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Identification of Tim4 as a phosphatidylserine
receptor
Masanori Miyanishi1,2, Kazutoshi Tada2{, Masato Koike3, Yasuo Uchiyama3, Toshio Kitamura4

& Shigekazu Nagata1,2,5

In programmed cell death, a large number of cells undergo apop-
tosis, and are engulfed by macrophages to avoid the release of
noxious materials from the dying cells1,2. In definitive eryth-
ropoiesis, nuclei are expelled from erythroid precursor cells and
are engulfed by macrophages. Phosphatidylserine is exposed on
the surface of apoptotic cells3 and on the nuclei expelled from
erythroid precursor cells4; it works as an ‘eat me’ signal for pha-
gocytes5,6. Phosphatidylserine is also expressed on the surface of
exosomes involved in intercellular signalling7. Herewe established
a library of hamster monoclonal antibodies against mouse peri-
toneal macrophages, and found an antibody that strongly inhib-
ited the phosphatidylserine-dependent engulfment of apoptotic
cells. The antigen recognized by the antibody was identified by
expression cloning as a type I transmembrane protein called Tim4
(T-cell immunoglobulin- and mucin-domain-containing mole-
cule; also known as Timd4)8. Tim4 was expressed in Mac11 cells
in various mouse tissues, including spleen, lymph nodes and fetal

liver. Tim4 bound apoptotic cells by recognizing phosphatidylser-
ine via its immunoglobulin domain. The expression of Tim4 in
fibroblasts enhanced their ability to engulf apoptotic cells. When
the anti-Tim4 monoclonal antibody was administered into mice,
the engulfment of apoptotic cells by thymic macrophages was
significantly blocked, and the mice developed autoantibodies.
Among the other Tim family members, Tim1, but neither Tim2
nor Tim3, specifically bound phosphatidylserine. Tim1- or Tim4-
expressing Ba/F3 B cells were bound by exosomes via phosphati-
dylserine, and exosomes stimulated the interaction between Tim1
and Tim4. These results indicate that Tim4 and Tim1 are phos-
phatidylserine receptors for the engulfment of apoptotic cells, and
may also be involved in intercellular signalling in which exosomes
are involved.

Caspase-activated DNase (CAD)-deficient cells do not undergo
apoptotic DNA fragmentation, but their DNA is degraded in phago-
cytes after they are engulfed9. We used this knowledge to assay the
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Figure 1 | Tim4 in peritoneal
macrophages. a, Mouse peritoneal
cells were used for phagocytosis
with D89E10 or Kat5-18, stained for
TUNEL, analysed by flow
cytometry, and the percentage of
TUNEL1macrophages determined.
Average values of two experiments
are shown. b, Peritoneal
macrophages incubated with
biotin-Kat5-18, followed with
FITC-streptavidin and APC-anti-
Mac1. c, Parental and Tim4-
expressing Ba/F3 analysed by flow
cytometry with Kat5-18. d, mRNA
levels of Tim4 and MFG-E8 in
resident or thioglycollate-elicited
peritoneal macrophages, and bone
marrow-derived immature
dendritic cells, determined by real-
time PCR. e, Tim4 mRNA levels in
mouse tissues, determined by real-
time PCR. f, Real-time PCR for
Tim4 mRNA in Mac11 and Mac12

