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ABSTRACT Phosphatidylserine (PS) receptors mediate clearance of apoptotic cells—
efferocytosis— by recognizing the PS exposed on those cells. They also mediate the
entry of enveloped viruses by binding PS in the virion membrane. Here, we show
that phosphatidylethanolamine (PE) synergizes with PS to enhance PS receptor-
mediated efferocytosis and virus entry. The presence of PE on the same surface as
PS dramatically enhances recognition of PS by PS-binding proteins such as GAS6,
PROS, and TIM1. Liposomes containing both PE and PS bound to GAS6 and were
engulfed by AXL-expressing cells much more efficiently than those containing PS
alone. Further, infection of AXL-expressing cells by infectious Zika virus or Ebola,
Chikungunya, or eastern equine encephalitis pseudoviruses was inhibited with
greater efficiency by the liposomes containing both PS and PE compared to a mix-
ture of liposomes separately composed of PS and PE. These data demonstrate that
simultaneous recognition of PE and PS maximizes PS receptor-mediated virus entry
and efferocytosis and underscore the important contribution of PE in these major bi-
ological processes.

IMPORTANCE Phosphatidylserine (PS) and phosphatidylethanolamine (PE) are usu-
ally sequestered to the inner leaflet of the plasma membrane of the healthy eukary-
otic cells. During apoptosis, these phospholipids move to the cell’s outer leaflet
where they are recognized by so-called PS receptors on surveilling phagocytes. Sev-
eral pathogenic families of enveloped viruses hijack these PS receptors to gain entry
into their target cells. Here, we show that efficiency of these processes is enhanced,
namely, PE synergizes with PS to promote PS receptor-mediated virus infection and
clearance of apoptotic cells. These findings deepen our understanding of how these
fundamental biological processes are executed.

KEYWORDS Chikungunya virus, Ebola virus, phosphatidylserine, Zika virus, eastern
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synergy

Removal of apoptotic cells is central to the maintenance of healthy tissues. In
healthy cells, phosphatidylserine (PS) is localized on the inner leaflet of the

plasma membrane but externalized during apoptosis (1). Early in the apoptotic
process, flippases that maintain membrane asymmetry are inactivated, and scram-
blases that dissipate phospholipid asymmetry are activated, and as a consequence,
PS is redistributed to the cell surface. Externalized PS is recognized by PS receptors,
whose major function is to recognize surface-exposed PS and induce efferocytosis,
an immune-silent process by which phagocytes swiftly remove apoptotic bodies.
These PS receptors also recognize PS on enveloped viruses and fortuitously support
their entry into the target cells by mediating both attachment and internalization,
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a process described as “viral apoptotic mimicry” (2). Among these PS receptors,
T-cell immunoglobulin mucin (TIM)- and TYRO3, AXL, and MERTK (TAM)-family
members are best characterized for their ability to mediate the clearance of
apoptotic cells and virus entry (3–9).

TIM proteins consist of four major domains: an N-terminal variable immunog-
lobulin-like (IgV) head domain, a stalk-like mucin domain that varies in length and
O-glycosylation, a transmembrane domain, and a cytoplasmic domain. Of these, the
IgV domain contains a high-affinity binding site for PS. TIM proteins are expressed on
professional phagocytes such as macrophages and dendritic cells as well as lympho-
cytes. They are also expressed on nonprofessional phagocytes, including epithelial cells
of various tissues, and mediate clearance of neighboring cells when they undergo
apoptosis (8, 10). While TIM-family members directly bind PS (4), TAM-family receptors
bind PS indirectly via soluble mediators, namely, growth arrest specific gene 6 (GAS6)
or protein S (PROS) present in the serum and other bodily fluids (11–13). Inter- and
intraspecies interactions between TAM-family receptors and these ligands are complex.
Focusing on human and bovine ligands, whereas human GAS6 binds all three members
of the human TAM family, human and bovine PROS exhibit weak binding to human
TAM-family members with affinity never being reported for AXL (11–16). The C-terminal
halves of GAS6 and PROS bind TAM receptors, and their N-terminal halves contain a
�-carboxylglutamic acid (Gla) domain that binds PS in a calcium-dependent manner.
The Gla domain is enriched with glutamic acids that are posttranslationally modified by
vitamin K-dependent �-carboxylation, essential for the binding of calcium and PS (5,
17). Thus, for a virus to use a TAM receptor as an entry factor, it first needs to bind
�-carboxylated GAS6 or PROS.

Although not as well documented as PS, phosphatidylethanolamine (PE) is also
sequestered to the inner leaflet of the plasma membrane (18, 19) and externalized
when cells undergo apoptosis (19–21). We have previously shown that, like PS, PE was
detected on the virions of enveloped viruses and could bind to a subset of the PS
receptors (20). For example, TIM1 and annexin A5 bind PE as efficiently as or more
efficiently than PS, and PE exposed on the apoptotic cells and virions enhances the
clearance of apoptotic cells and virus entry, respectively. Similarly, CD300a, a cell-
surface protein that is involved in immune responses and binds PE more efficiently than
PS, also mediates infection of multiple viruses (7, 22). In addition, PE enhances the rate
of blood clotting by lowering apparent PS concentrations required by blood-clotting
factors (23–28). Despite extensive studies conducted in the past 4 decades on the role
of PE in blood clotting, PE-PS synergy has not been investigated outside the blood
coagulation field. Moreover, these previous studies solely utilized cell-free systems.
Therefore, to extend these studies and our own previous observations, we investigated
whether PE-PS cooperation contributes to PS receptor-mediated cellular processes such
as virus entry and efferocytosis.

