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Abstract

Envelope phosphatidylserine (PtdSer) and phosphatidylethanolamine (PtdEtr) have been shown

to mediate binding of enveloped viruses. However, commonly used PtdSer binding molecules
such as Annexin V cannot block PtdSer-mediated viral infection. Lack of reagents that can
conceal envelope PtdSer and PtdEtr and subsequently inhibit infection hinders elucidation of the
roles of the envelope phospholipids in viral infection. Here, we developed sTIM1dMLDR801, a
reagent capable of blocking PtdSer- and PtdEtr- dependent infection of enveloped viruses. Using
sTIM1dMLDR801, we found that envelope PtdSer and/or PtdEtr can support ZIKV infection of
not only human but also mosquito cells. In a mouse model for ZIKV infection, sTIM1dMLDR801
reduced ZIKV load in serum and the spleen, indicating envelope PtdSer and/or PtdEtr support in
viral infection /n vivo. sSTIM1dMLDR801 will enable elucidation of the roles of envelope PtdSer
and PtdEtr in infection of various virus species, thereby facilitating identification of their receptors
and transmission mechanisms.
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Introduction

Interactions between viral proteins and their respective receptors expressed on target

cells are a common molecular mechanism of viral attachment and are thus intensively
investigated. Additionally, enveloped viruses are known to utilize envelope lipid to facilitate
the attachment step(Mercer and Helenius, 2008; Mercer et al., 2010; Schmidt et al., 2011)
(Callahan et al., 2003; Laliberte and Moss, 2009; Puryear et al., 2013; Puryear et al., 2012).
One such method involves viruses exposing PtdSer on their envelopes and exploiting various
types of host PtdSer-recognizing molecular mechanisms to facilitate the binding step (Fig.
1A) (Amara and Mercer, 2015).

PtdSer-recognizing molecular mechanisms are originally known to mediate phagocytic
removal of dead cells. Phagocytic cells recognize dead cells by binding to PtdSer exposed
on the cell membrane (Fadok et al., 1992; Nagata et al., 2010). PtdSer usually resides in
the inner leaflet of the cell membranes of live cells(van Meer et al., 2008) (Leventis and
Grinstein, 2010). PtdSer is exposed on the cell surface upon cell death and subsequently
recognized by phagocytes using various types of PtdSer-binding molecules(Fadok et al.,
1992; Pietkiewicz et al., 2015; Wang et al., 2013).

Enveloped viruses can also expose PtdSer on their envelopes and exploit various types

of host PtdSer-recognizing molecular mechanisms to facilitate the binding step (Fig. 1A)
(Amara and Mercer, 2015). Soluble proteins Gas6 and protein S mediate phagocytic

removal of dead cells by bridging PtdSer on dead cells to TAM receptors (TYRO3, Axl,

and Mer) expressed on phagocytes(Ishimoto et al., 2000; Stitt et al., 1995). We, as well

as other research groups, identified that Gas6/Protein S facilitates entry of enveloped

viruses by bridging envelope PtdSer and Axl or Tyro3 expressed on target cells (Fig. 1A)
(Bhattacharyya et al., 2013; Brindley et al., 2011; Fedeli et al., 2018; Hamel et al., 2015;
Meertens et al., 2012; Morizono et al., 2011) (Meertens et al., 2017) (Zhang et al., 2020)
(Richard et al., 2017). Additionally, we discovered that envelope viruses can bind cells by
utilizing MFG-ES to bridge envelope PtdSer and integrin aV/p3 or g5 (Fig. 1A) (Morizono
and Chen, 2014). Other research groups have also established that enveloped viruses can
utilize cell surface PtdSer-binding receptors TIM-1 and TIM-4 for virus attachment (Fig.
1A) (Jemielity et al., 2013; Meertens et al., 2012; Moller-Tank et al., 2013) (Brunton

etal., 2019) (Rhein et al., 2016). Finally, recent studies demonstrated that several types

of enveloped viruses can utilize another type of phospholipid, PtdEtr, to bind the PtdEtr
receptor CD300A to facilitate their attachment (Carnec et al., 2016). Given that the receptors
schematically displayed in Fig. 1A bind to PtdSer similar to the mechanism of phagocytosis-
mediated dead cell removal, it is proposed that enveloped viruses utilize their own envelope
PtdSer and PtdEtr as the primary host cell binding ligands.
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However, our previous publications outline that widely used PtdSer-binding molecules such
as Annexin V (ANX V) cannot efficiently block viral infections mediated by Gas6/protein
S, MFG-E8, TIM-1, and TIM-4(Morizono and Chen, 2014; Morizono et al., 2011). Also,
Duramycin, a well-known PtdEtr peptide, has been reported to be cytotoxic (Emoto et al.,
1996), complicating its incorporation into PtdEtr-mediated virus infection experiments.

Current methods to investigate viral entry mediated by PtdSer- and PtdEtr- binding
molecules include ectopic expression of the molecules shown in Fig. 1A, neutralization

of their PtdSer/PtdEtr-binding activities by molecule-specific antibodies or liposomes
containing PtdSer and/or PtdEtr, and knock out/down of these molecules using a variety of
molecular biological reagents (Bhattacharyya et al., 2013; Brouillette et al., 2018; Dejarnac
et al., 2018; Fedeli et al., 2018; Hamel et al., 2015; Hastings et al., 2017; Jemielity et al.,
2013; Niu et al., 2018; Richard et al., 2015; Wang et al., 2017) (Brunton et al., 2019) (Das
et al., 2017) (Jemielity et al., 2013; Moller-Tank et al., 2013; Zhang et al., 2020). Due to
the lack of reagents that can conceal PtdSer and PtdEtr and block viral infection, previous
studies could not directly examine the roles of envelope PtdSer and PtdEtr in infection.

To investigate the role of envelope phospholipid in viral entry process of particular cells,

it is necessary to knock out/down or neutralize all types of PtdSer and PtdEtr receptors

on the cells. However, gene knockout/down may also affect the physiological functions

of cells (Hastings et al., 2017). These approaches cannot be easily applied to non-human
and mouse species since available antibodies, expression vectors, and gene knock out/down
target sequences of PtdSer and PtdEtr receptors are limited to human and mouse systems.
Non-human species play critical roles in the zoonotic transmission of several pathogenic
enveloped viruses. For example, ZIKV infects mosquitoes, and mosquito bites transmit
ZIKV to humans(Weissenbock et al., 2010). Bats have been shown to be the natural host
of Ebola virus(Leroy et al., 2005), and bat-to-human transmission has been reported(Leroy
et al., 2009). However, without sufficient information on PtdSer and PtdEr receptors in
these species, we cannot investigate envelope PtdSer and PtdEr can mediate viral infection
of mosquito and bat cells as with human and mouse cells. Blocking universal PtdSer/
PtdEtr-mediated viral entry mechanisms by concealing envelope PtdSer and PtdEtr will
demonstrate how envelope PtdSer and PtdEtr serve as viral ligands to bind various species
and cell types.

In this study, we have developed a PtdSer and PtdEtr binding reagent, sTIM1dMLDR801,
capable of specifically blocking the universal PtdSer- and PtdEtr- dependent virus

entry mechanisms by multiple species of enveloped virus. Using sTIM1dMLDR801, we
investigated the roles of envelope PtdSer and PtdEtr in ZIKV infection of human and
mosquito cells /in vitro as well as replication in vivo.

