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Abstract
An essential step during clearance of apoptotic cells is the recognition of phosphatidylserine (PS) exposed on apoptotic cells
by its receptors on phagocytes. Tim-4 directly binding to PS and functioning as a tethering receptor for phagocytosis of
apoptotic cells has been extensively studied over the past decade. However, the molecular mechanisms by which Tim-4
collaborates with other engulfment receptors during efferocytosis remain elusive. By comparing efferocytosis induced by
Tim-4 with that by Anxa5-GPI, an artificial tethering receptor, we found that Tim-4 possesses auxiliary machinery to induce
a higher level of efferocytosis than Anxa5-GPI. To search for that, we performed a yeast two-hybrid screen and identified
Fibronectin (Fn1) as a novel Tim-4-associating protein. Tim-4 directly associated with Fn1 and formed a complex with
integrins via the association of Fn1. Through Tim-4−/− mice and cell-based assays, we found that modulation of the Fn1
level affected efferocytosis induced by Tim-4 and disruption of the interaction between Tim-4 and Fn1 abrogated Tim-4-
mediated efferocytosis. In addition, Tim-4 depletion attenuated integrin signaling activation and perturbation of integrin
signaling suppressed Tim-4-promoted efferocytosis. Taken together, the data suggest that Fn1 locates Tim-4 and integrins in
close proximity by acting as a scaffold, resulting in synergistic cooperation of Tim-4 with integrins for efficient
efferocytosis.

Introduction

Apoptotic cells are efficiently cleared from the body by
well-coordinated sequential processes called efferocytosis.
An essential step in efferocytosis is the recognition of
apoptotic cells by phagocytes [1–3]. In general, phosphati-
dylserine (PS), a best-characterized ligand on apoptotic
cells, exposed on the outer leaflet of the plasma membrane
of apoptotic cells interacts with PS receptors on phagocytes
for their recognition by phagocytes [4–6]. Some of them
especially called PS receptors, such as Tim-4, BAI1, and
Stabilin-4, directly bind to PS [7–11]. Others, including
TAM receptors, αvβ3, and αvβ5, indirectly associate with PS
via bridging molecules, such as Gas6 and MFG-E8, which
link PS on apoptotic cells to engulfment receptors on pha-
gocytes [12–17].

Engulfment receptors for apoptotic cells could
be classified into two groups based on their ability
to directly transduce signals into phagocytes. Receptors
in one group can directly transduce signals into phago-
cytes after binding to apoptotic cells. By contrast, recep-
tors, called tethering receptors, in the other group
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bind to apoptotic cells but cannot directly transduce
signals. They are thought to secure apoptotic cells to
phagocytes, which facilitates recognition and ingestion
of the apoptotic cells by other engulfment receptors [8,
18–22].

One of the most notable tethering receptors is T-cell
immunoglobulin and mucin domain-containing 4 (Tim-4).
Tim-4 is a transmembrane protein comprising a relative short
cytoplasmic tail that lacks a signaling motif and an extra-
cellular domain (ECD) containing an IgV domain and a
mucin domain [23]. It was reported that Tim-4 functions as a
PS receptor by binding PS on apoptotic cells [8, 24, 25]. Tim-
4 is considered to be a tethering receptor because engulfment
of apoptotic cells mediated by truncated mutants of Tim-4
lacking the cytoplasmic tail or transmembrane domain is

unimpaired [26]. Thus, the general consensus about
signal transduction during Tim-4-induced efferocytosis is that
Tim-4 tethers apoptotic cells to phagocytes and other
engulfment receptors capable of signaling, such as integrins,
thereafter efficiently recognize apoptotic cells and mediate
their ingestion [20, 21]. A recent study strengthens this
notion. It was reported that a co-receptor directly associated
with a tethering receptor is dispensable and that a tethering
receptor alone can promote engulfment of apoptotic cells by
effectively securing these cells to phagocytes [19]. Never-
theless, it is uncertain if and how Tim-4 collaborates with
other engulfment receptors that can directly transduce signals.