RESULTS
PS binding to GAS6, PROS, or TIM1 is enhanced by PE present on the same

surface. We first extended PE-PS cooperation for PS binding to GAS6 and PROS, the
PS-binding ligands of TAM-family receptors, in enzyme-linked immunosorbent
assays (ELISAs). We also included in the assay a TIM-family member, TIM1, because
of its distinct ability of binding PE as well as PS. Monomeric Ig-fusion forms of these
proteins were used. For GAS6 and PROS, full-length proteins were fused to the Fc
domain of human IgG1 (GAS6-Ig and PROS-Ig, respectively) containing mutations
that prevented dimerization (see Fig. A1A in the appendix). In the case of TIM1, its
ectodomain was fused to the Fc domain. When PC, PE, or PS was immobilized
individually on ELISA plates, GAS6-Ig bound only to the PS-containing wells (Fig. 1A,
left). However, when increasing amounts of PE were added to wells containing a
fixed amount of PS, binding of GAS6-Ig was substantially increased, whereas PE
alone in the absence of PS showed little or no binding in the wells containing the
same amount of PE (Fig. 1B, left). Figure A1B in the appendix shows the ELISA in
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which an increasing amount of PS was also included as a comparison. Similar results
were obtained with PROS-Ig (Fig. 1A and B, middle). Interestingly, although TIM1-Ig
naturally binds PE as well as PS (Fig. 1A, right), the combination of PE and PS in the
same wells again enhanced total binding (Fig. 1B, right). Specifically, its binding of
PE and PS when they were present together was substantially higher than the sum
of PS and PE binding separately. As expected from TIM1’s ability to naturally bind
PE, the degree of enhancement is much lower than that for GAS6 and PROS. These
data are consistent with the previous studies on blood-clotting factors (23–26) and
demonstrate that PE-PS synergy extends beyond blood-clotting factors to TIM- and
TAM-family PS-binding proteins.

PE synergizes with PS for GAS6-mediated liposome binding to AXL on the cell
surface. Phospholipids immobilized on ELISA plates do not fully emulate the
organization, curvature, and fluidity of biological membranes. In contrast, lipo-
somes are large vesicles that are widely used as biomembrane substitutes. We
therefore validated the ELISA observations using fluorescent liposomes and AXL-
expressing cells. To assess PE-PS synergy in GAS6 binding, various liposomes were
prepared (Fig. 2A). PS liposomes or PE liposomes were prepared with the indicated
amounts of PS or PE, respectively, and with the remainder provided by phosphati-
dylcholine (PC). Note that PS and PE liposomes contain PC because, unlike PC, the
PE and PS cannot form liposomes by themselves. Liposomes containing both PS and
PE were made with fixed amounts of PS and increasing amounts of PE, again with
PC filling in the remainder [referred to as “(PS�PE) liposomes” here] (Fig. 2A).
Throughout the study, we compared these (PS�PE) liposomes to the mixtures of PE
liposomes and PS liposomes [referred to “(PS)�(PE) liposomes” here]. For example,

FIG 1 PS binding to GAS6, PROS, or TIM1 is enhanced by PE present on the same surface. (A) An increasing amount (0.01 to 1 �g per well)
of the indicated phospholipid was dried on ELISA plates. Plates were incubated with 5 nM GAS6-Ig, PROS-Ig, or TIM1-Ig, and bound
molecules were detected with an anti-human IgG antibody conjugated with HRP. Monomeric Ig-fusion proteins used in the assays are
shown in Fig. A1A. (B) Similar to panel A except that a fixed amount (30 ng per well) of PS mixed with an increasing amount of PE (0 to
0.5 �g per well) or an increasing amount of PE alone was dried on the plates. Original binding assays presented in Fig. A1B include
increasing amounts of both PE and PS. The data for increasing amounts of PS are excluded here to highlight PE-PS synergy.
Representatives of three similar experiments are shown for panels A and B. Data are represented as means � SDs.
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to control for 1 �M (PS�PE) liposomes containing 5% PS and 20% PE, we used 2 �M
5% PS liposomes mixed with the same volume of 2 �M 20% PE liposomes, resulting
in a mixture containing each of the PE and PS liposomes at 1 �M final concentra-
tion. The higher concentration of liposomes under the (PS)�(PE) condition (2 �M in
total) was necessary to supply the same amount of PS and PE as under the (PS�PE)
condition. All liposomes contain 1% of TopFluor-PE, a PE conjugated in its head
group with a fluorophore, TopFluor. Because its head group is modified,
TopFluor-PE does not function as PE but only provides fluorescence to the lipo-
somes. When measured by dynamic light scattering, all liposomes displayed a wide
range in size (30 to 600 nm), but these liposomes shared similar sizes with their
peaks observed at 168 nm � 26 nm (Fig. 2B).

