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Abstract: Tim-4 promotes the engulfment of apoptotic cells or exogenous particles by securing them
on phagocytes. It is unable to transduce signals by itself but helps other engulfment receptors sense
and internalize them. However, the identity of the engulfment receptors collaborating with Tim-4
is still incompletely understood. In this study, we searched for a candidate transmembrane protein
with a FN3 domain, important for interaction with Tim-4, in silico and investigated whether it
indeed interacts with Tim-4 and is involved in Tim-4-mediated phagocytosis. We found that EphA2
containing a FN3 domain in the extracellular region interacted with Tim-4, which was mediated
by the IgV domain of Tim-4 and the FN3 domain of EphA2. Nevertheless, we found that EphA2
expression failed to alter Tim-4-mediated phagocytosis of apoptotic cells or polystyrene beads. Taken
together, our findings suggest that EphA2, a new Tim-4 interacting protein, may intervene in a
Tim-4-mediated cellular event even if it is not phagocytosis of endogenous or exogenous particles
and vice versa.
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1. Introduction

Apoptotic cells generated in multicellular organisms are swiftly and continuously
removed, which is necessary during development and for tissue homeostasis [1]. A crucial
step in this essential cellular event, also called efferocytosis, is the recognition of apoptotic
cells by phagocytes, which is mediated by the interaction between ligands specifically
exposed on apoptotic cells and their receptors on phagocytes [2]. A well-known ligand
in apoptotic cells is phosphatidylserine (PS), which is located in the cytosolic side of
the plasma membrane in normal cells but is exposed on the surface of cells undergoing
apoptosis [3]. The PS on apoptotic cells is recognized by phagocytes in two different ways.
PS is directly sensed by PS receptors on phagocytes or alternatively recognized through
bridging molecules linking PS to receptors on phagocytes [4-6].

One of the best characterized PS receptors is Tim-4. It binds to PS on apoptotic cells
and promotes efferocytosis [7,8]. It is thought that the cytoplasmic tail and transmem-
brane domain of Tim-4 are not essential for Tim-4-mediated efferocytosis since the Tim-4
truncation mutants that lack them are capable of promoting efferocytosis. Thus, Tim-4
is a tethering receptor that secures apoptotic cells on phagocytes, which helps other en-
gulfment receptors sense and phagocytose apoptotic cells [7,9,10]. Due to this notion,
how Tim-4 coordinates with the signaling of other engulfment receptors in efferocytosis
has been studied over the past decade. Eventually, several proteins, including Fnl, Mertk,
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and integrins have been identified and are involved in Tim-4-mediated efferocytosis by
scaffolding engulfment receptors or transducing signals for recognition of apoptotic cells
into phagocytes through biochemical interaction with Tim-4 [11-17]. The IgV domain of
the extracellular region of Tim-4 and a fibronectin type III (FN3) domain of the proteins are
essential for the interaction. For example, Fnl and Mertk possess FN3 domains and the
IgV domain of Tim-4 binds to their FN3 domains, resulting in association of Tim-4 with
them [13].

There are a variety of transmembrane proteins containing a FN3 domain in their
extracellular region. However, it has not been tested whether they interact with Tim-4 and,
if any, they are involved in Tim-4 mediated cellular events such as efferocytosis.

In this study, we search for transmembrane proteins possessing a FN3 domain in the
extracellular region using the UniProt database and selected EphA2 and Cdon as candidate
transmembrane proteins based on the similarity of the expression profile between them
and Tim-4. Even though EphA2 and Cdon possess FN3 domains in the extracellular
region, only EphA2 interacted and colocalized with Tim-4. As expected, this interaction
was mediated by the IgV domain of Tim-4 and the FN3 domain of EphA2, which was
confirmed in mammalian cells and yeast cells. Nevertheless, EphA2 expression unaltered
Tim-4-mediated phagocytosis of apoptotic cells or exogenous particles such as polystyrene
beads. Taken together, we report EphA2 as a Tim-4 interacting protein, which implies the
possibility that EphA2 and Tim-4 may intervene with each other in certain cellular events.

2. Materials and Methods
2.1. Cell Culture and Transfection

293T and LR73 cells were maintained in DMEM (Dulbecco’s Modified Eagle’s Medium)
and ox-MEM (Alpha’s Modified Eagle’s Medium) supplemented with 10% FBS (Fetal Bovine
Serum) and 1% PSQ (Penicillin-Streptomycin-Glutamine), respectively. 293T cells were
transfected with calcium phosphate (Promega, Madison, WI, USA), and LR73 cells were
transfected with Lipofectamin 2000 (Invitrogen, Waltham, MA, USA).

