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Abstract

Efferocytosis, the phagocytic clearance of apoptotic cells, can provide host protection against
certain types of viruses by mediating phagocytic clearance of infected cells undergoing apoptosis.
It is known that HIV-1 induces apoptosis and HIV-1-infected cells are efferocytosed by
macrophages, although its molecular mechanisms are unknown. To elucidate the roles that
efferocytosis of HIV-1-infected cells play in clearance of infected cells, we sought to identify
molecules that mediate these processes. We found that protein S, present in human serum, and

its homologue, Gas6, can mediate phagocytosis of HIV-1-infected cells by bridging receptor
tyrosine kinase Mer, expressed on macrophages, to phosphatidylserine exposed on infected

cells. Efferocytosis of live infected cells was less efficient than dead infected cells; however, a
significant fraction of live infected cells were phagocytosed over 12 h. Our results suggest that
efferocytosis not only removes dead cells, but may also contribute to macrophage removal of live
virus producing cells.
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1. Introduction

Phagocytosis of dying or dead cells by phagocytes such as macrophages is known as
efferocytosis (Birge et al., 2016; Zent and Elliott, 2017). Removal of dead or dying

cells by efferocytosis is critical for maintaining homeostasis and preventing inflammation
and autoimmune reactions (Elliott and Ravichandran, 2016). Because infection by certain
viruses induces massive cell death, efferocytosis plays an important role in maintaining host
homeostasis during viral infection (Jorgensen et al., 2017; Nainu et al., 2017). Viral infection
induces changes of cell surface molecules related to cell death, and macrophages can
recognize these changes and engulf the affected cells. It has been reported that macrophages
perform efferocytosis of cells infected with the influenza (Fujimoto et al., 2000; Hashimoto
et al., 2007; Shiratsuchi et al., 2000; Watanabe et al., 2005, 2002, 2004; Mukherjee et al.,
2017), papilloma (Hermetet et al., 2016), and Drosophila C viruses (Nainu et al., 2015;
Nonaka et al., 2017), as well as Lymphocytic choriomeningitis virus (LCMV) (Alatery et al.,
2010), and Human Immunodeficiency Virus Type 1 (HIV-1) (Akbar et al., 1994).

Efferocytosis can also play a role in protecting the host from pathogens (Martin et al., 2014;
Nainu et al., 2015; Tufail et al., 2017). When cells are infected with certain types of viruses,
the cells undergo apoptosis to prevent pathogens from exploiting the host cell machinery.
Efferocytosis then mediates phagocytic clearance of the infected cells and prevents further
production of viruses.

The roles of efferocytosis in protection against pathogens have been well-studied for
influenza virus infection (Fujimoto et al., 2000; Hashimoto et al., 2007; Shiratsuchi et al.,
2000; Watanabe et al., 2005, 2002, 2004). When cells are infected with influenza virus,
they start exposing phosphatidylserine (PtdSer), which is mainly present in the inner layers
of the cell membrane but becomes exposed when cells undergo apoptosis. Macrophages
and neutrophils efferocytose infected cells by recognizing exposed PtdSer. By clearing the
infected cells, efferocytosis inhibits virus spread.

HIV-1 infection is known to induce exposure of PtdSer by inducing cell death (apoptosis or
pyroptosis) (Terai et al., 1991; Doitsh et al., 2014). Analysis of tissue sections from HIV-1-
infected patients has shown that macrophages engulf HIV-1-infected T-cells by efferocytosis
(Akbar et al., 1994). /n vitro studies showed that macrophages can recognize and engulf
HIV-1-infected cells by a mechanism that is independent of viral envelope proteins and
antiviral antibodies (Baxter et al., 2014). Although the molecular mechanisms by which
macrophages selectively capture and engulf apoptotic HIV-1-infected cells are not known, it
is likely that recognition of PtdSer plays a role.

Phagocytes recognize PtdSer on dead cells by various molecular mechanisms that can be
largely categorized as mediated by soluble molecules that bridge dead cells and phagocytes,
including protein S, Gas6, and MFG-E8 (Hafizi and Dahlback, 2006; Hanayama et al.,
2002), or mediated by the receptors that directly bind PtdSer, including TIM-1, -3, and

-4, CD300a, BAI-1, RAGE, and Stabilin 1 and 2 (DeKruyff et al., 2010; Friggeri et al.,
2011; He et al., 2011; Kobayashi et al., 2007; Miyanishi et al., 2007; Nakahashi-Oda et al.,
2012; Park et al., 2007, 2009; Simhadri et al., 2012). In this study, we found that protein
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S/Gas6 can mediate phagocytosis of HIV-1-infected cells by bridging PtdSer exposed

on the infected cells to one type of receptor tyrosine kinase, Mer, which is expressed

on macrophages. We investigated whether this efferocytosis mechanism can inhibit virus
production by engulfment of infected cells producing virus.

2.1. HIV-1 infection induces PtdSer exposure

Because HIV-1 infection is known to induce exposure of PtdSer on infected cells, we
hypothesized that macrophages capture infected cells by recognizing exposed PtdSer, similar
to how they recognize influenza virus-infected cells (Fujimoto et al., 2000; Hashimoto et al.,
2007; Shiratsuchi et al., 2000; Watanabe et al., 2005; Watanabe et al., 2002; Watanabe et al.,
2004).

We first investigated the time-course of Gag (HIV-1 p24) expression, Env expression, PtdSer
exposure, cell death, and virus production to determine whether exposed PtdSer can be

a marker for phagocytes to recognize HIV-1-infected cells (Fig. 1A). For target cells, we
used MT4CCR5, a CD4+ T-cell line ectopically expressing CCRS5. Since nearly 100%

of MT4ACCRS cells become infected within two days post-infection (Fig. 1A), this cell

line provides an ideal model for experiments to investigate the molecular mechanisms of
efferocytosis of HIV-1-infected cells.

MT4CCRS cells were infected with X4-tropic strain of HIV-1 (HIV-1y 4.3). Cells infected
with virus expressed Gag and Env at low levels one day post-infection and then at drastically
increased levels two days post-infection (Fig. 1A). PtdSer exposure, which was analyzed by
Annexin V (ANX V) staining, started two days post-infection and increased until four days
post-infection. The cells infected with heat-inactivated virus do not expose PtdSer (Fig. S1),
indicating that exposed PtdSer can be a marker for macrophages to recognize HIV-1-infected
cells. Cell death also started at two days post-infection (~20%) and drastically increased

at 3 days post-infection (~65%). When cell death and Env expression of infected cells

were analyzed together (Fig. 1B and Fig. S1), Env expression was lower in dead cells than
live cells (Fig. 1B). When cell death and PtdSer exposure were analyzed together, PtdSer
exposure was higher on dead cells than live cells (Fig. 1B).

Progeny virus production started between one and two days post-infection, peaked between
two and three days post-infection, and drastically decreased between three and four days
post-infection (Fig. 1C). Time course analyses of cell death and virus production suggested
that high viability is required for efficient production of infectious virus.