cells from lymph nodes, spleen and
fetal liver.
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engulfmentof apoptotic cells, and identifiedMFG-E8 (milk fat globule
EGF factor 8) that stimulates their engulfment10. MFG-E8 is expressed
in thioglycollate-elicited peritoneal macrophages, tingible-body
macrophages of lymph nodes and spleen, Langerhans cells and mam-
mary epithelial cells10–13. Hu et al.14 reported that naı̈ve peritoneal
macrophages engulf apoptotic cells in a phosphatidylserine (PS)-
dependent manner. We confirmed this with our assay system, which
uses CAD2/2 thymocytes as prey (Fig. 1a). Peritoneal macrophages
efficiently engulfed apoptotic cells, and this was inhibited by the D89E
mutant of MFG-E8 that masks PS10. However, peritoneal macro-
phages expressed little MFG-E8 (see below), and this MFG-E8 defi-
ciency did not affect the ability of these macrophages to engulf
apoptotic cells (data not shown). To identify the molecules involved
in this engulfment, Armenian hamsters were immunized with
mouse peritoneal cells, and hybridomas were prepared. Among
1,200 hybridomas, one monoclonal antibody (Kat5-18) dose-
dependently inhibited the phagocytosis of apoptotic cells by peri-
toneal macrophages (Fig. 1a). Most Mac11 peritoneal cells were
stained by Kat5-18 (Fig. 1b), indicating that peritoneal macrophages
expressed its antigen.

To identify the antigen for Kat5-18, we used retrovirus-mediated
expression cloning15. A complementary DNA library was constructed
withmessenger RNA frommouse peritoneal cells, converted to retro-
viruses, and used to infect mouse Ba/F3 cells. After 2 days in culture,
transformants labelled by Kat5-18 (less than 0.1%) were sorted using
a cell sorter, expanded in culture, and sorted again. This cycle of
sorting and expansion was repeated three times until most cells

stained with Kat5-18. The sorted Kat5-181 cells carried 2–3 different
integrated cDNAs, and Tim4 cDNA was found in two independent
experiments. When Tim4 cDNA was introduced into Ba/F3, the
transformants stained strongly with Kat5-18 (Fig. 1c), confirming
that Tim4 was the antigen recognized by Kat5-18. Real-time PCR
indicated that Tim4 mRNA was expressed in resident, but not
thioglycollate-elicited, peritoneal cells (Fig. 1d), in sharp contrast
with MFG-E8, which was expressed in thioglycollate-elicited but
weakly in resident peritoneal cells. A similar situation was observed
with bonemarrow-derived immature dendritic cells, which expressed
a high level of MFG-E8, but not Tim4. Other major tissues that
expressed Tim4 included the spleen, thymus, lymph nodes and saliv-
ary glands (Fig. 1e).When cells from the spleen, lymph nodes and fetal
liver were sorted intoMac11 andMac12 cells usingMACS (magnetic
cell sorting), Tim4 mRNA was found only in Mac11 cells (Fig. 1f).
Flow cytometry indicated that about 20% ofMac11 cells in the lymph
nodes expressed Tim4 (Supplementary Fig. 1).

DNase II degrades DNA of apoptotic cells in lysosomes after pha-
gocytes engulf them16. To examine the role of Tim4 in the engulfment
of apoptotic cells, a fibroblast cell line expressing Tim4 was estab-
lished withNIH3T3 expressing DNase II10 (NIH3T3/DNase II/Tim4)
(Supplementary Fig. 2). The ability of the parental NIH3T3/DNase II
to engulf apoptotic cells was weak: when incubated with apoptotic
CAD2/2 thymocytes for 120min, only 20%of the cells engulfed them
(Fig. 2a). On the other hand, more than 50% of NIH3T3/DNase
II/Tim4 engulfed apoptotic cells within 60min. This effect of Tim4
was confirmed by microscopic observation. That is, when apoptotic
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Figure 2 | Tim4-mediated engulfment of apoptotic cells. a, NIH3T3/DNase
II (filled squares, open squares) and NIH3T3/DNase II/Tim4 (filled circles,
open circles) incubated with 3.03 105 (filled squares, filled circles) or
6.03 105 (open squares, open circles) apoptotic CAD2/2 thymocytes for the
indicated periods. The percentage of TUNEL1 macrophages was determined
by flow cytometry. Average values from three experiments are shown; error
bars,61s.e. b, NIH3T3/DNase II and NIH3T3/DNase II/Tim4 used for 60-
min phagocytosis, stained for TUNEL, and observed by microscopy. Arrows
indicate TUNEL1 cells. c, NIH3T3/DNase II or NIH3T3/DNase II/Tim4
incubated with healthy or apoptotic thymocytes in the presence of Kat5-18,
stained forTUNEL.Thepercentage ofTUNEL1macrophageswas determined