In this study, efferocytosis induced by Tim-4 was com-
pared with that induced by Anxa5-GPI to determine whether
Tim-4 has unappreciated machinery that promotes engulfment

Fig. 1 Tim-4 mediates efferocytosis more efficiently than Anxa5-GPI.
a LR73 cells were transfected with the indicated plasmids, incubated
with TAMRA-stained apoptotic thymocytes at 37 °C for 2 h, stained
with an anti-HA antibody, and labeled with an Alexa Fluor 488-
conjugated secondary antibody. Scale bar, 50 µm. b Quantification of
a. The number of apoptotic cells per phagocyte was counted for at
least 100 HA-positive and -negative phagocytes in randomly selected
areas. HA-negative cells were considered as control cells. n= 3. c
LR73 cells transfected with the indicated plasmids were incubated
with TAMRA-stained apoptotic cells at 4 °C for 2 h. The number of
apoptotic cells binding to phagocytes were counted. d LR73 cells were
transfected with the indicated plasmids and exogenous proteins were
detected by immunoblotting. β-actin was used as a loading control. e
LR73 cells transfected with the indicated plasmids were incubated
with TAMRA-stained apoptotic thymocytes for 2 h, stained with an
Alexa Fluor 488-conjugated HA antibody, and analyzed by flow

cytometry. HA- and TAMRA-positive cells were considered to be
phagocytes engulfing apoptotic cells (left). The MFI of apoptotic cells
engulfed by phagocytes was evaluated (right). n= 5. f PS was
immobilized on a planar hydrophobic sensor chip. The purified ECD
of Tim-4 or Anxa5 was flowed over the surface of the chip. Binding
was monitored and analyzed using a surface plasmon resonance
instrument (SR7500 DC, Reichert Inc.). g PS vesicles were added to
LR73 cells transfected with the indicated plasmids, and then the cells
were incubated for 2 h, stained with an anti-HA antibody, and ana-
lyzed by flow cytometry. Cells positive for both HA staining and PS
vesicles were considered to be phagocytes engulfing PS vesicles (left).
The MFI of PS vesicles engulfed by phagocytes was measured (right).
n= 3. All data are shown as the mean ± standard deviation and images
are representative of at least three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001
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of apoptotic cells. Tim-4 induced a higher level of effer-
ocytosis than Anxa5-GPI. By performing a yeast two-hybrid
screen, we identified fibronectin (Fn1) as a Tim-4-interacting
protein. Furthermore, we found that Tim-4 formed a complex
with integrins through the Fn1 association. Using multiple
in vivo and in vitro approaches, we propose that Fn1 func-
tioning as a scaffold for Tim-4 and integrins promotes
synergistic cooperation of these two types of engulfment
receptors, leading to efficient binding and ingestion of apop-
totic cells and eventually the marked level of Tim-4-mediated
efferocytosis.

Results

Tim-4 induces more-efficient efferocytosis than
Anxa5-GPI

It is unclear whether Tim-4 merely secures apoptotic cells to
phagocytes or has unappreciated machinery to further pro-
mote engulfment of apoptotic cells. To investigate this,
efferocytosis mediated by Tim-4-GPI, lacking the cytosolic
tail and transmembrane domain, was compared with that
mediated by Anxa5-GPI, an artificial tethering receptor

Fig. 2 The IgV domain of Tim-4 associates with the type III domains
of Fn1. a Schematic diagram showing the clones (T21 and T48)
identified by the yeast two-hybrid screen. b Yeast transformed with the
indicated plasmids was dotted on a selective plate containing 5 mM 3-
AT and lacking histidine, leucine, and tryptophan or on a non-selective
plate lacking leucine and tryptophan. ECD, the ECD of Tim-4. c 293
T cells were transfected with the indicated plasmids and lysed 2 days
later. Proteins in the cell lysates were precipitated with glutathione-
sepharose beads, and bound proteins were detected by immunoblot-
ting. ECD, the ECD of Tim-4; TCL, total cell lysate. d Elmo1 or the
purified ECD of Tim-4 was added to a Fn1-coated 96-well plate.
Thereafter, the plate was incubated with an anti-FLAG antibody fol-
lowed by a HRP-conjugated anti-mouse secondary antibody. The
optical density of bound proteins at 450 nm was measured using a
microplate reader. Elmo1 was used as a negative control. n= 3. e NIH/
3T3 cells transfected with HA-Tim-4 were incubated with anti-HA and
anti-Fn1 antibodies, and then stained with Alexa Fluor 488- and Alexa