2.2. Expression of PtdSer receptors on macrophages

We next investigated whether macrophages express PtdSer receptors. We obtained
macrophages by differentiating peripheral blood monocytes. To avoid the effects of protein
S present in serum, we depleted bovine protein S from fetal calf serum used in this study by
barium chloride precipitation (Bhattacharyya et al., 2013).
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We recently investigated the PtdSer recognition mechanisms that can efficiently recognize
exposed PtdSer (Morizono and Chen, 2014; Morizono et al., 2011). Our results showed
that protein S/Gas6, which bridges PtdSer to TAM receptors (TYRO 3, Axl, and Mer) on
phagocytes, and TIM-1 and -4, which bind PtdSer directly, bind PtdSer most efficiently.
To investigate whether any of these molecular mechanisms can mediate phagocytosis of
HIV-1-infected cells by macrophages, we first analyzed expression of these receptors on
macrophages and found only Mer was expressed on macrophages (Fig. 1D). We also
analyzed expression of those five receptors on macrophages differentiated under various
culture conditions, including use of granulocyte-macrophage colony-stimulating factor
(GM-CSF), macrophage colony-stimulating factor (M-CSF), or no cytokines, or using
medium supplemented with normal human or fetal bovine serum or serum-free medium,
or in the presence and absence of Dexamethasone. Of the five receptors, only Mer was
expressed on macrophages under any conditions tested (data not shown).

2.3. Human serum induces phagocytosis of infected MT4CCRS5 cells

Because Mer can mediate efferocytosis through an interaction with protein S in serum,

we investigated whether human serum can induce phagocytosis of HIV-1-infected cells.

We used a pH-sensitive fluorescent dye, pHrodo Red, to analyze phagocytosis of cells, as
previously described (Aziz et al., 2013). We labeled MT4CCRS5 cells or the cells infected
with HIV-1p 4.3 (MT4CCR5/NL4-3) with pHrodo Red so that they emit fluorescent signals
upon exposure to the low-pH environment in the phagosomes of phagocytes. We used
MT4CCR5/NL4-3 cells at three days post-infection to investigate phagocytic mechanisms.
We co-cultured macrophages with pHrodo Red-labeled MT4CCR5 or MT4CCR5/NL4-3
cells in the absence or presence of human serum, using macrophages obtained from four
donors. The gating strategy to quantitate phagocytosis by flow cytometry analysis is shown
in Fig. 2A. In the absence of serum, percentages of pHrodo Red signal-positive macrophages
co-cultured with MT4CCR5/NL4-3 were higher than those co-cultured with MT4CCR5
(Fig. 2B), indicating that macrophages can preferentially engulf HIV-1-infected cells
independently of serum, albeit at low efficiency. Human serum enhanced phagocytosis of
MT4CCR5/NL4-3 more efficiently than for MT4ACCRS5 cells (Fig. 2B), demonstrating that
human serum preferentially induces phagocytosis of HIV-1-infected cells by macrophages.
We confirmed that four lots of human AB serum could induce phagocytosis of MT4CCR5/
NL4-3 cells by macrophages (data not shown). After confirmation, we used the same lot
throughout this study.

We next confirmed the flow cytometric analysis of phagocytosis, using quantitative analysis
of microscopic images by imaging flow cytometry. To analyze binding of macrophages

to prey cells, we tracked MT4ACCRS5 and MT4CCR5/NL4-3 cells by labeling them with
CellTrace Violet fluorescent dye, co-cultured the cells with macrophages in the presence

or absence of human serum, then stained cells with APC-conjugated antibody against
CD14 to identify macrophages. In the absence of serum, 1% and 3.6% of macrophages
bound MT4CCR5 and MT4CCR5/NL4-3 cells, respectively (Fig. 2C), demonstrating

that macrophages can recognize HIV-1-infected cells independently of serum, which is
consistent with the results using pHrod Red labeling and flow cytometry. Human serum
enhanced binding of macrophages to MT4CCR5/NL4-3 (from 3.6% to 40.7%), but only
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minimally to MT4CCR5 (from 1% to 1.1%) (Fig. 2C). To distinguish macrophage
internalization of prey cells from macrophage:prey cell binding, we employed imaging
flow cytometry analysis software, IDEAS 6.2, which can quantitate internalization of violet
signals into macrophage APC signals as internalization scores. Events with internalization
scores of less than 0 indicate that MT4CCR5/NL4-3 cells (violet color) bound the surfaces
of macrophages (red color) (Fig. 2C), and those with internalization scores greater than

0 indicate internalization of the MTACCR5/NL4-3 signal into macrophages (Fig. 2C).

We used an internalization score of 1.5 as a threshold to stringently identify engulfment

of cells, and calculated percentages of macrophages that had internalized MT4CCRS5 or
MT4CCR5/NL4-3 cells. Consistent with the results of flow cytometric analysis of pHrodo
Red-labeled cells, imaging flow cytometry demonstrated that human serum drastically
enhanced internalization of MTACCR5/NL4-3 into macrophages (from 1.33% to 18.8%),
but only minimally enhanced phagocytosis of uninfected cells (from 0.69% to 0.92%) (Fig.
2D).

We also confirmed internalization of MT4CCR5/NL4-3 into macrophages, using confocal
microscopy. Macrophages were labeled with CellTrace Far Red, and MT4CCR5/NL4-3 cells
were labeled with CSFE. Both cell types were co-cultured in the absence or presence of

3% human serum. After staining the nuclei with DAPI, co-cultured cells were visualized by
confocal microscopy. We counted macrophages that contained both cytoplasm and nuclei

of MTACCR5/NLA4-3 cells (Fig. S2A and B). Addition of human serum increased the
percentages of macrophages containing MT4CCRS5 cells from 4.2% to 14.5% (Fig. 2E).

The results of imaging flow cytometry and confocal microscopy visually confirmed the
results of conventional flow cytometry, which showed that human serum induces engulfment
of MTACCR5/NLA4-3 cells.

2.4. Human serum mediates phagocytosis of HIV-1-infected cells through a PtdSer- and
Mer-dependent mechanism

We next determined whether exposed PtdSer plays a role in serum-induced phagocytosis.
We investigated the role of exposed PtdSer by blocking PtdSer on MT4CCR5/NL4-3 cells
using MFG-E8 mutants. Wild-type MFG-E8 binds to PtdSer with its discoidin domain,

C2, and also binds integrins a VB3 and a V5 at its RGD motif in EGF domain 2 (E2)
(Hanayama et al., 2002) (Fig. 3A). Dr. Hanayama et al. generated a mutant MFG-E8
(D89E) that contains a mutation within its integrin-binding RGD motif (Asano et al., 2004;
Hanayama et al., 2002). D89E has been used as a dominant-negative mutant to block
PtdSer-dependent phagocytosis of dead cells (Asano et al., 2004; Miyanishi et al., 2007;
Toda et al., 2012; Yoshida et al., 2005) because it can bind PtdSer, whereas its binding

to integrins is impaired. We also generated other types of dominant-negative mutants of
MFG-ES8 by deleting the entire E2 domain of MFG-ES8, designated AE2 MFG-E8 (Fig. 3A),
which can no longer bind integrins on phagocytes but can still bind to PtdSer. We attempted
to block serum-induced phagocytosis by incubating MT4CCR5/NL4-3 cells with D89E or
AE2 MFG-ES8 prior to incubation with macrophages.

We incubated pHrodo red-labeled MT4ACCR5/NLA4-3 cells with AE2 MFG-E8, D89E,
or control soluble CD4 (sCD4), followed by co-culture with macrophages and human
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serum. AE2 MFG-E8 and D89E inhibited serum-induced engulfment, while sCD4 did
not significantly inhibit phagocytosis (Fig. 3B), demonstrating that phagocytosis of HIV-1-
infected cells is mediated by exposed PtdSer.