2.2. Plasmids and Antibodies

All expression vectors used in this study were constructed by a PCR-based cloning
strategy and sequenced to confirm their fidelity. EphA2 was a gift from Dr. Hironori Katoh
and mouse Cdon cDNA was purchased from Open Biosystem (MMM1013-211693000).
Tim-4 constructs were previously reported [18]. Cdon was cloned into pEBB, and the
ligand-binding domain and fibronectin type III domain of EphA2 was introduced into
pVP16. Anti-FLAG (F1804, Sigma Aldrich, St. Louis, MO, USA), anti-GST (SC-138, Santa
Cruz Biotechnology, Dallas, TX, USA), anti-HA (#3724, Cell Signaling Technology, Danvers,
MA, USA), anti-Myc (SC-40, Santa Cruz Biotechnology, Dallas, TX, USA), anti-EphA2
(05-480, Millipore, Billerica, MA, USA), anti-Tim-4 (SC-79143, Santa Cruz Biotechnology,
Dallas, TX, USA), and normal mouse IgG control (MAB002, R&D Systems, Minneapo-
lis, MN, USA) were purchased. Fluorochrome-conjugated secondary antibodies were
purchased from Thermo Fisher Scientific (A-11029 and A-11037, Carlsbad, CA, USA).

2.3. Immunoprecipitation and Immunoblotting

293T cells transfected with the indicated plasmids were lysed and incubated with
appropriate antibodies with protein A/G-conjugated agarose beads (10001D and 10003D,
Thermo Fisher Scientific, Carlsbad, CA, USA) at 4 °C for 2 h. Anti-FLAG antibody-
conjugated agarose beads (A2220, Sigma Aldrich, St. Louis, MO, USA), anti-HA antibody-
conjugated agarose beads (26181, Pierce, Rockford, IL, USA), or glutathione agarose beads
(17-0756-01, GE Healthcare, Chicago, IL, USA) were also used to precipitate FLAG-, HA-,
or GST-tagged proteins, respectively. Bound proteins on beads were separated by SDS-
PAGE, transferred onto nitrocellulose membrane, and detected with appropriate antibodies.
The lymph nodes were acquired from the axillary, brachial, and inguinal lymph node of
8-week-old C57/Bl6 mice. Then, the cell clumps were gently dissociated with a 5-mL
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syringe piston and sieved to isolate individual lymph node cells. The separated cells were
lysed with lysis buffer, and then an immunoprecipitation assay was performed using an
anti-EphA?2 (05-480, Millipore, Billerica, MA, USA).

2.4. Immunostaining

LR73 cells cultured on 18 mm @ coverslips coated with poly-D-lysine were transfected
with the appropriate plasmids. One day after transfection, the cells were washed with PBS,
fixed with 4% paraformaldehyde in PBS for 15 min, and blocked with 10% BSA in PBS
for 30 min. After that, the cells were incubated with anti-HA, anti-Myc, and anti-FLAG
primary antibodies in 3% BSA in PBS at 4 °C overnight and then incubated with Alexa
fluor 488 and 594 conjugated secondary antibodies for 1 h. After that, the cells were stained
by Hoechst 33342 (H1399, Invitrogen, Eugene, OR, USA). Images were taken by confocal
microscopy (FV1000 SPD, Olympus, Tokyo, Japan).

2.5. Proximity Ligation Assay

Proximity ligation assay was performed according to the manufacturer’s protocol
(DUO92101, Sigma Aldrich, St. Louis, MO, USA). Briefly, LR73 cells transfected with the
indicated plasmids were fixed with 4% paraformaldehyde, blocked with blocking solution
for 1 h, and incubated overnight with anti-HA and anti-Myc antibodies at 4 °C. Then,
the cells were incubated with anti-mouse and anti-rabbit PLA probes for ligation and
amplification in appropriate buffers and fixed with Duolink® In Situ Mounting Media with
DAPI. Images were acquired by using a confocal microscope (FV1000).

2.6. Efferocytosis Assay

Efferocytosis assays were previously described [19]. Briefly, LR73 cells transfected
with the indicated plasmids were incubated with TAMRA-labeled apoptotic thymocytes
or red-fluorescent polystyrene beads (F8826, Invitrogen, Eugene, OR, USA) at 37 °C for
2 h. Then, the cells were extensively washed with ice-cold PBS, trypsinized, and analyzed
by flow cytometry (BD, FACS Canto II). Raw data from acquired flow cytometry were
analyzed by FLOW]JO software (FlowJo LLC, Ashland, OR, USA).

2.7. Yeast Two-Hybrid Assay

Yeast two-hybrid assay was previously described [19]. Briefly, HF7C cells were
transformed with bait and prey plasmids by the LiAc-based method, and plated on the
non-selective plate lacking Trp and Leu. The cells growing on the plate were transferred to
liquid media lacking Trp and Leu and cultured overnight. After that, the cells were serially
diluted and dotted on the selective plate containing 5 mM 3-amino-1,2,4-triazole (3-AT)
with His, Trp, and Leu.