Fluor 594-conjugated secondary antibodies. Images were acquired by
confocal microscopy (left). The ratio of cells uniformly expressing Fn1
along the cell boundary was calculated for at least 50 Tim-4-negative
and -positive cells (right). Scale bar, 10 µm. f Yeast transformed with
the indicated plasmids was dotted on a selective or non-selective plate.
ECD, the ECD of Tim-4. g Lysates of 293 T cells transfected with the
indicated plasmids were incubated with glutathione-sepharose beads.
Bound proteins were detected by immunoblotting. h The indicated
purified proteins were added to a Fn1-coated 96-well plate. The optical
density of bound proteins at 450 nm was measured using a microplate
reader. i, j Lysates of 293 T cells transfected with the indicated plas-
mids were incubated with FLAG-conjugated agarose beads. Bound
proteins were detected by immunoblotting. ECD, the ECD of Tim-4;
TCL, total cell lysate; IP, immunoprecipitation. Data are shown as the
mean ± standard deviation and images are representative of at least
three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001
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sufficient to promote engulfment of apoptotic cells (Fig. S1a
and S1b) [19]. LR73 cells expressing Tim-4-GPI, Tim-
4AAA-GPI (a PS-binding mutant), or Anxa5-GPI were
incubated with apoptotic thymocytes and efferocytosis was
evaluated. As expected, Tim-4-GPI-expressing cells inges-
ted more apoptotic cells than Tim-4AAA-GPI-expressing or
control cells (Fig. 1a, b). Interestingly, Tim-4-GPI-
expressing cells phagocytosed more apoptotic cells than
Anxa5-GPI-expressing cells. Although Anxa5-GPI also
facilitated engulfment of apoptotic cells, its effect was
inferior to that of Tim-4-GPI (Fig. 1a, b). In order to test
whether the marked ingestion of apoptotic cells induced by
Tim-4 results from increased binding of apoptotic cells to
phagocyte, the cells were incubated with apoptotic cell at 4
°C. About 25% of Tim-4-expressing cells had more than
three apoptotic cells, whereas most of control or Anxa5-
GPI-expressing cells only had one or two apoptotic cells
(Fig. 1c and S2), which indicates that Tim-4-GPI promotes
binding of apoptotic cells more effectively than Anxa5-GPI,
which leads to the marked level of efferocytosis.

These disparities in efferocytosis mediated by Tim-4-GPI
versus Anxa5-GPI could be due to variation in their protein
expression levels. Therefore, we investigated the expression
levels of these receptors. Although their expression levels
differed, that of Anxa5-GPI was always much higher than
that of Tim-4-GPI (Fig. 1d). Moreover, when flow cyto-
metry was used to gate cells with the same surface
expression levels of Tim-4-GPI or Anxa5-GPI, the mean
fluorescence intensity, indicative of the relative number of
apoptotic cells per phagocyte, was higher for Tim-4-GPI-
expressing cells than for Anxa5-GPI-expressing cells
(Fig. 1e right), and a higher percentage of Tim-4-GPI-
expressing cells than Anxa5-GPI-expressing cells ingested
apoptotic cells (Fig. 1e left). This indicates that these dis-
parities in efferocytosis are not owing to variation in protein
expression levels.

The differences in the abilities of Tim-4-GPI and Anxa5-
GPI to induce efferocytosis may alternatively be explained
by differences in their affinities for PS on apoptotic cells.
Specifically, Tim-4 may have a stronger affinity for PS than
Anxa5. To investigate this possibility, we compared the
affinities of Tim-4 and Anxa5 for PS by performing surface
plasmon resonance. Unexpectedly, the equilibrium dis-
sociation constant (KD) of the ECD of Tim-4 was ~ 33-fold
higher than that of Anxa5 (Fig. 1f). This suggests that Tim-
4 has a lower affinity for PS than Anxa5, meaning that the
marked efferocytosis induced by Tim-4-GPI is unlikely
because it has an enhanced affinity for PS.

Next, a property of apoptotic cells rather than PS
exposed on them might underlie the marked level of Tim-4-
GPI-mediated efferocytosis. To investigate this possibility,
we generated PS vesicles containing PS and phosphati-
dylcholine (PC) to simplify complicated apoptotic cell

contexts in efferocytosis. A higher percentage of Tim-4-
GPI-expressing cells than Anxa5-GPI-expressing cells
engulfed PS vesicles (Fig. 1g left), and the number of PS
vesicles ingested per cell was higher for the former cells
than for the latter cells (Fig. 1g right). By contrast,
engulfment of PC vesicles was negligibly induced by Tim-
4-GPI or Anxa5-GPI (Fig. S3). These data imply that PS,
and no other factor, on apoptotic cells is necessary and
sufficient for the marked level of Tim-4-GPI-mediated
efferocytosis. Taken together, these data suggest that effi-
cient and effective efferocytosis is not determined just by
the PS affinities or the expression levels of tethering
receptors and that the ECD of Tim-4 could possess an
unidentified component.

