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controlling the development of chronic gut inflammation.

Introduction

Inflammatory bowel diseases (IBDs), including ulcerative colitis
and Crohn’s disease, are chronic relapsing inflammatory disorders
within the intestinal lumen arising from a combination of immu-
nological, environmental, and genetic factors (1, 2). Although the
etiology of IBDs remains unclear, a sustained overproduction
of proinflammatory cytokines and excessive cell death coupled
with the impaired clearance of apoptotic cells (ACs) in the intes-
tinal lamina propria have been implicated as the primary reasons
for failure to resolve acute inflammation in the gut (3). High lev-
els of apoptosis have been observed in the intestinal epithelium of
ulcerative colitis patients (4-6). Moreover, several animal studies
confirm the role of apoptosis in IBD pathogenesis. For instance,
deficiencies in XBP1, NF-kB, or FADD have been shown to lead to
apoptosis of colonic epithelial cells and development of intestinal
inflammation (7-10). Therefore, dysregulated function of innate
immune cells that are responsible for phagocytosis of ACs (effero-
cytosis), such as macrophages and dendritic cells (DCs), could aug-
ment IBD pathogenesis. Intriguingly, IBD patients display higher
frequencies of DCs positive for several activation and maturation
markers in the lamina propria of inflamed colon tissues, and IBD
DCs produce significantly more proinflammatory cytokines than
DCs from healthy controls (11-13). Although these studies indi-
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Proinflammatory cytokine overproduction and excessive cell death, coupled with impaired clearance of apoptotic cells,
have been implicated as causes of failure to resolve gut inflammation in inflammatory bowel diseases. Here we have
found that dendritic cells expressing the apoptotic cell-recognizing receptor CD300f play a crucial role in regulating gut
inflammatory responses in a murine model of colonic inflammation. CD300f-deficient mice failed to resolve dextran
sulfate sodium-induced colonic inflammation as a result of defects in dendritic cell function that were associated with
abnormal accumulation of apoptotic cells in the gut. CD300f-deficient dendritic cells displayed hyperactive phagocytosis
of apoptotic cells, which stimulated excessive TNF-a secretion predominantly from dendritic cells. This, in turn, induced
secondary IFN-y overproduction by colonic T cells, leading to prolonged gut inflammation. Our data highlight a previously
unappreciated role for dendritic cells in controlling gut homeostasis and show that CD300f-dependent regulation of
apoptotic cell uptake is essential for suppressing overactive dendritic cell-mediated inflammatory responses, thereby

cate that DCs have a function in IBD pathogenesis, their role in the
inflammatory cascade leading to intestinal inflammation, and its
association with AC clearance, has not been fully elucidated.

The best-known “eat me” signal displayed on the AC surface,
phosphatidylserine (PS), is utilized by phagocytes to engulf ACs (14,
15). CD300f (also known as CLM-1), expressed mainly by myeloid
cells, is a PS-recognizing receptor with a single IgV-like extracellu-
lar domain and an intracellular tail containing both tyrosine-based
activating and inhibitory motifs, which regulates efferocytosis by
professional phagocytes (16-18). Recently we have demonstrated
that, in contrast to CD300f function on macrophages, its expres-
sion inhibits efferocytosis by DCs (18). However, how CD300f-me-
diated efferocytosis, especially by DCs, regulates acute and/or
chronic inflammatory responses in vivo has not been determined.

In this report, we demonstrate that CD300f”- mice, in marked
contrast to WT mice, fail to resolve colonic inflammation. CD300f”
mice show significant accumulation of ACs in the inflamed colon,
likely due to impaired macrophage efferocytosis, making ACs
more available to CD300f-deficient DCs that have significantly
enhanced efferocytic capability. Most importantly, engulfment of
ACs by CD300f-deficient DCs stimulates them to produce TNF-q,
which in turn induces overproduction of IFN-y, mainly by T cells,
leading to a failure to resolve colonic inflammation in a timely man-
ner. Thus, we demonstrate a critical role for CD300f expression by
DCs in regulating chronic inflammation associated with IBDs.

Results

CD300f deficiency accelerates colitis and suppresses resolution
of colonic inflammation. To investigate to what extent CD300f
functions in regulation of colonic inflammation, CD300f* and
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Figure 1. CD300f deficiency leads to failure
in resolution of colonic inflammation.
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(CD300f KO) mice were given drinking water
containing 2.5% DSS for 7 days, followed

by unadulterated water for another 13 days
(20 days total). “No DSS” indicates mice
without DSS administration. DAl was scored
during DSS administration, as described

in Methods (A). On day 7 (Inflammation)
and day 14 (Resolution), the colon length
(B), macroscopic inflammation score (C),
and microscopic inflammation score (D)
were determined. The pictures in B-D are
representative images from the indicated

20 (Days) mice; note that CD300f7- mice have short-
B " - . ened colons with loose stools (B), evident
@ | CD300fWT c, ———— B— 94 — ek hyperemia (C), and destruction of colonic
)] 1 * i i infi i
[a) ¥ — architecture with elevated cell infiltration
2 |cD300f KO 0_ R — g 74 (D). Scale bars in H&E staining images: 500
c = &1 um. Graphs show data quantification with
S _ - ‘é’n 5 - means; error bars represent SEM (n = 3 in
El; CD300fWT Sy e e D 4 control, n =15 in day 7, n = 15 in day 14). Two-
EL CD300fKO : ~ 5 3 tailed paired Student’s t test was used to
%"’ P 8 2 determine statistical significance
; 1 (*P< 0.05, **P < 0.01, ***P < 0.001).
%E‘ CD300fWT ‘ - — *—WwT ko WT KO WT KO
o> NoDSS Inflammation Resolution
§8100300KO. e e - (day7) (day 14)
C CD300f WT CD300f KO
g 59 o;. 5 *kk
= 45 - 454
i~ : e e
E’“ ‘f e %) § : %) § :
© 1 R P L 9 g5 L 935
foR=A w TG 2 ] 2
£ p— | o c 88 .,
© ©
SE 2 §E 2
‘EU € 15 ‘EU £ 15
c ,,'—E 1 ,,'—E 1
'%? £ 051 £ os
o= °TWr Ko *TWr ko
%E Inflammation Resolution
(day 7) (day 14)
D
w
»
[m]
2
4 * 4 *kk
o ¥ @ 35
S 3 . o3 3
g % @ 254 g— g 25
B 8§ 3L .
Em S g 5 5 E 15
s SE 1] =E
E % 0.5 4 E 05
*TWr ko °TWwr ko
c Inflammation Resolution
=3 (day 7) (day 14)
5~
28
oA