2.8. Statistical Analysis

All data were shown as mean =+ standard deviation. Each experiment was repeated at
least three times independently. Data were analyzed by one-way ANOVA using the Graph-
Pad Prism 7 software (Prism 7, GraphPad Software, La Jolla, CA, USA). It was considered
that differences were statistically significant when the p-values were less than 0.05.

3. Results
3.1. EphA2 Interacts with Tim-4

Some of the Tim-4 interacting proteins identified contain the fibronectin type III (FN3)
domain, which mediates their interaction with Tim-4 by binding to the IgV domain of
Tim-4 [11,13]. These Tim-4 interacting proteins play important roles in the signaling of Tim-
4-mediated efferocytosis. In order to validate whether transmembrane proteins containing
a FN3 domain are able to interact with Tim-4 and involved in signaling in Tim-4-mediated
efferocytosis, we first searched for transmembrane proteins containing a FN3 domain using
the UniProt database and selected candidate transmembrane proteins likely interacting
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with Tim-4 based on the similarity of their expression profile to that of Tim-4, which resulted
in Cdon and EphA2 (Figure 1A and Supplementary Table S1). We then tested whether
the candidates are proteins interacting with Tim-4. To do this, HA-tagged Tim-4 was
overexpressed with Cdon or EphA2 in 293T cells and immunoprecipitated with an anti-HA
antibody. EphA2 was appreciably co-precipitated with Tim-4 (Figure 1B), but Cdon failed
to be co-precipitated with Tim-4 (Figure 1C), indicating that Tim-4 interacts with EphA2.
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Figure 1. Identification of Tim-4 interacting proteins (A) Schematic diagram of Cdon and EphA2 constructs used in the

study. The colored rectangles indicate transmembrane domains; Ig, immunoglobulin domain; LBD, ligand-binding domain;

FN3, fibronectin type III domain; TyrKc, tyrosine kinase domain; SAM, sterile alpha motif; ECR, extracellular region; ICR,

intracellular region. (B,C) 293T cells transfected with the indicated plasmids were lysed, and the lysates were incubated

with anti-HA antibody-conjugated agarose beads. Bound proteins on beads were separated by SDS-PAGE and detected

with the indicated antibodies. IP, immunoprecipitation; TCL, total cell lysates.

Next, we asked whether the interaction occurs in situ using two different approaches.

To validate this, first, Tim-4 and the candidates were expressed in LR73 cells, and their
co-localization with Tim-4 was tested. EphA2 and Tim-4 were distinctively expressed along
the cell boundary, indicating that they mainly localized to the plasma membrane while
Cdon localized to the plasma membrane and cytosol. In addition, only the fluorescent
signals from EphA2 were noticeably superimposed with those from Tim-4 but not Cdon
(Figure 2A,B). Second, we performed a proximity ligation assay (PLA), a tool allowing in
situ detection of protein-protein interaction. Only cells expressing both Tim-4 and EphA2
showed PLA signals, but not cells only expressing Tim-4 or EphA2 (Figure 2C,D). We next
tested whether Tim-4 interacts with EphA2 at physiological expression levels. Both Tim-4
and EphA2 were expressed in lymph nodes (Figure 2E). Thus, the interaction between
EphA2 and Tim-4 at endogenous protein levels was tested in the tissue. Co-precipitated
Tim-4 with EphA2 was detectable as EphA2 was immunoprecipitated by an anti-EphA2
antibody (Figure 2E). These data indicate that not all transmembrane proteins containing a
FN3 domain interact with Tim-4; however, but the EphA2 protein interacts with Tim-4.
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Figure 2. EphA?2 interacts with Tim-4 in situ (A,B) LR73 cells transfected with EphA2, Tim-4, or both
EphA2 and Tim-4 were incubated with anti-HA (Tim-4) and anti-FLAG (Cdon, A) or anti-EphA2
(B) antibodies and then stained with Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary
antibodies. Images were acquired by confocal microscopy. Arrowheads indicate cells expressing both
Tim-4 and EphA2 (A) or Cdon (B). Scale bar, 20 um. (C,D) A proximity ligation assay was performed.
LR73 cells transfected with the indicated plasmids were fixed, blocked, and incubated with anti-HA
and anti-EphA2 antibodies. Then, the cells were incubated with the amplification solution at 37 °C
overnight. Images were acquired by confocal microscopy (C) and quantified (D). Scale bar, 20 pm.
Data are shown as the mean =+ standard deviation. NS, not significant. *** p < 0.001. (E) Lymph nodes
from mice were lysed, and the lysates were incubated with an anti-EphA2 antibody and protein A/G
agarose beads. Bound proteins were detected with the indicated antibodies.

