and surface proteins were probed using a Tyro3 antibody or Actin antibody 540 

as a loading control. Data represents the mean ±SEM from at least three independent trials. 541 

Unpaired parametric Student’s t-test was performed to determine statistical significance in 542 

comparison to the parental cell line at each indicated timepoint. An unequal variance (Welch’s 543 

correction) t-test was performed for normalized data. *, p < .05; **, p < .01; ***, p < .001. 544 

Figure 5. CHIKV entry is reduced, yet release is enhanced in VeroS∆CDC50 cells. (A) Entry 545 

efficiency of CHIKV-GFP in VeroS and VeroS∆CDC50 cells. (B) CHIKV-GFP spread in VeroS 546 

and VeroS∆CDC50 cells (MOI 0.1). (C) Multi-cycle replication curve CHIKV in VeroS and 547 

VeroS∆CDC50 cells (MOI 0.01). Supernatants were harvested and titrated at the indicated time 548 

points. (D) Release efficiency assay of CHIKV-GFP-E2-NLuc when five times more virus as 549 

added to VeroS∆CDC50 than Vero cells to equalize cell lysate luminescence levels. (E) 550 

VeroS∆CDC50 cells were transfected with a plasmid encoding CDC50a and infected with 551 

CHIKV-E2-NLuc, release efficiency was assessed 18 hours post-infection. Surface receptors of 552 
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VeroS (green) and VeroS∆CDC50a (blue) were assessed via staining using (F) a TIM-1 antibody 553 

or (G) binding of DioC18(3) fluorescent PC:PE:PS liposomes and analyzed through flow cytome-554 

try. Data represents the mean ±SEM from at least three independent trials. Unpaired parametric 555 

Student’s t-test was performed to determine statistical significance in comparison to the paren-556 

tal cell line at each indicated timepoint. An unequal variance (Welch’s correction) t-test was 557 

performed for normalized data. *, p < .05; **, p < .01; ***, p < .001; ****, p < .0001. 558 

Figure 6. CHIKV release efficiency correlates with PC:PE:PS liposome binding in a panel of 559 

cell lines. (A) Representative histograms of binding of fluorescent liposomes in Vero and 560 

Vero∆TIM/AXL cells as a measure for phospholipid binding receptors. (B) Fold binding of flu-561 

orescent PC:PE:PS liposomes in mammalian and mosquito cell lines. To remove differences in 562 

fluorescent background levels among cell lines, fold binding was determined by calculating the 563 

ratio of DioC18(3) mean fluorescent intensity (MFI) over no-liposome control for each cell line. 564 

The dotted line represents the threshold where DioC18(3) MFI was equivalent to no-liposome 565 

background levels indicating no binding occurred. (C) The release efficiency of 566 

CHIKV-GFP-E2-NLuc in a panel of mammalian and mosquito cell lines. (D) Correlation analy-567 

sis between liposome binding and CHIKV release efficiency. The size of circles represents the 568 

degree of liposome binding and colors indicate levels of release efficiency. Data represents the 569 

mean ±SEM from at least three independent trials. 570 

Figure 7. CHIKV infection decreases surface levels of TIM-1. Levels of TIM-1 in the surface of 571 

uninfected or CHIKV-infected VeroS cells were assessed via receptor staining using a TIM-1 572 

antibody (A) or binding of fluorescently labeled liposomes (B) and analyzed through flow cy-573 

tometry. (C) VeroS cells were infected with either CHIKV-GFP (top, MOI 0.5) or LCMV-GFP 574 

(bottom, MOI 1) resulting in similar levels of infection. (D) The total protein present in total cell 575 

lysates (TCL) and biotinylated surface proteins (SB) of uninfected, CHIKV, and LCMV-infected 576 
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VeroS cells were compared using a stain-free gel. (E) Immunoblot analysis of samples shown in 577 

panel D. 578 

Figure 8. Levels of surface TIM-1 start decreasing around 9hpi in a mechanism possibly me-579 

diated by nsP2. (A) CHIKV-GFP infected VeroS cells were infected at different time points, and 580 

all were harvested at the same time for surface biotinylation analysis. Infection was maintained 581 

for 0, 3, 6, 9 or 12 hours. Samples were probed using TIM-1, E1, or transferrin (Trfn) antibodies. 582 