by flow cytometry. Average values from three experiments are shown; error
bars,61s.e.. d,CAD2/2mice that had receivednormal hamster AborKat5-18
were treatedwithdexamethasone.Top, the thymusstained forTUNEL (green)
and F4/80 (red). The number of TUNEL1 cells determined for 50 randomly
selected macrophages (bottom). Experiments were carried out three times,
and the percentage of the macrophages carrying more than 15 apoptotic cells
plotted (right). Mann–Whitney’s U-test was used to analyse the difference,
and P values are shown. e, Normal hamster IgG, Kat5-18 or PBS was injected
into mice twice a week for 5weeks. The serum concentration of anti-
cardiolipin and anti-dsDNA was determined at 2, 5 and 10weeks. P values
determined as above are shown. A492, absorbance at 492 nm.

LETTERS NATURE |Vol 450 | 15 November 2007

436
Nature   ©2007 Publishing Group



cells were cultured with NIH3T3/DNase II, few apoptotic cells were
seen attached toNIH3T3/DNase II (Fig. 2b). In contrast, many apop-
totic cells associated with NIH3T3/DNase II/Tim4, and many were
TUNEL-positive, indicating that these cells had been engulfed.
NIH3T3/DNase II/Tim4 engulfed apoptotic cells but not healthy
ones, and this engulfment was dose-dependently inhibited by Kat5-
18 (Fig. 2c), confirming that Tim4 conferred the ability to engulf
apoptotic cells on NIH3T3/DNase II. To confirm the function of
Tim4 in vivo, CAD2/2 mice were given Kat5-18, and treated with
dexamethasone to induce apoptosis in the thymus. As shown in
Fig. 2d, in the thymus of mice that received the control IgG, 32.3%
of F4/801 macrophages carried more than 15 TUNEL1 apoptotic
cells. This percentage of the macrophages carrying more than 15

apoptotic cells was reduced to about 12.6% in the thymus of themice
that received Kat5-18. Inefficient engulfment of apoptotic cells often
leads to autoimmune diseases17. In fact, the mice that received Kat5-
18 developed autoantibodies (anti-cardiolipin and anti-double-
stranded-DNA antibodies) within 5weeks in their serum (Fig. 2e).
Two mice strongly responded to Kat5-18 and two weakly, but the
injection of normal IgG or PBS never caused the development of
autoantibodies. The serum anti-cardiolipin antibody level was
reduced when the injection of Kat5-18 was interrupted, confirming
that this increase was due to Kat5-18.

Mouse Tim4 is a type I membrane protein, consisting of a signal
sequence and extracellular, transmembrane and cytosolic regions
(Fig. 3a). To examine how Tim4 enhances the engulfment of
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Figure 3 | Binding to phosphatidylserine. a, Structure of Tim4, showing
signal sequence (S), IgV-like (IgV),mucin-like (Mucin), transmembrane (TM)
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Tim4-Fc followed by anti-IgG. d, Microtitre plates coated with indicated
phospholipids incubated with Tim4-Fc, followed by anti-IgG. The assay was
performed in triplicate. e, Lipid overlay assay performed as c with Tim1-Fc,
Tim2-Fc and Tim3-Fc. f, Structures of the extracellular region of Tim1, Tim2
and Tim4, and their hybrids, fused to human IgG. g, Microtitre plates coated
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Fc, or their hybrids.
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apoptotic cells, the Tim4 extracellular region was fused to the Fc
region of human IgG (Tim4-Fc). The purified Tim4-Fc showed a
band at 82 kDa in SDS–PAGE under reducing conditions, and a
170 kDa band under non-reducing conditions (Supplementary Fig.
3), indicating that Tim4-Fc existed as a dimer. When Ba/F3 expres-
sing Fas was treated with Fas ligand, they underwent apoptosis and
bound annexin V (Fig. 3b), which binds to PS exposed on the surface
of apoptotic cells18. These cells also bound Tim4-Fc, with a time
course similar to their binding of annexin V. When a nitrocellulose
filter spotted with various phospholipids was incubated with Tim4-
Fc, Tim4-Fc bound PS, but not phosphatidylcholine, phosphatidy-
linositol, or phosphatidylethanolamine (Fig. 3c). The affinity of
Tim4-Fc for PS, determined with microtitre plates coated with phos-
pholipids, was comparable to that of MFG-E8 (Kd< 2 nM)(Fig. 3d).
These results suggested that Tim4 recognizes PS exposed on apopto-
tic cells as an engulfment signal. In support of this idea, the MFG-E8
mutant D89E dose-dependently inhibited the engulfment of apop-
totic cells by NIH3T3/DNase II/Tim4 (Supplementary Fig. 4).