1906 jei.org  Volume127 Number5  May 2017



The Journal of Clinical Investigation

CD300f” mice were given drinking water containing 2.5% dex-
tran sulfate sodium (DSS) for 7 days, which causes severe dam-
age to the colonic epithelium that triggers colonic inflammation
(19), followed by normal drinking water for an additional 13
days to allow DSS-induced intestinal inflammation to subside.
The disease activity index (DAI) score reached maximal value
in both CD300f** and CD300f” mice on day 8, with CD300f~~
mice displaying a significantly higher score (Figure 1A) (20). At
the end of DSS treatment (day 7), CD300f/- mice displayed a
shorter colon length (Figure 1B) and higher macroscopic inflam-
mation scores (Figure 1C), and more severe disruption of the
colonic architecture compared with CD300f"* mice (Figure 1D).
It has not, to our knowledge, been previously reported that while
the DAI score returned to normal in CD300f** mice, CD300f "
mice maintained a high DAI score through 13 days following
withdrawal of DSS (Figure 1A), indicating that CD300f 7" mice
failed to resolve colonic inflammation. In support, by day 14, the
colon length of CD300f** mice had returned to normal, whereas
the colon lengths of CD300f/- mice were shortened and similar
to those from day 7 (Figure 1B). The macroscopic inflammation
score and histological analysis also revealed a failure to resolve
inflammation in CD300f”/" mice (Figure 1, C and D).

To rule out differences in the gut microbiota as a cause of the
increased disease severity observed in CD300f-deficient mice,
we cohoused CD300f”* and CD300f”- mice. Gut microbiome
analysis revealed that the composition of microbes at the phylum
level was comparable in these mice (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI89531DS1), indicating that the increased colitis
severity in CD300f-deficient mice, still evident in these cohoused
mice (Supplemental Figure 1, B-E), likely was not due to differenc-
es in the gut microbiota.

A hallmark of colitis is the infiltration of neutrophils into the
colon. In agreement with disease severity, the number of neutro-
phils was higher in the lamina propria of CD300f7- than CD300f"*
mice during the inflammatory phase (Supplemental Figure 2A).
The analysis of cell populations during the resolution phase (day
14) demonstrated a decrease in CD45" cells and neutrophil pop-
ulations in the lamina propria of CD300f”*, but not CD300f7",
mice, relative to the acute phase (day 7) (Supplemental Figure 2, A
and B), indicating a sustained recruitment or persistence of these
cells in the inflamed colons of CD300f- animals.

Taken together, our results show that the inflammation
in CD300f”* mice subsided after DSS withdrawal, where-
as CD300f”- mice exhibited a state of elevated and prolonged
inflammation, thereby identifying CD300f as a key regulator of
chronic inflammation in the gut.

CD300f deficiency leads to sustained and elevated TNF-o. pro-
duction by DCs, and IFN-y overproduction in the colon tissue. Hav-
ing observed differences in the severity and resolution of colitis
between CD300f7* and CD300f”~ mice, we next investigated
whether they were related to differences in cytokine secretion.
Analysis of cytokine levels in colon tissue lysates revealed that
DSS challenge induced the production of TNF-a, IFN-y, IL-6, and
IL-10 during the inflammation phase (day 7) in both CD300f"*
and CD300f”~ mice, with CD300f”~ mice showing an increased
production of TNF-o compared with CD300f/* mice (Figure 2A).

RESEARCH ARTICLE

Remarkably, while the levels of TNF-q, IFN-y, IL-6, and IL-10
returned to normal in the colons of CD300f”* mice during the
resolution phase (day 14), in the CD300f”- mice the TNF-a lev-
els remained elevated, and the IFN-y and IL-6 levels noticeably
increased (Figure 2A). This indicates that prolonged and excessive
production of proinflammatory cytokines is associated with a fail-
ure to resolve colonic inflammation. In agreement, immunofluo-
rescence analysis revealed elevated levels of TNF-o in the colonic
lamina propria of CD300f”~ mice during both the initial inflam-
matory stage and the following resolution phase (Figure 2B and
Supplemental Figure 3A). Furthermore, the production of IFN-y
in the colons of CD300f~ but not CD300f”* mice was elevated
during the resolution phase of colonic inflammation (Figure 2B
and Supplemental Figure 3B).