Blocking TIM-1-dependent ZIKV infection by various PtdSer-binding proteins

Previous studies that demonstrated that envelope PtdSer serves as a receptor-binding ligand
required the inhibition of viral attachment and infection through the specific concealment of
envelope PtdSer. We have previously used ANX V, which specifically binds PtdSer, for the
specific concealment of envelope PtdSer. Despite expected concealment of envelope PtdSer,

Virology. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 4

we found that ANX V cannot efficiently inhibit viral infection via TIM-1, TIM-4, Axl/
Gas6, or MFG-E8(Morizono and Chen, 2014; Morizono et al., 2011). To study the roles of
envelope PtdSer in virus infection, we prepared various types of PtdSer-binding molecules
and investigated whether these molecules can inhibit TIM-1-dependent ZIKV infection (Fig.
1A). First, we obtained a monoclonal antibody against PtdSer from a commercial source
(Fig. 1B). Second, we generated recombinant serum protein p2GP1,which binds PtdSer,

and obtained a commercially available p2GP1-specific monoclonal antibody Bavituximab.
The latter is known to crosslink p2GP1, further facilitates binding to PtdSer, and inhibits
enveloped virus replication /n vivo (Fig. 1B) (Luster et al., 2006). Third, we generated 4E
Gas6, a mutant of Gasé that can bind PtdSer but not AxI due to mutations in the AxI-binding
domain (Fig 1B) (Chua et al., 2018); therefore, it is expected to conceal envelope PtdSer
without bridging enveloped viruses. Fourth, we produced a mutant of MFG-E8 (D89E) that
can bind PtdSer but not integrins due to mutations in its integrin-binding site (Fig. 1B)
(Hanayama et al., 2002). Lastly, we generated soluble TIM-1 (sTIM-1) by deleting the
transmembrane and cytoplasmic domains of TIM-1 to engineer PtdSer-binding molecule
(Fig. 1B).

We ectopically expressed TIM-1 on 293T cells, designated as TIM-1 293T, and confirmed
that expression of TIM-1 on 293T cells increased ZIKV infection (Fig. 1C). We then
assessed the ability of each PtdSer-binding molecule to inhibit ZIKV infection of TIM-1
293T cells (Fig. 1C).

To quantitate the inhibitory effects of these molecules on a single cycle of ZIKV infection,
we utilized a ZIKV replicon that only undergoes a single cycle of infection (Dowd et al.,
2016; Pierson et al., 2006). As we have previously reported using pseudotyped lentiviral
vectors (Morizono and Chen, 2014), ANX V cannot efficiently block TIM-1-mediated
infection. We found that sTIM-1 and D89E can inhibit TIM-1-mediated ZIKV infection
more efficiently than other tested molecules.

Improvement of antiviral activity of sTIM-1 and D89E by dimerization

Dimerization is known to increase the anti-HIV-1 effects of soluble CD4 by increasing their
avidity for antigens(Capon et al., 1989). To enhance the inhibitory effects of D89E and
sTIM1, we generated Fc-fusion proteins and dimerized the fusion proteins through their Fc
domains. Fusion with the Fc domain has also been shown to increase the half-life of the
fused molecules in vivo through the interactions between the Fc domain and FcRn (Capon et
al., 1989) (lIsrael et al., 1996).

We investigated whether dimerization of D89E and sTIM1 resulted in increased inhibitory
effects on ZIKV infection of TIM-1 293T cells by measuring the 1C50 of the monomers and
dimers.

Since PtdSer binding of D89E occurs at its C-terminus, there was a possibility that fusion

of the Fc-domain to its C-terminus would hinder binding to PtdSer. Therefore, we dimerized
DB89E by fusing the Fc-domain to either its N-terminus end (D89E Fc) or C-teminus end (Fc
D89E) (Fig. 2A). We then used D89E, D89D Fc, and Fc D89E at various concentrations to
inhibit ZIKV infection of TIM-1 293T cells. We found that dimerization of D89E by N- and
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C- terminus fusion with the Fc-domain increased the IC50 from 3.7 ug/ml to greater than
30 pg/ml (Fig. 2B), indicating that dimerization of D89E hinders the binding of D89E to
PtdSer.

Since sTIM1 binds PtdSer at its N-terminal end, we fused the Fc-domain to its C terminus,
and designated this Fc-fusion protein as sTIM1 Fc (Fig 2A). We found that the 1C50 of
sTIM1 and sTIM1 Fc are 13 and 4 pg/ml, respectively, when used for blocking ZIKV
infection of TIM-1 293T cells, showing that the dimerization of STIM-1 increased its
antiviral activity (Fig. 2C). TIM-1 has a mucin-like domain (MLD) at its stalk region, which
augments the size and weight of TIM-1 higher due to extensive glycosylation (Moller-Tank
et al., 2014; Moller-Tank et al., 2013). The glycans at the MLD might interfere with
movement and/or binding to PtdSer of the dimerized partners due to steric hindrance.

To decrease the molecular weight and size, we deleted the MLD of sTIM1 Fc, and
designated this modified protein as sSTIM1dMLDFc. Deletion of the MLD further reduced
the 1C50 from 4 pg/ml to 2.4 pg/ml, most likely due to its reduced molecular weight.

We selected TIM1dMLDFc to further investigate the role of PtdSer in virus infection as it
possessed the lowest 1C50.

To establish a reference for an antibody-based antiviral reagent, we also measured the IC50
of ZKA64 (Stettler et al., 2016), as it is a well-studied antibody against the ZIKV E protein,
in the infection of TIM-1 293T cells (IC50: 0.34 ug/ml) (Fig. 2D).

Elimination of FcCR-mediated ZIKV infection by mutating the Fc-domain

Antibodies against Flaviviruses, including ZIKV and dengue virus (DENV), are known to
enhance Flavivirus infection of Fc-receptor-positive cells by bridging the viral E protein

to Fc-receptors on target cells (Stettler et al., 2016). As previously reported, ZKA64
enhanced ZIKV infection of Fc-receptor (CD32)-positive K562 cells from 2- to 450-

fold at concentrations ranging from 0.01 to 1 pg/ml (Fig. 3). To test the possibility that
sTIM1dMLDFc may be similarly enhancing viral infection, we infected K562 cells with
ZIKV in the presence of sTIM1dMLDFc and found that sTIM1dMLDFc increased infection
2.5-fold at 1 pg/ml. Although the extent of enhancement is not as high as with ZKA64,

the Fc-receptor-mediated enhancement makes it nonetheless difficult to interpret the PtdSer-
concealing effects of sTIM1 dMLD Fc on viral infection in various /n vitroand in vivo
experimental settings. Thus, we attempted to eliminate this Fc-dependent infection by
introducing mutations at the Fc-domain of sTIM-1 dMLD Fc. The R801 mutation of the

Fc domain has been shown to eliminate binding to Fc receptors (CD16, CD32, and CD64),
while still maintaining interactions with FcRn with long half-lives in vivo (Lee et al., 2017).
Therefore, we introduced R801 mutations into sTIM1dMLDFc, and designated the mutant
as sTIM1dMLDR801 (Fig 2A). We found that sTIM1dMLDR801 did not enhance ZIKV
infection of K562 cells at any of the concentrations tested (10-0.001 pg/ml) (Fig. 3). We
confirmed that STIM1dMLDR801 inhibits TIM-1-dependent ZIKV infection at an 1C50 (1.9
ug/ml) similar to that of sSTIM1dMLDFc (Fig. 2D). Of note, K562 cells express TYRO3,
which might account for the inhibition of ZIKV infection by sTIM1dMLDR801 at 10 pg/ml.
As a negative control protein, we generated NCAMLDR801, which lacks the PtdSer-binding
domain of sSTIM1dMLDR801 (Fig. 2A). NCdAMLDR801 did not inhibit TIM-1 infection,
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even at 30 pg/ml (S1 Fig), indicating that PtdSer binding is necessary for the inhibitory
effects of sSTIM1dMLDR801 on ZIKYV infection of TIM-1 cells.

In order to focus on the effects of concealment of envelope PtdSer on viral infection and
exclude Fc-dependent effects, we chose to use sTIM1dMLDR801 for further experiments.

