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Epithelial barrier disruption is a major cause of inflammatory bowel
disease (IBD); however, the cellular and molecular regulation of
intestinal epithelial homeostasis remains largely undefined. Here, we
show that the C-type lectin receptor LSECtin (Clec4g) on macro-
phages is required for protection against dextran sulfate sodium-
induced colitis. Mechanistically, LSECtin promotes apoptotic cell
clearance by macrophages and induces the production of antiinflam-
matory/tissue repair factors in an engulfment-dependent manner,
which in turn stimulates epithelial cell proliferation. Deletion of
LSECtin results in defective engulfment by colon macrophages, lead-
ing to aberrant proresolving factor production and impaired intesti-
nal epithelium repair. Collectively, our findings suggest that LSECtin-
dependent corpse clearance by macrophages can direct intestinal
regeneration and maintenance of the mucosal barrier after injury.
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Unrepaired mucosal injury disrupts the epithelial barrier,
resulting in inflammatory bowel disease (IBD), an inflamma-

tory disorder of the gastrointestinal tract, which constitutes a major
health problem in developed countries (1, 2). Regenerative re-
sponses are particularly important in the mammalian gastrointestinal
tract, and mucosal healing has emerged as an important end point in
clinical trials and as a key goal in IBD therapy (1, 2). The repair
process is complex and influenced by numerous secreted factors
including cytokines and growth factors, and the known cellular or-
ganizers of this process are mesenchymal cells and lymphocytes,
especially innate lymphoid cells (3, 4). Macrophages are best known
for acting as innate immune effector cells that interact with the
microbiota and lymphoid cells (5). Little is known about the in-
teraction between macrophages and intestinal epithelial cells (IECs),
although previous works have addressed the topic (6, 7). It has been
reported that the number of apoptotic colonic epithelial cells is
considerably higher in the colons of IBD patients (8). Macrophages
and nonprofessional phagocytes (9, 10) (such as epithelial cells) clear
billions of apoptotic cells and particles on a daily basis (11). Al-
though macrophages and epithelial cells reside in proximity in the
intestine, whether they communicate with each other and how this
might affect intestinal repair and remodeling are unclear.
Molecules associated with dead cells can be detected by re-

ceptors on macrophages. Myeloid C-type lectin receptors (CLRs)
may be prominently involved in the clearance of dying cells and
their debris (12), such as Lox-1 and Mgl-1 (Clec10a), which detect
ligands in apoptotic cells (13, 14), or Mincle (Clec4e) (15) and
DNGR-1 (Clec9a) (16), which sense proteins that are exposed or
released by damaged cells. Our previous work has indicated that
LSECtin is a C-type lectin receptor belonging to the DC-SIGN
family and is expressed on liver resident macrophages [Kupffer
cells (KCs)] (17). Gene array data have shown that LSECtin is
expressed on intestinal macrophages (18). It has been reported

that LSECtin is also expressed on macrophages generated in vitro
(19). We have previously revealed that LSECtin negatively regu-
lates T cell-mediated immunity via unknown receptors, thereby
exposing a crucial mechanism for hepatic T cell immune sup-
pression (20). It is unknown whether LSECtin has cell-intrinsic
functions in macrophages. It is noteworthy that the intracellular
tail of LSECtin contains a tyrosine and a di-acidic motif, both of
which regulate endocytosis induced by antibody-mediated cross-
linking (19). We also wondered whether LSECtin could partici-
pate in dead cell clearance in vivo and whether this clearance
could contribute to tissue homeostasis.
In this study, we suggest a role of LSECtin-mediated apoptotic

cell clearance by macrophages and in establishing the proresolving
environment during dextran sulfate sodium (DSS)-induced colitis.
We found that LSECtin-deficient mice were more susceptible to
DSS-induced colitis, and the gut epithelial regenerative rate was
decreased compared with WT mice. Mechanistically, the absence
of LSECtin impairs the phagocytic abilities of macrophages, and
the engulfment of dead cells induced macrophages to produce
more tissue-healing factors, which in turn facilitated intestinal re-
generation and ameliorated the colitis. These results represent an
important advance in our understanding of how dead cell clearance
by CLRs on macrophages orchestrates host intestinal healing.