3.2. The Extracellular Regions Mediate Interaction between EphA2 and Tim-4

Three of the Tim gene family members, Tim-1, Tim-3, and Tim-4, are conserved be-
tween mouse and human [9]. They all recognize phosphatidylserine on apoptotic cells
and are involved in efferocytosis, phagocytosis of apoptotic cells [8,20,21]. We thus tested
whether the homologs also interact with EphA2 using co-immunoprecipitation assay.
EphA?2 was co-precipitated with Tim-4 or Tim-1, but it was not co-precipitated with Tim-3
(Figure 3A), indicating that Tim-1 as well as Tim-4 interact with EphA2. We next inves-
tigated which regions of the proteins mediate the interaction. We used Tim-4 truncation
mutants, Tim-4%illess and Tim-45P! lacking the cytoplasmic tail and both the transmem-
brane region and the cytoplasmic tail, respectively, to attain an initial clue about regions
mediating the interaction (Figure 3B). Both mutants interacted with EphA2 as robustly
as full-length Tim-4 (Figure 3C), suggesting that the cytoplasmic tail and transmembrane
domain of Tim-4 are unnecessary for its interaction with EphA2. Then, we further tested
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whether the extracellular regions of EphA2 and Tim-4 certainly interact with each other.
To do this, the extracellular regions of EphA2 and Tim-4 were expressed in 293T cells and
the extracellular region of EphA2 was precipitated with glutathione sepharose-conjugated
beads. The extracellular region of Tim-4 was appreciably co-precipitated with that of EphA2
(Figure 3D), indicating that EphA2 and Tim-4 interact through their extracellular regions.

e e e
gV Mucin Tim-4¢"
- 55 1 in
gV -I— Tim-gamee

B
ot 1= 1gv { Mucin 343 Tim-4
-2 I —_— Tim-4'" (25-134)
=130 —_— Tim-4mein (135-281)
- —
gV Tim-4taitess

-55

— I '-40

D
+ + + + Tim-45°R-FLAG + +
-+ - GST-EphA2ER - 4
- -+ - GST Ppt
- - -+ Blot: FLAG -5
=130 TCL
- > a9 Blot: FLAG T @ _-5
e - GsTER e
Blot: GST =70
- 55 TCL
Blot: GST —_70
— s - 40

- 55

:— - - 40

Figure 3. The extracellular regions of EphA2 and Tim-4 mediate their interaction (A) 293T cells transfected with the indicated
plasmids were lysed two days after transfection. Then the lysates were incubated with anti-HA antibody-conjugated agarose
beads, and bound proteins were detected with the indicated antibodies. (B) Schematic diagram of Tim-4 mutants used
in the study. The colored rectangles indicate transmembrane domains; GP]I, glycophosphatidylinositol. (C,D) 293T cells
transfected with the indicated plasmids were lysed, and then the lysates were incubated with anti-HA antibody-conjugated
antibody (C) or glutathione agarose beads (D). Bound proteins were detected by immunoblotting. Ppt, precipitation.

3.3. The IgV Domain of Tim-4 Is Necessary for Tim-4-EphA2 Interaction

Next, we dissected which domains in the extracellular regions of EphA2 and Tim-4
are important for the interaction. Interaction between EphA2 and Tim-4 deletion mutants,
Tim-4%18Y and Tim-44M1¢", was first evaluated (Figure 3B). EphA2 was co-precipitated
with Tim-44m4n byt not with Tim-4418V (Figure 4A), suggesting that the IgV domain of
Tim-4 is necessary for the interaction between Tim-4 and EphA2. Additionally, the IgV
domain of Tim-4 was also able to precipitate the extracellular region of EphA2. In contrast,
the mucin domain of Tim-4 was unable to precipitate it (Figure 4B), which supports that
the IgV domain mediates the interaction with EphA2. We next asked which domain in
the extracellular region of EphA2 interacts with the IgV domain. Similarly, Tim-4'8V and
EphA2 truncation mutants, EphA2ECR, EphA2LBP, and EphA™3, were expressed in 293T
cells and immunoprecipitation assay was performed. As expected, EphA2FN3 was co-
precipitated with Tim-4'8Y, but unexpectedly, the EphA2MBP was also co-precipitated with
Tim-418Y (Figure 4C). In addition, this interaction was not observed when Tim-4mucin was
used instead (data not shown).
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Figure 4. The IgV and FN3 domains are crucial for the interaction of Tim-4 with EphA2 (A-C) 293T cells were transfected
with the indicated plasmids. Two days after transfection, the cells were lysed, and the lysates were incubated with anti-HA
antibody-(A) or anti-FLAG antibody-conjugated agarose beads (B,C). Then, the bead-bound proteins were separated by
SDS-PAGE and detected with the indicated antibodies. Arrowheads indicate nonspecific bands. Note that Tim-4'8V-FLAG
was not detectable in TCL. (D) Yeast cells transformed with the indicated plasmids were dotted on selective or non-selective
media. Cells on the non-selective media were used to show the number of cells dotted. Yeast transformants expressing both
Tim-4F“R and Fn1™3 were used as a positive control. BD, binding domain; AD, activation domain.