FIG 2 PE synergizes with PS for GAS6-mediated liposome binding to AXL expressed on the cell surface. (A) Diagrams showing the definitions and names
of various liposomes used in the study. PC liposomes were made only with PC, and PS liposomes or PE liposomes were made of the indicated amount
of PS or PE, respectively, with the remainder provided by PC. (PS)�(PE) liposomes are simply the mixtures of PS liposomes and PE liposomes of the
indicated amount. (PS�PE) liposomes contain a fixed amount of PS and the indicated amount of PE with the rest provided by PC. (B) Liposomes were
evaluated for size distribution by dynamic light scattering. Shown are representatives of two independent liposome preparations, each measured in three
technical replicates. (C) AXL-293T cells were gently detached from culture flasks using citrate buffer, washed once with PBS, and incubated in V-bottom
96-well plates with 1 �M indicated liposomes in 100 �l of binding buffer supplemented with 10% FBS. After 15-min incubation on ice, cells were washed
twice with binding buffer containing 10% FBS and twice without FBS and analyzed by flow cytometry. PC liposomes contain 99% PC and 1% TopFluor-PE,
and 5% PS liposomes contain 5% PS, 94% PC, and 1% TopFluor-PE. Thirty percent PS liposomes contain 30% PS, 69% PC, and 1% TopFluor-PE. PE
liposomes are made with the indicated amount of PE and 1% TopFluor-PE with PC to make up the rest. All (PS�PE) liposomes contain 5% PS, the
indicated amount of PE, 1% TopFluor-PE, and PC to make up the rest. (PS)�(PE) liposomes are simply the mixtures of 1 �M PS liposomes and 1 �M PE
liposomes of the indicated amount. Liposomes with 5% or 30% PS alone and 20% or 40% PE alone (the rest was made up with PC) were used as positive
and negative controls. A representative of three independent experiments is shown. (D) (PS�PE) liposome and (PS)�(PE) liposome binding to AXL-293T
cells normalized by the binding of PS liposomes to the same cells is shown as fold increase. The averages � SD from three independent experiments
including that shown in panel B are presented. The statistical significance of the difference between (PS�PE) and (PS)�(PE) conditions at various PE
concentrations was determined by two-way ANOVA. *, P � 0.05; ***, P � 0.001.
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To assess GAS6-mediated liposome binding to AXL, fetal bovine serum (FBS) was
used as the source of GAS6, which is produced by endothelial cells and vascular
smooth muscle cells (29, 30) and might be released into the circulation. Although
the concentration of PROS (�350 nM) is much higher than that of GAS6 (�0.2 to
0.5 nM) in normal serum (31–33), as human and bovine PROS do not bind human
AXL (11, 16), GAS6 is the sole ligand present in FBS for human AXL. HEK293T cells
stably expressing AXL (AXL-293T) were incubated for 15 min on ice with liposomes
in the binding buffer containing 10% fetal bovine serum (FBS). The binding buffer
also contained 10 mM CaCl2, required for the PS binding to GAS6. Cells were
washed, and bound liposomes were measured by flow cytometry. As the top two
panels of Fig. 2C show, 5% PS liposomes bound at a low but detectable level, while
30% PS liposome bound with high efficiency to AXL-293T cells. Neither 20% nor
40% PE liposomes detectably bound to the same cells. However, (PS�PE) lipo-
somes, containing 5% PS and 20 to 40% PE, bound to the AXL-293T cells with
substantially greater efficiency (Fig. 2C, bottom panels). In contrast, (PS)�(PE)
liposomes containing the same amount of PS and PE bound similarly to 5% PS
liposomes by themselves. The data from similar experiments were averaged and
presented in Fig. 2D; binding of (PS�PE) liposomes to AXL-293T cells was 2- to
5-fold higher than that of (PS)�(PE) liposomes.

PE synergizes with PS for GAS6-mediated liposome uptake by AXL-expressing
cells. The primary physiological function of PS receptors is to remove apoptotic cells
by inducing efferocytosis. Accordingly, we next investigated whether PE-PS synergy
can indeed contribute to this biological process. Because the amount of external-
ized PE and PS on the surface of the apoptotic cells cannot be easily measured or
modulated, we used liposomes of known PE and PS content as surrogates for
apoptotic cells in an efferocytosis-like assay in which GAS6/AXL-mediated liposome
internalization was measured. AXL-293T cells on 48-well plates were incubated for
15 min on ice with 1 �M the indicated liposomes in the binding buffer supple-
mented with 10% FBS and transferred to a 37°C CO2 incubator for 2 h to allow
internalization of the bound liposomes. Cells were washed with a glycine buffer (pH
3.0) and thoroughly trypsinized to completely remove the liposomes that were
bound to the cell surface but not yet internalized. Mock-293T cells that do not
express AXL but were otherwise treated identically to AXL-293T cells, including
drug selection, were included in the assay as a negative control. As the right panel
of Fig. 3A shows, while the internalization of (PS)�(PE) liposomes by AXL-293T cells
was as low as that of PS liposomes by themselves, (PS�PE) liposomes were
internalized at much higher efficiency. None of the PS, (PS)�(PE), or (PS�PE)
liposomes were internalized by Mock-293T cells above the background level ex-
hibited by PC liposomes (Fig. 3A, left). To confirm that liposome engulfment by the
AXL-293T cells was mediated by GAS6 present in FBS, we performed similar assays
using GAS6-Ig. AXL-293T cells were incubated with the indicated liposomes to-
gether with GAS6-Ig in place of 10% FBS. “No GAS6,” in which neither FBS nor
GAS6-Ig was provided, was included as a negative control. As Fig. 3B shows, 5 nM
GAS6-Ig mediated a comparable level of (PS�PE) liposome uptake as did 10% FBS,
while no uptake was observed with any liposome in the absence of GAS6-Ig or FBS.
Averages of similar experiments are presented in Fig. 3C. These data show that
PE-PS synergy contributes to GAS6-mediated liposome internalization by AXL-293T
cells.