Since TNF-o was upregulated in the inflammatory phase of
colitis in CD300f/~ mice, and IFN-y overproduction was observed
in CD300f”- mice during the time when CD300f"* mice resolved
colonic inflammation (Figure 2A), we hypothesized that the exces-
sive and prolonged production of TNF-a could promote IFN-y
production by cells in the gut mucosa of CD300f”- mice, leading
to failure to resolve gut inflammation. In agreement, CD300f""
mice treated with a TNF-a-neutralizing antibody, infliximab (5),
showed decreased susceptibility to colitis and better resolution of
inflammation, asindicated by lower DAI scores (Figure 2C), longer
colon lengths (Figure 2D), and decreased macroscopic (Figure 2E)
and microscopic scores (Figure 2F), resembling values observed
in CD300f7* mice. Following anti-TNF-a antibody treatment,
the level of TNF-a in colon tissues was markedly decreased (Fig-
ure 2G), in line with previous reports showing reduction of TNF-o
in sera or tissues of infliximab-treated animals (21, 22). Further-
more, infliximab treatment ameliorated production of IFN-y, as
well as IL-6, in CD300f”" mice (Figure 2G), strongly supporting
the notion that TNF-a leads to increased production of IFN-y, and
other proinflammatory cytokines. Unlike CD300f7~ mice, anti-
TNF-a antibody treatment had a minimal impact on the severity
of colitis or cytokine secretion in CD300f"* mice (Figure 2, C-G).

Since the proinflammatory cytokines TNF-o and IFN-y have
been shown to exacerbate intestinal inflammation (23), we inves-
tigated which populations of lamina propria cells were responsi-
ble for the elevated and continued TNF-a and IFN-y production
observed in CD300f”~ mice. We observed an enhanced number
of TNF-o-producing DCs at the onset of inflammation (day 4) in
CD300f-deficient mice (Supplemental Figure 4). At day 7, lami-
na propria DCs were the most prominent population that showed
a significant increase in both the percentage and the number
of TNF-o-producing cells in CD300f”~ mice compared with
CD300f"*mice (Figure 3A and Supplemental Figure 5), suggesting
that CD300f-deficient DCs are involved in enhanced production
of TNF-a in the colon of CD300f/- mice during the inflammatory
phase. Other cell populations, including macrophages, mast cells,
and T cells, contributed to the sustained TNF-a overproduction
in CD300f/- mice over time (day 14; Figure 3B and Supplemen-
tal Figure 5); however, DCs had the biggest percentage of TNF-o-
producing cells (Supplemental Figure 5), suggesting that DCs play
a key role in this process.

Among DC subpopulations, CD8a* conventional DCs and
plasmacytoid DCs showed increased TNF-o production in
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Figure 2. CD300f deficiency leads to sustained and elevated TNF-a production, which is responsible for induction of other proinflammatory cytokines
and exacerbation of colonic inflammation. (A) Mice were treated as indicated in Figure 1A. Cytokine levels in the colon tissues of CD300f** and CD300f/-
mice were determined on day 7 (Inflammation) and day 14 (Resolution). (B) Colon sections from C0300f** and C0300f~~ mice, collected on day 7 (Inflam-
mation) or day 14 (Resolution), were stained for TNF-o or IFN-y (left panels); scale bars: 20 um. The fluorescence signal intensity was determined for each
image (middle panels) and plotted as 3D surface plots (right panels). (C-G) Infliximab or PBS (vehicle) was injected i.v. to CD300f** or CD300f~~ mice every
other day during 2.5% DSS treatment, and every 3 days during the following 5 days. DAl was scored during and after DSS administration; infliximab injec-
tion times are indicated (C). On day 12, the colon length (D), macroscopic inflammation score (E), and microscopic inflammation score (F) were determined.
The images in F illustrate representative results of H&E staining of the colon tissues from CD300f~- mice; scale bars: 500 pm. (G) Levels of the indicated
cytokines in colon tissue lysates from CD300f*+ and CD300f~- mice. All graphs show mean values + SEM (n = 5, each group). Two-tailed paired Student’s t

test was used to determine statistical significance (*P < 0.05, **P < 0.01).

CD300f”" mice during the inflammatory phase (day 7), whereas
during the resolution phase (day 14) both CD8a* conventional DCs
and CD11b* conventional DCs displayed elevated TNF-a produc-
tion in CD300f”" mice (Supplemental Figure 6). There was no dif-
ference in the percentages of IFN-y-producing cells in the colons
of CD300f* and CD300f”~ mice during the inflammatory phase
(Figure 3C). However, on day 14, there was a significant increase in
the numbers and percentages of IFN-y-producing T cells and NKT
cells in the colons of CD300f”~ compared with CD300f”* mice,
with most of the IFN-y produced by T cells (Figure 3D). CD8" T
cells appeared to be the main producers of IFN-y among different
T cell populations, and CD8" T cells isolated from lamina propria
of CD300f7- mice displayed distinctly increased IFN-y production
when compared with CD300f”* animals (Supplemental Figure 7).
Since T cells do not express CD300f (18), these results suggest that
the IFN-y overproduction is likely an indirect and secondary effect
of CD300f deficiency that, nonetheless, contributes to impaired
resolution of colitis in CD300f”~ mice.

PS-mediated efferocytosis by CD300f-deficient DCs is respon-
sible for elevated TNF-a production and exacerbation of colonic
inflammation. As CD300f functions in recognition and clearance
of ACs (16, 17), and prompt efferocytosis is critical for resolution
of inflammation and tissue repair (24), we next investigated AC
accumulation in inflamed colon tissues. Compared with CD300f"*
mice, we observed a markedly increased number of TUNEL* ACs
in the lamina propria of CD300f”" mice during both the inflam-
mation and resolution phases of colitis (Figure 4A). We found that
CD300f-deficient macrophages were most likely responsible for
impaired clearance of ACs (18) generated during inflammation in
CD300f”~ mice. Transfer of CFSE-labeled CD300f* bone mar-
row-derived macrophages (BMM¢s; Supplemental Figure 8) into
CD300f”- mice during DSS administration resulted in their migra-
tion to the inflamed colonic tissue (Supplemental Figure 9A), and a
decrease of TUNEL* ACs in the lamina propria of CD300f”" mice
(Supplemental Figure 9B). This correlated with the fact that trans-
ferred CD300f7* BMM¢, but not CD300f”- BMM, attenuated the
susceptibility to colitis, as indicated by DAI score, colon length, and
macroscopic and microscopic inflammation scores (Supplemen-
tal Figure 9, C-F), and showed a more active uptake of apoptotic
neutrophils (Supplemental Figure 9, G-I) that commonly appear
during colonic inflammation (25). These findings suggest that an
elevated accumulation of ACs, resulting from impaired efferocyto-
sis by CD300f-deficient macrophages, contributes to the excessive
and prolonged colonic inflammation in CD300f7~ mice.