(B) VeroS cells were infected with CHIKV at different time points, and subjected to fluorescent 583 

liposome binding simultaneously. Infection was maintained for 0, 3, 6, 9, 12, 15, or 18 hours and 584 

analyzed through flow cytometry. (C) Quantification of fluorescent PC:PE:PS liposomes. (D) 585 

Cells were transfected with plasmids encoding CHIKV proteins for 48 hours and analyzed 586 

through binding of fluorescently labeled liposomes using flow cytometry. Liposome binding 587 

was compared to control cells to determine the relative liposome binding levels. Data represents 588 

the mean ±SEM from at least three independent trials. An ordinary one-way ANOVA with mul-589 

tiple comparisons was used to evaluate statistical differences in comparison to control. An un-590 

equal variance (Welch’s correction) t-test was performed for normalized data. *, p < .05; **, p 591 

< .01; ****, p < .0001. 592 

Figure 9. CHIKV release is decreased by TIM-1 binding to envelope PS. (A) Diagram of 593 

mechanistic model displaying budding virions attached to TIM-1 in Vero cells and being re-594 

leased efficiently from Vero∆TIM/AXL cells. Nonstructural protein 2 (nsp2) decreases levels of 595 

TIM-1 over time possibly through cellular transcription shutoff. Created in BioRender.com 596 

Supplemental Figure 1. Exogenous expression of TIM, MXRA8, and L-SIGN increases cell 597 

lysate luminesce levels of CHIKV-infected cells. Corresponding levels of luminescence pre-598 

sent in the total cell lysates and supernatants collected from the release efficiency assay shown 599 

in Figure 3E. Data represents the mean ±SEM from at least three independent trials. 600 
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Supplemental Figure 2. Raw luminescence levels of CHIKV-infected HAP1 and Vero cells 601 

knocked out for CDC50a. (A) Corresponding levels of luminescence present in the total cell ly-602 

sates and supernatants collected from HAP1 and HAP1∆CDC50 release efficiency assay shown 603 

in Figure 4C. (B) Corresponding levels of luminescence present in the total cell lysates and su-604 

pernatants collected from VeroS and VeroS∆CDC50 release efficiency assay shown in Figure 5D 605 

or (C) with equalized cell lysate levels as shown in Figure 5E. Data represents the mean ±SEM 606 

from at least three independent trials. 607 

Supplemental Figure 3. Luminescence levels from release efficiency assay in a panel of 608 

mammalian and mosquito cell lines. Corresponding levels of luminescence present in the total 609 

cell lysates and supernatants collected from release efficiency assay shown in Figure 6A. Data 610 

represents the mean ±SEM from at least three independent trials. 611 

Supplemental Figure 4. Quantification of surface biotinylation samples of CHIKV-infected 612 

cells. (A) Total cell lysate and surface biotinylated proteins of uninfected, CHIKV or 613 

LCMV-infected VeroS cells were quantified using densitometry analysis.  614 

Supplemental Figure 5. Production of exogenous expression of CHIKV proteins in VeroS 615 

cells. Stain-free gel analysis of (A) total cell lysates or (B) surface biotinylation proteins infected 616 

with CHIKV for different periods. (C) Exogenous expression of CHIKV non-structural proteins 617 

tagged with FLAG tag was analyzed through SDS-PAGE using an antibody against FLAG or 618 

transferrin as loading control. nsP1 was quickly detected in the cell lysates of transfection cells 619 

but longer exposure (right) was needed for detection of nsP2, nsP3, and nsP4. (D) Exogenous 620 

expression of CHIKV structural proteins was analyzed using an antibody against CHIKV E1 or 621 

transferrin as a loading control. 622 
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