PE synergizes with PS for inhibiting GAS6/AXL-mediated virus entry. AXL is
well characterized for supporting the infection of many enveloped viruses (7, 20,
34–45). Accordingly, we next assessed the contribution of PE-PS synergy in GAS6/
AXL-mediated virus entry. To do so, we verified that GAS6 could directly bind
viruses and that this binding is dependent on its interaction with virion lipids but
not with viral proteins. We first confirmed that GAS6 produced from HEK293T cells
was functional with respect to its ability to bind PS. Specifically, we assessed the
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need for extra �-glutamyl carboxylase (GGCX) and vitamin K supplementation,
because �-carboxylation of GAS6 Gla domain is carried out by GGCX and dependent
on vitamin K (17, 37). HEK293T cells were transfected with a plasmid expressing
GAS6-Ig with or without a plasmid encoding �-glutamyl carboxylase (GGCX), and
culture medium was supplemented or not with vitamin K. As the left panel of Fig.
4A shows, GAS6-Ig produced in the absence of vitamin K did not bind PS at any
concentration in ELISAs, confirming that vitamin K is essential for �-carboxylation.
On the other hand, exogenous expression of GGCX did not boost PS binding by
GAS6-Ig, suggesting that the endogenous level of GGCX enzyme is sufficient to
produce functional GAS6 at least in HEK293T cells (Fig. 4A, right). We next verified
that GAS6 binding to viruses was mediated via the interaction with virion PS, but
not with viral proteins. We did so based on established knowledge and our own
observation that GAS6 binding to PS, but not to proteins, is completely dependent
on the presence of vitamin K during its production and calcium during binding
assays. We thus produced GAS6-Ig from HEK293T cells under various conditions.
Zika virus (ZIKV) was incubated with GAS6-Ig, virus particles bound to GAS6-Ig were
precipitated using protein A-Sepharose beads, and captured viruses were analyzed
by SDS-PAGE and visualized by Western blotting using an E protein-specific anti-
body. C-GAS6-Ig that lacks the Gla domain-containing N-terminal half of GAS6 was
used as a negative control. Figure 4B shows that GAS6-Ig produced in the presence,
but not in the absence, of vitamin K efficiently captured ZIKV. It also shows that
virus binding to GAS6-Ig is critically dependent on calcium. C-GAS6-Ig did not
capture any virus particle, and extra GGCX did not contribute to GAS6 binding to
viruses.

FIG 3 PE synergizes with PS for GAS6-mediated liposome uptake by AXL-expressing cells. (A) Mock-293T or AXL-293T cells
grown on 48-well plates were incubated on ice for 15 min with 5 �M indicated liposomes in 200 �l of binding buffer
supplemented with 10% FBS. Plates were transferred to a 37°C CO2 incubator, and incubation was continued for 2 h. Cells were
washed twice with acid and once with PBS and thoroughly trypsinized with 0.25% trypsin for 15 min at room temperature to
completely remove liposomes that were attached to cells but not internalized. Detached cells were washed and analyzed by
flow cytometry. Note that there is no binding in Mock-293T cells by any liposome above the background indicated by PC
liposome binding. Also note that binding of PS liposomes and that of (PS)�(PE) liposomes in AXL-293T cells are overlapped.
Shown are representatives of three independent experiments. (B) Similar to panel A except that liposome binding assays were
performed with AXL-293T cells to compare GAS6-Ig and FBS. Binding buffer was supplemented either with 5 nM GAS6-Ig and
5% BSA or with 10% FBS. Shown are representatives of five independent experiments. (C) The averages � SD from five
liposome-internalization experiments including the one shown in panel B are presented. The statistical significance of the
difference between the (PS)�(PE) and the (PS�PE) conditions was separately determined in Mock-293T and AXL-293T cells by
one-way ANOVA. ***, P � 0.001; ns, P � 0.05; m.f.i., mean fluorescence intensity.
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FIG 4 AXL-mediated virus infection is dependent on �-carboxylation of GAS6. (A) Left panel: GAS6-Ig proteins produced from transfected HEK293T cells in the
presence (vitK�) or absence (vitK�) of supplemented vitamin K were evaluated at 5 nM for their ability to bind PS in ELISAs as described in the legend to Fig.
1A. A representative of three similar results is shown. Right panel: GAS6-Ig proteins produced from transfected HEK293T cells with or without GGCX
cotransfection were evaluated for their ability to bind PS as described in the legend to Fig. 1A. A representative of three similar results is shown. Note that in
HEK293T cells, extra GGCX transfection is not necessary to produce functional GAS6, likely due to the sufficient level of endogenous GGCX in these cells. (B)
GAS6-Ig proteins produced from HEK293T cells in the presence and absence of GGCX and vitamin K supplementation were used to capture ZIKV in the presence
or absence of 10 mM CaCl2. Captured viruses were precipitated by protein A-Sepharose beads and analyzed by nonreducing and reducing SDS-PAGE. The
nonreducing gel was transferred to PVDF membranes and blotted with 4G2 antibody that recognizes flavivirus E protein (top). The reducing gel was blotted
with an anti-human IgG antibody (bottom). The E protein band shown in the first lane indicates the amount of input virus used in the assay. “(�)” indicates
that vitamin K was added during the capture assay but not during GAS6-Ig production. (C) A similar experiment as that shown in panel B except that naked
and EBOV PVs are used, and bound PVs were quantified by RT-qPCR. (D) The same naked and EBOV PVs were assessed in entry experiments in Mock- or
AXL-293T cells in the presence of GAS6 produced in the presence or absence of vitamin K. (E) Mock- or AXL-293T cells were incubated in a 37°C CO2 incubator
for 1 h with the ZIKV VLP or EBOV, CHIKV, EEEV, or LASV PV in the presence of 3 nM GAS6-Ig proteins produced with or without supplemented vitamin K and
analyzed 24 h later for eGFP expression. The statistical significance of the difference between the presence and absence of vitamin K during GAS6-Ig production
was determined by one-way ANOVA for panel C or two-way ANOVA for panels D and E. ***, P � 0.001; **, P � 0.01; ns, P � 0.05.
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Although vitamin K-dependent binding indicates that GAS6 binding to ZIKV is
mediated by PS, not by a protein (17, 37), we verified it using naked PV that was
produced in the same way as other pseudoviruses (PVs) but without the viral entry
protein. Naked PV and Ebola virus (EBOV) PV were preincubated with GAS6-Ig and
precipitated with protein A-Sepharose beads, and bound virions were quantified by
reverse transcription-quantitative PCR (RT-qPCR). GAS6-Ig produced in the absence of
vitamin K and C-GAS6-Ig were used as negative controls. As shown in Fig. 4C, naked PV
bound GAS6-Ig, but not C-GAS6-Ig or GAS6-Ig produced in the absence of vitamin K,
more efficiently than the same amount of EBOV PV. Of note, although naked PV binds
GAS6-Ig with high efficiency, it is not able to enter cells using AXL/GAS6, due to the lack
of any viral entry protein, while EBOV PV efficiently enters cells (Fig. 4D). Together, these
data indicate that GAS6 binding to viruses is mediated by its interaction with virion PS
but not with viral proteins.