Yeast does not express a homolog of either EphA2 or Tim-4. Thus, using a yeast
two-hybrid assay, we validated whether the interaction was direct or not. Yeast trans-
formants expressing Tim-4'8Y and EphA2N3 grew on the selective plate, whereas other
transformants expressing truncation mutants of Tim-4 and EphA2 or control vector failed to
grow on the selective plate. Especially, the growth of yeast transformed with Tim-4'8" and
EphA2LBD was not observed (Figure 4D), suggesting that the interaction between Tim-4
and EphA2 was mediated by the IgV domain of Tim-4 and the FIN3 domains of EphA2.

3.4. EphA2 Is Not Involved in Tim-4-Mediated Efferocytosis

Tim-4 is known as a tethering receptor binding to PS on apoptotic cells and securing
apoptotic cells on phagocytes, which promotes the sensing of apoptotic cells and engulf
apoptotic cells by other engulfment receptors [10-13,15]. In addition, EphA2 may also be
involved in efferocytosis because Ephexin4, an EphA2 interacting protein, functions as
a GEF for RhoG, which is involved in efferocytosis [22-25]. Therefore, it is conceivable
that EphA2 mediates signaling for Tim-4-mediated efferocytosis. To test this, Tim-4 and
EphA2 were expressed in LR73 cells, and the effect of EphA2 expression on Tim-4-mediated
efferocytosis was measured. EphA2 expression alone in LR73 cells slightly but significantly
inhibited engulfment of apoptotic cells as measured by a percentage of cells engulfing
apoptotic cells, but Tim-4 expression prominently promoted engulfment of apoptotic
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cells as reported previously. However, the engulfment of apoptotic cells by LR73 cells
expressing both EphA2 and Tim-4 was similar to that by LR73 cells expressing only Tim-4
(Figure 5A), suggesting that EphA2 is unrelated to Tim-4-mediated efferocytosis. It was
also reported that Tim-4 functions as a receptor for not only apoptotic cells but also other
exogenous particles such as polystyrene beads and E. coli particles [18]. Thus, we also
evaluated the effect of EphA2 on Tim-4-mediated phagocytosis of styrene beads. Although
phagocytosis of the beads by LR73 cells expressing Tim-4 was superior to that by control
cells, phagocytosis of the beads by LR73 cells expressing both Tim-4 and EphA2 was
comparable with that by LR73 cells expressing Tim-4 alone (Figure 5B), implying that
EphA2 is not involved in Tim-4-mediated phagocytosis.

A B
LR73 + apop. thy. LR73 + polystyrene beads
. NS . NS
39_ Hkk BQ ok
2507 7 407 i
@ @
*8540 §~ 30
g 30 g 20
'5_20 s
o (=]
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R GRR < Q/QX@Q
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Figure 5. EphA2 unalters Tim-4-mediated phagocytosis (A,B) Efferocytosis assay was performed
using LR73 cells. TAMRA-labeled apoptotic thymocytes (A) or red-fluorescent polystyrene beads (B)
were added to LR73 cells transfected with the indicated plasmids and GFP and incubated for 2. Then,
the cells were extensively washed with ice-cold PBS, trypsinized, and analyzed by flow cytometry.
Double positive cells for green and red fluorescence were considered as engulfing phagocytes. Data
are shown as the mean =+ standard deviation. NS, not significant. * p < 0.05, ** p < 0.01, ** p < 0.001.

4. Discussion

Originally, Tim-4 was reported as a ligand for Tim-1 regulating T-cell proliferation,
but its role as a phosphatidylserine receptor has received more attention [26]. As the cyto-
plasmic tail and transmembrane domain are dispensable for Tim-4-mediated efferocytosis,
it has been believed that a co-receptor transducing signals into phagocytes instead of Tim-4
exits. Initially, two-step engulfment, where Tim-4 secures apoptotic cells, and other engulf-
ment receptors phagocytose them, was suggested [12]. Later several studies showed that
Tim-4 directly interacts with Fnl, Mertk, or integrins, to which Tim-4 relays signals during
efferocytosis [11,13,14]. However, the limited number of Tim-4 interacting proteins, which
help to understand signaling for Tim-4-mediated cellular events, is identified. Due to the
necessity of a FN3 domain for interaction with Tim-4, we investigated the possibility that a
protein possessing a FN3 domain interacts with Tim-4 and is engaged in Tim-4-mediated
efferocytosis. Cdon and EphA2 were final candidates, but only EphA2 interacted with
Tim-4. These suggest that a FN3 domain of a transmembrane protein is necessary but not
sufficient for interaction with Tim-4. Thus, the three-dimensional structure of a protein
may affect interactions with Tim-4.