Tim-4 associates with Fn1

To search for a component interacting with the ECD of
Tim-4, we performed a yeast two-hybrid screen using the
ECD of Tim-4 as bait. Two candidate clones, T21 and T48,
identified by the screen contained amino acids 725–889 and
841–999 of Fn1, respectively (Fig. 2a). Because T21 con-
tained two intact fibronectin type III domains, we used T21
for further experiments. Yeast expressing both the ECD of
Tim-4 and T21 grew on selective plates, whereas that
expressing only the ECD of Tim-4 or T21 did not (Fig. 2b),
which indicate that the ECD of Tim-4 interacts with this
fragment of Fn1.

Next, we examined whether this interaction occurs in
mammalian cells. FLAG-tagged ECD expressed in 293T
HEK cells was co-precipitated with GST-tagged T21, but
not with GST (Fig. 2c), indicating that these proteins also
associate in mammalian cells. The expression level of
FLAG-tagged ECD was high in the presence of GST–T21.
This might be because this interaction increases the stability
of the ECD protein. We further tested whether the ECD of
Tim-4 directly associates with full-length Fn1 by perform-
ing an enzyme-linked immunosorbent assay. Absorbance
increased in a dose-dependent manner by adding the pur-
ified ECD of Tim-4 to a plate coated with soluble full-
length Fn1. By contrast, absorbance generated upon addi-
tion of Elmo1 or upon incubating the ECD of Tim-4 with
laminin was indistinguishable from that generated upon
addition of the buffer control (Fig. 2d and S4). Furthermore,
we tested whether the proteins associate in cells. Endo-
genous Fn1 and exogenous Tim-4 colocalized along the
boundary of NIH/3T3 cells (Fig. 2e left and S5). Intrigu-
ingly, Fn1 localized uniformly along the cell boundary in >
65% of cells exogenously expressing Tim-4, but non-
uniformly in the absence of Tim-4 (Fig. 2e right). In addi-
tion, we also harnessed the proximity ligation assay to
further test the interaction of Tim-4 with Fn1. Fluorescence
generated by Tim-4 and Fn1 was as strong as that generated
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by integrins and Fn1 used as a positive control (Fig. S6).
Collectively, these data suggest that Tim-4 directly associ-
ates with Fn1.

The IgV domain of Tim-4 interacts with the type III
domains of Fn1

Next, we narrowed which of the domains of the ECD
of Tim-4 is necessary for the interaction with Fn1. Yeast
expressing T21 and the ECD or the IgV domain grew
on selective plates, whereas yeast expressing T21 and
the mucin domain did not (Fig. 2f), indicating that the IgV
domain of Tim-4 interacts with this fragment of Fn1.
The interaction between the IgV domain and T21
also observed in mammalian cells. Although the IgV
domain was undetectable in cell lysates and was
only observed by immunoprecipitation (Fig. S7), it was
readily detected in precipitates of GST–T21 (Fig. 2g).
The direct interaction between the IgV domain and Fn1
was further confirmed by enzyme-linked immunosorbent
assay. Increased absorbance was observed only when
the IgV domain and the ECD of Tim-4 was incubated,
but the mucin domain failed to increase absorbance
(Fig. 2h). These data suggest that there is strong and
direct interaction between the IgV domain of Tim-4 and
Fn1.

Next, we split T21 into two fragments, each containing
one fibronectin type III domain, to identify which region is
important for the interaction. Both fragments were co-
precipitated with the ECD or the IgV domain of Tim-4
(Fig. 2i, j). Overall, these data indicate that the association
of Tim-4 with Fn1 is mediated by an interaction between
the IgV domain of Tim-4 and the type III domains of
Fn1.

The level of Fn1 influences Tim-4-mediated
efferocytosis

Next, we investigated the effects of Fn1 on Tim-4-
mediated efferocytosis. Addition of Fn1 further promoted
efferocytosis enhanced by Tim-4 in a dose-dependent
manner. However, soluble Fn1 marginally increased
the basal level of efferocytosis in control cells (Fig. 3a).
In addition, we alternatively examined the effects of
Fn1 on efferocytosis by peritoneal macrophages in which
Tim-4-mediated efferocytosis is well established [27].
Addition of Fn1 marginally increased efferocytosis
by peritoneal macrophages derived from Tim-4−/− mice,
but significantly increased that by peritoneal
macrophages derived from wild-type (WT) mice
(Fig. 3b), indicating that the effects of Fn1 on effer-
ocytosis is Tim-4-dependent. In a reverse way, Fn1
was knocked down using Fn1-targeting siRNA (Fig. 3c)
and the effect on Tim-4-mediated efferocytosis was
assessed. Knockdown of Fn1 substantially decreased
Tim-4-mediated engulfment of apoptotic cells in
comparison with transfection of control siRNA (Fig. 3d).
Overall, the data suggest that Fn1 participates in
regulation of Tim-4-mediated efferocytosis.