We then verified that GAS6-Ig promoted AXL-mediated virus infection. To ex-
clude the impact of downstream steps in viral replication, we used virus-like
particles (VLP) or pseudoviruses (PVs). ZIKV VLP was produced from 293T cells by
transfecting a plasmid expressing green fluorescent protein (GFP) and nonstruc-
tural proteins of West Nile virus (WNV) and a plasmid encoding WNV capsid and
ZIKV prM and E proteins. PVs were produced by pseudotyping murine leukemia
virus structural proteins with the entry protein of Ebola virus (EBOV), Chikungunya
virus (CHIKV), eastern equine encephalitis virus (EEEV), or Lassa fever virus (LASV).
Mock- or AXL-293T cells were then infected with these VLP or PVs in the presence
of GAS6-Ig produced with or without vitamin K supplementation. GAS6-Ig produced
in the presence of vitamin K, but not that produced without vitamin K, enhanced
AXL-mediated entry of ZIKV VLP and EBOV, EEEV, and CHIKV PVs (Fig. 4E), indicating
that virion PS, not viral protein, was involved in the GAS6/AXL-mediated virus entry
(5). As expected, LASV PV entry was not affected by GAS6 or AXL, because LASV
does not use PS receptors, at least in HEK293T cells (20, 34), although LASV was
shown to use PS receptors in other cell lines (46).

Having shown that GAS6-Ig mediates virus infection of AXL-expressing cells and that
GAS6 binding to virus is mediated by its interaction with virion PS, we next assessed the
contribution of PE-PS synergy to GAS6/AXL-mediated virus entry. As with apoptotic
cells, it is difficult to manipulate PE and PS content of viruses, and we therefore assessed
PE-PS synergy by measuring liposome-mediated inhibition of viral infection into AXL-
293T cells. We first assessed PE-PS synergy in ZIKV infection. Infectious ZIKV was
preincubated in serum-free Dulbecco’s modified Eagle’s medium (DMEM) with the
indicated liposomes and GAS6-Ig. Mock- and AXL-293T cells were infected with the
preincubation mix for 1 h, and infection level was analyzed 18 h later. As Fig. 5A shows,
while both PS liposomes and (PS)�(PE) mixed liposomes modestly inhibited ZIKV
infection of AXL-293T cells, inhibition by (PS�PE) liposomes was substantially in-
creased. We then extended this observation to other viruses by using PVs. ZIKV VLP was
used as a positive control, and LASV PV was as a negative control. VLP and PVs were
preincubated with liposomes and GAS6-Ig and incubated with Mock- or AXL-293T cells
for 1 h. Cells were analyzed 24 h later for enhanced GFP (eGFP) expression. While PS
liposomes and (PS)�(PE) mixed liposomes similarly inhibited approximately 40% of
ZIKV VLP entry into AXL-293T cells, inhibition by (PS�PE) liposomes was greatly
increased to 98% (Fig. 5B). Similar patterns of inhibition were observed with EBOV,
CHIKV, and EEEV PVs, albeit the degree of synergy was somewhat lower than that
observed for ZIKV VLP. As expected, infection by LASV PV was not inhibited by any
liposome. These data clearly demonstrate that the presence of PE in the same lipo-
somes as PS enhances the ability of liposomes to inhibit GAS6/AXL-mediated virus
entry.

DISCUSSION

We report here that PE when present together with PS enhances PS binding to PS
receptors and that this PE-PS synergy contributes to the efficiency of biological
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processes such as efferocytosis and virus entry mediated by PS receptors. For example,
the presence of PE and PS on the same liposomes increased liposome binding to GAS6
and internalization mediated by GAS6/AXL. This PE-mediated enhancement is not due
to direct binding of PE to GAS6, because GAS6 does not bind PE at any concentration.
Interestingly, we also observed PE-PS synergy with hTIM1, a receptor that binds PE as
efficiently as it binds PS. In this case, however, synergy between PS and PE was less
pronounced and was observed only in a cell-free assay. In fact, we could not detect
PE-PS synergy in cell-based assays for hTIM1-mediated efferocytosis or virus entry. It is
likely that low-level synergy was masked by the higher additive effects, whereby TIM1
directly binds both phospholipids.