The Tim family has threemembers in human (TIM1, 3 and 4), and
eight in mouse (Tim1–8). To examine whether other Tim family
members can recognize PS, the Fc fusion proteins were prepared with
mouse Tim1, Tim2 and Tim3 (Supplementary Fig. 5). Tim1-Fc,
Tim2-Fc and Tim3-Fc each behaved as a dimer (Supplementary
Fig. 6). The lipid overlay assay indicated that Tim1-Fc, but neither
Tim2-Fc nor Tim3-Fc, specifically bound PS (Fig. 3e). Accordingly,
full-length Tim1, but neither Tim2 nor Tim3, enhanced the engulf-
ment of apoptotic cells when it was expressed in NIH3T3/DNase II
cells (Supplementary Fig. 7). The extracellular region of Tim family
members consists of two domains (IgGV-chain like (IgV) andmucin
domains)8. To examine which domain of Tim1 and Tim4 is respon-
sible for binding PS, IgV and mucin domains were swapped between

Tim1 and Tim2, and between Tim4 and Tim2, and fused to the Fc
region (Fig. 3f). As shown in Fig. 3g, the chimaericmolecules carrying
IgV domain from Tim1 or Tim4 tightly bound PS, while no binding
was observed with the chimaeric molecules carrying mucin domain
from Tim1 or Tim4.

Variousmammalian cells produce exosomes that exposePSon their
surface7. The ability of Tim1 and Tim4 to bind PS suggested that
exosomes bind to cells expressing Tim1 or Tim4. To examine this
possibility, Ba/F3 cell lines expressing Tim1 or Tim4 (Ba/F3-Tim1
or Ba/F3-Tim4) were established. The growing Ba/F3-Tim1 or Ba/
F3-Tim4 but not the parental Ba/F3 bound annexin V (Fig. 4a, and
data not shown). Ba/F3-Tim1 and Ba/F3-Tim4were then treated with
biotin-labelled annexin V, followed by staining with gold-conjugated
streptavidin. Observation by electron microscopy indicated that Ba/
F3-Tim1 or Ba/F3-Tim4 was associated with exosome-like vesicles,
and several gold particles were found on the outer leaflet of the exo-
somes (Fig. 4b). Such vesicles were not observed with the Ba/F3 par-
ental cells. Meyers et al.19 reported that Tim4 acts as a ligand for Tim1
expressed in Th2 cells. Accordingly, Tim1-Fc strongly bound Ba/F3-
Tim4 (Fig. 4c). In addition, Tim1-Fc bound Ba/F3-Tim1, and Tim4-
Fc bound Ba/F3-Tim4. The ability of Tim4 and Tim1 to bind PS
suggested that these homophilic andheterophilic interactions between
Tim1andTim4canbe stimulated by exosomes. In support of this idea,
the binding of Tim4-Fc to Ba/F3-Tim4 was inhibited by annexin V
(Fig. 4d). To directly confirm the effect of exosomes on association
between Tim1 and Tim4, microspheres were coated with Tim4-Fc,
and subjected to binding assaywith Tim1-Fc. As shown in Fig. 4e, little
Tim1-Fc bound to Tim4-Fc-coated beads, and exosomes from Ba/F3
dose-dependently stimulated the binding of Tim1-Fc to the beads.