Because sCD4 did not inhibit phagocytosis of the infected cells, it is unlikely that Env

plays a significant role in phagocytosis of infected cells. To investigate whether Env is
necessary for human serum-induced phagocytosis, we used Env-deleted HIV-1 (Pang et

al., 2000) pseudotyped with VSV-G [NLABgl (VSV-G)] to infect MT4CCRS cells, which
resulted in Gag expression and PtdSer exposure without expression of Env (Fig. 3C).
Phagocytosis of pHrodo Red-labeled MT4CCR5/NLABgI (VSV-G) was enhanced by human
serum, indicating that Env is not required for human serum-induced phagocytosis (Fig. 3D).

We next investigated whether Mer is involved in this phagocytosis mechanism. We incubated
macrophages with either anti-Mer antibody or control anti-Ax| antibody before addition of
human serum. Anti-Mer inhibited serum induced phagocytosis of MT4CCR5/NL4-3 to the
level of phagocytosis activity occurring without serum (Fig. 3E), demonstrating that Mer
plays a role in human serum-induced phagocytosis of HIV-1-infected cells.

2.5. Protein S and Gas6 facilitate phagocytosis of MT4ACCR5/NL4-3 by macrophages

We next investigated whether protein S in human serum mediates phagocytosis of
MT4CCR5/NL4-3. We depleted protein S from serum using anti-protein S antibody-
conjugated microbeads (Serum B). We also treated serum with microbeads conjugated with
an isotype control antibody (Serum A). Anti-protein S antibody, but not the control, depleted
approximately 70% of protein S in serum (Fig. 4A). Depletion of protein S inhibited

human serum-mediated induction of efferocytosis of MT4CCR5/NL4-3 cells (Fig. 4B),
demonstrating that protein S mediates human serum-induced efferocytosis of infected cells.

We next investigated whether purified recombinant protein S and its homologue, Gas6, can
induce phagocytosis of infected cells. Addition of protein S and Gas6 enhanced engulfment
of MT4CCR5/NL4-3 cells by macrophages from 5.8% to 7.9% and 13.9%, respectively
(Fig. 4C). Gasb also enhanced phagocytosis of uninfected MT4CCRS cells from 1.7% to
2.4%, which was likely due to phagocytosis of small PtdSer-exposing populations present in
uninfected cells.

We compared the abilities of Gas6, protein S, and serum to induce phagocytosis at various
concentrations. The serum concentration of protein S was approximately 30 pg/ml (Hafizi
and Dahlback, 2006; Anderson et al., 2003). When comparing recombinant protein S and
serum at the concentration containing equivalent protein S (7.e., 1% human AB serum vs 0.3
ug/ml), recombinant protein S induced phagocytosis less efficiently than serum (Fig. 4D).
We compared other lots of human serum and consistently observed that recombinant protein
S induced phagocytosis less efficiently than serum (data not shown).

In the human body, Gas6 can be produced by various cell types, including kidney cells
(Nagai et al., 2003) which are mimicked in the HEK-293T kidney fibroblast cell line used
to produce recombinant Gas6, but protein S is mainly produced in the liver (Fernandez-
Fernandez et al., 2008; Hafizi and Dahlback, 2006). Since recombinant protein S may
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lack liver-specific post-translational modification necessary for its function, including -
carboxylation (McCann and Ames, 2009) and oxidization (Uehara and Shacter, 2008),
we used recombinant Gas6 and its mutants for further investigation of the molecular
mechanisms of Gas6/protein S-mediated phagocytosis of HIV-1- infected cells and its
effects on virus production and macrophage infection.

To confirm the roles of PtdSer and Mer in efferocytosis induction by Gas6, we used two
types of mutant Gas6 recombinant proteins that lack divalent binding activity. The Gla
domain of the Gas6/protein S domain undergoes post-translational modification of glutamic
acid residues in a vitamin K-dependent manner (-y-carboxylation), which is necessary for
binding to PtdSer (Morizono et al., 2011) (Fig. 5A). We produced recombinant Gasé in

the absence of vitamin K in the culture medium, designated as y(-) Gas6, which cannot
bind PtdSer due to the lack of -y-carboxylation. We also generated a Gas6 variant that

has four TAM receptor-binding amino acids mutated, designated as 4E Gas6. A previous
study by other research groups showed that these mutations abrogate binding of Gas6 to
TAM receptors (Sasaki et al., 2006). Neither of these two mutant proteins could induce
efferocytosis of HIV-1-infected cells (Fig. 5B), demonstrating that binding to both Mer and
PtdSer is required for Gas6-induced efferocytosis of infected cells.

Because efferocytosis of infected cells is PtdSer-dependent, it should occur regardless of
the tropism of HIV-1, as long as the virus induces PtdSer exposure on infected cells.

We next investigated whether recombinant protein S and Gas6 could induce phagocytosis
of MT4ACCRS infected with the R5- and macrophage-tropic HIV-1 strain, HIV-1ag4q
(MT4CCRS5/Ada). HIV-1,4, infection induced PtdSer exposure (Fig. 3C), and protein S
and Gas6 induced efferocytosis of MTACCR5/Ada although induction by protein S was less
efficient than human serum and Gas6 (Fig. 4C). These results confirmed that protein S and
Gas6 mediate phagocytosis of infected MT4CCRS regardless of HIV-1 tropism.

We considered protein S/Gas6-induced phagocytosis of HIV-1-infected cells as efferocytosis
because of the indispensable role of exposed PtdSer.

2.6. Efferocytosis of live populations of infected cells

We investigated whether Gas6 can mediate efferocytosis of live HIV-1-infected cells, which
can vigorously produce infectious virus. Fig. 1C shows that infectious virus is produced
abundantly at 2 days post-infection, and production ends at 3 days-post infection. Since the
cells at 2 days-post infection do not expose PtdSer at high levels, we investigated whether
cells at 2 days post-infection can be engulfed. Consistent with PtdSer exposure levels and
viability, both Gas6-dependent and -independent engulfment of MTACCR5/NL4-3 occurred
at two days post-infection, albeit at lower levels compared to three and four days post-
infection (Fig. 6A).

We next investigated whether Gas6é can inhibit virus production by inducing phagocytosis of
MT4CCR5/NL4-3 cells. We co-cultured MT4CCR5/NL4-3 cells at two days post-infection
with macrophages in the absence or presence of Gas6. The supernatants of the co-cultured
cells were harvested 15 h after initiation of co-culture, and the virus titers of the supernatants
were quantitated. Gasé did not significantly decrease the viral titers produced in the
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supernatant (Fig. 6B). Inhibitory effects of Gas6é on virus production were not observed
when increasing the numbers of macrophages co-cultured with MT4CCR5/NL4-3 (Fig. 6C).
Gas6 had no inhibitory effects on virus production from MT4CCR5/Ada cells co-cultured
with macrophages (Fig. 6B and C). These results indicated that the majority of engulfed
cells detected in the experiment shown in Fig. 6A is comprised of dead cells that cannot
produce infectious virus.

Since the experimental setting of Fig. 6B and C measures virus production from entire
cultures, it was difficult to detect statistically significant reductions in virus production
after engulfment of a relatively small population(s) of live infected cells. Thus, we
investigated whether live populations of MT4CCR5/NL4-3 cells can be efferocytosed by
directly visualizing viability of cells engulfed in macrophages. We labeled total populations
of MT4CCR5/NL4-3 cells with CellTrace Violet and the dead populations with Ghost

Red 780. We then co-cultured labeled cells with macrophages, followed by staining with
PE-conjugated anti-CD14 antibody (Fig. 6D). Imaging flow cytometry showed that ~17% of
MT4CCR5/NL4-3 cells internalized into macrophages were Ghost Red 780-negative (Fig.
6E). These results demonstrate that while Gas6 preferentially induces engulfment of dead
populations of MTACCR5/NL4-3, live populations of infected cells can also be engulfed,
albeit less efficiently than dead cells.