Many PS receptors participate in efferocytosis. Although different families of PS
receptors are expressed in different tissues, members of the same family are often
expressed in the same tissues, organs, or cells. It is unclear why such redundancy is
necessary to clear apoptotic cells. It is tempting to speculate that these receptors
are differentially regulated and that distinct recognition patterns of PE and PS help
to convey different signals that lead to engulfing cells and immune silencing. It
remains unclear exactly how PE amplifies PS binding to GAS6, but there are a few
possible mechanisms. It is possible that the presence of PE in the same membrane
as PS could induce the formation of PS-rich microdomains that is more favorable for
GAS6 binding (Fig. 6A), as has previously been suggested for blood-clotting factors
(25). It is also possible that interaction of PE with neighboring PS alters the
conformation of PS, making it more suitable for GAS6 binding (Fig. 6B). Alterna-
tively, although native GAS6 does not bind PE, PS binding to GAS6 may induce a

FIG 5 PE synergizes with PS for inhibiting GAS6/AXL-mediated virus entry. (A) AXL-293T cells were infected with replication-competent ZIKV
preincubated with 3 nM GAS6-Ig and 1, 3, or 5 �M indicated liposomes. Inoculum was replaced 1 h later with fresh medium, and infection level was
analyzed 18 h later by staining permeabilized cells with the pan-flavivirus antibody, 4G2. (B) The entry of ZIKV VLP or EBOV, CHIKV, EEEV, or LASV PV
into AXL-293T cells was performed. VLP or PVs were preincubated with 5 �M liposomes and 3 nM GAS6-Ig. The preincubation mix was added to cells
at 37°C in a CO2 incubator and replaced 1 h later with complete medium, and infected cells were analyzed 24 h postinfection. (A and B) Averages �
SD from three independent experiments are shown. The statistical significance of the differences between the (PS)�(PE) and (PS�PE) conditions was
determined by one-way ANOVA. ***, P � 0.001; ns, P � 0.05.
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novel PE-binding site unlocked on GAS6 (Fig. 6C). Regardless, it is clear that PE can
substantially amplify PS binding to GAS6, and perhaps also to TIM1 through a
somewhat different mechanism.

The membrane of enveloped viruses derives from the cellular membrane from
which they bud. The PE content of mammalian membranes is much higher than that
of PS, and PE content is higher in the endoplasmic reticulum (ER) than in the plasma
membrane. Specifically, PS constitutes 8 to 10% of the plasma membrane and 3 to 5%
of the ER membrane, whereas PE constitutes 20 to 25% and 25 to 30%, respectively, of
the plasma and ER membranes. Because PE-induced enhancement of PS binding to PS
receptors is proportional to PE content, viruses that bud from the ER membrane, such
as flaviviruses, may depend more on PE-PS synergy, especially with their lower PS
contents, than those that bud from the plasma membrane. PE content is even higher
in insect cells than in the ER membrane of mammalian cells, comprising up to 60% of
total phospholipids (47). Thus, the role of PE may be even more important when
arboviruses such as alphaviruses and flaviviruses are transmitted from their insect
vectors to humans.

MATERIALS AND METHODS
Cell lines and plasmids. Human embryonic kidney HEK293T and Vero cells were obtained from the

ATCC and maintained in high-glucose DMEM supplemented with 10% FBS at 37°C with 5% CO2. HEK293T
cells transduced to stably express AXL (AXL-293T) or mock transduced (Mock-293T) were selected and
maintained in medium supplemented with 0.5 �g/ml puromycin (InvivoGen). All cells were free of
mycoplasma and maintained in medium containing 5 �g/ml Plasmocin (InvivoGen).

The plasmid expressing AXL was generated by cloning the cDNA fragment encoding human AXL
(GenBank accession no. AAH32229.1) into the retroviral vector pQCXIP (Clontech). The vector for AXL
transduction was produced by transfecting pQCXIP-AXL into HEK293T cells together with the plasmid

FIG 6 Possible mechanisms for PE and PS synergy for GAS6 binding. (A) Presence of PE on the same surface or membrane as PS may
induce PS-enriched microdomains, and PS molecules in the microdomains are more favorable for GAS6 binding. (B) Interaction of PE with
neighboring PS may alter the conformation of PS, rendering it more suitable for GAS6 binding. (C) Unliganded GAS6 does not bind PE,
but PS binding to its Gla domain may induce cryptic PE-binding sites unmasked on GAS6.
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encoding murine leukemia virus gag-pol and that encoding the G protein of vesicular stomatitis virus.
The vector for mock transduction was produced similarly using empty pQCXIP plasmid.

The expression plasmids for GAS6-Ig and PROS-Ig were generated by cloning the cDNA fragments
encoding full-length human GAS6 (GenBank accession no. AAH38984.1) or PROS (GenBank accession no.
AAH15801.1) into the pcDNA3.1(�) containing CD5 signal peptide and the genomic sequence of the
human IgG1 Fc region that contains six mutations (C310A, C316N, C319G, L368R, F495H, and Y407E) to
prevent dimerization. The plasmid expressing the Ig-fusion form of the C-terminal half of GAS6 was
generated by cloning cDNA encoding its residues 279 through 678 into the same monomeric Ig-fusion
vector. The expressor plasmid of GGCX was generated by cloning its cDNA sequence into pQCXIP. For
the plasmid expressing TIM1-Ig, the ectodomain of human TIM1 (residues 1 to 290, GenBank accession
no. AAC39862.1) was cloned into the same Ig-fusion plasmid.