Previously, it was reported that EphA2 interacts with Ephexin4, a GEF (guanine nu-
cleotide exchange factor) for RhoG, which activates Racl and thus promotes the engulfment
of apoptotic cells [22,23]. This suggests that EphA2 and Tim-4 have a significant correla-
tion in terms of efferocytosis. Moreover, the observation about the interaction between
EphA2 and Tim-4 strengthened the engagement of EphA2 to Tim-4-mediated efferocyto-
sis. However, EphA?2 is unlikely involved in Tim-4-mediated efferocytosis, although it
interacts with Tim-4. Nevertheless, our findings still provide insights to better understand
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signaling for Tim-4- or EphA2-mediated cellular events. EphA2 may be engaged in other
Tim-4-mediated cellular events such as T-cell proliferation [27-29]. EphA2 is involved in
various biological processes such as cell migration, proliferation, and differentiation [30,31].
Thus, inversely, Tim-4 may intervene in those EphA2-mediated processes. In these aspects,
future studies on the EphA2-Tim-4 interaction will be of interest.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/cells10061290/s1, Table S1: Expression profile of transmembrane proteins containing a
FN3 domain.

Author Contributions: Conceptualization, B.M., S.Y., and D.P; Formal analysis, B.M., S.Y., KK, and
J.L.; Funding acquisition, D.P.; Methodology, B.M., S.Y., D.J., and D.P.; Supervision, D.P,; Validation,
B.M.,, S.Y,, D.J., and D.P,; Writing—original draft, B.M., S.Y., and D.P.; Writing—review & editing, D.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation of Korea funded by the
Korea government (MSIP) (2019R1A2C1006480 and 2019R1A4A1028802) and by GIST Research
Institute (GRI) ARI grant in 2021.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting the findings of the study are available within the
article and Supplementary materials or from the corresponding author upon reasonable request.

Acknowledgments: We thank Hironori Katoh at Kyoto University for providing the EphA2 vector
and members of the Park laboratory at GIST for helpful discussions and critical reading of the
manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Morioka, S.; Maueroder, C.; Ravichandran, K.S. Living on the Edge: Efferocytosis at the Interface of Homeostasis and Pathology.
Immunity 2019, 50, 1149-1162. [CrossRef]

2. Lauber, K,; Blumenthal, S.G.; Waibel, M.; Wesselborg, S. Clearance of apoptotic cells: Getting rid of the corpses. Mol. Cell 2004, 14,
277-287. [CrossRef]

3. Fadok, V.A; Voelker, D.R.; Campbell, P.A.; Cohen, ].J.; Bratton, D.L.; Henson, PM. Exposure of phosphatidylserine on the surface
of apoptotic lymphocytes triggers specific recognition and removal by macrophages. J. Immunol. 1992, 148, 2207-2216.

4. Naeini, M.B,; Bianconi, V.; Pirro, M.; Sahebkar, A. The role of phosphatidylserine recognition receptors in multiple biological
functions. Cell. Mol. Biol. Lett. 2020, 25, 23. [CrossRef]

5. Hanayama, R.; Tanaka, M.; Miwa, K.; Shinohara, A.; Iwamatsu, A.; Nagata, S. Identification of a factor that links apoptotic cells to
phagocytes. Nature 2002, 417, 182-187. [CrossRef]

6. van der Meer, ].H.; van der Poll, T.; van 't Veer, C. TAM receptors, Gas6, and protein S: Roles in inflammation and hemostasis.
Blood 2014, 123, 2460-2469. [CrossRef] [PubMed]

7. Miyanishi, M.; Tada, K.; Koike, M.; Uchiyama, Y.; Kitamura, T.; Nagata, S. Identification of Tim4 as a phosphatidylserine receptor.
Nature 2007, 450, 435-439. [CrossRef]

8.  Kobayashi, N.; Karisola, P.; Pena-Cruz, V.; Dorfman, D.M.; Jinushi, M.; Umetsu, S.E.; Butte, M.].; Nagumo, H.; Chernova, I.; Zhu,
B.; et al. TIM-1 and TIM-4 glycoproteins bind phosphatidylserine and mediate uptake of apoptotic cells. Immunity 2007, 27,
927-940. [CrossRef] [PubMed]

9. Kim, D,; Lee, S.A.; Moon, H.; Kim, K_; Park, D. The Tim gene family in efferocytosis. Genes Genom. 2020, 42, 979-986. [CrossRef]

10. Park, D.; Hochreiter-Hufford, A.; Ravichandran, K.S. The phosphatidylserine receptor TIM-4 does not mediate direct signaling.
Curr. Biol. 2009, 19, 346-351. [CrossRef]