Inhibition of various molecular mechanisms of ZIKV attachment by sTIM1dMLDR801

We then investigated whether STIM1dMLDR801 can inhibit Gas6/AxI-dependent ZIKV
infection, the other most efficient PtdSer-dependent virus infection mechanism. Infection
of human microvascular endothelial cells (HMVEC) with ZIKV is enhanced 28-fold by
addition of exogenous recombinant Gas6, which is consistent with our previous finding
using vaccinia virus and pseudotyped lentiviral vectors (Fig. 4A) (Morizono et al., 2011).
We incubated ZIKV with various concentrations of ZKA64 or sTIM1dMLD R801 before
infection of HMVEC in the presence of Gas6. ZKA64 and sTIM1dMLDRS801 inhibited
Gas6-dependent ZIKV infection at 1C50 0.12 and 0.32 ug/ml, respectively (Fig. 4B and C),
while NCAMLDR801 did not exhibit any inhibition (Fig. 4A). These results indicated that
sTIML1 can inhibit the two most efficient PtdSer-dependent virus infection mechanisms.

To further confirm the versatility of inhibitory effects of STIM1dMLDR801, we investigated
whether it could inhibit an additional PtdSer-dependent infection mechanism mediated by
TIM-4, using 293T cells ectopically expressing TIM-4 (TIM-4 293T). sTIM1dMLDR801
inhibits TIM-4-dependent infection more efficiently than it does TIM-1-dependent infection
(Fig. 4D), most likely because of the higher affinity of TIM-1 for PtdSer binding as
compared to TIM-4 (Tietjen et al., 2014). Thus, both ZKA64 and sTIM1MLDR801
inhibited 85% of infection at the same concentration (1 ug/ml). Recent studies showed

that TIM-1 binds to phosphatidylethanolamine (PtdEtr) (Richard et al., 2015), in addition

to PtdSer. Therefore, we investigated whether sTIM1dMLDR801 inhibits ZIKV infection
mediated by the interaction of envelope PtdEtr with CD300A. We found that it efficiently
blocked ZIKV infection of 293T cells that ectopically express CD300A (CD300A 293T)
(Fig. 4D). To confirm the phospholipid specificity of STIM1dMLDR801, we investigated its
effects on phospholipid-independent ZIKV infection mediated by the interaction between
the N-glycan of the ZIKV E protein and DC-SIGN (Gong et al., 2018). While ectopic
expression of DC-SIGN enhanced ZIKV infection of 293T (Fig. 4D), sTIM1dMLDR801
did not inhibit DC-SIGN-mediated ZIKV infection. On the other hand, ZKA64, which
blocks ZIKV by binding to the ZIKV E protein, expectedly blocked both CD300A- and DC-
SIGN- mediated ZIKV infection (Fig. 4D). These results conclude that sTIM1dMLDR801
specifically blocks PtdSer- and PtdEtr- dependent virus entry mechanisms.

Inhibition of PtdSer-dependent infection of replication-competent ZIKV and DENV and
Ebola virus glycoprotein (EBOV GP)-pseudotyped lentiviral vector

In order to quantitatively analyze the effects of various molecules on single-cycle ZIKV
infection, we used ZIKV replicons in our previous experiments. To examine whether
sTIM1dMLDRS801 can inhibit infection of replication-competent ZIKV, we next used
replication-competent ZIKV. Since ZIKV produced from mosquito cells plays a critical
role in transmission to humans, we generated replication-competent ZIKV produced from
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mammalian and insect cells. It is unknown whether the concentrations of PtdSer and
PtdEtr exposed on the envelope differ between mammalian- and insect- derived ZIKV.

So we investigated whether sSTIM1dMLDR801 can inhibit TIM-1-dependent infection of
replication-competent ZIKV produced from human cells and insect cells. TIM-1 enhanced
infection of replication-competent ZIKV produced from both human and mosquito cells
(Fig. 5A). We found that sSTIM1dMLDR801 inhibited infection of TIM-1-293T cells with
replication-competent ZIKV regardless of the producer cell (Fig. 5A).

TIM-1 has been shown to mediate infection of various types of enveloped viruses, including
Ebola virus and DENV(Kondratowicz et al., 2011; Moller-Tank et al., 2013) (Moller-Tank
et al., 2014) (Dejarnac et al., 2018) (Kuroda et al., 2015). We investigated whether
sTIM1dMLDR801 blocks TIM-1-dependent infection regardless of the species of enveloped
virus. We found that TIM-1 enhanced infection of replication-competent DENV (Fig. 5B).
STIM1dMLDR801 inhibited DENV infection of TIM-1 293T cells, but ZKA64 did not
because of its specificity to the ZIKV E protein. A lentiviral vector pseudotyped with
EBOV GP has been used to investigate Ebola virus entry mechanisms(Diehl et al., 2016;
Kobinger et al., 2001; Sinn et al., 2017). Using EBOV GP pseudotyped lentiviral vectors,
we investigated whether sTIM1dMLDR801 can block PtdSer-dependent Ebola virus entry.
We observed that TIM-1 enhanced EBOV GP pseudotype infection, and sTIM1dMLDR801
inhibited the TIM-1-mediated EBOV GP pseudotype, while ZKA64 did not (Fig. 5B). These
results confirmed that sTIM1dMLDR801 blocks infection of PtdSer-dependent enveloped
virus regardless of the species of the enveloped virus.

We next examined the ability of sSTIM1dMLDR801 to block viral infection/transduction

at the virus-binding step. We used EBOV GP pseudotyped lentiviral vectors containing

the EGFP-gag fusion protein (Hermida-Matsumoto and Resh, 2000) (Morizono and Chen,
2014; Morizono et al., 2011). Due to the incorporation of the EGFP fusion protein into
virions, binding of this virus to target cells can be quantitatively analyzed by flow cytometry.
Using the fluorescently labelled virus, we observed whether sTIM1dMLDR801 blocks virus
binding (Fig. 5C). Expression of TIM-1 enhanced binding of the EBOV GP pseudotype.
sTIM1dMLDR801 inhibited virus binding to TIM-1 293T cells, while ZKA64 did not.
These results confirmed that STIM1dMLDR801 blocks PtdSer-dependent virus binding.

The role of envelope PtdSer and PtdEtr in ZIKV infection of various types of human cells
and mosquito cells.

We next used sTIM1dMLDR801 to investigate the roles of envelope PtdSer and PtdEtr in
infection of various human cell types significant to the pathogenesis of ZIKV, including
glial cells (U87), adult normal human dermal fibroblasts (NHDF), newborn human skin
fibroblasts (CCD1064sk), fetal retinal pigment epithelial cells (FRPE), and dendritic
cells(Garcia et al., 2020; Gong et al., 2018) (Hamel et al., 2015) (Meertens et al., 2017).
To anticipate the roles of PtdSer and PtdEtr in enveloped virus infection in these cells,

we initially analyzed the expression of the PtdSer receptors shown in Fig. 1A as well as
DC-SIGN on these cells. None of these cells expressed TYRO3, TIM-1, or TIM-4 whereas
all cell types except dendritic cells expressed Axl. DC-SIGN and CD300A are expressed
only on dendritic cells.
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Consistent with Axl expression, ZIKV infection of U87, NHDF, CCD1064sk, and FRPE,
but not dendritic cells, was enhanced by addition of Gas6 (Fig. 6A-E). sTIM1dMLDR801

at 10 pg/ml inhibited 77-91% of ZIKV infection of these cells, regardless of the presence

or absence of Gas6. These results demonstrated that ZIKV attachment to these cell types

can be largely attributed to envelope PtdSer and/or PtdEtr. In contrast, sSTIM1dMLDR801

at 10 pg/ml weakly inhibited ZIKV infection of dendritic cells (35%) (Fig 6E), indicating
that attachment of the virus is mainly mediated in a PtdSer- and PtdEtr- independent manner,
most likely by the interaction between the N-glycan of the ZIKV E protein and DC-SIGN.
These results showed that the roles of PtdSer and PtdEtr shown by blocking infection of
sTIM1dMLDRA801 are consistent with the prediction made by expression levels of all known
PtdSer and PtdEtr receptors and other viral receptors.