Phospholipid ELISA. The following synthetic phospholipids (Avanti Polar Lipids) were used in assays:
12-dioleoyl-sn-glycero-3-phosphocholine (PC), 12-dioleoyl-sn-glycero-3-phosphoethanolamine (PE), and
12-dioleoyl-sn-glycero-3-[phospho-L-serine] (PS). To assess phospholipid-binding profiles of the Ig-
fusion proteins, phospholipids in chloroform in the original vials were dried out and resuspended
and diluted in methanol. The indicated amounts of phospholipids in 100 �l were added to each well
of the plates and air dried overnight—it is important to dry out completely—in polystyrene ELISA
plates. The plates were washed with Tris-buffered saline (TBS: 25 mM Tris base, 137 mM NaCl, 2.7 mM
KCl, pH 7.4) containing 10 mM CaCl2 and 0.05% (vol/vol) Tween 20 (TBST), blocked for 1 h at room
temperature with 1% bovine serum albumin (BSA) in TBS, and washed with TBST. The plates were
then incubated for 1 h at room temperature with the indicated amounts of Ig-fusion proteins diluted
in TBS containing 10 mM CaCl2 (TBS-Ca2�) and washed with TBST containing 10 mM CaCl2 (TBST-
Ca2�) before incubated with a horseradish peroxidase (HRP)-conjugated goat anti-human IgG
(Jackson Immuno Research Laboratories). The plates were extensively washed with TBST-Ca2� and
TBS-Ca2� before binding was visualized using UltraTMB substrate (Thermo Scientific Pierce). The
reaction was terminated with 2 M phosphoric acid, and the plates were read at 450 nm with a
SpectraMax Paradigm microplate reader (Molecular Devices). Wells treated the same way but only
coated with methanol were used as background controls.

Ig-fusion protein production. To produce monomeric Ig-fusion proteins, the appropriate plasmid
was transfected into HEK293T cells using the calcium-phosphate method and cultured in FreeStyle 293
medium (Thermo Fisher). To produce monomeric GAS6-Ig, its expression plasmid was transfected into
HEK293T cells with or without the plasmid encoding GGCX at a ratio of 3:1, and cells were cultured in
FreeStyle 293 medium supplemented with 10 �g/ml vitamin K1 (Sigma). The culture supernatants were
harvested 72 h posttransfection, clarified by 0.45-�m filtration, and quantified by Coomassie blue
staining following SDS-PAGE, using purified human Ig as a standard. Mock-transfected culture superna-
tant was similarly produced by transfecting cells with an empty plasmid and used in place of GAS6-Ig as
a negative control.

Liposome preparation and size measurement. To prepare liposomes, phospholipids in chloroform
were dried and resuspended in methanol. They were combined as needed in glass vials together with
1 mol% of a fluorescent phospholipid (12-dioleoyl-sn-glycero-3-phosphoethanolamine labeled in the
head group with TopFluor) (Avanti Polar Lipids) and dried again. The lipid films were hydrated by adding
phosphate-buffered saline (PBS) and vigorously vortexing for 1 h at room temperature. The vesicle
suspensions were left to stand overnight, and next day, the formed large multilamellar vesicles were
downsized by bath sonication until the suspensions were clarified. The time required to clarify 1 ml
liposomes typically ranges from 15 to 20 min for PE and PS and 1 h for PC. Liposomes were stored at 4°C
and used within a few weeks after sonication was reapplied for each use.

Size distribution of liposomes was measured with the DynaPro NanoStar dynamic light scattering
detector (Wyatt Technology). Briefly, liposome suspensions at a concentration of 0.4 mg/ml in PBS were
centrifuged for 5 min at 1,000 � g to pellet any particulate impurities. Next, 7.5 �l of the supernatant was
loaded into a quartz cuvette and allowed to equilibrate to 25°C for 10 min in the sample chamber. After
thermal equilibrium was reached and laser power and detector attenuation automatically adjusted, size
measurement for each liposome was calculated from 10 acquisitions with 5-s integration time. Data were
analyzed in Dynamics software version 7.10 (Wyatt Technology).

Liposome binding and internalization assay. For binding assays, Mock- and AXL-293T cells were
detached with citrate buffer (15 mM sodium citrate, 135 mM KCl), washed once with PBS, and incubated
in 96-well plates for 15 min on ice with the indicated liposomes in 100 �l of binding buffer (10 mM
HEPES, 140 mM NaCl, 10 mM CaCl2, pH 7.4) supplemented either with 10% FBS or with the indicated
concentration of GAS6-Ig. If GAS6-Ig was used, binding buffer was supplemented with 5% bovine serum
albumin (BSA) to block nonspecific binding. Cells were washed twice with binding buffer containing 10%
FBS and twice without FBS, and analyzed by an Accuri C6 flow cytometer (BD Biosciences) equipped with
HyperCyt autosampler (IntelliCyt).

For internalization assays, Mock- and AXL-293T cells attached on 48-well plates were incubated on
ice for 15 min with the indicated liposomes in binding buffer supplemented with either 10% FBS or the
indicated concentration of GAS6-Ig and 5% BSA. Plates were transferred to a 37°C CO2 incubator, and
incubation continued for 2 h. Cells were washed twice with acid (200 mM glycine, 150 mM NaCl, pH 3.0)
and once with PBS and trypsinized with 0.25% trypsin to completely remove the liposomes that were not
internalized. Cells were further washed twice with binding buffer containing 10% FBS and twice without
FBS and analyzed by flow cytometry.

Liposome-mediated inhibition of infection by PV, VLP, and an infectious virus. ZIKV VLP was
produced by transfecting HEK293T cells at a 1:2 ratio with the plasmid encoding the capsid of West
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Nile virus (lineage II, strain B956) and prM and E proteins of ZIKV (Brazil, strain SPH2015) and the
plasmid encoding eGFP and the nonstructural proteins 1 to 5 of West Nile virus (lineage II, strain
B956) (20). Culture supernatants containing ZIKV VLP were harvested at 48 h posttransfection and
clarified by 0.45-�m filtration. PVs were produced from HEK293T cells as previously described (34)
by pseudotyping murine leukemia virus structural proteins with E1 and E2 proteins derived from
EEEV (strain FL91-4697) or CHIKV (strain 37997), mucin domain-deleted glycoprotein (GP) derived
from Zaire EBOV (strain Mayinga), or glycoprotein complex (GPC) derived from LASV (strain Josiah).
PVs were harvested 33 to 34 h posttransfection. VLP and PVs were preincubated for 1 h in a 37°C
CO2 incubator with or without the indicated concentration of liposomes and GAS6-Ig in serum-free
DMEM. Two hundred microliters of the preincubation mix was then added to the cells on 48-well
plates and further incubated for 1 h, and the culture supernatants were replaced with fresh DMEM
containing 10% FBS. Cells were analyzed for eGFP expression 24 h later by flow cytometry.