Significance

The clearance of apoptotic cells is critical for maintaining tissue
homeostasis, and myeloid C-type lectin receptors (CLRs) may be
prominently involved in the clearance of dying cells and their
debris. Here, we report that the CLR member LSECtin is expressed
on macrophages, which are engaged in corpse clearance. This
engulfment progress by macrophages through LSECtin is critical
for intestinal healing. Loss of LSECtin promotes dextran sulfate
sodium-induced colitis due to unrepaired intestinal epithelium.
These results indicate that corpse clearance by macrophages can
direct intestinal regeneration. These findings advance under-
standing of how homeostasis is maintained within the mucosa.
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Results
LSECtin-Deficient Mice Develop Severe DSS-Induced Colitis. To deter-
mine the role of LSECtin in mucosal immune responses, we first
checked the body weight and then the colons of mice for spon-
taneous colitis. LSECtin−/− mice had normal increases in body
weight and colon length compared with WT mice (SI Appendix,
Fig. S1 A–C). We then used DSS-induced colitis, a widely used
model for experimental IBD, which reflects the contributions of
the myeloid cell lineage in response to acute mucosal damage
(21). We examined the colitis induced by the administration of
2.5% DSS for 5 d, followed by administration in drinking water for
an additional 4 d, in LSECtin−/− and littermate control mice. After
DSS treatment, LSECtin−/− mice developed more severe clinical
symptoms of IBD, including rapid weight loss (Fig. 1A), bloody
stools (Fig. 1B), severe diarrhea (Fig. 1C), and a lower survival
rate (SI Appendix, Fig. S1D). LSECtin+/− mice showed interme-
diate body weight loss. Histological analysis of the colons revealed
more severe disease, thickened walls, disruption of mucosal
structures (Fig. 1 D and E), and a shortened colon (Fig. 1F and SI
Appendix, Fig. S1E) in LSECtin−/− mice. We investigated the role
of LSECtin in maintaining gut epithelial integrity by oral gavage of
mice with fluorescein isothiocyanate (FITC)–dextran (22). We
found a threefold increase in the FITC–dextran levels in sera of
LSECtin−/−mice at day 9 of DSS treatment (SI Appendix, Fig. S1F),
suggesting that LSECtin is important for the regulation of intestinal
permeability during gut injury. The frequency of monocytes and
neutrophils (SI Appendix, Fig. S1 G–J) and the production of
TNF-α, MCP-1, and IL-1β (Fig. 1G) were significantly increased
in the colons of LSECtin−/− mice during DSS-induced colitis,
while there was no difference in cytokine expression of the co-
lonic monocytes and polymorphonuclear (PMN) between WT and
LSECtin−/− KO mice (SI Appendix, Fig. S1K). Thus, LSECtin
deficiency exacerbated colon inflammation in DSS-treated mice.

LSECtin on Macrophages Is Required for Protection Against DSS-
Induced Colitis. Although the gene array data have shown that
LSECtin is expressed on intestinal macrophages (18), the exact
expression patterns of LSECtin in the mouse intestine have not