In the life-cycle of ZIKV, ZIKV infection of mosquitoes has a critical role in transmission
to humans(Weissenbock et al., 2010). It is not known whether ZIKV uses its envelope
PtdSer and/or PtdEtr in its infection of mosquito cells, so we investigated whether
sTIM1dMLDR801 inhibits ZIKV infection of a mosquito cell line, C6/36 (Fig. 6F)
(Weissenbock et al., 2010). We found that STIM1dMLDR801 inhibited ZIKV infection
of C6/36 cells, demonstrating that ZIKV can use its envelope PtdSer and/or PtdEtr in its
infection of mosquito cells.

Inhibition of multiple-cycle of ZIKV replication by sTIM1dMLDR801

We next investigated how sTIM1dMLDR801 inhibits multiple cycles of viral replication in
cells that endogenously express PtdSer receptors. We examined TIM1dMLDR801 inhibition
of ZIKV replication in Vero cells which endogenously express both TIM-1 and Axl and
produce high titers of ZIKV after infection(Brouillette et al., 2018; Hamel et al., 2015).

We first determined how ZKA64 and sTIM1 inhibit single-cycle ZIKV infection of Vero
cells, using a ZIKV replicon, and found that sTIML1 inhibits Vero cell infection more
efficiently than ZKA64 at concentrations lower than 700 ng/ml, but less efficiently at
concentrations higher than 700 ng/ml. While increasing concentrations of ZKA64 from 300
ng/ml to 3 pg/ml increased its inhibitory effect from 57% to 98%, the same increases in
sTIM1dMLDR801 concentrations increased its inhibitory effects only from 64% to 90%
(Fig. 7A). These results indicated that infection of Vero cells is mainly mediated by PtdSer-
and/or PtdEtr- dependent mechanisms; however, infection is partially mediated by a PtdSer/
PtdEtr-independent mechanism(s) that is resistant to inhibition by sSTIM1dMLDR801. On
the other hand, ZKA64 can inhibit ZIKV infection regardless of the viral receptors used as
displayed in Fig. 4C.

We studied the effects of ZKA64 and sTIM1dMLDR801 on multiple cycles of ZIKV
replication in Vero cells at the concentration of 700 ng/ml, which is the concentration at
which both reagents inhibit 70% of single-cycle of ZIKV infection. To rigorously quantify
the amount of virus produced in the supernatants, we used digital droplet PCR (ddPCR).
One day post-infection, ZKA64 inhibited 90% of virus production and sTIM1dMLDR801
inhibited 80% (Fig. 7B). Two and three days post-infection, ZKA64 inhibited 99.9% of
virus production (Fig. 7B and C) due to its inhibitory effects being amplified when the
virus undergoes multiple cycles of replication. Overall, ZKA64 efficiently inhibited ZIKV
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replication for 6 days (Fig. 7C). In contrast, the inhibitory effects of sSTIM1dMLDR801
remained at 80% for both 2 and 3 days post-infection, suggesting that there is (an) effects
of sTIM1dMLDR801 on production of replication-competent ZIKV, which were not evident
in the assays using single-cycle infection by ZIKV replicon. At three days post-infection,
ZIKV production in untreated cells reached its maximum level and subsequently decreased
due to cell death (Fig. 7C). Although sTIM1dMLDR801 can reduce virus production for up
to three days post-infection, treated cells produced virus at higher levels than untreated cells
at four days post-infection. Consistent with our virus production data, sSTIM1dMLDR801
inhibited cell death for the first 3 days, but we observed massive cell death at 4 days post-
infection (data not shown). These results suggest that STIM1dMLDR801 can inhibit and
slow ZIKV replication most notably during the early cycles of ZIKV replication. However,
during later cycles of viral replication, sTIM1dMLDR801 shows minimal inhibitory effects
and may even enhance viral production.

Inhibition of ZIKV replication by sTIM1dMLDR801 in vivo

We next used sTIM1dMLDR801 to investigate the roles of envelope PtdSer and PtdEtr

in in vivo virus replication. Intraperitoneal injection of ZKA64 (15 ug/g) either before or
after subcutaneous ZIKV infection has been shown to inhibit more than 99% of ZIKV
production in mouse tissues compared to untreated mice at 13 days post-infection (Stettler
et al., 2016). We anticipated that sTIM1dMLDR801 would not inhibit ZIKV replication /in
vivo as efficiently as ZKAB64 due to its inability to block PtdSer- and/or PtdEtr- independent
ZIKV infection, as well as its incomplete inhibition of multiple-cycle infection in \ero
cells. However, we expected the viral load to decrease, particularly during the early cycles
of viral replication, if PtdSer and/or PtdEtr do support ZIKV replication in such organs
and tissues. To that end, we examined whether sTIM1 dMLDR801 can decrease viral load
when used in the ZIKV infection of mice. As the IC50 of sTIM1dMLDR801 is 2.7- and
5.5- fold higher than that of ZKAG4 for either Axl/Gas6-dependent or TIM-1-dependent
infection mechanisms, respectively, we increased the administered concentration four-fold
(60 pg/g). To ensure that sSTIM1dMLDR801 is present when the virus begins to infect and
replicate, we injected sTIM1dMLDR801 both one day before and after ZIKV injection
(Fig 8A). We limited administration of sSTIM1dMLDR801 to these two time points to
avoid its potential enhancing effects on the later ZIKV replication cycle observed /n vitro.
To compare viral replication in live mice, we sacrificed all mice at 7 days after virus
injection before we observed death of any of infected mice and isolated serum, brain, and
spleen to quantitate viral RNA. sTIM1dMLDR801 did not prevent weight loss of infected
mice (S2 Fig). Quantification of serum viral load by ddPCR showed that administration

of sTIM1dMLDR801 decreased the serum viral load by 60% with statistical significance
(Fig 8B). We next investigated viral load in the brain and spleen. Large molecules such

as antibodies cannot migrate into the brain due to the blood-brain barrier(Pardridge, 2002),
but the spleen has sinusoid capillaries that allows passage of large molecules (Eigenmann
et al., 2017). To rigorously assess viral production in these two organs, we measured the
copy numbers of both GAPDH mRNA and viral mRNA in the same reverse-transcribed
cDNA samples and showed the results as viral RNA copy numbers/GAPDH RNA. We
found that sTIM1dMLDR801 did not decrease the average viral RNA copy numbers/
GAPDH in the brain at a statistically significant level (Fig. 8B). On the other hand,
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STIM1dMLDR801 decreased viral RNA copy numbers/GAPDH in the spleen by 60% with
statistical significance, suggesting that envelope PtdSer and/or PtdEtr can support viral
replication /in vivo (Fig. 8B).

Discussion

We developed sTIM1dMLDR801 that inhibits PtdSer-dependent infection of

enveloped viruses most efficiently among the PtdSer-binding molecules tested. Using
sTIM1dMLDR801, we showed that ZIKV can utilize envelope PtdSer and/or PtdEtr when
infecting not only human cells but also insect cells. sSTIM1dMLDR801 inhibited ZIKV
replication in mice, suggesting that envelope PtdSer and/or PtdEtr support enveloped virus
replication in vivo.

Using comprehensive immunostaining of all known PtdSer receptors, we will be able to
predict whether the virus can utilize PtdSer- and/or PtdEtr- mediated viral entry mechanisms
on target cells of interest. However, PtdSer and PtdEtr receptors of many species other than
those of humans and mice have yet to be fully identified. Our results demonstrated that
ZIKV can infect mosquito cells, using envelope PtdSer and/or PtdEtr. sTIM1dMLDR801
will be applicable to further study the roles of envelope PtdSer and PtdEtr in infection of
various types of enveloped viruses on the cells of various species, especially those with roles
in zoonosis.

The results of blocking infection by sTIM1dMLDR801 will be informative for identification
of receptors of enveloped viruses. Viral receptors have been identified by seeking host
molecules binding to viral envelope proteins. However, if STIM1dMLDR801 completely
blocks infection of particular target cells with the virus of interest, investigation of PtdSer-
and PtdEtr- binding molecules instead of envelope protein-binding molecules will be more
appropriate for identification of viral receptors.