3. Discussion

Our study showed that protein S/Gas6 can mediate efferocytosis of HIV-1-infected cells
by bridging Mer, expressed on macrophages, and PtdSer, exposed on infected cells. We
also observed basal levels of phagocytosis of HIV-1-infected cells without addition of
protein S/Gas6, and this is not blocked by MFG-E8 mutants. Because MFG-E8 mutants
can universally block binding of PtdSer to PtdSer-recognizing molecules (Morizono and
Chen, 2014), including TIM-1, TIM-4, MFG-ES8, protein S, and Gas6, it is likely that basal
level phagocytosis is PtdSer-independent. In addition to PtdSer, several types of molecules,
including calreticulin (Ogden et al., 2001) and DD1a (Yoon et al., 2015), are known to be
expressed on apoptotic cells and to stimulate phagocytosis. These molecules might also be
involved in efferocytosis of HIV-1-infected cells in the absence of protein S and Gas6.

Our recombinant protein S does not induce efferocytosis as efficiently as human serum. One
possible explanation of the relatively low activity of recombinant protein S could be the
differences in posttranslational modification, as described in the Results section. Another
possibility is that efferocytosis by protein S requires a molecule(s) in serum that supports
binding between macrophages and apoptotic cells, since the affinity of protein S for TAM
receptors is not as high as that of Gas6 (Hafizi and Dahlback, 2006). Although the normal
human serum concentrations of Gas6 are approximately 1000-fold less than protein S (20—
30 ng/ml) (Uehara et al., 2009), protein S would need the synergistic effects of Gasé for
efficient efferocytosis. Recent studies showed that normal human serum contains poly-active
antibodies that bind apoptotic but not healthy cells and mediate phagocytosis of apoptotic
HIV-1-infected cells (Zhou et al., 2013). Protein S might need the support of such molecules
in serum to efficiently induce efferocytosis.
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Phagocytosis of simian immunodeficiency virus (SIV)-infected cells was observed in vivo in
experimental infection of monkeys (Calantone et al., 2014). Based on mathematical analysis,
this study suggested that SIVV DNA detected in the macrophage population is not the result
of de novo infection of macrophages, but instead from engulfment of SIV-infected T-cells.
Several research groups have reported phagocytosis of HIV-1-infected cells by macrophages
in vivo (Sips et al., 2016; Orenstein, 2000; Akbar et al., 1994). Some of this phagocytosis

is likely mediated by efferocytosis (Akbar et al., 1994). Because Mer has been shown to be
expressed on human monocytes and tissue macrophages, including alveolar macrophages,
macrophages in the liver and in mesenteric lymph nodes, and microglia (Bernsmeier et al.,
2015; Zhu et al., 2014; Hodge et al., 2017; Kazeros et al., 2008; Healy et al., 2016), it
would be of interest to investigate whether PtdSer/protein S/Mer mediates efferocytosis of
SIV and/or HIV-1-infected cells and contributes to the amounts of viral DNA and proteins
detected in macrophages /n vivo.

It is known that one HIV-1 accessory protein, Nef, inhibits efferocytosis (Torre et al., 2002).
Because both endogenously expressed Nef and exogenously added soluble Nef can inhibit
efferocytosis, it is possible that HIV-1 can systemically inhibit efferocytosis by both infected
and uninfected macrophages. HIV-1 infection is known to induce autoimmune diseases
(Huang et al., 2016). It is possible that accumulation of dead cells by HIV-1 replication and
Nef-mediated inhibition of efferocytosis play a role in development of autoimmunity against
self-antigens.

Our results indicate that macrophages can efferocytose live infected cells (approximately
17% in the total engulfed cells) over 12 h albeit the level of efferocytosis is less efficient
than dead cells. Since our experimental setting measures virus production from entire
cultures, it was difficult to detect statistically significant reductions in virus production in
supernatant after engulfment of a relatively small population (s) of live infected cells. It is
likely that efferocytosis inhibits virus production from live infected cells at the single cell
level. In addition, the cumulative effects of efferocytosis on removal of infected cells over
time could be more significant over long-term /n vivo settings.

Hermetet et al. reported that Macrophages engulf the late but not the early apoptotic
populations of papilloma virus-infected cells (Hermetet et al., 2016). In this study, the
levels of PtdSer exposure were almost the same in both the early and late apoptotic
populations, suggesting involvement of other types of molecules associated with cell death
in efferocytosis.

It is known that expression of an additional molecule(s) associated with cell death and/or
down-regulation of the “don’t eat-me signal” is necessary for efferocytosis (Oldenborg et
al., 2000; Majeti et al., 2009; Jaiswal et al., 2009), in addition to PtdSer exposure. Gas6/
protein S might need to synergize with additional signals for efficient phagocytosis of live
HIV-1-infected cells. Because broadly neutralizing antibodies against HIV-1 can provide
signals for phagocytosis viathe Fcreceptor (Musich et al., 2017), it would be of interest to
determine whether the broadly neutralizing antibodies can synergize with Gas6/protein S to
clear infected cells by phagocytosis/efferocytosis.
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In previous studies of influenza virus, efferocytosis could clear cells actively producing
virus, which inhibits virus replication. Efferocytosis of influenza virus is stimulated not
only by PtdSer exposed on infected cells, but also by desialylation by influenza virus
neuraminidase of cell surface proteins of infected cells and macrophages (Watanabe et al.,
2002, 2004). The additional stimulation signal by neuraminidase might enable macrophages
to engulf the live infected cells actively producing progeny viruses.

The release of many types of enveloped viruses need intact cell membranes of live cells

for budding; thus, efferocytosis of dead cells does not efficiently reduce virus production

of the envelope viruses. However, many types of non-enveloped viruses require cell death
(lysis) before their egress (Fields et al., 2013). Thus, efferocytosis of dead or late apoptotic
virus-infected cells will be able to inhibit production of such non-enveloped viruses. Indeed,
efferocytosis has been shown to inhibit replication of a non-enveloped virus, Drosophila C,
both in vitroand in vivo (Nainu et al., 2015; Nonaka et al., 2017).

Cells transduced with adenovirus vectors, which expose PtdSer due to the toxicity of

viral transduction, were recently shown to be removed by efferocytosis by the interactions
between PtdSer, protein S/Gas6, and TAM receptors, resulting in decreased transgene
expression of adenoviral vectors (Tufail et al., 2017). Because adenoviruses require cell
death for egress (Fields et al., 2013), it is of interest to determine whether protein S/Gas6-
mediated efferocytosis can inhibit release of replication-competent adenovirus from infected
cells.

The molecular mechanisms of efferocytosis were previously utilized for enhancement of
antibody-mediated removal of viral particles of HIV-1. One research group conjugated
anti-gp120 monoclonal antibodies with PtdSer and investigated whether macrophages can
eliminate HIV-1 by engulfing virus bound to the anti-gp120 antibody-PtdSer conjugate
(Gramatica et al., 2014). Their data showed that anti-gp120 antibody-PtdSer conjugate
mediates phagocytic removal of HIV-1 more efficiently than anti-gp120 antibody, suggesting
that efferocytosis can induce engulfment of viruses more efficiently than Fc receptor-
mediated phagocytosis. It would be of interest to see whether fusion proteins between
antibodies and the TAM-binding regions (SHBG) of Gas6 can induce efficient phagocytosis
of virus and virus-infected cells.