been clarified. We observed that LSECtin was strongly expressed
in the mouse colon, as detected by immunohistochemical staining
(Fig. 2A), which indicated to us that colonic epithelial cells did not
express LSECtin. We isolated the different cell types from the
mouse (SI Appendix, Fig. S2 A and B), and the qPCR data showed
that LSECtin was primarily expressed in myeloid macrophages
(Fig. 2B). To further confirm the mRNA data, immunofluores-
cence images showed coexpression of LSECtin and F4/80, sug-
gesting that LSECtin could be detected on colon macrophages
(Fig. 2C), and this coexpression was further confirmed in human
colon tissue (SI Appendix, Fig. S2C). To assess the association of
the colitis exacerbation in LSECtin−/− mice with hematopoietic
cells, we reconstituted lethally irradiated WT mice with total bone
marrow (BM)-derived cells from WT or LSECtin−/− mice, and we
analyzed the contributions of the colonic macrophages (SI Ap-
pendix, Fig. S2D) in the chimaeras 8 wk after reconstitution.
Weight loss was monitored daily in individual chimeric mice re-
ceiving 2.5% DSS in their drinking water over a period of 5 d.
Chimeric mice lacking LSECtin in hematopoietic cells showed
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Fig. 1. LSECtin-deficient mice are more susceptible to DSS-induced colitis.
(A–C) Body weight (A), anal bleeding score (B), and stool score (C) of DSS-
treated LSECtin−/− (KO), littermate LSECtin+/+ (WT), and LSECtin+/− (Het) mice
were measured every day during colitis development. (D) Histological scores
of the colon on day 9 were measured. (E) Representative microscopic images
of H&E-stained colons. (Scale bar: 500 μm.) (F) Colon length. (G) Cytokine
secretion was measured in the supernatant after overnight culture of LPMCs.
The number in parentheses represents the number of mice used in each group.
The results shown are the mean ± SEM. A two-tailed unpaired t test was used
to compare experimental groups. *P < 0.05; **P < 0.01 (WT vs. KO). Data are
representative of seven independent experiments with similar results (A–F).
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Fig. 2. LSECtin in hematopoietic macrophages is required for protection
against DSS-induced colitis. (A) Immunohistochemical analysis of LSECtin ex-
pression in mouse colons. (B) Expression of LSECtin by different cell types was
examined using qPCR; all genes are presented relative to the expression of
Gapdh. (C) Immunofluorescence analysis of colon sections from WT/KO mice
stained with anti-LSECtin and anti-F4/80 Abs. (Scale bar: 20 μm.) (D) Mean change
in body weight and histological score of irradiated WT and KO mice that were
reconstituted for 8 wk with WT or KO bone marrow and challenged with 2.5%
DSS for 5 d. The results shown are the mean ± SEM. *P < 0.05 (WT BM vs. KO
BM). (E) Body weight was calculated as a percentage, and the histological score
of Rag1−/− WT or Rag−/− KO mice during DSS-mediated colitis is shown. The re-
sults shown are the mean ± SEM. *P < 0.05 (Rag1−/− WT vs. Rag−/− KO). (F) Mean
change in body weight of control (LSECtinfl/fl) and LSECtin ΔMφ (Lyz2-creLSECtinfl/fl)
mice challengedwith DSS. The results shown are themean ± SEM. *P < 0.05; **P <
0.01; ***P < 0.001 (LSECtinfl/fl vs. Lyz2-creLSECtinfl/fl). Data are representative of
three independent experiments with similar results (D–F). ns, not significant.
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weight loss similar to that observed in WT mice reconstituted with
LSECtin−/− BM-derived cells, demonstrating that LSECtin de-
ficiency in hematopoietic cells could facilitate mouse susceptibility
to acute DSS-induced colitis (Fig. 2D and SI Appendix, Fig. S2E).
Our earlier work has shown that LSECtin is a regulator of T cell

immune suppression (20) and that Th17 and Treg cells play a large
role during IBD development. LSECtin−/− mice were crossed with
Rag1−/− mice to generate LSECtin and Rag1 double-knockout
mice. The weight loss of the double-knockout mice rapidly de-
creased compared with LSECtin+/+Rag1−/− mice (Fig. 2E and SI
Appendix, Fig. S2 F andG), suggesting that the protective function
of LSECtin occurred in a Rag1 (T or B cell)-independent manner.
Then, we used mice lacking LSECtin in macrophages (Mφs)
(LSECtin ΔMφ, Lyz2-Cre LSECtinfl/fl) to induce colitis, and we
found that the LSECtin ΔMφ mice had severe pathological fea-
tures like the systemic knockout mice (Fig. 2F and SI Appendix,
Fig. S2 H and I). A recent study has shown that the macrophage
pool in the intestines of adult mice is replenished from circulating
monocytes (23), and we found that transferring WT monocytes
could slightly help the LSECtin−/− mice to avoid developing se-
rious colitis (SI Appendix, Fig. S2 J and K). Thus, we confirmed
that LSECtin on hematopoietic cells, especially colonic macro-
phages, has a protective function during DSS-induced colitis.