Since DCs were the major population displaying altered TNF-o
production in the inflamed colon, we next investigated whether
DSS or ACs could affect TNF-o production by DCs. We found that

exposure to DSS did not induce cytokine production by purified
bone marrow-derived DCs (BMDCs) from either CD300f"* or
CD300f”- mice (Supplemental Figure 10). To determine wheth-
er efferocytosis promoted TNF-o production by DCs, purified
BMDC:s isolated from CD300f”* and CD300f”~ mice were incu-
bated with apoptotic thymocytes. While DCs from both strains
could engulf ACs, DCs from CD300f-deficient mice were twice
as efficient (Figure 4B). Importantly, TNF-a production was sig-
nificantly elevated in CD300f-deficient BMDCs stimulated with
ACs, whereas no induction of TNF-a production was observed for
CD300f”* BMDCs (Figure 4C). Efferocytosis did not induce IFN-y
production in either CD300f* or CD300f”- BMDCs (Figure 4C).
Uptake of ACs by BMM¢ from either CD300f** or CD300f”" mice
did not alter the amounts of TNF-o and IFN-y produced by these
cells, but upregulated IL-10 production by CD300f”* BMM¢ (Fig-
ure 4C), consistent with previous data (26) and the fact that they are
more efficient at engulfing ACs than CD300f~ BMM¢ (17). Effero-
cytosis did not induce IL-10 production by CD300f* BMDCs, but
induced a slight increase in IL-10 production by CD300f”- BMDCs
(Figure 4C). However, efferocytosis-induced IL-10 production is
apparently insufficient to balance the inflammatory effects result-
ing from the elevated TNF-o production by CD300f-deficient DCs
engulfing ACs, which agrees with the observation that elevated lev-
els of IL-10 are often present in patients with IBDs (27).

To confirm that the enhanced TNF-a production by
CD300f/- BMDCs was due to PS-mediated engulfment of ACs,
CD300f”- BMDCs were preincubated with PS-containing lipo-
somes before the addition of ACs. PS, but not phosphatidylcho-
line (PC), liposomes attenuated the effect of AC stimulation on
TNF-o production by CD300f/- BMDCs, but alone did not affect
TNF-o production (Figure 4D), indicating that engulfment of
ACs, not just PS recognition, is required to stimulate TNF-o
production. Finally, to verify that the observed difference in
cytokine production was related to AC uptake rather than bac-
terial phagocytosis, both of which occur in the inflamed colon
tissue, we coincubated the BMDCs with E. coli. There was no
difference in the amount of the phagocytosed bacteria or TNF-a
production between CD300f* and CD300f7-BMDCs (data not
shown), indicating that phagocytosis of bacteria is not a factor
determining the difference in DC-mediated TNF-o production
between CD300f"* and CD300f” mice. Because IFN-y produc-
tion was mainly observed in lamina propria T cells (Figure 3D),
and T cells do not express CD300f (18), we next investigated
whether T cells produced IFN-y in response to TNF-o secret-
ed from efferocytic DCs. Incubation of T cells with TNF-o-
containing medium from a culture of purified CD300f/-BMDCs
that had engulfed ACs, or medium supplemented with TNF-q,
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Figure 3. Identification of cells producing TNF-a and IFN-y in the inflamed colon tissue. Lamina propria cells were isolated from the colons of DSS-
treated CD300f** or CD300f~- mice, collected on day 7 (A and C) or day 14 (B and D). The intracellular expression of TNF-a and IFN-y was determined by
flow cytometry in the following cell populations: macrophages (CD45*F4/80+*CD11b*CD14*Ly6G-CD11c’), DCs (CD45*CD11c*F4/80°Ly6G-CD647), neutrophils
(CD45*CD11b*Ly6G*CD11cF4/807), mast cells (CD45*CD11b*FceRI*), T cells (CD45*CD3*), B cells (CD45*CD3-CD19*), NK cells (CD45*CD3-NK1.1*), and NKT
cells (CD45*CD3*NK1.1*). The graphs show the percentages (left) and total numbers (right) of cells expressing TNF-o. (A and B) or IFN-y (C and D). Data are
expressed as means + SEM (n = 3-8, each group). Two-tailed paired Student’s t test was used to determine statistical significance (*P < 0.05, **P < 0.01,
***p < 0.001).
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resulted in increased production of IFN-y (Figure 4E). Further-
more, antibody-mediated neutralization of TNF-a ameliorated
IFN-y production by T cells (Figure 4E), indicating that TNF-a is
an inducer of IFN-y production.

Taken together, our results show that CD300f deficiency
enhances efferocytosis by DCs and leads to elevated produc-
tion of TNF-o, a key cytokine aggravating DSS-induced colitis in
CD300f" mice.