In addition to removal of virus-producing cells, efferocytosis is known to play a role in
induction of acquired immunity against viruses. Macrophages can present virus-derived
peptides on MHC class | molecules and stimulate T-cells expressing virus-specific T-cell
receptors after efferocytosis of LCMV-infected cells (Alatery et al., 2010). Thus, it is
possible that enhancement of efferocytosis can inhibit replication of both enveloped and
non-enveloped viruses by eliciting acquired immunity against viral antigens.

Pulmonary delivery of Bacillus Calmette-Guerinn (BCG) was previously shown to protect
mice from influenza pneumonia by enhancing efferocytosis (Mukherjee et al., 2017).
BCG enhances efferocytosis by increasing expression of the PtdSer receptor, TIM-4, on
alveolar macrophages. Because human alveolar macrophages are shown to express Mer,
administration of Gas6/protein S would also be able to enhance efferocytosis and help
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protect a host from viral infection by clearing infected cells, suppressing inflammatory
responses by clearing apoptotic cells, and facilitating antigen presentation of viral proteins.

Further studies of the roles of efferocytosis in virus infection will lead to a better
understanding of the pathogenesis of viruses and establish basic information for developing
novel therapeutic approaches.

4. Materials and methods
4.1. Plasmids

A Flag-tagged Gas6 and protein S expression vectors were constructed by inserting Flag-
tagged Gas 6 and protein S with synthetic gene fragment (Integrated DNA Technologies,
Coralville, IA) into the 3"-end of Gasé cDNA of the Gas6 expression vector obtained

from OriGene (Rockville, MD). The expression vector of 4E Gas6 was generated by
introducing 4 mutations into the TAM receptor-binding region of Gas6 (R299E, R308E,
K310E, and R312E) by site-directed mutagenesis of Flag-tagged Gas6 expression vector.
Expression vectors of MFG-E8 and its D89E mutant were provided by Dr. Shigekazu
Nagata (Osaka University, Japan) (Hanayama et al., 2002). Expression vector AE2 MFG-E8
was constructed by deleting the E2 domain of a mouse MFG-E8 expression vector.

4.2. Proteins

Protein S, Gas6, and 4E Gas6 were produced by transfecting 293T cells with expression
vectors of protein S, Gas6, and 4E Gas6. The cells were cultured in IMDM supplemented
with 10% Fetal Bovine Serum (FBS), antibiotics, and 10 pg/ml vitamin K1 (Sigma-Aldrich,
St. Louis, MO). y(-) Gas6 was produced by transfecting 293T cells with expression vectors
of Gas6. The cells were cultured in IMDM supplemented with 10% FBS, antibiotics,

and 1 pM warfarin (UCLA Pharmacy, Los Angeles, CA). D89E and AE2 MFG-E8 were
produced by transfecting 293T cells with expression vectors of AE2 MFG-E8 and culturing
cells in IMDM supplemented with 10% FBS and antibiotics. The culture supernatants of
transfected cells were harvested 5 days post-transfection, filtered, and incubated overnight
at 4 °C with anti-Flag antibody-conjugated microbeads. The microbeads were collected by
centrifugation, and proteins were eluted using the FLAG M Purification Kit (Sigma-Aldrich)
according to the manufacturer’s protocol. The fractions containing target proteins were
consolidated and dialyzed into Hanks balanced buffer (Life Technologies, Carlsbad, CA).
The purity of the proteins was confirmed by SDS-PAGE and SyproRuby staining (Life
Technologies), and the amounts of proteins were measured by OD280.

4.3. Serum

Four different lots of human AB serum were obtained from Sigma-Aldrich and MP
Biomedicals (Burlingame, CA). After confirming that all four lots could induce efferocytosis
of HIV-1-infected cells, we used the same one lot for all the experiments. FBS was
purchased from Sigma-Aldrich. FBS used in this study was subjected to BaCl, precipitation
to remove bovine protein S (Bhattacharyya et al., 2013). Briefly, FBS was incubated with
saturating amounts of BaCl, at 4 °C for one hour, followed by ultracentrifugation to pellet
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down the precipitate. Supernatant of ultra-centrifuged serum was dialyzed in 0.15 M NaCl
and filtered.

Anti-human protein S monoclonal antibody (clone PS7) (Santa Cruz Biotechnology, Dallas,
TX) and its isotype control antibody (rat IgG2a) (Biolegend, San Diego, CA) were used

for experiments to analyze the function of protein S in human AB serum by depletion of
protein S. Anti-human protein S and isotype control antibodies were individually conjugated
to protein A/G microbeads (Thermo Fisher Scientific, Canoga Park, CA) by cross-linking
the antibodies and microbeads according the manufacturer’s protocol. Human AB serum
was incubated overnight at 4 °C with microbeads conjugated with anti-human protein S

or isotype control antibody. The serum was then centrifuged and filtered to remove the
microbeads. Depletion of protein S was confirmed by SDS-PAGE and western blotting,
using goat anti-human protein S antibody (R&D Systems, Minneapolis, MN). Recombinant
protein S was used as a positive control for western blotting analysis. The amounts of
protein S were analyzed by densitometry, using GelQuant NET software (BiochemLab
Solutions, CA). The amounts of the proteins in the samples were confirmed by SDS-PAGE,
SyproRuby staining, and imaging and analyses were carried out using an FX imager
(BioRad, Hercules, CA).

4.4. Cells and viruses

MT4CCRS cells were generated by transducing a CD4+ T cell line with lentiviral vector
expressing human CCR5 and blasticidin-resistant genes under the control of the SFFV
promoter and IRES. The stably transduced cells were selected using 10 ug/ml Blasticidin
(InvivoGen, San Diego, CA). MT4CCRS5 cells were cultured in X-VIVO 15 medium (Lonza,
Walkersville, MD) supplemented with 5% BaCl,-precipitated FBS and antibiotics before
efferocytosis assays.

GHOST (3) CXCR4+CCR5+ cells were obtained from the NIH AIDS Reagent program and
cultured according to the instructions provided by NIH AIDS reagent program (Morner et
al., 1999).

Flasks and plates used for monocyte and macrophage cultures were coated with rat
collagen type | (TREVIGEN, Gaithersburg, MD) before use. Human peripheral blood
mononuclear cells (PBMC) were obtained from the UCLA CFAR Virology Core.
Monocytes were isolated from PBMC using the Pan Monocyte Isolation Kit (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s protocol. Monocytes
were differentiated to macrophages by culturing the cells in X-VIVO 15 medium
supplemented with 5% BaCl,-precipitated FBS, 30 pg/ml human recombinant M-CSF
(Shenandoah Biotechnology, Warwick, PA), and 1 nM Dexamethasone (Selectchem.com,
Houston, TX) for 7 days.