11. Moon, B.; Lee, J.; Lee, S.A.; Min, C.; Moon, H.; Kim, D.; Yang, S.; Moon, H.; Jeon, J.; Joo, Y.E.; et al. Mertk Interacts with Tim-4 to
Enhance Tim-4-Mediated Efferocytosis. Cells 2020, 9, 1625. [CrossRef]

12. Toda, S.; Hanayama, R.; Nagata, S. Two-step engulfment of apoptotic cells. Mol. Cell. Biol. 2012, 32, 118-125. [CrossRef]

13. Lee, J; Park, B.; Moon, B.; Park, J.; Moon, H.; Kim, K.; Lee, S.A.; Kim, D.; Min, C.; Lee, D.H.; et al. A scaffold for signaling of
Tim-4-mediated efferocytosis is formed by fibronectin. Cell Death Differ. 2019, 26, 1646-1655. [CrossRef] [PubMed]

14. Flannagan, R.S.; Canton, J.; Furuya, W.; Glogauer, M.; Grinstein, S. The phosphatidylserine receptor TIM4 utilizes integrins as

coreceptors to effect phagocytosis. Mol. Biol. Cell 2014, 25, 1511-1522. [CrossRef]


https://www.mdpi.com/article/10.3390/cells10061290/s1
https://www.mdpi.com/article/10.3390/cells10061290/s1
http://doi.org/10.1016/j.immuni.2019.04.018
http://doi.org/10.1016/S1097-2765(04)00237-0
http://doi.org/10.1186/s11658-020-00214-z
http://doi.org/10.1038/417182a
http://doi.org/10.1182/blood-2013-09-528752
http://www.ncbi.nlm.nih.gov/pubmed/24596417
http://doi.org/10.1038/nature06307
http://doi.org/10.1016/j.immuni.2007.11.011
http://www.ncbi.nlm.nih.gov/pubmed/18082433
http://doi.org/10.1007/s13258-020-00969-x
http://doi.org/10.1016/j.cub.2009.01.042
http://doi.org/10.3390/cells9071625
http://doi.org/10.1128/MCB.05993-11
http://doi.org/10.1038/s41418-018-0238-9
http://www.ncbi.nlm.nih.gov/pubmed/30451988
http://doi.org/10.1091/mbc.e13-04-0212

Cells 2021, 10, 1290 10 of 10

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Nishi, C.; Toda, S.; Segawa, K.; Nagata, S. Tim4- and MerTK-mediated engulfment of apoptotic cells by mouse resident peritoneal
macrophages. Mol. Cell. Biol. 2014, 34, 1512-1520. [CrossRef]

Nishi, C.; Yanagihashi, Y.; Segawa, K.; Nagata, S. MERTK tyrosine kinase receptor together with TIM4 phosphatidylserine
receptor mediates distinct signal transduction pathways for efferocytosis and cell proliferation. J. Biol. Chem. 2019, 294, 7221-7230.
[CrossRef]

Zhang, Q.; Wang, H.; Wu, X,; Liu, B,; Liu, W.; Wang, R.; Liang, X.; Ma, C.; Gao, L. TIM-4 promotes the growth of non-small-cell
lung cancer in a RGD motif-dependent manner. Br. . Cancer 2015, 113, 1484-1492. [CrossRef]

Min, C.; Park, J.; Kim, G.; Moon, H.; Lee, S.A.; Kim, D.; Moon, B.; Yang, S.; Lee, J.; Kim, K.; et al. Tim-4 functions as a scavenger
receptor for phagocytosis of exogenous particles. Cell Death Dis. 2020, 11, 561. [CrossRef]

Moon, H.; Min, C.; Kim, G.; Kim, D.; Kim, K.; Lee, S.A.; Moon, B.; Yang, S.; Lee, |.; Yang, S.J.; et al. Crbn modulates calcium influx
by regulating Orail during efferocytosis. Nat. Commun. 2020, 11, 5489. [CrossRef] [PubMed]

Nakayama, M.; Akiba, H.; Takeda, K.; Kojima, Y.; Hashiguchi, M.; Azuma, M.; Yagita, H.; Okumura, K. Tim-3 mediates
phagocytosis of apoptotic cells and cross-presentation. Blood 2009, 113, 3821-3830. [CrossRef] [PubMed]

Ichimura, T.; Asseldonk, E.J.; Humphreys, B.D.; Gunaratnam, L.; Duffield, J.S.; Bonventre, J.V. Kidney injury molecule-1 is
a phosphatidylserine receptor that confers a phagocytic phenotype on epithelial cells. J. Clin. Investig. 2008, 118, 1657-1668.
[CrossRef]