CD300f-deficient DCs exacerbate colonic inflammation. To
verify the importance of CD300f-deficient DCs in colitis patho-
genesis, we transferred purified CD300f”* or CD300f/- BMDCs
(Supplemental Figure 8) into CD300f”* mice on day 4 of DSS
administration (Figure 5A). Within 2 days after transfer, CD300f”~
BMDCs, but not CD300f* BMDCs, markedly increased disease
severity in the CD300f"" recipient mice as indicated by the DAI
score (Figure 5B). On day 7, there was no significant difference in
colon length (Figure 5C) and macroscopic inflammation scores
(Figure 5D) between mice receiving CD300f”* and those receiv-
ing CD300f”- BMDCs. However, histological analyses revealed a
massive infiltration of inflammatory cells and disruption of colon-
ic structure in the epithelium and lamina propria of mice receiv-
ing CD300f”- BMDCs (Figure 5E). By day 14, the greater severity
of the DSS-induced colitis in mice receiving CD300f”- BMDCs
was also associated with shortened colon lengths (Figure 5C) and
increased macroscopic (Figure 5D) and microscopic inflammation
scores (Figure 5E). To investigate how the transferred CD300f”~
BMDCs exacerbated colitis, we analyzed cytokine profiles in the
colon tissue of the recipient mice. Compared with CD300f,
CD300f7- BMDC transfer induced significant upregulation of
TNF-a, [FN-y, and IL-6 production in the colon during the inflam-
matory phase (day 7; Figure 5F); the enhanced production of IFN-y
was evident well after DSS withdrawal (day 14; Figure 5F). Collec-
tively, these results demonstrate that CD300f-mediated regula-
tion of DC activity is responsible for the enhanced production of
proinflammatory cytokines, and plays a major role in the increased
severity of colonic inflammation in CD300f”" mice.

Discussion

Aberrant clearance of ACs in the intestinal lamina propria has
been implicated as one of the primary reasons for failure to
resolve inflammation in IBDs (28, 29). DSS-induced colitis, a
mouse model mimicking characteristics of human IBD, has been
used to investigate this complex multifactorial disease (19). It is
generally thought that DSS induces epithelial cell death, thereby
disrupting the intestinal epithelial barrier, leading to infiltration
of gut microorganisms into the mucosa (19). This activates tis-
sue-resident macrophages and DCs to recruit neutrophils, which
transiently elevate inflammatory responses in order to defend
the host against microbial assault (30, 31). After performing their
antimicrobial functions, neutrophils undergo apoptosis, and are
subsequently removed by phagocytes, mainly macrophages (32,
33), promoting resolution of acute inflammation and a return
to homeostasis (25). We have reported that the recognition of
PS on ACs by CD300f mediates efferocytosis by phagocytes
(16-18). Given this, we hypothesized that regulation of efferocy-
tosis through CD300f might be involved in controlling inflam-
mation in the gut. We found that compared with CD300f* mice,
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CD300f” mice were more prone to acute intestinal inflammation,
in line with a previous report (20). Our findings show that CD300f
expression plays a positive role in limiting gut inflammation. This
is in contrast to a recent report by Moshkovits et al. demonstrating
that CD300f expression promotes colonic inflammation, a func-
tion they associated with colonic eosinophils (34). We can only
speculate as to the reason for the opposite results. For instance,
Moshkovits et al. did not detect CD300f expression on colonic
macrophages or mast cells, and they failed to examine CD300f
expression on DCs (34), whereas we detect CD300f expression
on macrophages, DCs, neutrophils, and mast cells in colonic lam-
ina propria (Supplemental Figure 11); similarly, Matsukawa et al.
(20) readily detected CD300f on the surface of colonic mast cells,
macrophages, and eosinophils. The lack of detection of CD300f
on lamina propria macrophages by Moshkovits and colleagues
is surprising, as, in general, macrophages could be considered a
hallmark of CD300f expression (18, 35-37). CD300f expression
has been shown to be regulated by various cytokines (38, 39),
which could depend on exposure to environmental factors and/
or different microbiota communities present in the animal facili-
ties. Although cohousing revealed that the increased sensitivity of
colitis in CD300f-deficient mice was not due to differences in the
gut microbiota in our experimental settings, we cannot exclude
the possibility of substantial differences in the composition of gut
microbiota or other environmental factors across the different ani-
mal facilities used in all 3 studies.

Importantly, we discovered that CD300f7- mice failed to
resolve inflammation in a timely manner, a previously unrecog-
nized finding that is highly relevant to human condition, as IBDs
are chronic inflammatory disorders. Associated with this failure to
resolve colonic inflammation and increased disease severity, we
found that dysregulation of DC efferocytosis can cause sustained
gut inflammation. Enhanced DC efferocytosis, due to the lack of
CD300f, induced DCs to overproduce TNF-o0, which stimulated
the production of additional proinflammatory cytokines, particu-
larly IFN-y, by lamina propria T cells. Accumulation of activated
DCs has been observed at the inflamed sites in colons of human
IBD patients and mice with experimentally induced colitis (40),
with no clear indication as to their role in the disease pathogenesis
(30, 41). Our data indicate that dysregulation of DC efferocytosis
may contribute to chronic gut inflammation.

A search through the Catalog of Published Genome-Wide
Association Studies (http://www.genome.gov/gwastudies), a data-
base of SNP-trait associations extracted from published GWAS,
reveals several CD300f SNPs (rs34303409, rs35489971, 15749780,
rs1037170, rs9906320) associated with ulcerative colitis. Whether
CD300f is dysregulated on myeloid cells of IBD patients remains
to be determined.