Phosphatidylserine exposed on the outer leaflet of the plasma
membrane is often used as a recognition signal for phagocytes to
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engulf apoptotic cells. Fadok et al. reported that phosphatidylserine
receptor (PSR), a ubiquitously expressed type II-membrane protein,
binds to PS on apoptotic cells and mediates their engulfment20, and
initial experiments with PSR2/2 mice supported this notion21,22.
However, a careful analysis of PSR2/2mice by Bose et al.23 indicated
that PSR is not involved in the engulfment of apoptotic cells, and it is
unlikely to work as a receptor for PS. Here, we showed that Tim4
expressed inmacrophages in various tissues mediates the engulfment
of apoptotic cells by recognizing PS, indicating that Tim4 is the
phosphatidylserine receptor for engulfment of apoptotic cells.
Tim1 also enhanced the PS-dependent engulfment of apoptotic cells.
Tim1 is expressed in kidney tubule cells post-ischaemia24, suggesting
that it may have a role in removing injured and dead cells, to help
restore themorphological integrity of the kidney. It will be interesting
to examine whether any other molecules work as phosphatidylserine
receptors.

Some non-apoptotic T or B cells25,26 as well as macrophages27 have
been reported to bind annexin V. Here, we showed that the cells
expressing Tim1 or Tim4 associated with exosomes that carried
exposed PS. Activated Th2 cells and B cells express Tim128,29, while
the resident macrophages express Tim4, suggesting that the non-
apoptotic annexin V-binding cells are those that express Tim1 or
Tim4. Exosomes are secreted from various cells and act as an inter-
cellular signalling device7. Tim1 and Tim4 may mediate this signal-
ling by enhancing the uptake of exosomes. Cells expressing Tim1 or
Tim4 tended to aggregate (M.M. and S.N., unpublished results). PS
on activated T cells is suggested to function in cell-to-cell contact at
the immunological synapse25. Thus, Tim1 and Tim4 may also be
involved in cell-to-cell interactions via PS on exosomes. Finally,
Tim family genes of human and mouse are located on a genetic
interval that has linkage to a number of autoimmune diseases, such
as asthma, allergy and atopy30. The establishment of Tim1 and Tim4
as PS receptors may contribute to the understanding of these auto-
immune diseases.

METHODS SUMMARY
Production of monoclonal antibodies. Armenian hamsters (Oriental Yeast)

were immunized with mouse peritoneal cells, and about 1,200 hybridomas were

established by fusing cells from the popliteal and inguinal lymph nodes with

NSObcl-2 mouse myeloma. The hybridoma supernatants were tested by a pha-

gocytosis assay, and one hybridoma (Kat5-18) that inhibited the engulfment of

apoptotic cells was identified.

Construction of cDNA library, and expression cloning. The double-stranded
cDNA longer than 1.0 kb was ligated into a BstXI-digested pMXs vector15.

Escherichia coli DH10B was transformed by electroporation, and about

1.03 106 clones were produced. Plasmid DNA from the cDNA library was

introduced into PLAT-E packaging cells, and the culture supernatant was used

to infect Ba/F3. A subpopulation of Ba/F3 that stained intensely with Kat5-18

was selected by repeated FACS. The integrated cDNAwas recovered by PCRwith

the vector primers from the genomic DNA of Ba/F3 transformants.

Phagocytosis assay. To assay the engulfment of apoptotic cells, CAD2/2 thy-

mocytes were induced to undergo apoptosis with leucine-zipper tagged Fas

ligand, and co-cultured with peritoneal macrophages or NIH3T3/DNase II cells.

The cells were fixed with paraformaldehyde, subjected to TUNEL staining, and
analysed by flow cytometry using a FACSAria (BD Biosciences).
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