HIV-1yy 4.3 was prepared from supernatant of MT4CCRS cells infected with HIV-1y 4.3
that were produced by transfection of 293T cells with pNL4-3. HIV-1 4, Was prepared
from supernatant of MT4CCRS cells that were infected with HIV-14, oObtained from the
NIH AIDS Reagent program. The virus supernatant was filtered and frozen at —80 °C.
Heat inactivation of HIV-1y) 4.3 was done by incubating the virus at 56 °C for 2 h. Titer
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of the virus was analyzed by infecting MT4CCRS5 cells. The infected cells were cultured
for 2 days in the presence of 10 ug/ml T20 (NIH AIDS Reagent program), then fixed

with fixation buffer (Life Technologies) and stained with FITC-conjugated anti-HIV p24
antibody (Beckman Coulter, Brea, CA) in permeabilization buffer (Life Technologies). Gag
expression levels were analyzed by flow cytometry, and the titer of virus was calculated by
percentages of cells expressing Gag, the number of infected cells, and dilution of virus that
yielded 5-20% of infection.

Env-deleted HIV-1 pseudotyped with VSV-G [NLABgI (VSV-G)] was generated by
transfecting 293T cells with an expression vector of VSV-G and a molecular clone of NL4-3
lacking the Env region (NL4-3 ABgAl) (Pang et al., 2000).

4.5. Flow cytometry analysis of expression of cell surface molecules on macrophages

PtdSer receptor expression was analyzed by staining with PE-conjugated anti-TIM-1
(Biolegend), TIM-4 (Biolegend), Axl (R&D Systems), TYRO3 (R&D Systems), or

Mer (R&D Systems). APC-conjugated IgG2a (BD Bioscience, Flanklin Lakes, NJ), PE-
conjugated 1gG1 (R&D Systems) and 1gG2a (BD Bioscience) were used as isotype
controls when appropriate. An LSRFortessa flow cytometer (BD Bioscience) was used for
conventional flow cytometry, and FCS Express Version 5 (De Novo Software, Glendale,
CA) was used for data analysis.

4.6. Analysis of Env and Gag expression, PtdSer exposure, cell death, and virus
production

For analysis of Env expression, the anti-HIV gp120 monoclonal antibody, 2G12 (NIH AIDS
Reagent program) (Buchacher et al., 1994; Trkola et al., 1996), was conjugated with Alexa
647 (Life Technologies) according to the manufacturer’s protocol. MT4CCRS cells were
incubated with virus at MOI 5 for 2 h, washed 3 times with medium after infection, and
harvested on the day of analysis. For analysis of Env expression, the cells were stained

with Alexa 647-conjugated 2G12 and fixed with 2% paraformaldehyde. For analysis of Gag
expression, the cells were fixed with fix buffer and stained with FITC-conjugated anti-HIV
p24 antibody in permeabilization buffer. For analysis of PtdSer exposure, the cells were
stained with APC-conjugated ANX V (eBiosicence, San Diego, CA) in ANX V staining
buffer (140 mM NaCl, 4 mM KClI, 0.75 mM MgCl,, 1.5 mM CaCl,, and 10 mM HEPES),
then resuspended and fixed in ANX V staining buffer containing 2% paraformaldehyde. Cell
death was analyzed by Ghost Red Dye 780 or Ghost Violet Dye 450 (Tonbo Biosciences,
San Diego, CA) according to the manufacturer’s protocol.

The supernatant of infected cells was harvested every 24 h after infection, filtered, and
analyzed for virus production. HIV p24 production was analyzed with ELISA by the
UCLA CFAR Virology Core. The titers of harvested virus were measured by GHOST
(3) CXCR4+CCR5+ assay according to the protocol provided by the NIH AIDS Reagent
program.
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4.7. Imaging flow cytometry

An ImageStream MklII (EMD Millipore, Billerica, MA) at the UCLA JCCC/CFAR Flow
Cytometry Core was used for imaging flow cytometry. It is equipped with four lasers (405,
488, 658, and 758 nm), one CCD camera, and three objective lenses (X20, 40, and 60).
Data was acquired and analyzed using INSPIRE and IDEAS software, respectively. All data
acquisition was done using a 40-fold objective lens and slow flow speed. For all imaging
flow cytometric analyses, each event was first analyzed by gradient RMS values of bright
field images. The events with more than 60 gradient RMS were further analyzed as focused
images. The images with multiple events and images of debris were excluded by analyzing
sizes and aspect ratios (height vs width) of the image.

4.8. Efferocytosis assay

MTACCRS cells were infected with NLABgI (VSV-G), HIV-1y| 4.3, or HIV-1a4, 3 days
prior to co-culture with macrophages at MOI 5. Macrophages were washed three times
with MACS buffer (Miltenyi Biotec) and seeded in collagen-coated plates one day before
co-culture. On the day of co-culture, we confirmed that infected MT4CCR5 cells expressed
HIV-1 Gag and exposed PtdSer using flow cytometry. For flow cytometric analysis of
efferocytosis of MT4ACCRS5 cells, infected and uninfected MT4CCRS5 cells were labeled
with pHrodo Red according to the manufacturer’s protocol. The labeled cells (2x10°)

were co-cultured with macrophages (2x10°) in 24-well plates in the presence or absence

of human AB serum, human AB serum treated with anti-protein S antibody- or isotype
control antibody-conjugated microbeads, protein S, Gas6, y(-) Gas6, or 4E Gas6 for 90
min at 37 °C. Co-cultured cells were harvested, stained with APC-conjugated anti-CD14
antibody (eBioscience), and resuspended in pH 9 flow cytometry buffer containing 2%
paraformaldehyde. CD14 expression was used to gate macrophages, and pHrodo Red signals
in CD14-positive populations were analyzed to assess efferocytosis of MT4CCR5 cells

by macrophages. The labeled MT4CCRS cells were also resuspended in pH 5.5 flow
cytometry buffer and used as a positive control of fluorescent signal induction in a low-pH
environment.

For imaging flow cytometry analysis of phagocytosis of MT4CCR5 cells, MT4CCR5 and
MT4CCR5/NL4-3 cells were labeled with CellTrace Violet (Life Technologies) according to
the manufacturer’s protocol. The labeled cells (5x10°) were co-cultured with macrophages
(5%10°) in 12-well plates in the presence or absence of human AB serum for 90 min

at 37 °C. Co-cultured cells were harvested and stained with APC-conjugated anti-CD14
antibody. The data of 10* cells/sample were acquired by Imagestream MKII, and first
analyzed to calculate percentages of CD14+ macrophages that bound to CellTrace Violet-
positive cells. Those bound cells were then analyzed for internalization into CD14+
macrophages, using the IDEAS wizard that calculates internalization scores. Percentages
of macrophages containing internalized CellTrace Violet-positive cells were calculated
using an internalization score of 1.5 as a threshold to identify internalized CellTrace Violet-
positive cells.

To investigate the role of Mer in efferocytosis, macrophages were incubated with goat
anti-Mer or AxI antibodies (R&D Systems) 30 min before co-culture with MT4CCR5/
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NL4-3. To investigate the role of PtdSer, MTACCR5/NL4-3 cells were incubated with AE2
MFG-ES8, D89E, or soluble CD4 (NIH AIDS Reagent program) 30 min before co-culture
with macrophages. Inhibitory or control antibodies and proteins were present during the
co-culture period.

For phagocytosis analysis by imaging flow cytometry, co-culture experiments were done
in the presence of T20 (10 pg/ml) to avoid internalization of Gag into macrophage by
Env-dependent fusion.