It is important to note that others have reported the involve-
ment of other PS receptors in the acute phase of experimental
colitis. MFG-E8, a soluble PS-receptor bridging molecule that
promotes efferocytosis, is known to have a protective effect on gut
epithelial homeostasis, and its deficiency in macrophages results
in increased susceptibility to colitis and aberrant mucosal healing
(42, 43). Combined loss of AXL and MER expression impairs the
clearance of ACs by macrophages, thereby increasing susceptibil-
ity to colitis and inflammation-associated colorectal cancer (44).
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Figure 4. PS-mediated engulfment of ACs by CD300f-deficient DCs induces their TNF-a production, and stimulates IFN-y secretion by T cells. (A) The
presence of ACs in colons was assessed by TUNEL staining. The images show representative immunofluorescence staining for TUNEL (red) in colon sec-
tions from CD300f*/* and CD300f~- mice. Nuclei were visualized with DAPI (blue). Scale bars: 50 um. The graphs show the quantification of TUNEL* cells
per field of view (3 fields per colon section). (B) CO300f** or CD300f~- BMDCs were coincubated with pHrodo-labeled apoptotic thymocytes for 30 minutes,
followed by confocal microscopy analysis. The images (top) show representative images of BMDCs with engulfed ACs (white); scale bars: 10 um. The graph
(bottom) shows the quantification of AC engulfment by BMDCs. (C-E) BMDCs or BMM¢ from C0300f** or CD300f~- mice were coincubated with apoptotic
thymocytes in the absence (C and E) or the presence of PBS, PS:PC liposomes, or PC:PC liposomes (D) for 30 minutes, followed by incubation in a fresh
medium for 48 hours. The cell culture media were collected and used to analyze the levels of the indicated cytokines (C and D) or to culture splenic T cells
for 48 hours in the presence or absence of anti-TNF-o antibodies (E). To calculate the concentration of IFN-y released from T cells, the amount of cyto-
kines present in the conditioned media was subtracted from the final values. The media from T cells cultured for 48 hours in the presence of TNF-a (200
ng/ml) were used as a positive control (E). Data are expressed as means + SEM (n = 15, each group in A; n = 50 cells analyzed in 3 independent experiments
in B; n = 3 in C-E). Two-tailed paired Student’s t test was used to determine statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001).

Collectively, the combined data suggest that different PS recep-
tors, for yet undefined reasons, are playing nonredundant roles in
regulating macrophage efferocytosis.

Unlike other PS receptors, CD300f is a unique and intrigu-
ing member of the CD300 family, as it contains tyrosine-based
motifs with either activating or inhibitory potential. Consequent-
ly, mouse CD300f has been shown to serve as either an activat-
ing or an inhibitory receptor (17, 18, 45-48). Our previous work
showed that the CD300f cytoplasmic tail initiates either positive
or negative signals for phagocytosis of ACs upon recognition of PS
(17). The positive signals promote phagocytosis of ACs through
recruitment of the p85 regulatory subunit of PI3K, and activa-
tion of the PI3K-Rac/CDC42 pathway and filamentous actin
rearrangements (17). The inhibitory signals, initiated by SHP-1
phosphatase recruitment to CD300f, serve to stop efferocytosis,
and correlate with SHP-1 expression levels (17). Our data indicate
that CD300f might function differently depending on the avail-
able signaling capacity within a specific cell type (17, 18). In mac-
rophages, expression of CD300f generates positive signals that
dominate over negative signals (17); however, in DCs the inhibi-
tory cues dominate, as CD300f-expressing DCs show decreased
efferocytosis compared with CD300f-deficient DCs. A possible
explanation for this dichotomy in function could be different avail-
ability of kinases and/or phosphatases in macrophages and DCs.
According to information found in the Immunological Genome
Project database (https://www.immgen.org), SHP-1 appears to
be expressed at about 2-fold higher levels in DCs than in macro-
phages, while the p85 regulatory subunit of PI3K is expressed at
an almost 2-fold lower level in DCs compared with macrophages,
atleast in the spleen. Thus, higher SHP-1 expression levels in DCs
than in macrophages could lead to its more efficient recruitment
by CD300f, resulting in inhibitory signaling in DCs. Our future
studies will focus on detailing the mechanisms responsible for this
contrasting function of CD300f in DCs and macrophages.

We propose that under normal physiological conditions,
CD300f promotes the efficient clearance of ACs by macrophages,
and suppresses DC-mediated efferocytosis and TNF-a produc-
tion by DCs. Thus, the inflammation is quickly resolved, as ACs
are efficiently phagocytized and the DC-initiated proinflamma-
tory cytokine cascade is not triggered (Figure 6). However, under
CD300f deficiency, the impaired macrophage-mediated effero-
cytosis leads to accumulation of ACs (including apoptotic neu-
trophils). This leads to enhanced exposure of apoptotic/necrotic
cells to CD300f-deficient DCs, which ingest those ACs and subse-
quently produce TNF-a, which could further inhibit macrophage

efferocytosis (49), thereby additionally contributing to AC accu-
mulation in the gut of CD300f”~ mice. Moreover, TNF-o stimu-
lates T cells, and likely other surrounding cells, to produce IFN-y
(Figure 6). TNF-o and IFN-y are known to synergistically induce
intestinal barrier disruption, which exacerbates inflammation in
the colon (23, 50). Thus, elevated production of TNF-a by DCs
leading to enhanced IFN-y production in CD300f deficiency like-
ly contributes to additional disturbance of the intestinal barrier,
allowing more bacteria to enter, resulting in prolonged recruit-
ment to and/or activation of neutrophils and other immune cells
(e.g., mast cells) at the inflamed site (20, 51, 52). This, in turn,
could induce additional tissue damage through release of ROS,
chemoattractants, and proinflammatory mediators (20, 53). Ulti-
mately, a perpetual feedback loop of proinflammatory conditions
is generated, leading to failure to resolve inflammation and, sub-
sequently, development of chronic inflammation (Figure 6).

In conclusion, we show that physiological consequences of
CD300f deficiency are DC-initiated proinflammatory cytokine
overproduction and excessive inflammatory responses in the
gut, stemming from an unbalanced clearance of ACs, leading
to failure to resolve intestinal inflammation. Our findings high-
light a previously unappreciated function of CD300f expression
by professional phagocytes, especially DCs, in controlling the
duration and severity of intestinal inflammation, and under-
score the importance of CD300f-expressing myeloid cells in
maintaining gut immune homeostasis.