LSECtin Promotes Repair of the Intestinal Epithelium. We analyzed the
different CD4+ T cell populations in the colon and found no dif-
ference in the proportion of subpopulations of CD4+ T cells (SI
Appendix, Fig. S3). Increased proliferation of epithelial cells in the
crypt is a hallmark of the injury-induced repair response (24). To
test this phenomenon, we investigated the rate of colon regenera-
tion in WT and LSECtin−/− mice using Ki67 and 5-bromo-2′-
deoxyuridine (BrdU) staining. Our data showed a similar baseline
level (D0) of proliferation in WT and LSECtin−/− mice, but at days
5 and 9 after DSS challenge, the intestinal epithelium proliferation
was markedly reduced in LSECtin−/− compared with WT mice (Fig.
3 A–C and SI Appendix, Fig. S4 A and B). Consistent with the in-
creased rate of regeneration, proliferating cell nuclear antigen and
cell-cycle genes encoding the late G1 to G1/S phase proteins Cyclin
D1 (gene is known as CCND1) (Fig. 3D and SI Appendix, Fig. S4C)
and CDK1 (SI Appendix, Fig. S4D) were expressed at higher levels
in WT compared with LSECtin−/−mouse colon. We also observed a
similar effect on epithelial proliferation in the LSECtinΔMφmouse
(SI Appendix, Fig. S4 E and F). These data suggest that LSECtin can
promote intestinal epithelium regeneration.

LSECtin Controls the Expression of Antiinflammatory/Tissue Repair
Factors in Colon Macrophages. These findings raise questions con-
cerning how the mechanisms by which LSECtin is expressed on
macrophages affect intestinal epithelium regeneration. We tested
the initial hypothesis that WT macrophages could promote tissue-
healing phenotypic changes that enhanced intestinal epithelium re-
generation. To address the characteristics of the colon macrophages,
we isolated the colon macrophages, which were characterized as
MHCII+CD11b+F4/80+Ly6C− (SI Appendix, Fig. S5A), and this
population exhibited CD103–CD64+CD68+CCR2dim phenotypes,
consistent with the markers used to identify colon macrophages (SI
Appendix, Fig. S5B). Flow cytometry analysis of the inflamed colonic
lamina propria revealed the progression of MHC-II+F4/80+ cells in
frequency (SI Appendix, Fig. S5C), and the LSECtin expression
level was not significantly altered during colitis progression (SI
Appendix, Fig. S5D). There was no difference in the frequency of
WT and LSECtin−/− macrophages regardless of whether they were
untreated or treated with DSS (SI Appendix, Fig. S5 E and F).
DSS colitis was induced in WT and LSECtin−/−mice for 5 d, and

then colonic macrophages were sorted by fluorescence-activated
cell sorting (FACS). RNA sequencing revealed that LSECtin de-
ficiency induced a significant down-regulation of the gene expres-
sion program, including the genes Retnla, Chi3l3 (also known as

Ym1), and Arg1 (Fig. 4 A and B). Gene Ontology (GO) analysis
further highlighted that LSECtin up-regulated the genes that me-
diate the system process and cell proliferation while downregulating
the genes that are involved in the inflammatory response (Fig. 4C).
These observations prompted us to test whether LSECtin could
promote the repair function of macrophages. LSECtin−/− macro-
phages exhibited a pronounced proinflammatory signature with high
expression levels of Il6, Il23p19, Il11, and Il12a (SI Appendix, Fig.
S5G). Moreover, WT macrophages preferentially exhibited alter-
natively activated (M2) and remodeling markers, such asMrc1, Ym1,
and Retnla (encoding Fizz1) (SI Appendix, Fig. S5H). However, a
difference in gene expression was not observed in the isolated colon
dendritic cells (SI Appendix, Fig. S6). These results suggest that the
loss of LSECtin in colon macrophages leads to aberrant proresolving
factor production and impaired epithelium repair.
To investigate whether these antiinflammatory/tissue repair fac-

