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PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS

Tim-3 mediates phagocytosis of apoptotic cells and cross-presentation

Masafumi Nakayama,! Hisaya Akiba,’ Kazuyoshi Takeda,! Yuko Kojima,? Masaaki Hashiguchi,® Miyuki Azuma,?

Hideo Yagita,! and Ko Okumura’

Department of immunology and 2Division of Biomedical Imaging Research, Biomedical Research Center, Juntendo University School of Medicine, Tokyo; and

3Department of Molecular Immunology, Graduate School, Tokyo Medical and Dental University, Tokyo, Japan

Phagocytes such as macrophages and
dendritic cells (DCs) engulf apoptotic cells
to maintain peripheral immune tolerance.
However, the mechanism for the recogni-
tion of dying cells by phagocytes is not
fully understood. Here, we demonstrate
that T-cell immunogiobulin mucin-3
(Tim-3) recognizes apoptotic cells through
the FG loop in the IgV domain, and is
crucial for clearance of apoptotic cells by

phagocytes. Whereas Tim-4 is highly ex-
pressed on peritoneal resident macro-
phages, Tim-3 is expressed on peritoneal
exudate macrophages, monocytes, and
splenic DCs, indicating distinct Tim-
mediated phagocytic pathways used by
different phagocytes. Furthermore,
phagocytosis of apoptotic cells by CD8

DCs is inhibited by anti-Tim-3 mAb, result-
ing in a reduced cross-presentation of

dying cell-associated antigens in vitro
and in vivo. Administration of anti-Tim-3
as well as anti-Tim-4 mAb induces auto-
antibody production. These results indi-
cate a crucial role for Tim-3 in phagocyto-
sis of apoptotic cells and cross-
presentation, which may be linked to
peripheral tolerance. (Blood. 2009;113:
3821-3830)

Introduction

Apoptosis is a crucial process in the development and homeosta-
sis of multicellular organisms.!? In the immune system, an
enormous number of cells undergo apoptosis during develop-
ment of lymphocytes and after interaction with antigens.’?
Because apoptotic cells and secondary necrotic cells releasing
intracellular contents could be autoantigens, phagocytes such as
macrophages and dendritic cells (DCs) must engulf these dying
cells rapidly and efficiently to prevent detrimental inflammatory
responses and autoimmunity.’ To engulf apoptotic cells, macro-
phages use a variety of molecules, including Mer tyrosine kinase
(MerTK),* milk fat globule-EGF-factor 8 (MFG-E8),® brain-
specific angiogenesis inhibitor 1 (BAIl),” and T-cell immuno-
globulin and mucin domain-containing molecule 4 (Tim-4).8°
However, their relative contributions to the phagocytosis remain
to be elucidated. Multiple receptors may simuitaneously recog-
nize multiple “eat-me” signals on apoptotic cells. In addition,
different subsets of macrophages may use different repertoires
of receptors for the phagocytosis.

DCs are able to not only phagocytose apoptotic cells but also
present dying cell-associated antigens with MHC class I mol-
ecules, which is termed as “cross-presentation.”!¢ It has been
considered that, in steady state, cross-presentation of self-
antigens by DCs stimulates CD8 T cells to proliferate abor-
tively, resulting in their deletion, which is crucial to maintain
peripheral tolerance.!!* Among mouse splenic DC subsets,
CD8 DCs are unique in their ability for efficient phagocytosis
of apoptotic cells and cross-presentation.'>!® However, the
mechanism for the recognition of apoptotic cells by CD8 DCs
is poorly understood. Scavenger receptor CD36 and mannose
receptor (MR)/DEC205 are highly expressed on CD8 DCs, but
not CD8 DCs, however, these receptors are not required for

cross-presentation of cell-associated antigens by this DC sub-
set.16-18 Neither , j;nor , sintegrin that mediates phagocyto-
sis of apoptotic cells by macrophages' is essential for phagocy-
tosis by CD8 DCs.!7 Thus, the phagocytic receptor for
apoptotic cells linked to cross-presentation remains to be
identified.

Tim-3 has been identified as a Th1-specific marker, and several
in vivo studies have shown that Tim-3 regulates autoimmunity.!*20
We and others have reported that Tim-3 negatively regulates
Thi-mediated inflammatory diseases such as experimental autoim-
mune encephalomyelitis (EAE), type I diabetes, and acute graft-
versus-host diseases (aGVHD).2!-23 Moreover, it has been reported
that Tim-3 promotes tolerance induction.?’?? Recently, Zhu et al
have identified galectin-9 as a Tim-3 ligand, and they have
demonstrated that galectin-9 binds to the carbohydrate chains on
Tim-3, and induces cell death of Thl cells in vitro, which may
explain the mechanism by which Tim-3 suppresses Thl immu-
nity.?* On the other hand, Anderson et al have reported that Tim-3 is
expressed on DCs, and that galectin-9 activates the DCs through
Tim-3, proposing that Tim-3 exacerbates EAE.?> Taken together,
Tim-3 appears to have multiple roles for the immune regulation in
vivo, however, it remains unknown whether these multiple func-
tions of Tim-3 are mediated solely through galectin-9.

In this study, we demonstrate that Tim-3 recognizes apoptotic
cells through the FG loop in the IgV domain. Although Tim-4 is
reported to be crucial for the phagocytosis of apoptotic cells by
peritoneal macrophages,®?® we highlight here Tim-3 as the phago-
cytic receptor responsible for cross-presentation of dying cell-
associated antigens by CD8 DCs. We propose that this novel
function of Tim-3 may be involved in autoimmune regulation and
tolerance induction.
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