Fn1 forms a complex with Tim-4 and integrins

Fn1 binds to integrins involved in efferocytosis (e.g.,
αvβ5 and αvβ3), and Fn1 and integrins are reportedly
involved in clearance of apoptotic cells [28–32]. Thus,
we hypothesized that Fn1 brings Tim-4 and integrins
into close proximity by interaction of Fn1 with Tim-4
and integrins, leading to effective signal transduction
through integrins. In order to address this, we first

Fig. 3 The level of Fn1 influences Tim-4-mediated efferocytosis. a, b
LR73 cells transfected with Tim-4 a or peritoneal macrophages
derived from WT or Tim-4−/− mice b were incubated with TAMRA-
stained apoptotic thymocytes and the indicated concentrations of Fn1
for 2 h (a, n= 3) or 15 min (b, n= 3), stained with an anti-HA anti-
body a, and analyzed by flow cytometry. c Total RNA was prepared
from L cells nucleofected with control or Fn1-targeting siRNA and
cultured for 2 d. The transcript levels of Fn1 were measured by

quantitative real-time polymerase chain reaction (left) and agarose-gel
electrophoresis after polymerase chain reaction (right). Ctrl, control. n
= 3. d L cells nucleofected with Tim-4 and control or Fn1-targeting
siRNA were incubated with apoptotic thymocytes, stained with an
anti-HA antibody, and analyzed by flow cytometry. n= 3. Data are
shown as the mean ± standard deviation and images are representative
of at least three independent experiments. *P < 0.05, **P < 0.01, ***P
< 0.001
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tested whether a trimeric complex, consisting of Tim-4,
Fn1 and integrins, could be formed. Using LR73
cells endogenously expressing αvβ5 (Fig. S8) and stably
expressing Tim-4, Itgb5 (integrin subunit β5) immuno-
precipitation was performed. Interestingly, Tim-4
besides Fn1 was coimmunoprecipitated with Itgb5
(Fig. 4a lane 2) although a direct interaction between
the ECD of Tim-4 and the ECD of Itgb5 was not detected
in yeast (Fig. S9). In addition, when bacterially produced
GST–T21, abrogating the interaction between the
ECD of Tim-4 and Fn1 (Fig. 4b and S10), was used, the
coimmunoprecipitation of Tim-4 with Itgb5 was nullified,
whereas Fn1 was still coimmunoprecipitated (Fig. 4a
lane 3). These data suggest Fn1 mediates a
trimeric complex to be formed and could function as a
scaffold through interacting with both Tim-4 and the
integrin.

Disruption of the interaction of Tim-4 with Fn1
abolishes Tim-4-mediated efferocytosis and
attenuates activation of integrin signaling

Next, if notable Tim-4-mediated efferocytosis is induced by
scaffolding Tim-4 and integrins by Fn1, the interaction of
Tim-4 with Fn1 could be essential for Tim-4-mediated
efferocytosis. Thus, we first tested whether the association
between Tim-4 and Fn1 is necessary for Tim-4-mediated
efferocytosis. To this end, we used bacterially produced
GST–T21, disrupting the interaction of Tim-4 with Fn1.
Intriguingly, Tim-4-mediated efferocytosis was completely
abolished by GST–T21 but was marginally inhibited by GST
when LR73 cells expressing Tim-4 were incubated with
soluble GST–T21 or GST (Fig. 4c). To investigate the effects
of disrupting this interaction in vivo, apoptotic thymocytes
and GST or GST–T21 were injected into the peritoneum of

Fig. 4 Disruption of the interaction between Fn1 and Tim-4 abolishes
Tim-4-mediated efferocytosis and attenuates integrin signaling acti-
vation. a Lysates of LR73 cells stably expressing Tim-4 were incu-
bated with protein A/G-conjugated agarose beads and anti-Itgb5 or
IgG in the presence of GST–T21 or GST. Bound proteins were
detected by immunoblotting. IP, immunoprecipitation; TCL, total cell
lysates. b The purified ECD of Tim-4 was incubated with Fn1 attached
to a 96-well plate in the presence of GST or GST–T21, and then bound
proteins were detected by measuring absorbance at 450 nm using a
microplate reader. n= 4. c LR73 cells transfected with Tim-4 were
incubated with apoptotic thymocytes in the presence of GST or GST–
T21, and then stained with an anti-HA antibody. Engulfing phagocytes
were detected by flow cytometry. n= 3. d pHrodo-stained apoptotic
thymocytes with GST or GST–T21 were injected into the peritoneum