tors secreted from the WT macrophages could promote intestinal
epithelium regeneration, we developed an in vitro culture system
using primary crypt organoids and DSS-induced colitis colon lamina
propria mononuclear cells (LPMCs) fromWT and LSECtin−/−mice
(Fig. 4D). We examined the effect of LPMC culture medium (CM)
on crypt organoids and found that CM from WT LPMC could
augment the organoid size and increase the number of budding
crypts (Fig. 4E). The results suggest that the loss of LSECtin results
in defective engulfment by colon macrophages, leading to aberrant
proresolving factor production and impaired epithelial repair.

LSECtin Expression on Macrophages Promotes the Engulfment of
Apoptotic Cells. DSS-induced colitis leads to an epithelial barrier de-
fect and the translocation of bacterial commensals (21). To assess the
contribution of the microbiota to colon colitis development, we ap-
plied a mixture of antibiotics to the mouse colitis model. After 3 wk
of antibiotic treatment, we detected the bacterial and fungal burden
of fecal pellets, and most bacteria and fungi had been depleted (SI
Appendix, Fig. S7A). However, depletion of the microbiota did not
change the trend of colitis (SI Appendix, Fig. S7 B and C). Further-
more, when stimulated with different ligands, the expression levels
of the proinflammatory cytokine TNF in WT and LSECtin−/−

bone marrow-derived macrophages were not significantly different
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Fig. 3. LSECtin promotes repair of the intestinal epithelium. (A) Represen-
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(SI Appendix, Fig. S7D), suggesting that LSECtin had a microbiota-
independent protective function.
Macrophages act as professional phagocytes after engulfment of

dead cells, and they can activate tolerogenic pathways (25), as we
observed that WT mice exhibited antiinflammatory phenotypes
(Fig. 4 A and C) and the intracellular tail of LSECtin could reg-
ulate endocytosis (19). We proposed that LSECtin expression on
macrophages could promote the engulfment of dead cells during
colitis development. To examine the functional role of LSECtin
in the engulfment of dead cells, we used freshly isolated peri-
toneal macrophages (pMφs) from WT and LSECtin−/− mice and
incubated them with dexamethasone-treated apoptotic thymo-
cytes labeled with carboxyfluorescein succinimidyl ester (CFSE)
(green). The phagocytic potential was assessed by flow cytometry-
based and image-based analyses. LSECtin−/− pMφs were deficient
in the uptake of CFSE-labeled apoptotic thymocytes compared
with WT pMφs (Fig. 5A and SI Appendix, Fig. S8A). Phagocytosis
analysis of pMφs incubated with synthetic beads (SI Appendix, Fig.
S8B) or bacteria (SI Appendix, Fig. S8C) revealed that LSECtin
had no defects in phagocytic ability, which suggested that
LSECtin-mediated engulfment was dependent on the presence of
dead cells. To study LSECtin on pMφs-mediated engulfment of
dead cells in vivo, CFSE-labeled apoptotic cells were injected into
the abdominal cavity, and a slight decrease in the amount of ap-
optotic cells was detected in the LSECtin−/− pMφs (Fig. 5B).
To further study the phagocytic function, we developed an

LSECtin-overexpressing mouse macrophage cell line using Raw
264.7 cells, and LSECtin expression was detected using qPCR
and Western blotting (SI Appendix, Fig. S8D). In accordance with
the observations in pMφs, Raw 264.7 cells transfected with the
empty vector (EV) were deficient in the uptake of CellTracker