4.9. Analysis of phagocytosis by confocal microscopy

Macrophages were labeled with CellTrace Far Red (Life Technologies) according to the
manufacturer’s protocol, then seeded in collagen-coated 24-well plates (1x10%/well) one
day prior to co-culture with MTACCR5/NL4-3. On the day of co-culture, MT4CCR5/
NL4-3 cells were labeled with CFSE (Biolegend) according to the manufacturer’s protocol.
The labeled MT4ACCRS5/NL4-3 cells (1x10°/well) were cultured with macrophages in the
presence or absence of 3% human serum for 90 min. Co-cultured cells were harvested and
fixed with 3.2% paraformaldehyde. The thin layer of cells on slides were generated by
Cytospin 4 (Thermo Fisher Scientific). The nuclei were stained by ProLong Gold antifade
reagent with DAPI (Thermo Fisher Scientific). Image slices were obtained with a LSM 780
confocal microscope (Carl Zeiss, Jena, Germany), and the images were analyzed by Zen
software (Carl Zeiss). Image slices were analyzed for numbers of entire macrophages and
macrophages engulfing MTACCR5/NL4-3. Several engulfment events were analyzed by 3D
imaging with Z-stack projection to further confirm internalization of MT4ACCR5/NL4-3 cells
into macrophages.

4.10. Quantitation of virus production from infected MT4CCRS5 cells co-cultured with
macrophages

pHrodo Red-labeled MT4CCRS5 and MT4CCR5/NL4-3 cells 1, 2, 3, and 4 days post-
infection were cultured with macrophages in the absence and presence of Gas6 (1 pug/ml) for
90 min. Phagocytosis was analyzed by flow cytometry as previously described. MT4CCR5/
NL4-3 and MT4CCR5/Ada cells (1x10° cells) at 2 days post-infection were co-cultured
with various numbers of macrophages (0 — 4x10° cells) in the absence and presence of Gas6é
(1 pg/ml) for 15 h. The supernatants of the cells were filtered and subjected to titration of
HIV-1 using GHOST (3) CXCR4+CCR5+ cells. To investigate viability of cells engulfed

in macrophages, MT4CCR5/NL4-3 cells at 2 days post-infection were labeled by CellTrace
Violet and Ghost Red Dye 780. The labeled cells were co-cultured with macrophages for

90 min. The cells were stained by PE-conjugated anti-CD14 antibody (BD Biosciences),
followed by analysis by imaging flow cytometry. The internalization of CellTrace Violet
signal into CD14-positive masks were first analyzed. The cells above internalization score
1.5 were analyzed for the signals of Ghost Red Dye 780 staining.
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HIV-1 infection induces PtdSer exposure. MT4CCRS5 cells were infected with HIV-1p 4.3

at MOI 5. Infected cells were analyzed by flow cytometry for expression of Gag and

Env, exposure of PtdSer, and cell death, and virus production was quantified by ELISA

and titration for up to four days post-infection. This experiment was repeated twice in

singlicate and once in triplicate as independent experiments (A—C). The results shown are
averages and standard deviations of the triplicate experiment. (A) HIV-1 Gag expression was
quantitated by intracellular staining of cells with FITC-conjugated anti-HIV-1 p24 antibody.

Env expression and cell death were quantitated by staining with Alexa 647-conjugated
anti-HIV-1 gp120 antibody and Ghost Dye Violet 450. PtdSer exposure and cell death
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were quantitated by staining with APC-conjugated ANX V and Ghost Dye Violet 450. (B)
Mean fluorescence intensity of ANX V and Env staining of live and dead populations of
uninfected and infected cells. The infected cells were analyzed at 3 days post-infection. (C)
Supernatants of infected cells were harvested every 24 h after infection for 4 days, and virus
production was quantitated by measuring amounts of Gag by ELISA and titration of virus,
using GHOST (3) CXCR4+CCR5+ cells. (D) Expression levels of TIM-1, TIM-4, AxI,
TYRO3, and Mer were analyzed by staining cells with specific PE-conjugated antibodies
against each molecule (red lines). The black line represents staining with PE-conjugated
isotype control antibody.
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Fig. 2.

Hl?man serum induces efferocytosis of HIV-1-infected MT4CCRS5 cells. (A) pHrodo Red-
labeled MT4CCR5 and MT4CCR5/NL4-3 cells were co-cultured with equivalent numbers
of macrophages in the absence or presence of 3% human serum for 90 min. The cells

were then stained with APC-conjugated anti-CD14 antibody, and pHrodo Red signals in
CD14-positive population were analyzed by flow cytometry. (B) Experiments to examine
the effects of human serum on phagocytosis were repeated four times as independent
experiments, using cells from different donors for each independent experiment. The
results shown are averages and standard deviations of the all experiments. Significance was
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calculated by a one-sided Mann- Whitney U'test. * p=0.05. (C) MT4CCR5 and MT4CCR5/
NL4-3 cells were labeled with CellTrace Violet and co-cultured with the same numbers of
macrophages in the absence or presence of 3% human serum for 90 min. Cells were then
stained with APC-conjugated anti-CD14 antibody and subjected to imaging flow cytometry.
Binding of CD14-positive and CellTrace violet-positive populations were analyzed first.
The CD14- and CellTrace violet double-positive populations were examined to score
internalization CellTrace violet-positive cells into CD14-positive cells. (D) Percentages of
macrophages containing CellTrace violet-labeled cells were calculated v7a imaging flow
cytometry. A threshold internalization score of 1.5 was used to define internalized CellTrace
violet-labeled cells. (E) Macrophages labeled with CellTrace Far Red (red color) and
MT4CCR5/NL4-3 labeled with CFSE were co-cultured in the absence or presence 3%
human AB serum for 90 min, followed by nuclear staining with DAPI. Phagocytosis was
analyzed by confocal microscopy. Four slice images of each condition were examined, and
percentages of macrophages containing MT4CCR5/NL4-3 cells were calculated. More than
120 macrophages were counted for each condition. The results shown are averages and
standard deviations, and significance was calculated by a one-sided Mann-Whitney U'test. *
p=0.05.
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Fig. 3.

Human serum-induced phagocytosis of HIV-1-infected cells is dependent on PtdSer exposed
on infected cells and Mer expressed on macrophages. (A) Schematic representation of
recombinant MFG-E8 and two types of mutants of MFG-E8 (D89E and AE2 MFG-E8)

that bind PtdSer but not integrins. E1 and E2, epidermal growth factor-like domains 1 and

2; PIT, proline/threonine-enriched motif; C1 and C2, discoidin domains 1 and 2. The C2
domain of MFG-E8 binds PtdSer, and the RGD motif in the E2 domain of MFG-E8 binds
integrins. (B) pHrodo red-labeled MT4CCR5/NL4-3 cells were incubated with or without
20 pg/ml of D89E, AE2 MFG-ES8 or sCD4, followed by co-culture with macrophages in
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the presence or absence of 3% human serum. Efferocytosis of MT4CCR5/NL4-3 cells was
analyzed by flow cytometry. This experiment was repeated twice in triplicate as independent
experiments, using cells from different donors for each independent experiment. The results
shown are averages and standard deviations. Significance was calculated by comparing

the values of the samples with 3% serum and no blocking reagents to the values of

the samples with 3% serum with the blocking reagents indicated in the figures, using a
one-sided Mann-Whitney Utest. * p=0.05. (C) MT4CCRS5 cells were infected with NLABg
(VSV-G) or HIV-1p4, at MOI 5. Three days post-infection, Gag and Env expression and
PtdSer exposure were analyzed by flow cytometry. This experiment was repeated 5 times

in singlicate as independent experiments. The representative results are shown. (D) pHrodo
Red-labeled MT4CCR5/NLABgI (VSV-G) cells were co-cultured with equivalent numbers
of macrophages in the absence or presence of 3% human serum for 90 min. The cells were
then stained with APC-conjugated anti-CD14 antibody, and pHrodo Red signals in CD14-
positive population were analyzed by flow cytometry. This experiment was repeated three
times in triplicate, using cells from different donors, and the results shown are averages and
standard deviations of the all experiments. (E) Macrophages were incubated with or without
anti-Axl or anti-Mer antibodies (10 ug/ml), followed by co-culture with pHrodo Red-labeled
MT4CCR5/NL4-3 cells in the presence or absence of 3% human serum. Efferocytosis of
MT4CCR5/NL4-3 cells was analyzed by flow cytometry. This experiment was repeated
once in singlicate and twice in triplicate as independent experiments, using cells from
different donors for each independent experiment. The results shown are averages and
standard deviations of the triplicate experiments. Significance was calculated by comparing
the value of the samples with 3% serum and no blocking reagents to the value of the samples
with 3% serum with the blocking reagents indicated in the figures, using a one-sided
Mann-Whitney U'test. * p=0.05.
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Fig. 4.