Infectious ZIKV (strain PB81, Brazil) was obtained from the World Reference Center for Emerging
Viruses and Arboviruses (WRCEVA) and propagated in Vero cells. Culture supernatants of the infected
cells were harvested at days 2 and 3 postinfection, cleared by 0.45-�m filtration, and frozen at �80°C.
Virus preparations were quantified by RT-qPCR targeting the nonstructural protein NS3 [sense, 5=-TTAT
GGACACCGAAGTGGAAG-3=; antisense, 5=-CACGCTTGGAACAAACCAAA-3=; probe, 5=-6-carboxyfluorescein
(FAM)-TCAGGCTTTGA-(ZEN)-TTGGGTGACGGAT-Iowa black fluorescent quencher (IBFQ)-3=]. ZIKV was
preincubated with the indicated concentrations of liposomes and GAS6-Ig in serum-free DMEM, and the
preincubation mix containing 1 � 108 copies of ZIKV was used to infect AXL-293T cells in a 37°C CO2

incubator. Inoculum was replaced 1 h later with fresh medium. Eighteen hours later, cells were fixed with
2% formaldehyde and permeabilized with 0.1% saponin, and infection level was assessed by flow
cytometry (Accuri C6; BD Biosciences) of the cells stained with the pan-flavivirus antibody, 4G2, and
anti-mIgG antibody conjugated with Alexa 647.

GAS6-mediated virus or PV capture assay. Infectious ZIKV (Brazil, strain PB81) obtained from World
Reference Center for Emerging Viruses and Arboviruses was propagated in Vero cells and quantified by
RT-qPCR. GAS6-Ig and C-Gas6-Ig were produced from HEK293T cells with or without GGCX cotransfection
and vitamin K supplementation. Infectious ZIKV at 2 � 108 genome copies was incubated for 1 h at 37°C
with 0.2 �g of GAS6-Ig or C-Gas6-Ig in 500 �l TBS in total supplemented or not with 10 mM CaCl2. Protein
A-Sepharose beads were added, and incubation was continued at room temperature for another hour
with continuous rocking. Beads were washed 3 times with TBST and analyzed by nonreducing and
reducing SDS-PAGE. Proteins on both gels were separately transferred to polyvinylidene difluoride
(PVDF) membranes and blotted either with 4G2 antibody that recognizes flavivirus E protein (nonreduc-
ing gel) or with an anti-human IgG antibody (reducing gel) to visualize captured ZIKV and Ig-fusion
proteins, respectively.

Naked PV and EBOV PV were produced from HEK293T cells by transfecting a retroviral vector
expressing eGFP and plasmids encoding murine leukemia virus gag and pol, and viral entry protein at
a ratio of 3:6:1. In the case of naked PV, the plasmid expressing a viral entry protein was replaced with
an empty plasmid. Naked or EBOV PV at 1 � 109 genome copies was preincubated at room temperature
for 1 h with 0.3 �g of GAS6-Ig or C-Gas6-Ig in 500 �l TBS in total supplemented or not with 10 mM CaCl2.
Protein A-Sepharose beads were added, and incubation was continued at room temperature for another
hour with continuous rocking. After beads were washed 3 times with TBS, RNA was extracted using TRIzol
and GlycoBlue coprecipitant and reverse transcribed using a high-capacity cDNA reverse transcription kit
(Applied Biosystems). qPCR was performed using Luna Universal Probe qPCR Master Mix (New England
Biolabs) with the known quantity of pQCXIX-eGFP vector to generate standard curves, and data were
collected with CFX Manager 3.1 (Bio-Rad). qPCR primers and a probe targeting the eGFP gene were
synthesized at Integrated DNA Technologies. Primers were as follows: sense primer, 5=-GAACCGCATCG
AGCTGAA-3=; antisense primer, 5=-TGCTTGTCGGCCATGATATAG-3=; probe, 5=-FAM-ATCGACTTC-(ZEN)-AA
GGAGGACGGCAAC-IBFQ-3=.

Statistics. The difference between groups was tested using either one-way or two-way analysis of
variance (ANOVA) as indicated for each experiment. The null hypothesis was rejected when P was �0.05.

APPENDIX
Figure A1A shows the monomeric Ig-fusion proteins that were used in ELISAs

shown in Fig. 1 and Fig. A1B. To prevent dimerization by Ig-fusion proteins, C310A,
C316N, C319G, L368R, F495H, and Y407E mutations were introduced to the Fc
domain. Dimeric GAS6-Ig is used as a control for reducing and nonreducing
SDS-PAGE. Figure A1B shows PE-PS synergy for the binding by GAS6, PROS, and
TIM1. GAS6 and PROS bind only PS, while TIM1 binds both PE and PS. When an
increasing amount of PE was added to a small amount (30 ng/well) of PS, which by
itself did not show detectable binding, these proteins exhibited substantially
increased binding. An increasing amount of PS is included as a comparison. GAS6-Ig
binding to 30 ng PS � PE reached nearly half of its binding to an increasing amount
of PS, although it does not bind PE at all by itself. PE-PS synergy is also observed
for PROS-Ig, albeit at a much lower level. Although TIM1 naturally binds both PE and
PS, PE-PS synergy is still observed to a certain extent.
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