Orange dye 5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetrame-
thylrhodamine (CMTMR)-labeled apoptotic thymocytes (Fig. 5C
and SI Appendix, Fig. S8E) or CT-26 cells (SI Appendix, Fig. S8F)
compared with the Raw 264.7 cells transfected with LSECtin,
while the phagocytosis of synthetic beads (SI Appendix, Fig. S8G)
and bacteria (SI Appendix, Fig. S8H) showed no differences be-
tween EV and LSECtin overexpression Raw 264.7 cells. We further
showed that deficiency of the LSECtin extracellular carbohydrate
recognition domains (CRD) region (SI Appendix, Fig. S8I) abol-
ished the ability to engulf dead cells (SI Appendix, Fig. S8J), and
when macrophages were treated with cytochalasin D (CytoD),
which inhibits engulfment but not binding, the engulfment ability
was also abolished (SI Appendix, Fig. S8K). We further suggested
that the recognition of apoptotic cells by LSECtin-expressing mac-
rophages was phosphatidylserine (PtdSer)-independent, since the
engulfment of apoptotic thymocytes by LSECtin was not blocked by
purified recombinant Annexin V protein (SI Appendix, Fig. S8L).
To determine the exact role of LSECtin in the phagocytosis of

apoptotic cells, we overexpressed LSECtin in the NIH 3T3 cell
line (SI Appendix, Fig. S9A) and observed that NIH 3T3-LSECtin
could promote the uptake of CMTMR-labeled apoptotic thymo-
cytes compared with NIH 3T3-EV (SI Appendix, Fig. S9 B and C).
The specific localization of LSECtin in KCs (17) inspired us to

investigate the role of LSECtin in the removal of apoptotic cells.
In agreement with a role for LSECtin in phagocytosis in the
overexpression cell line and pMφs, LSECtin−/− KCs internalized
significantly fewer apoptotic cells compared with WT KCs in
isolated KCs (SI Appendix, Fig. S10A) and in vivo (SI Appendix,
Fig. S10B). Thus, LSECtin on macrophages participated in the
engulfment of dead cells in vitro and in vivo.

A

C
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E

D

Fig. 4. LSECtin promotes the antiinflammatory/tissue repair function in colonic macrophages. (A) Macrophages sorted from WT and KO colitis mice were
subjected to RNA-seq. Heatmap of RNA-seq data showing the up-regulation of known wound-healing genes by LSECtin. (B) Volcano plot of the RNA-seq data.
(C) GO analysis of LSECtin up-regulated and down-regulated genes in colonic macrophages, respectively. (D) Schematic of the detection of crypt growth. (E)
The intestinal organoids were photographed, and quantitative statistics of the number of budding crypts (D6) after incubation with the supernatant of
LPMCs, which were isolated from colitis WT and KO mouse, respectively, were compiled. Data are representative of at least three independent experiments.
Error bars, mean ± SEM. A two-tailed unpaired t test was used to compare experimental groups. **P < 0.01.
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We tested whether LSECtin deficiency caused defects in dead
cell clearance in LSECtin-deficient mice during DSS-induced
colitis. We examined the presence of apoptotic cells in whole
mounts of the colon at different times during and after DSS ex-
posure using terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) staining
(Fig. 5D). Quantification of the TUNEL-stained cells was calcu-
lated as a fraction of DAPI-positive cells using an imaging analysis
program. The clearance of apoptotic cells in LSECtin−/− colon was
delayed (Fig. 5E).