We found that the mutants of MFG-E8 and TIM-1 could inhibit TIM-1-mediated virus
infection, while ANX V, an anti-PtdSer monoclonal antibody, as well as the PtdSer-binding
host protein, B2GP1, with or without its cross-linking antibody, Bavituximab, could not
efficiently block TIM-1-mediated infection. The underlying causes for such observed
differences in inhibitory capacities have yet to be determined. ANX V was previously
reported to bind to PtdSer with high affinities (Kd: 5x10719); therefore, it is unlikely that the
affinity of ANX V accounts for its inability to inhibit viral infection(Andree et al., 1990).
One possible explanation is that the affinity of sTIM1 and D89E for PtdEtr is important

for inhibiting the binding of PtdSer-binding viral receptors to envelope PtdSer. However,

in our previous studies, viral infection mediated by TIM-4, which bind PtdSer but not
PtdEtr, cannot be efficiently blocked by ANX V(Morizono and Chen, 2014). Therefore, we
are not certain that the lack of affinity for PtdEtr can generally explain why some of the
PtdSer-binding molecules cannot block PtdSer-dependent viral infection. A second possible
explanation is that ANX V, anti-PtdSer antibody, and/or p2Gp1 bind PtdSer at sites different
than those used by TIM-1, TIM-4, MFG-E8, and Gas6. However, all these PtdSer-binding
molecules should bind the head of PtdSer, which is less than 1 nm in length(Pan et al.,
2014). 1t is unlikely that these proteins can bind different sites of such a small portion of
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the phospholipid. A third possible explanation is that ANX V, anti-PtdSer-antibody, and/or
B2GP1 cannot completely conceal all PtdSer exposed on the viral envelope, due to the
steric hindrance between themselves. Thus, TIM-1, TIM-4, Gas6, and MFG-E8 can reach
and bind envelope PtdSer even if ANX V, anti-PtdSer antibody, and p2GP1 maximally

bind envelope PtdSer. On the other hand, sTIM-1 and D89E might conceal envelope PtdSer
in a manner that inhibits the access of TIM-1, TIM-4, Gas6, and MFG-E8 to envelope
PtdSer. Investigation of these possibilities will require analytical methods that can analyze
the interactions between PtdSer-binding molecules and PtdSer exposed on the virus but not
on cells or coated ELISA plates, since curvature of the membrane and the polarity of PtdSer
was shown to play important roles for binding to PtdSer-binding molecules (Shi et al., 2004)
(Otzen et al., 2012) (Ilwamoto et al., 2007).

Fusion with the 1gG Fc-domain has been used to increase the avidity and half-lives of

many molecules /in vivo (Duivelshof et al., 2021). While dimerization by fusion with the
Fc-domain reduced the IC50 of sSTIM-1 from 13 pg/ml to 4 pg/ml, fusion of D89E with the
Fc-domain increased its 1C50 regardless of whether Fc was fused to its C- or N-terminus.
Dimerization and/or fusion with the Fc-domain is likely to cause steric hindrance for binding
of the PtdSer-binding domain (discoid domains) of D89E to PtdSer.

When TIM-1 was identified as the receptor that mediates phagocytosis of dead cells, it was
reported not to bind PtdEtr (Miyanishi et al., 2007). However, recent virological research
showed that TIM-1 binds PtdEtr on the viral envelope (Richard et al., 2015). Our results
confirmed the binding of TIM-1 to envelope PtdEtr by showing that sSTIM1dMLDR801 can
inhibit PtdEtr-dependent infection mediated by CD300A. It is possible that PtdEtr exposed
on the viral envelope behaves differently than PtdEtr coated on plates and/or exposed on
dead cells.

Inhibition of multiple cycles of ZIKV replication by sSTIM1dMLDR801 showed very
different kinetics compared to inhibition by ZKA64. We adjusted the concentrations of

both reagents to inhibit 75% of single-cycle replication. While ZKA64 inhibited virus
replication for 6 days, sTIM1dMLDR801 inhibited viral replications only for 3 days. At
four days post infection, the cells treated sTIM1dMLDR801 produced greater amount of
ZIKV than maximum amounts produced from the untreated cells at 3 days post infection.
The difference between the effects of STIM1dMLDR801 on single-cycle infection and
multiple-cycles replication of ZIKV is likely due to the effects of STIM1dMLDR801 on
virus budding. It has been reported that the interaction between TIM-1 and envelope PtdSer
traps HIV-1 and lentiviral vectors on cell surface, thereby inhibiting budding of the virus (Li
etal., 2014; Li et al., 2019). Thus, it is possible that ZIKV is trapped on the surface of Vero
cells by TIM-1. sTIM1dMLDR801 could potentially release trapped ZIKV by inhibiting the
interaction between TIM-1 and envelope PtdSer, thereby resulting in an increased amount
of virus released. Because of the potential effects of sSTIM1dMLDR801 on virus budding,

it will be important to carefully design the experimental settings to focus its effects on the
specific viral replication step of interest (Li et al., 2014; Li et al., 2019).

We observed that sSTIM1dMLDR801 decreased viral load in serum and spleen. Since
sTIM1dMLDR801 cannot inhibit PtdSer-independent virus entry, it is possible that
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sTIM1dMLDR801 reduces viral load but cannot completely suppress virus replication in
the mouse model experiments. sTIM1dMLDR801 did not decrease the viral MRNA copy
numbers in the brain at a statistically significant level, which is likely due to its inability to
cross the blood-brain barrier. However, sSTIM1dMLDR801 was shown to decrease serum
viral loads and the copy numbers of mMRNA in the spleen, suggesting that envelope

PtdSer and PtdEtr can support ZIKV infection /n vivo. Our in vitro data showed that
sTIM1dMLDR80L1 can also inhibit PtdSer-dependent DENV and EBOV GP pseudotype
infection. sTIM1dMLDR801 might be able to slow their replication in vivo.

Bavituximab was previously used as a PtdSer-targeting antiviral reagent (Luster et al., 2006;
Ran et al., 2003; Soares et al., 2008). Bavituximab has been shown to inhibit the replication
of various enveloped viruses, including Pichinde virus and cytomegalovirus /n vivo (Soares
et al., 2008). Animals that received Bavituximab showed significant improvement in survival
rates and decrease in viral load. However, our data showed that Bavituximab does not inhibit
PtdSer-dependent infection of TIM-1-expressing cells, thus it is unclear how Bavituximab
inhibits viral replication /n vivo. 1t is possible that the binding of 2GP1 and Bavituximab to
viruses enables Fc-receptor-positive cells to capture viruses and activate antiviral immunity
against the virus. Since we wanted to focus on the roles of PtdSer and PtdEtr in /n vivo
replication of enveloped viruses, we eliminated the affinity for Fc-receptors to improve
interpretation of the data. It will be of future interest to determine whether reverting the
Fc-domain of sTIM1dMLDR801 back to wild-type changes its effects on viral replication in
vivo through effector functions of Fc-receptor-expressing cells.