Kim, K; Lee, J.; Lee, S.A.; Moon, H.; Park, B.; Kim, D.; Joo, Y.E,; Park, D. Intermolecular steric inhibition of Ephexin4 is relieved
by Elmol. Sci. Rep. 2017, 7, 4404. [CrossRef]

Lee, J.; Park, B.; Kim, G.; Kim, K; Pak, J.; Kim, K.; Ye, M.B.; Park, S.G.; Park, D. Arhgef16, a novel ElImo1 binding partner, promotes
clearance of apoptotic cells via RhoG-dependent Racl activation. Biochim. Biophys. Acta 2014, 1843, 2438-2447. [CrossRef]

Kim, K;; Lee, J.; Moon, H.; Lee, S.A.; Kim, D.; Yang, S.; Lee, D.H.; Lee, G.; Park, D. The Intermolecular Interaction of Ephexin4
Leads to Autoinhibition by Impeding Binding of RhoG. Cells 2018, 7, 211. [CrossRef]

Hiramoto-Yamaki, N.; Takeuchi, S.; Ueda, S.; Harada, K.; Fujimoto, S.; Negishi, M.; Katoh, H. Ephexin4 and EphA2 mediate cell
migration through a RhoG-dependent mechanism. J. Cell Biol. 2010, 190, 461-477. [CrossRef]

Meyers, ].H.; Chakravarti, S.; Schlesinger, D.; Illes, Z.; Waldner, H.; Umetsu, S.E.; Kenny, J.; Zheng, X.X.; Umetsu, D.T.; DeKruyff,
R.H.; et al. TIM-4 is the ligand for TIM-1, and the TIM-1-TIM-4 interaction regulates T cell proliferation. Nat. Immunol. 2005, 6,
455-464. [CrossRef]

Umetsu, S.E.; Lee, W.L.; Mclntire, ].].; Downey, L.; Sanjanwala, B.; Akbari, O.; Berry, G.J.; Nagumo, H.; Freeman, G.J.; Umetsu,
D.T,; et al. TIM-1 induces T cell activation and inhibits the development of peripheral tolerance. Nat. Immunol. 2005, 6, 447-454.
[CrossRef]

Binne, L.L.; Scott, M.L.; Rennert, P.D. Human TIM-1 associates with the TCR complex and up-regulates T cell activation signals. J.
Immunol. 2007, 178, 4342-4350. [CrossRef]

Freeman, G.J.; Casasnovas, ]. M.; Umetsu, D.T.; DeKruyff, R.H. TIM genes: A family of cell surface phosphatidylserine receptors
that regulate innate and adaptive immunity. Immunol. Rev. 2010, 235, 172-189. [CrossRef]

Darling, TK.; Lamb, T.J. Emerging Roles for Eph Receptors and Ephrin Ligands in Immunity. Front. Immunol. 2019, 10, 1473.
[CrossRef]

Park, J.E.; Son, A.L; Zhou, R. Roles of EphA2 in Development and Disease. Genes 2013, 4, 334-357. [CrossRef] [PubMed]


http://doi.org/10.1128/MCB.01394-13
http://doi.org/10.1074/jbc.RA118.006628
http://doi.org/10.1038/bjc.2015.323
http://doi.org/10.1038/s41419-020-02773-7
http://doi.org/10.1038/s41467-020-19272-0
http://www.ncbi.nlm.nih.gov/pubmed/33127885
http://doi.org/10.1182/blood-2008-10-185884
http://www.ncbi.nlm.nih.gov/pubmed/19224762
http://doi.org/10.1172/JCI34487
http://doi.org/10.1038/s41598-017-04810-6
http://doi.org/10.1016/j.bbamcr.2014.07.006
http://doi.org/10.3390/cells7110211
http://doi.org/10.1083/jcb.201005141
http://doi.org/10.1038/ni1185
http://doi.org/10.1038/ni1186
http://doi.org/10.4049/jimmunol.178.7.4342
http://doi.org/10.1111/j.0105-2896.2010.00903.x
http://doi.org/10.3389/fimmu.2019.01473
http://doi.org/10.3390/genes4030334
http://www.ncbi.nlm.nih.gov/pubmed/24705208

	Introduction 
	Materials and Methods 
	Cell Culture and Transfection 
	Plasmids and Antibodies 
	Immunoprecipitation and Immunoblotting 
	Immunostaining 
	Proximity Ligation Assay 
	Efferocytosis Assay 
	Yeast Two-Hybrid Assay 
	Statistical Analysis 

	Results 
	EphA2 Interacts with Tim-4 
	The Extracellular Regions Mediate Interaction between EphA2 and Tim-4 
	The IgV Domain of Tim-4 Is Necessary for Tim-4-EphA2 Interaction 
	EphA2 Is Not Involved in Tim-4-Mediated Efferocytosis 

	Discussion 
	References