LSECtin Controls the Production of Antiinflammatory/Tissue Repair
Factors and Epithelial Cell Proliferation in an Engulfment-Dependent
Manner. To investigate whether engulfment of the dead cells was
sufficient to directly modulate gene expression in macrophages,
we developed an in vitro stimulating system using either pMφs or
Raw 264.7 cells transfected with EV or LSECtin. Treatment of
LSECtin−/− pMφs with dead cells resulted in decreased levels of
Mrc1, Ym1, Tgfb1, and Vegfa expression compared with WT
macrophages (Fig. 6A). To further investigate the functions of
culture supernatant in crypt growth, we mechanically dissociated
small intestinal crypts, embedded them in Matrigel, and per-
formed in vitro culture according to a previous report (26). We
found that the supernatant of WT pMφs treated with dead cells
markedly promoted the survival of intestinal crypts (Fig. 6B). The
dead cells, but not beads, Escherichia coli, or CytoD plus dead cells
were able to induce higher expression of Tgfb1, Vegfa, andHbegf in
Raw 264.7 cells transfected with LSECtin (Fig. 6C), indicating that
LSECtin might be required for dead-cell engulfment to release
soluble factors responsible for promoting macrophage polariza-
tion and wound healing. The supernatant of transfected Raw
264.7 cells that were treated with dead cells was used to stimulate
the mouse intestinal crypts, and the supernatant of the LSECtin-
overexpressing cell line promoted the survival of intestinal crypts
(Fig. 6D). These results indicated that LSECtin promoted the
phenotypic change and production of antiinflammatory/tissue re-
pair factors in macrophages in an engulfment-dependent manner.

Discussion
The data presented in this work establish a role for corpse
clearance by macrophages in intestinal homeostasis and indicate
that the CLR family member LSECtin is engaged in macrophage
engulfment of apoptotic cells, which is critical for the regulation
of intestinal regeneration.
Mucosal healing has emerged as an important end point in

clinical trials and as a key goal in IBD therapy, predicting lower
hospitalization rates, sustained clinical remission, and resection-
free survival (1). Macrophages in the gastrointestinal mucosa
represent the largest pool of tissue macrophages in the body. In
the colon, activated macrophages in the wound bed of biopsy-
injured mouse colons display the ability to heal wounds (27).
Recently, Pollard and coworkers (28) have shown that macrophage-
derived extracellular vesicle-packaged Wnt ligands can rescue in-
testinal stem cells and enhance survival after radiation injury. Our
data presented here show that LSECtin on macrophages can pro-
mote intestinal healing after injury in mice. Furthermore, the effects
of intestinal healing were dependent on the engulfment of dead cells,
which stimulated the macrophages to secrete more tissue-healing
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Fig. 6. LSECtin promotes antiinflammatory/tissue repair factor production and
epithelial cell proliferation in an engulfment-dependent manner. (A) Quanti-
tative mRNA expression of Mrc1, Ym1, Tgfb1, and Vegfa in WT and KO pMφs
treated or untreated with apoptotic thymocytes for 3 h. (B) The intestinal
organoids were photographed and quantitative statistics of the number of
budding crypts (D6) after incubation with the supernatant of pMφs treated with
apoptotic thymocytes. (C) Quantitative mRNA expression of Tgfb1, Vegfa, and
Hbegf in Raw 264.7 cells transfected with EV or LSECtin; the cells were either un-
treated or treated with apoptotic thymocyte cells, beads, E. coli, or cytochalasin D
plus apoptotic thymocyte cells for 3 h. (D) The intestinal organoids were photo-
graphed, and quantitative statistics of the number of budding crypts (D6) after
incubation with the supernatant of Raw 264.7 cells were transfected with EV or
LSECtin, which had been treated with apoptotic thymocytes. Data are represen-
tative of at least two or three independent experiments. Error bars indicate SEM.
*P < 0.05; **P < 0.01; ***P < 0.001 by the Student’s t test. ns, not significant.
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Fig. 5. LSECtin on macrophages contributes to apoptotic cell clearance.
(A) The CFSE-labeled apoptotic thymocytes were incubated with WT and KO
peritoneal macrophages (pMφs), and phagocytosis was determined by
measuring the positive CFSE-containing macrophages. The abscissa indicates
the incubation time of dead thymocytes. (B) Percentage of peritoneal mac-
rophages (F4/80+CD11b+) containing CFSE-related fluorescence was quantified
by FACS 1 h after i.v. injection of CFSE-labeled apoptotic thymocytes (n = 4). (C)
Raw 264.7 cells transfected with the EV control or LSECtin were incubated with
CMTMR (red)–labeled apoptotic thymocytes, and phagocytosis was deter-
mined by measuring the number of positive CMTMR-containing macrophages.
The abscissa indicates the ratio of dead thymocytes and Raw 264.7. (D)
Cohoused WT and KO littermates were treated with DSS, and colon sections
were studied for TUNEL-expressing cells by immunofluorescence. (Scale bars:
200 μm.) (E) The number of TUNEL+-positive cells were measured using Image.
The graph presents the mean ± SD from three or five experiments. Error bars
indicate SEM. *P < 0.05; **P < 0.01 by the Student’s t test. ns, not significant.
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factors. Thus, our study presents a mechanism for macrophages to
contribute to tissue repair.
During infection and/or inflammation, additional cells undergo