Materials and Methods

Plasmids

The expression vector of 4E Gas6 was generated as previously described (Chua et al., 2018),
and the vector of D89E was obtained from Dr. Shigekazu Nagata (Hanayama et al., 2002).
The expression vector of sTIM1 was generated by replacing the VSV-g of pPCMV VSV-g
(Burns et al., 1993) with the extra cellular domain of human TIM-1 (a.a. 1-297) fused

with a 3-teminus Histidine tag. The expression vectors of sTIM1Fc and sTIM1dMLDFc
were generated by replacing the VSV-g of pCMV VSV-g (Burns et al., 1993) with the
human IgG1 Fc region fused with sTIM1 with or without MLD (a.a 145-297), respectively.
sTIM1dMLDR801 was generated by introducing three mutations into the Fc-domain as
previously reported (Lee et al., 2017), and NCdMLDR801 was generated by deleting the
IgV domain of TIM-1 from sTIM1dMLDR801. D89E Fc and Fc D89E were generated

by replacing the VSV-g cDNA of pCMV VSV-g with D89E fused with the human IgG1
Fc-region at its C- and N- terminus, respectively. Human B2GP1 expression was generated
by replacing the VSV-g cDNA of pCMV VSV-g with synthesized human f2GP1 cDNA
(GENWIZ, La Jolla, CA) fused with a 3-terminus Flag tag sequence. ZIKV packaging
plasmid ZIKV H/PF CprME and EGFP-expressing WNV-based replicon plasmid WNVII-
Rep-G/Z were kindly provided by Dr. Benjamin Hurley’s lab (Dowd et al., 2016; Pierson et
al., 2006). The EGFP-expressing ZIKV-based replicon, C1P9, was generated by Dr. Vaithi
Arumugaswami’s lab (manuscript in preparation).
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Viruses, replicons, and viral vectors

Proteins

The PRVABC59 (GenBank accession number KU501215) ZIKV strain of Asian genotype
was used as the replication-competent ZIKV (Lanciotti et al., 2016). Working viral stock for
the specified experiments was generated by subjecting the original ZIKV strain (passage=3)
to two additional passages in A549 or C6/36 cells. DENV Type 1, UIS 998, NR-49713 was
acquired from BEI Resources, NIAID, NIH, as part of the WRCEVA program. DENV stock
for the specified experiments was generated by subjecting the original dengue virus strain
(passage=3) to one additional passage in Vero cells.

The ZIKV replicon was generated as previously described (Dowd et al., 2016; Pierson et al.,
2006). Briefly, 293T cells were transfected with the packaging plasmid, ZIKV H/PF CprME,
together with either WNVI1I-Rep-G/Z or C1P9, using TransIT LT1 (Mirus Bio, Madison,
WI) according to the manufacturer’s protocol. Twenty-four hours post-transfection, medium
was changed to AIM-V, and cells were cultured at 30°C. Supernatant was collected, filtered,
and frozen daily from 5 to 9 days post-transfection daily. For infection of most cell types
used, we used replicon derived from WNVI1I-Rep-G/Z as ZIKV replicon. For infection of
HMVEC, the replicon derived from WNVII-Rep-G/Z does not express the EGFP transgene
in HMVEC so we instead used the replicon derived from C1P9.

EBOV GP pseudotype was produced in 293T cells using a previously described transfection
method (Situ et al., 2018). The EGFP-expressing lentiviral vector was produced by
transfecting 293T cells with an expression vector of EBOV GP protein without the mucin-
like domain (Addgene, Watertown, MA) (Diehl et al., 2016), the packaging plasmid PAX2,
and a lentiviral vector containing EGFP (FUGW) as its transgene (Lois et al., 2002), as
previously described.

The EBOV GP pseudotype labeled by EGFP was generated by transfecting 293T cells
with the EBOV GP expression vector, PAX2, and p-gagEGFP (NIH AIDS Research &
Reference Reagent Program, Germantown, MD) (Hermida-Matsumoto and Resh, 2000).
The supernatant was harvested, filtered, and concentrated by ultracentrifugation 72 hours
post-transfection, as previously described.

Recombinant human Gas6 and 4E Gas6 were produced as previously described (Chua

et al., 2018; Morizono and Chen, 2014). B2GP1, sTIM1, sTIM1 Fc, sTIM1dMLDR801,
NCdMLDR801, D89E Fc, and Fc D89E were produced by transfecting 293F cells with their
expression vector plasmids, using TransIT LT1 according to the manufacturer’s protocol.
One day post-transfection, cells were cultured with Pro293s CDM medium supplemented
with glutamine, penicillin, and streptomycin, and were rotated in roller bottles at 8 RPM.
The supernatants were collected and filtered 5 days post-transfection. The supernatant of
sTIM1 was first concentrated by ammonium sulfate purification, followed by purification by
TALON column (Takarabio, Mountain View, CA) according to the manufacturer’s protocol.
The supernatant of B2GP1 was incubated with anti-Flag tag antibody-conjugated beads
(Sigma-Aldrich, St. Louis, MO) for 1 hour at room temperature. The supernatants of

STIM1 Fc, sTIM1dMLDR801, NCdMLDR801, D89E Fc, and Fc D89E were incubated
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with MabCapture A (Thermo Fisher Scientific, Canoga Park, CA) beads for 1 hour at

room temperature. The beads were pelleted by centrifugation, then washed in columns, and
recombinant proteins were eluted according to the manufacturer’s protocols. The buffers of
all purified proteins were changed to Hanks buffered solution (Thermo Fisher Scientific),
using Zeba spin columns (Thermo Fisher Scientific).

Annexin V was purchased from eBioscience (San Diego, CA). ZKA64 anti-ZIKV E
protein antibody was purchased from Absolute Antibody (Boston, MA). Bavituximab was
purchased from Creative Biolab (Shirley, NY), and Anti-PtdSer monoclonal antibody was
purchased from Millipore (Burlington, MA).

Human microvascular endothelial cells, normal human dermal fibroblasts (PromocCell,
Heidelberg, Germany), and CCD1064sk (ATCC, Manassas, VA) cells were cultured in the
EGM-2 bullet kit (Lonza, Walkersville, MD). Human peripheral blood mononuclear cells
(PBMC) were obtained from the UCLA Virology Core Laboratory. Monocytes were isolated
from PBMC using the Pan Monocyte Isolation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s protocol. Dendritic cells were prepared by
culturing monocyte populations with 800 IU/ml of GM-CSF (Bayer Healthcare, Seattle,
WA) and 63 ng/ml IL-4 (R&D Systems, Minneapolis, MN) for 7 days at 37°C, as
previously described. DC were recovered on day 7, and the surface markers of isolated

cells were confirmed by flow cytometry after staining the cells with antibodies against
various dendritic cell markers, including HLA DR, CD86, CD14, CD11c, and the DC-
SIGN antibody conjugated with APC (Morizono et al., 2010). K562 and 293T cells were
cultured in IMDM (Thermo Fisher Scientific) containing 10% FCS (Sigma-Aldrich) and
1% penicillin/streptomycin (Thermo Fisher Scientific). 293T cells stably expressing TIM-1,
TIM-4, CD300a, or DC-SIGN were designated as TIM-1 293T, TIM-4 293T, CD300a
293T, and DC-SIGN 293T, respectively. TIM-1, TIM-4, CD300a, and DC-SIGN were
expressed by transducing 293T cells with lentiviral vectors expressing the corresponding
cDNAs at multiplicity of infection (MOI) of 0.1 (Morizono and Chen, 2014). The lentiviral
vectors expressing TIM-4, CD300A, and DC-SIGN co-expressed a puromycin-resistant
gene, and the lentiviral vectors expressing TIM-1 co-expressed a Blasticidine-resistance
gene. The transduced cells were cultured for 1-2 weeks in IMDM containing 10% FCS,
1% penicillin/streptomycin, and Blasticidin (Invivogen, San Diego, CA) or Puromycin
(Invivogen) according to the type of drug-resistant genes present and the manufacturer’s
protocol. Since the expression of TIM-1 decreases during long-term passages, even after
sorting and culturing under Blasticidine, we cloned cells that stably expressed TIM-1 at high
levels by limiting dilution. FRPE cells were kindly provided by Dr. Guoping Fan at UCLA,
with required informed consent described in a previous publication (Liao et al., 2010; Liu
et al., 2014). FRPEs were originally isolated from fetal retina (~20-week-old) in Guoping
Fan’s laboratory, using a previously published protocol. U87 (ATCC) and Vero cells (ATCC)
were grown in DMEM high-glucose medium supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin.
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Infection of cells with virus, replicon, and vector

Target cells were seeded into 24-well plates one day before transduction for all infection
experiments. The volumes of reagents and viruses used for all transduction experiments of
this study were 250 pl/well. Replication-competent ZIKV and ZIKV replicons were titrated
on target cells, and the virus amount (MOI) used for infection was adjusted for each cell
type to infect less than 30% of total cells to precisely investigate the effects of various
inhibitors on virus infection in the linear range of MOI and percentage of infection. IMDM
supplemented with 0.3% BSA was used for dilution of virus stocks. The virus, replicons,
or lentiviral vector was incubated in the presence or absence of various concentrations of
ZKAB4, PtdSer-targeting reagents, or a control protein for 30 min at room temperature,
followed by infection of the cells at 37°C for 2 hours. After infection, infected/transduced
cells were cultured in fresh medium. The percentages of cells infected with the ZIKV
replicon or EBOV GP-pseudotyped lentiviral vector were analyzed by measuring EGFP
expression, using flow cytometry 24 or 72 hours post-infection, respectively. The cells
infected with replication-competent ZIKV or DENV were harvested 24 hours post-infection.
The cells were then fixed by 4% paraformaldehyde, followed by staining with Alexa 647-
conjugated Flavivirus group antigen Antibody (Novus Biologicals, Littleton, CO) in cell
permeabilization buffer (Thermo Fisher Scientific). The percentages of cells were analyzed
by measuring Alexa 647-positive cells using flow cytometry.