Protein S and Gas6 mediate phagocytosis of HIV-1-infected MT4CCRS cells. (A) Human
serum was incubated with microbeads conjugated with isotype control antibody (serum

A) or anti-protein S monoclonal antibody (serum B). After removal of the microbeads,

15 ul of sera A and B (1.5%) and recombinant protein S (1 ug/ml) were subjected to
SDS-PAGE and western blotting analysis, using anti-protein S antibody. As the controls

for the amounts of protein subjected, the entire proteins in the samples were analyzed by
SDS-PAGE and SyproRuby staining. (B) Macrophages and pHrodo Red-labeled MT4CCR5/
NL4-3 cells were co-cultured in the presence or absence of 3% serum A or B. The cells
were then stained with APC-conjugated anti-CD14 antibody, and pHrodo Red signals in the
CD14-positive population were analyzed by flow cytometry. This experiment was repeated
twice in triplicate, using cells from two donors as independent experiments. Donors of

cells differed in each independent experiment. The results shown are averages and standard
deviations. Significance of these triplicated experiments was calculated by a one-sided
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Mann-Whitney U'test. * p=0.05. (C) Macrophages and pHrodo Red-labeled MT4CCR5,
MT4CCR5/NL4-3, or MT4CCR5/Ada cells were co-cultured in the presence or absence of
recombinant protein S or Gas6 (1 pg/ml). Phagocytosis was analyzed by flow cytometry.
This experiment was repeated twice in singlicate and three times in triplicate, using cells
from different donors for each experiment, and the results shown are averages and standard
deviations of the all triplicate experiments. Significance was calculated by comparing the
value of the samples with no additional protein to the value of the samples with protein S
or Gas6, using a one-sided Mann-Whitney U'test. *p=0.05. (D) Macrophages and pHrodo
Red-labeled MT4ACCR5/NL4-3 cells were co-cultured in the presence or absence of various
concentrations of human serum, recombinant protein S, or Gas6. The cells were then stained
with APC-conjugated anti-CD14 antibody, followed by flow cytometry analysis. This
experiment was repeated three times as independent experiments, using cells from different
donors for each independent experiment. Significance of these triplicate experiments was
calculated by a one-sided Mann-Whitney Utest. * p=0.05.
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Efferocytosis by Gas6é mutants. (A) Schematic representation of Gasé, y(—) Gas6 (a mutant
of Gas that cannot bind PtdSer), and 4E Gas6 (a mutant Gas6 that cannot bind TAM
receptors). Gla, -y-carboxyglutamic acid domain; SHBG, sex hormone-binding globulin
domain. The Gla domain of Gas6 binds PtdSer. The SHBG G1 domain of Gas6 binds

TAM receptors. (B) Macrophages and pHrodo Red-labeled MT4CCR5/NL4-3 cells were
co-cultured in the presence or absence of various concentrations of Gas6, y(-) Gas6, or 4E
Gas6. Phagocytosis was analyzed by flow cytometry. This experiment was repeated once in
singlicate and twice in triplicate, using cells from different donors for each experiment.
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Fig. 6.

Tr?e effects of Gas6-mediated efferocytosis on viral production from infected MT4CCR5
cells. (A) pHrodo Red-labeled MT4CCR5 and MT4CCR5/NL4-3 (2x10° cells) 1, 2, 3,
and 4 days post-infection were co-cultured with macrophages (2x10°) for 90 min in the
absence and presence of Gas6 (1 ug/ml). The cells stained by APC-conjugated anti-CD14
antibody and pHrodo Red signals in the CD14-positive population were analyzed by flow
cytometry. This experiment was repeated twice in triplicate, using cells from different
donors for each experiment, and the results shown are averages and standard deviations of
one representative triplicate experiment. (B) MT4CCR5/NL4-3 and MT4CCR5/Ada (1x10°
cells) were co-cultured with the same numbers of macrophages. The supernatants of the
co-cultured cells were harvested 15 h later, and the titers of virus in the supernatants were
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titrated by GHOST (3) CXCR4+CCR5+ cells. The results shown are averages and standard
deviations of two triplicate experiments, using macrophages from different donors. (C)
MT4CCRS5/NL4-3 and MT4ACCR5/Ada (1x10° cells) were co-cultured with the different cell
numbers of macrophages. The supernatants of the co-cultured cells were harvested 15 h
later, and the titers of virus in the supernatants were titrated by GHOST (3) CXCR4+CCR5+
cells. The results shown are averages and standard deviations of two triplicate experiments,
using macrophages from donors K and L. (D) MT4CCR5/NL4-3 cells were labeled with
CellTrace Violet and Ghost Red 780 2 days post-infection. The labeled cells (5x10°)

were co-cultured with macrophages (5%10°) for 90 min in the presence of Gas6 (1 ug/

ml). The cells were then stained with PE-conjugated anti-CD14 antibody and subjected to
imaging flow cytometry. The representative images of live and dead MT4CCR5/NL4-3 cells
internalized in macrophages are shown. (E) The results of Ghost Red 780 staining of the
total population and the population internalized in macrophages of MT4CCR5/NL4-3 are
shown as histograms. This experiment was repeated twice using cells from different donors.

Virology. Author manuscript; available in PMC 2018 February 21.



	Abstract
	1. Introduction
	2. Results
	2.1. HIV-1 infection induces PtdSer exposure
	2.2. Expression of PtdSer receptors on macrophages
	2.3. Human serum induces phagocytosis of infected MT4CCR5 cells
	2.4. Human serum mediates phagocytosis of HIV-1-infected cells through a PtdSer- and Mer-dependent mechanism
	2.5. Protein S and Gas6 facilitate phagocytosis of MT4CCR5/NL4-3 by macrophages
	2.6. Efferocytosis of live populations of infected cells

	3. Discussion
	4. Materials and methods
	4.1. Plasmids
	4.2. Proteins
	4.3. Serum
	4.4. Cells and viruses
	4.5. Flow cytometry analysis of expression of cell surface molecules on macrophages
	4.6. Analysis of Env and Gag expression, PtdSer exposure, cell death, and virus production
	4.7. Imaging flow cytometry
	4.8. Efferocytosis assay
	4.9. Analysis of phagocytosis by confocal microscopy
	4.10. Quantitation of virus production from infected MT4CCR5 cells co-cultured with macrophages

	References
	Appendix A. Supplementary material
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6