of WT or Tim-4−/− mice. Peritoneal exudates were prepared 15 min
later, stained with an anti-F4/80 antibody, and analyzed by flow
cytometry. Representative flow cytometric data are shown (left). n= 8.
e, f Peritoneal macrophages e or LR73 cells stably expressing Tim-4 f
were incubated with apoptotic thymocytes and GST or GST–T21 for
15 min, washed to remove unbound apoptotic cells, and then lysed.
Proteins in the lysates were detected by immunoblotting. g Peritoneal
macrophages derived from WT or Tim-4−/− mice were incubated with
apoptotic thymocytes for 15 min, washed, and lysed. Phosphorylated
Erk in the lysates was detected by immunoblotting. Data are shown as
the mean ± standard deviation and images are representative of at least
three independent experiments. **P < 0.01, ***P < 0.001. ECD, the
extracellular domain of Tim-4; NS, not significant; WT, wild type
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WT or Tim-4−/− mice, and efferocytosis by peritoneal mac-
rophages was assessed. Surprisingly, GST–T21 markedly
inhibited engulfment of apoptotic cells by WT peritoneal
macrophages, whereas efferocytosis by Tim-4−/−

peritoneal macrophages was unaffected by GST–T21
(Fig. 4d), which suggests that the association between Fn1
and Tim-4 plays a pivotal role for Tim-4-mediated
efferocytosis.

Furthermore, we investigated whether disrupting the inter-
action could attenuate activation of integrin signaling during
efferocytosis. In order to test integrin signaling activation, we
measured phosphorylation of focal adhesion kinase (FAK) and
extracellular signal-regulated kinase (Erk). When peritoneal
macrophages were stimulated with apoptotic cells in the pre-
sence of GST, distinct Erk and FAK phosphorylation were
observed, but the levels of this phosphorylation were mitigated
by adding GST–T21 (Fig. 4e and S11a). Furthermore, these
phenomena were also observed in LR73 cells stably expres-
sing Tim-4. Erk and FAK phosphorylation induced by incu-
bation of apoptotic cells was decreased in the presence of
GST–T21 (Fig. 4f and S11b). Taken together, the data suggest
that the association of Tim-4 with Fn1 is necessary for Tim-4-

mediated engulfment of apoptotic cells and that Tim-4-
mediated efferocytosis is linked to integrin signaling through
Fn1-Tim-4 association.

Tim-4 depletion attenuates activation of integrin
signaling

To determine whether depletion of Tim-4 decreases integrin
signaling activation, we next investigated activation of
integrin signaling in Tim-4−/− peritoneal macrophages
during efferocytosis. The level of phospho-FAK was ~ 2.5-
fold higher in WT peritoneal macrophages incubated with
apoptotic cells than in those not incubated with apoptotic
cells. However, incubation with apoptotic cells only
increased the level of phospho-FAK by ~ 1.5-fold in Tim-4
−/− peritoneal macrophages, despite there being no dis-
cernable difference in the level of basal FAK activation
between WT and Tim-4−/− peritoneal macrophages (Fig.
S12). Tim-4 dependent Erk activation during efferocytosis
was more obvious than that of FAK. Upon incubation with
apoptotic thymocytes, Erk phosphorylation was remarkably
increased in WT peritoneal macrophages. However, Erk

Fig. 5 Perturbation of integrin signaling decreases Tim-4-mediated
efferocytosis. a–f LR73 cells transfected with Tim-4 a–c or Anxa5-
GPI d–f were incubated with TAMRA-labeled apoptotic thymocytes
and the indicated concentrations of peptides a, d, antibodies b, e, or
FAK inhibitor 14 c, f for 2 h, stained with an anti-HA antibody, and
analyzed by flow cytometry. n= 3. g, h WT or Tim-4−/− mice were
peritoneally injected with pHrodo-stained apoptotic thymocytes and

the indicated peptides g, n= 7 or FAK inhibitor 14 h, n= 9. Peritoneal
lavages were prepared 15 min later, stained with an anti-F4/80 anti-
body, and analyzed by flow cytometry. F4/80- and pHrodo-positive
cells were considered to be peritoneal macrophages engulfing apop-
totic cells. Data are shown as the mean ± standard deviation. *P < 0.05,
**P < 0.01, ***P < 0.001. NS, not significant; WT, wild type
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phosphorylation in Tim-4−/− peritoneal macrophages was
not comparable with that in WT peritoneal macrophages
although Erk phosphorylation in Tim-4−/− peritoneal mac-
rophages was substantially increased as well (Fig. 4g).
Collectively, these data demonstrate that depletion of Tim-4
attenuates activation of integrin signaling and suggest that
integrin signaling activation during efferocytosis is con-
siderably dependent on Tim-4.