Antibody-dependent enhancement of ZIKV infection

ZIKV replicon was incubated with various concentrations of ZKA64, sTIM1dMLDFc, or
sTIM1dMLDR801 for 30 min at room temperature prior to infection. K562 cells were
infected with the ZIKV replicon in the presence or absence of the reagents for 2 hours

at 37°C. The cells were cultured in 24-well plates with IMDM containing 10% FCS and
1% penicillin/streptomycin. Twenty-four hours post-infection, infections were analyzed by
measuring EGFP expression, using flow cytometry.

Virus binding assay—EGFP-labeled EBOV GP pseudotype (200 ng p24/ml) was
incubated with or without ZKA64 or sTIM1dMLDR801 (30 pg/ml) for 30 min at RT.
293T cells and TIM-1 293T cells (4x10°) were then incubated for 2 hours with 200 pl of
the preincubated EGFP-labeled EBOV GP pseudotype, followed by fixation with the 4%
paraformaldehyde. Viral binding was analyzed by flow cytometry.

Analysis of multiple cycles of ZIKV replication

Replication-competent ZIKV produced by A549 cells was used for infection. The virus
heat-inactivated for 2 hours at 65°C was used as a negative control. Vero cells were
seeded into 24-well plates one day prior to infection. Replication-competent ZIKV were
incubated with 700 ng/ml of ZKA64 or sTIM1dMLDR801 for 30 min at 37°C. Vero
cells were infected with the virus pre-incubated with or without ZKA64, sTIM1dMLD
R801, or heat-inactivated virus for 2 hours at 37°C. The cells were then washed 3 times
with culture medium and cultured in fresh culture medium containing the same reagents
(700 ng/ml) used for incubation with the virus. The supernatants of the infected cells
were harvested daily and replaced with fresh medium. The harvested supernatant was
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filtered, and viral RNA was isolated by the QlAamp viral RNA kit (Qiagen, Valencia,

CA) according to the manufacturer’s protocol. The viral RNA was reverse-transcribed to
DNA using SuperScript 1V Reverse Transcriptase (Thermo Fisher Scientific) according to
the manufacturer’s protocol. The viral DNA was quantitated by ddPCR, using QuantStudio
3D Digital PCR 20K Chip Kit v2 and Master Mix (Thermo Fisher Scientific) according to
the manufacturers’ protocols. The primers and probe for reverse transcription and ddPCR
were previously published (Enlow et al., 2020). ZIKV RNA levels are expressed as ZIKV
genome copies per microliter of serum.

Animal experiments

Ifnar1™"= (IFN-apR-KO) mice (B6.129S2- /fnar1™1Ag9)Mmjax) were congenic C57BL/6
genetic background and purchased from the Jackson Laboratory (derived by Mutant Mouse
Resource and Research Centers (MMRRC) supported by NIH) for infection studies (Garcia
et al., 2020). One day prior to infection of 4—6-week old /f7ar~"~ male or female mice,
they received intraperitoneal injection of sTIM1dMLDR801 (60 ug/g) (n=6 mice) or the
same volume of HBS. The mice were then inoculated with PRVABC59 ZIKV (1 x10° pfu
per mouse in 40 pl volume) by the subcutaneous route in the hind limb region while under
isoflurane anesthesia. One day post-infection the mice received intraperitoneal injection of
the same reagents (sTIM1dMLDR801) at the same dose. Tissues and sera were collected
at 7 days post-infection. The study was approved by the Institutional Animal Care and Use
Committee (IACUC) at UCLA.

Viral RNA was isolated from sera and quantitated as described previously. To isolate RNA
from the spleen and brain, the tissues were placed in RNA /ater (Thermo Fisher Scientific)
immediately after harvest and stored at —80°C. Tissues were homogenized and RNA was
extracted using the gentleMACS Octo Dissociator (Miltenyi Biotec ) and PureLink RNA
Mini kit (Thermo Fisher Scientific). Tissue RNA was quantified using a NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific). cDNAs of ZIKV and GAPDH were prepared
from 1 pg of RNA, using ZIKV or mouse GAPDH-specific primers (Warren et al., 2006)
and the SuperScript IV Reverse Transcriptase Kit. The viral and GAPDH cDNA was
quantitated by ddPCR as previously described. The probes for ZIKV and GAPDH were
labeled by FAM and VIC, respectively, which enables quantitation of both genes from the
same cDNA sample. The sequences of the primers and probe for reverse transcription and
ddPCR were previously published. ZIKV RNA levels were expressed as ZIKV genome
copies per microliter of serum or per one copy of GAPDH in the spleen or brain.

Statistical analysis

For in vitro experiments, p-values were calculated by a two-sample two-sided unpaired
student t-test. For animal experiments, p-values were calculated using a two sided Wilcoxon
Rank Sum exact Test. Tests were done using R studio Version 1.2.5033.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Proposed mechanisms of PtdSer- and/or PtdEtr-mediated viral infection and their
inhibitors.

A) Gas6 and protein S bridge envelope PtdSer and AxI/TYRO3. MFG-ES8 bridges envelope
PtdSer and integrins a /B3 and 5. TIM-1 and TIM-4 directly bind envelope PtdSer.
CD300A directly binds to envelope PtdEtr. Some studies showed that TIM-1 and Gas6 can
also bind envelope PtdEtr (Zhang et al., 2020) (Richard et al., 2015). Gas6/AxI and TIM-1
(red) mediate virus infection most efficiently. TIM-4 and CD300A (blue) mediate virus
infection at moderate efficiencies. Protein S/AxI and TYRO3, Gas6/TYRO3, and MFG-E8/
Integrins (black) mediate virus infection at the least efficiencies among the molecules shown
(Chua et al., 2019). B) Inhibitory molecules of PtdSer-dependent infection. ANX V and
anti-PtdSer Ab directly bind PtdSer. Serum protein p2GP1 binds PtdSer, and its binding is
enhanced by crosslinking with the anti-p2GP1 antibody, Bavituximab. D89E was developed
by mutating the integrin-binding domain of MFG-E8 and binds PtdSer by its PtdSer-binding
discoidin domain (Hanayama et al., 2002). 4E Gas6 was developed by mutating TAM
receptor-binding regions of Gas6 and binds PtdSer at its Gla domain (Chua et al., 2018).
sTIM1 was developed by deleting the transmembrane and intracellular domains of TIM-1
and binds PtdSer by its IgV domain (Moller-Tank et al., 2014). 4EGas6 binds PtdSer at its
Gla domain, D89E binds PtdSer by its discoidin domain, and sTIM1 binds PtdSer at its