Methods
Animals. CD300f/* and CD300f”~ mice, generated by Ozgene (17),
were bred and housed in a pathogen-free environment in the National
Institute of Allergy and Infectious Diseases (NIAID) animal facility. In
all in vivo experiments, 6- to 8-week-old male mice were used.
DSS-induced colitis. To induce colitis, CD300f”* and CD300f"
mice were given drinking water containing 2.5% DSS (MW 36,000~
50,000; MP Biomedicals) for 7 days. For evaluation of colitis resolution,
mice were given normal drinking water for an additional 7 days after
DSS treatment. For BMM¢ or BMDC transfer experiments, mice were
injected i.v. with 2 x 106 cells labeled with CFSE during DSS adminis-
tration. For TNF-o neutralization experiments, infliximab (Janssen
Biotech), previously validated in several mouse disease models (5, 21,
22, 54), was injected (10 mg/kg) into CD300f”- mice every other day
during DSS treatment, and every 3 days during the following 7 days.
Inflammation assessment. DAI score was determined by daily
assessment of weight loss, stool consistency, and rectal bleeding.
Scores were defined as follows: weight loss was graded O for <1% loss,
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Figure 5. CD300f-deficient BMDCs exacerbate inflammation and delay resolution of inflammation in colonic inflammation. (A) Purified, CFSE-labeled
CD11c* BMDCs (2 x 106 cells) derived from CD300f** or CD300f~~ mice were injected i.v. into C0300f*/* mice on day 4 during DSS administration. The images
illustrate the presence of the transferred, CFSE* BMDCs in the colon tissues; scale bars: 20 pm. (B) DAI scored during and after DSS administration; BMDC
transfer time is indicated. (C-E) The colon length (C), macroscopic inflammation score (D), and microscopic inflammation score (E) were determined on
day 7 (Inflammation) and day 14 (Resolution). The images in E are representative images of H&E-stained colon tissues; scale bars: 500 pm. (F) Colon
tissue lysates were evaluated for the indicated cytokine levels. All graphs show mean values; error bars indicate SEM (n = 4, each group). Two-tailed paired
Student’s t test was used to determine statistical significance (*P < 0.05, **P < 0.01).
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the infiltrating bacteria, and undergo apoptosis. In normal conditions (C0300f WT, left), the apoptotic neutrophils are recognized and engulfed by phago-

cytes (mainly macrophages, M¢), which results in resolution of inflammation.

However, under CD300f deficiency (CD300f KO, right), macrophages fail to

efficiently engulf ACs, leading to accumulation and increased availability of ACs to CD300f-deficient DCs that inherently have increased efferocytic
potential. Subsequently, AC-engulfing DCs produce TNF-a, which stimulates T cells (TC) and possibly other immune or nonimmune cells, to produce

IFN-v. Elevated levels of TNF-o and IFN-y further damage the intestinal barrier, allowing for more bacteria to enter, resulting in prolonged recruitment of
neutrophils to fight the microbial intrusion, which further contributes to sustained and elevated apoptosis and accumulation of ACs. In addition, chemoat-
tractants and proinflammatory mediators released by activated neutrophils and mast cells (MC) result in further tissue damage and sustained recruitment
of immune cells to the inflamed site, thus aggravating the intestinal inflammation. Eventually, a continuous proinflammatory feedback loop is generated,
leading to chronic inflammation. Therefore, CD300f is important for preventing chronic inflammation in the gut by suppressing overactive DC inflammato-

ry responses, and ensuring proper efferocytosis.

1 for 1%-5% loss, 2 for 5%-10% loss, 3 for 10%-15% loss, and 4 for
>15% weight loss. Stool consistency was scored O for formed and hard,
1for formed but soft, 2 for loose stool but not sticking to the anus, 3 for
mild diarrhea, and 4 for gross diarrhea. For rectal bleeding, a value
of O was assigned for none, 2 for moderate, and 4 for gross bleeding.
Macroscopic assessment of colitis was graded from O to 5: O for no
ulcer or inflammation, 1 for ulceration without hyperemia, 2 for ulcer-
ation and local hyperemia, 3 for ulceration and inflammation at 1 site
only, 4 for more than 2 sites of ulceration and inflammation, and 5 for
ulceration extending more than 2 cm.

Histopathological analysis. Colon tissues were fixed in 10% forma-
lin, and paraffin-embedded colon sections were stained with H&E.
Stained sections were scanned by a ScanScope XT (Aperio Technol-
ogies) and analyzed using Aperio Image Scope software (version 11).
Microscopic assessment of inflammation and epithelial damage was
evaluated as O for normal appearance with intact epithelial crypts in
the mucosa, 1 for loss or disruption of the basal one-third of the crypts
with mild inflammation in the mucosa, 2 for loss or disruption of the
basal two-thirds of the crypts with moderate inflammation in the
mucosa, 3 for loss or disruption of entire crypts with severe inflam-
mation in the mucosa and submucosa, but retaining of the surface

epithelium, and 4 for presence of mucosal ulcer with severe inflam-
mation (infiltration of neutrophils and lymphocytes) in the mucosa,
submucosa, and/or lamina propria.

Isolation of murine lamina propria immune cells from colonic tissues.
Isolation of colonic lamina propria cells was performed as previously
described (55). Entire colons from each group were longitudinally cut and
washed to remove feces. They were then cut into 1-cm pieces, followed
by incubation in RPMI 1640 media (Lonza) containing 5 mM EDTA (Sig-
ma-Aldrich), 0.145 mg/ml DTT (Sigma-Aldrich), and 3% FBS (Sigma-
Aldrich) at 37°C for 20 minutes on a shaking platform. After removal of
EDTA by 3 washes in PBS and passing through a cell strainer (70 um), the
suspension of epithelial, subepithelial, and villus cells was removed. The
remaining colon pieces including lamina propria cells and muscle layer
were homogenized and then incubated in digestion media containing 0.1
mg/ml Liberase TL (Sigma-Aldrich) and 0.05% DNase I (Sigma-Aldrich)
for 25 minutes at 37°C on a shaking platform. After digestion, the lamina
propria cells were enriched using Percoll density gradient centrifugation.
The resulting cells were then used for flow cytometry analysis.