Blockade of integrin signaling decreases Tim-4-
mediated efferocytosis

Next, we tested whether blockade of integrin signaling
using arginylglycylaspartic acid (RGD) peptides, anti-αvβ5-
blocking antibody, and FAK inhibitor 14 could suppress
Tim-4-mediated efferocytosis. Tim-4-mediated effer-
ocytosis was decreased by RGD peptides, but not by RGE
peptides (Fig. 5a). In addition, integrin signaling was
alternatively inhibited using an anti-αvβ5-blocking antibody
owing to the expression of αvβ5 but not αvβ3 in LR73 cells
(Fig. S8). Consistently, Tim-4-mediated efferocytosis was
substantially decreased by treatment with an anti-αvβ5-
blocking antibody (Fig. 5b) but was unaffected by treatment
with an anti-αvβ3-blocking antibody (Fig. S13). Further-
more, FAK inhibitor 14 also abolished Tim-4-mediated
engulfment of apoptotic cells (Fig. 5c). However, surpris-
ingly, the inhibitory effects of RGD or the αvβ5-blocking
antibody on Anxa5-GPI-promoted efferocytosis were not
observed (Fig. 5d, e) and the effects of FAK inhibitor 14
were much less potent in Anxa5-GPI-mediated effer-
ocytosis than in Tim-4-mediated efferocytosis (Fig. 5f),
indicating the link of Tim-4-mediated efferocytosis to
integrin signaling.

To investigate the effects of perturbing integrin sig-
naling in physiologically relevant conditions, pHrodo-
stained apoptotic thymocytes and RGD peptides or FAK
inhibitor 14 were injected into the peritoneum of WT or
Tim-4−/− mice, and efferocytosis by peritoneal macro-
phages was evaluated. RGD peptides and FAK inhibitor
14 strongly suppressed efferocytosis by WT peritoneal
macrophages and also hindered that by Tim-4−/− perito-
neal macrophages. However, the degree of inhibition in
efferocytosis by Tim-4−/− peritoneal macrophages was
much weaker than in that by WT peritoneal macrophages
(Fig. 5g, h), which indicates that integrin signaling plays
an important role even though signal transduction for
Tim-4-mediated efferocytosis is not fully dependent on it.
In conclusion, these data suggest that Fn1 forms a com-
plex with Tim-4, which brings Tim-4 into close proximity
with integrins. Thus, Tim-4 and integrins efficiently
cooperate to secure and engulf apoptotic cells, which
underlies the marked level of Tim-4-mediated
efferocytosis.

Discussion

Tim-4-GPI, which comprises the ECD of Tim-4 fused to the
GPI anchor of DAF, rather than full-length Tim-4 was used
in this study. In this way, it was possible to determine
whether the ECD of Tim-4 by itself induces a higher level
of efferocytosis than Anxa5-GPI and whether it associates
with a co-receptor or a protein, which further promotes
Tim-4-mediated efferocytosis. Our previous study using
Anxa5-GPI suggests that co-receptors physically interacting
with a tethering receptor are dispensable for tethering
receptor-mediated efferocytosis [19]. In fact, the previous
study by our group supported two-step engulfment by
Nagata group. However, a tethering receptor might still
possess a co-receptor or other supplementary devices. The
supplementary machinery including a scaffolding protein as
in Tim-4 or a co-receptor could be beneficial for tethering
receptor-mediated efferocytosis. By possessing it, tethering
receptors transduce signals into phagocytes more rapidly
and efficiently than two-step engulfment, resulting in
notable uptake of apoptotic cells. Therefore, although Tim-4
itself is enough to promote clearance of apoptotic cells,
Tim-4 could become more competent with supplementary
machinery such as Fn1.