cell death, including cells that are native to the tissue, as well as
recruited immune cells such as neutrophils and lymphocytes. The
types of phagocytes that recognize and engulf apoptotic cells in-
clude professional phagocytes and nonprofessional phagocytes
(such as epithelial cells and fibroblasts). Although dying cells in
DSS-induced colitis can be cleared by neighboring colonic epi-
thelial cells (29), little is known about how these are cleared by
professional phagocytes, or their effects on intestinal inflammation.
Our results showed that LSECtin expression was restricted to in-
nate immune cells, particularly macrophages, and in situ data in-
dicated that LSECtin-deficient macrophages showed decreased
numbers of engulfed apoptotic cells with concomitantly fewer
TUNEL-positive apoptotic nuclei. A recent study has also shown
that beyond engulfment by nonprofessional phagocytes, innate
immune recognition of apoptotic IECs is a critical component of
the mechanisms that mediate gut physiological homeostasis (30).
Once a phagocyte recognizes an apoptotic cell, signaling occurs to

rearrange the cytoskeleton and engulf the target. In our work, in-
testinal healing outcomes may rely on a versatile system for CLR
signaling or endocytic adaptors that modulate the activation of other
pathways, thereby reprogramming the tissue-healing function of
macrophages. In the previous study (31), we showed that LSECtin
couples to proinflammatory cytokine production through a DAP-12–
dependent pathway in which LSECtin acts as a pattern recognition
receptor (PRR) recognizing exogenous ligands. Here, we show that
LSECtin mediates antiinflammatory/tissue repair responses acting
as an engulfment receptor of apoptotic cells through recognizing
endogenous ligands. We believe these findings reflect the in-
volvement of LSECtin in different biological processes. However,
the exact pathways involved in LSECtin-mediated clearance and
tissue healing still need to be explored.
Members of the CLR family are conspicuous among the special-

ized receptors utilized by myeloid cells to orchestrate physiological
responses to pathogen invasion or tissue damage (32). The CLR

family member LSECtin acts as a coinhibitory molecule and limits
T cell immunity to promote hepatitis B virus (HBV) tolerance (20,
33), and in a tumor microenvironment, LSECtin-mediated immu-
nosuppression facilitates host immune escape (34). Here we found
that LSECtin−/− mice were more susceptible to DSS-induced colitis,
and the epithelial regenerative rate was decreased in the gut after
DSS treatment. Mechanistically, the absence of LSECtin impaired
the ability of macrophages to phagocytize dead cells, which in turn
induced the repair program of colonic epithelial tissues. In this
study, we suggest that LSECtin is a CLR that mediates dead-cell
clearance, and we implicate LSECtin engagement in the engulfment
of apoptotic cells by macrophages, which are critical regulators of
tissue regeneration. Our study provides insights into the function of
CLRs in sensing cell death and restoring tissue homeostasis.

Experimental Procedures
Study Approval. Mice were housed in the specific pathogen-free Beijing In-
stitute of Lifeomics animal facility and all animal experimentswere approvedby
the institutional animal care anduse committee at Beijing Institute of Lifeomics.

Statistical Analysis. Data are expressed as the mean ± SEM. Statistical signifi-
cance between two groups was evaluated using the Student’s t test (unpaired,
two-tailed). All of the data were evaluated using Prism (GraphPad software).
P <0.05 was considered statistically significant. ns, not significant. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.

Additional Materials and Methods. Detailed information is provided in SI
Appendix.
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