Flow cytometry. Lamina propria cells were treated with brefeldin
A (eBioscience) for 3 hours, and then stained with a cocktail of anti-
bodies against various lineage markers, including CD45 (30-F11),

jci.org  Volume127 Number5  May 2017

1915



1916

RESEARCH ARTICLE

F4/80 (BM8), CD11b (M1/70), CD11c (N418), CD14 (Sa2-8), Ly6G
(1A8), TCRB (H57-597), NK1.1 (PK136), CD19 (6D5), CD4 (RM4-5),
CD8a (53-6.7), FceRI (MAR-I), CD103 (2E7), B220 (RA3-6B2), and
CD64 (X54-5/7.1). For intracellular staining, cells were fixed with 2%
paraformaldehyde for 12 minutes on ice, permeabilized using 0.5%
saponin in PBS, and stained with antibodies specific to TNF-o (MP6-
XT22), IFN-y (XMG1.2), or transcription factor FoxP3 (FJK-16s) for 1
hour on ice. All of those antibodies were purchased from Biolegend.
Flow cytometry data were collected with the LSRII (BD Biosciences),
and the results were analyzed using FlowJo software (version 10).

Preparation of BMM¢ and BMDCs. Bone marrow (BM) cells were iso-
lated from femurs and tibias of CD300f”* and CD300f”~ mice. BMM¢
differentiation was induced by culturing of BM cells in RPMI 1640 medi-
um supplemented with 10% FBS and 30% L929-conditioned medium
(a source of M-CSF) for 7 days with 1 addition of fresh culture medium
containing 30% L929-conditioned medium. On day 7, after removal of
nonadherent cells, BMM¢ were detached from the plate using Accutase
(Innovative Cell Technologies) and used for the further experiments.
BMDC differentiation was induced by culturing of BM cells in RPMI
1640 medium supplemented with 10% FBS and 20 ng/ml GM-CSF for
7 days, with 1 addition of fresh culture medium supplemented with 20
ng/ml GM-CSF. On day 7, nonadherent cells were collected, and CD11c*
BMDCs were isolated using mouse CD11c microbeads (Miltenyi Biotec
Inc.). Those purified CD11¢* BMDCs were used in the experiments.

Phagocytosis assay. Thymocytes from C57BL/6 mice were irra-
diated (20 Gy) and incubated in RPMI medium with 1% BSA for 6
hours. These apoptotic thymocytes were then coincubated with either
BMM¢ or BMDCs at a ratio 3:1 for 30 minutes, followed by incuba-
tion in a fresh medium. After 48 hours, the medium was collected and
analyzed for cytokine levels. For incubation with liposomes, BMDCs
were pretreated with either PBS, 10 uM PS:PC liposomes, or 10 pM
PC:PC liposomes for 30 minutes, followed by coincubation with
apoptotic thymocytes at a ratio of 1:3 for 30 minutes. Liposomes were
prepared by combination of 80% synthetic 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC; Avanti Polar Lipids), and 20% of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine (POPS; Avanti Polar Lipids)
or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; Avanti
Polar Lipids), as described previously (17).

Cytokine measurement. Cytokine concentrations were measured
using Cytometric Bead Array mouse inflammatory kits (BD Bioscienc-
es) according to the manufacturer’s instructions.

Immunofluorescence analysis. OCT-embedded colon sections (5 pm)
were rehydrated in PBS for 10 minutes, permeabilized with 0.1% Triton
X-100 for 5 minutes, washed in PBS twice, and blocked with 5% BSA in
PBS for 30 minutes. Phycoerythrin-conjugated anti-TNF-o or anti-INF-y
antibodies, diluted 1:100 in 1% BSA in PBS, were applied for 1 hour at
room temperature. After washing twice for 5 minutes, tissue sections
were treated with DAPI, mounted in ProLong Gold medium (Invitro-
gen), and visualized by an LSM 780 laser scanning confocal microscope
(Zeiss) with a x40 Zeiss Plan-Apochromat objective. The intensities of
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anti-TNF-a or anti-IFN-y staining were visualized and illustrated using
Image] (version 1.49, NIH) and its 3D surface plot profile function.

TUNEL assay. ACs were detected by the TUNEL assay with the
TUNEL Apoptosis Detection kit (GenScript) according to the manu-
facturer’s instructions.

Gut microbiome analysis. Bacterial genomic DNA was extracted
from snap-frozen mouse fecal pellets using the QIAamp DNA Stool Mini
Kit (QIAGEN) according to the manufacturer’s instructions. The V3 and
V4 hypervariable region of the 16S rRNA gene was amplified using spe-
cific primers (515F: 5-GTGCCAGCAGCCGCGGTAA-3’; and 806R:
5'-GGACTACCAGGGTATCTAAT-3)). 16S sequencing was carried out
by paired-end sequencing of the V4 region on an Illumina MiSeq. Raw
reads were processed and analyzed using the mothur MiSeq pipeline as
implemented in Nephele (https://nephele.niaid.nih.gov) with default
parameters and a minimum quality score of 29. Unweighted UniFrac
distances for communities in the CD300f”* and CD300f”~ groups were
not found to be statistically significant, based on analysis of similarity
(ANOSIM) test. The sequences reported in this paper have been depos-
ited in the GenBank database (BioProject ID: PRINA319680).

Statistics. Statistical significance was determined by the
2-tailed unpaired Student’s # test (GraphPad Software, version
6.0). Data are presented as mean * SEM; P < 0.05 was considered
to be statistically significant.

Study approval. All animal studies were conducted in accordance
with the experimental procedure (LIG-5E) approved by the NIAID
Animal Care and Use Commiittee.
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