It has been suggested that integrins, such as αvβ3 and β1,
are involved in the signaling of Tim-4-mediated effer-
ocytosis [20, 33, 34]. Integrins were initially thought to be
bystander receptors of Tim-4 in the two-step engulfment of
apoptotic cells. Specifically, it was thought that Tim-4
captures apoptotic cells, which are thereafter efficiently
recognized and engulfed via integrins, and that this process
does not require the direct interaction of integrins and Tim-4
[20]. Later, two groups reported that αvβ3 and β1 bio-
chemically associate with Tim-4 [33, 34]. However, the
direct association between Tim-4 and integrins should be
carefully re-examined because there is a lack of direct
biochemical data and its physiological relevance remains
unclear. Although the direct biochemical interaction
between Tim-4 and integrins has remained obscure, integ-
rins are apparently involved in the signaling of Tim-4-
mediated efferocytosis. Our observations also support this
notion. However, rather than a direct biochemical interac-
tion, we show that Fn1 mediates the association between
Tim-4 and integrins. Several reports show that Fn1 aug-
ments engulfment of apoptotic cells by associating with
integrins [30–32], which is consistent with our findings.

Based on our study and others, the IgV domain of Tim-4
binds to both Fn1 and PS. Thus, it is plausible that Fn1
could compete with PS for binding to the IgV domain of
Tim-4. However, this is not the case. Interaction of the PS
binding mutant (Tim-4AAA ECD) with Fn1 was comparable
with that of wild-type Tim-4 ECD. Moreover, LR73 cells
expressing Tim-4 still promoted uptake of PS vesicles in the
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presence of Fn1 (Fig. S14), which indicates that Fn1 forms
a complex with Tim-4 without affecting the PS binding of
Tim-4.

Fn1 comprises three types of domains: I, II, and III. In
general, type I and II domains associate with ECM proteins
such as collagen and heparin, and are involved in ECM
assembly, whereas type III domains interact with various
integrins via an RGD motif and thus are responsible for cell
binding [28, 35]. T21 and T48, which were identified by a
yeast two-hybrid screen in this study, contain amino acids
725–889 and 841–999 of Fn1, respectively, which are
located within the type III domains. A single type III
domain could interact with Tim-4, and Fn1 contains mul-
tiple type III domains. Therefore, multiple molecules of
Tim-4 may cluster together, resulting in the co-recruitment
of different types of engulfment receptors and their syner-
gistic coordination to tether and ingest apoptotic cells.

Collectively, the findings of this study suggest that Fn1
functions as a scaffolding protein and forms a complex with
Tim-4 and integrins. The scaffolding of these two types of
engulfment receptors efficiently and synergistically coordi-
nates the tethering and ingestion of apoptotic cells, which
underlies the marked level of Tim-4-mediated efferocytosis.
Given that Tim-4 is essential for engulfment of apoptotic
cells, these findings could help to develop therapeutics for
diseases caused by defects in efferocytosis.

Materials and methods

Yeast two-hybrid screen

The yeast two-hybrid screen was performed as described
previously [36]. In brief, HF7C cells were transformed with
mouse-7-embryonic library and the ECD of Tim-4 as bait
using a LiAc-based method. More than 15 million inde-
pendent colonies were screened and prey plasmids from
yeast colonies growing on the selective plates containing 5
mM 3-amino-1,2,4-triazole without His, Trp, and Leu were
recovered and amplified in KC8, a bacterial strain. Specific
interaction was confirmed by re-transformation of yeast
with the prey plasmids only or the prey plasmids with the
ECD of Tim-4 and then the inserts of the prey plasmids
were identified by sequencing.

Surface plasmon resonance

Interaction between the ECD of Tim-4 with PS or PC and
interaction of Anxa5 with PS or PS were analyzed using a
surface plasmon resonance instrument (SR7500 DC,
Reichert Inc) according the manufacturer’s instructions.
In brief, PS or PC were purchased from Avanti and
immobilized on planar hydrophobic sensor chip mounted

on the instrument using immersion oil. Different con-
centrations of the purified ECD of Tim-4 or Anxa5 in 10
mM HEPES buffer (pH 7.4) containing 140 mM NaCl,
2.5 mM CaCl2 and 0.005 % tween 20 were allowed to
flow over the surface containing the immobilized lipids at
a rate of 30 µl/min at 25 °C. The sensor surface was
regenerated after each association and dissociation cycle.
Sensorgrams were fit to a simple 1:1 Langmuir interaction
model using data analysis program Scrubber 2.0 (Bio-
Logic Software).

Statistical analysis

All data are shown as the mean ± standard deviation. Each
experiment was performed independently at least three
times, and a two-tailed t test was used to analyze statistical
differences. Statistical significance was calculated using the
GraphPad Prism 6 software and p < 0.05 was taken to
indicate a significant difference.
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