IgV domain. C) Blocking of TIM-1-mediated ZIKV infection by PtdSer-binding molecules.
ZIKV replicon was incubated with 30 or 10 pug/ml of PtdSer-binding molecules or control
medium for 1 hour at room temperature. 293T or TIM-1 293T cells were infected with

the incubated virus for 2 hours, and infections were analyzed by flow cytometry 24 hours
post-infection. The results shown are averages and standard deviations of the triplicate
experiment. Significance was calculated by comparing TIM-1 293T cell infection without
blocking reagents to those with blocking reagents, using a two-sample two-sided unpaired
student t-test (*, p<0.05; **, p<0.01).
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Fig 2. Inhibition of TIM-1-mediated infection by dimers of D89E and sTIM-1.
A) sTIM1 Fc was generated by fusion of sTIM1 with the human IgG1 Fc domain. sTIM1

dMDL Fc has deletions in the mucin-like domain of sTIM1 Fc. sTIM1 dMLD R801
contains four point mutations in its Fc domain to eliminate binding to Fc-receptors, except
FcRn (Lee etal., 2017). NC dMLD R801 has deletions in the sTIM1 IgV domain of
sTIM1dMLDR801. D89E Fc is D89E fused with the Fc domain at its C-terminus, and

Fc D89E is D89E fused with the Fc-domain at its N-terminus. B-D) ZIKV replicon was
incubated with various concentrations of D89E (B), D89E Fc (B), Fc linker D89E (B),
sTIM1 (C), sTIM1 Fc (C), sTIM1dMLDFc (C), sTIM1dMLDR801 (C), or ZKA64 (D) for 1
hour at room temperature. 293T or TIM-1 293T cells were infected with the incubated virus
for 2 hours, and the infections were analyzed by flow cytometry 24 hours post-infection. The
MOI used for the experiments shown in Fig 2B, C, and D is 0.14. The results shown are
averages and standard deviations of the triplicate experiment.
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Fig 3. Fc-dependent enhancement of ZIKV infection.

ZIKV replicon was incubated with various concentrations of ZKA64, sTIM1dMLDFc,
or sTIM1dMLDR801 for 1 hour at room temperature. K562 cells were infected with

the incubated virus for 2 hours, and the infections were analyzed by flow cytometry 24
hours post-infection. This experiment was repeated three times in singlicate and twice in
triplicate, and the results shown are averages and standard deviations of one representative
triplicate experiment. Significance was calculated by comparing K562 cell infection without
reagents to those with reagents, using a two-sample two-sided unpaired student t-test (1**:

enhancement p<0.01; {**: inhibition p<0.01).
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Fig 4. Inhibition of various mechanismsof ZIKV infection by sTIM1dM L DR801.
The results shown are averages and standard deviations of the triplicate experiment. A)

HMVEC were infected with ZIKV replicon with or without Gas6 (1 pg/ml) and NC dMLD
R801 (30 pg/ml). B) ZIKV replicon was incubated with various concentrations of ZKA64
or sTIM1dMLD R801, and HMVEC were infected with the incubated virus in the presence
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of Gas6 (1 pg/ml). C) ZIKV replicon was incubated with 1 or 10 pg/ml of ZKA64 or
sTIM1dMLDR801, or control medium. 293T, TIM-4 293T, DC-SIGN 293T, or CD300A
293T cells were infected with the incubated virus for 2 hours, and infections were analyzed
by flow cytometry 24 hours post-infection. The MOI used for the experiments shown in Fig
4B and C are 0.02 and 0.03, respectively. Significance was calculated by comparing TIM-4,
CD300A, or DC-SIGN 293T cell infection without blocking reagents to those with blocking
reagents, using a two-sample two-sided unpaired student t-test (**, p<0.01).
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Fig 5. Inhibition of infection by sTIM1dMLDR801 with varioustypes of enveloped viruses.
Replication-competent ZIKV produced by mammalian cells (A) or mosquito cells (A),

DENV (B), and EBOV GP pseudotyped lentiviral vector [EBOV GP (FUGW)] (B) were
incubated with 1 or 10 ug/ml of ZKA64 or sTIM1dMLDR801, or control medium for 1 hour
at room temperature. 293T and TIM-1 293T cells were infected with the incubated virus for
2 hours, and the infections were analyzed by flow cytometry 24 hours (ZIKV and DENV) or
72 hours [EBOV GP (FUGW)] post-infection. The results shown are averages and standard
deviations of the triplicate experiment. Significance was calculated by comparing TIM-1
293T cell infection without blocking reagents to those with blocking reagents, using a
two-sample two-sided unpaired student t-test (*, p<0.05; **, p<0.01). (C) Quantitation of
the EGFP-labeled EBOV GP pseudotype binding to 293T cells and TIM-1 293T cells. The
values of the Y-axis correspond to the MFI of EGFP signals, which increase by binding of
EGFP-labeled virus. This experiment was repeated once in singlicate and twice in triplicate,
and the results shown are averages and standard deviations of one representative triplicate
experiment. Significance was calculated by comparing binding of the EBOV GP pseudotype
to TIM-1 293T cells with or without blocking reagents, using a two-sample two-sided
unpaired student t-test (**, p<0.01).
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Fig. 6. Inhibition of ZIKV infection of various cellstypes.
ZIKV replicon was incubated with 1 or 10 pg/ml of ZKA64, sTIM1dMLDR801, or

NCFcR801, or control medium for 1 hour at room temperature. U87 (A), NHDF (B),
CCD1064sk (C), FRPE (D), dendritic cells (E), and C6/36 cells were infected with the
incubated virus for 2 hours, and the infections were analyzed by flow cytometry 24 hours
post-infection. The results shown are averages and standard deviations of the triplicate
experiment. Significance was first calculated by comparing infections of each cell type
without Gasé6 to those with Gas6, using a two-sample two-sided unpaired student t-test.
Significance was next calculated by comparing infection of each cell types without blocking
reagents in the absence of Gasé to those with blocking reagents in the absence of Gas6,
using a two-sample two-sided unpaired student t-test. Significance was then calculated by
comparing infection of each cell types without blocking reagents in the presence of Gas6
to those with blocking reagents in the presence of Gas6, using a two-sample two-sided
unpaired student t-test (*, p<0.05; **, p<0.01).
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Fig. 7. Inhibition of multiple-cyclereplication by sTIM 1dM L DR801.
The results shown are averages and standard deviations of the triplicate experiment.

A) Inhibition of single-cycle infection of Vero cells with ZIKV replicon by various
concentrations of sSTIM1dMLDR801 or ZKA64. B) Production of replication-competent
ZIKV production at 1 and 2 days post-infection. Replication-competent ZIKV was
incubated with 700 ng/ml of ZKA64 or sTIM1dMLDR801 for 30 min at 37°C. Vero cells
were infected with the virus (MOI 0.01) preincubated with or without ZKA64, sTIM1dMLD
R801, or heat-inactivated virus for 2 hours at 37°C. The cells were then washed 3 times

with culture medium and cultured in fresh culture medium containing the same reagents
(700 ng/ml) used for incubation with the virus. ZKA64 and sTIM1dMLDR801 were present
days 0-6 post-infection at 700 ng/ml. Significance was calculated by comparing Vero cell
infection without blocking reagents to those with blocking reagents, using a two-sample
two-sided unpaired student t-test (**, p<0.01). C) Production of replication-competent ZIKV
production from day 1 to day 6 post-infection.
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Fig 8. Effects of STIM1dMLDR801 on ZIKV replication in vivo.
A) Schematic representation of the experimental design. /frarZ~~ mice received

intraperitoneal injections of control buffer or sSTIM1dMLDR801 before and after
subcutaneous injection of replication-competent ZIKV. Seven days post-injection, the mice
were euthanized and viral RNA was quantitated in serum, brain, and spleen. B) Viral RNA
in serum, brain, and spleen. The serum viral RNA are shown as ZIKV copy numbers/uL of
serum. Brain and spleen viral RNA amount is shown as ZIKV RNA copy numbers/GAPDH
RNA copy number. P values were calculated using a two-sided Wilcoxon Rank Sum Exact
Test (*, p<0.05; **, p<0.01).
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