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Triggering receptor expressed on myeloid cell-1 (TREM-1) signaling is expressed on
neutrophils and monocytes that is necessary for the successful antimicrobial response
and resolution of inflammation in the gut. In this study, we determined the effect of
an anti-TREM-1 agonistic antibody (a-TREM-1) on colitis and identify its underlying
mechanism of action. Administration of a-TREM-1 alleviated colitis in mice and resolved
dysbiosis, which required TLR4/Myd88 signaling. a-TREM-1 increased the production
of neutrophil extracellular traps and interleukin-22 by CD177+ neutrophils, which led to
pathogen clearance and protection of the intestinal barrier. TREM-1 activation using an
a-TREM-1 antibody protects against colitis by rebalancing the microbiota and protecting
the epithelium against the immune response as well as modulates the function of
neutrophils and macrophages. These results highlight the importance of the TREM-1
pathway in intestinal homeostasis and suggest that a-TREM-1 treatment may be an
effective therapeutic strategy for inflammatory bowel disease.

Keywords: CD177, inflammatory bowel disease, neutrophil, macrophage, triggering receptor expressed on
myeloid cell

INTRODUCTION

The gut is constantly exposed to microbes. Unresolved pathogen clearance due to aberrant immune
responses and compromised mucosal healing perpetuate inflammation and tissue injury in the gut.
One factor determining the balance between bacterial clearance and tissue damage is the timely
induction of anti-inflammatory and mucosal healing molecules. Inflammatory bowel diseases
(IBDs), including Crohn’s disease (CD) and ulcerative colitis (UC), are chronic inflammatory
disorders related to dysregulated immune responses, genetic susceptibility, and environmental
factors (1, 2). Recent studies have shown the importance of aberrant innate immune responses
to microbes in IBD pathogenesis (3). Myeloid cells, such as neutrophils, monocytes/macrophages,
and dendritic cells, primarily mediate this innate response (4). Excessive inflammation due to
unresolved infection, however, leads to prolonged inflammation and tissue damage.

Triggering receptor expressed on myeloid cells-1 (TREM-1) is expressed mainly primarily
on myeloid cells, such as including neutrophils, monocytes, and tissue macrophages (5), and is
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antibody; Water, supplied with normal drinking water.

FIGURE 4 | Neutrophils and macrophages mediate a-TREM-1-induced anti-colitic effects. BALB/c mice were intraperitoneally given an anti-Gr1 antibody (Ly6G) twice
to deplete neutrophils or clodronate (Clo) twice to deplete macrophages. Both these groups were then injected once with IgG or a-TREM-1 (20 wg/mouse) at day 2.
After DSS treatment for 8 days, DSS was exchanged for drinking water for 2 days (n = 4-6/groups). (A) Experimental design. (B) Disease activity index. (C)
Representative sections of a periodic acid-Schiff stain. Scale bar, 100 um. (D) Histological score. (E) Densitometry analysis of periodic acid-Schiff stain. (F) Flow
cytometric analysis of macrophages and CD177+ neutrophils in lamina propria mononuclear cells. (G) gRT-PCR analysis of Inos expression profiles in colons. Each
data represents the mean of duplicate real-time RT-PCR (n = 3-4). Data are expressed as means + S.E.M. Statistical significance was assessed using one-way
ANOVA followed by Tukey post-test (B,G) or Student t-test (D,E). *P < 0.05, **P < 0.01, **P < 0.005. a-T, treated with a-TREM-1; IgG, treated with control

neutrophils, which leads to pathogen clearance and protection of
the intestinal barrier in colitis.

DISCUSSION

IBD features neutrophil infiltration of the intestinal mucosa and
repeated epithelial injury (1). However, neutrophils play essential
roles in the innate immune response, resolution of inflammation,
and healing processes in colitis (16, 18, 19). Indeed, a variety of
defects in neutrophil function have been described in CD patients
(20, 21). They play a critical bactericidal role as the first line using
ROS/RNS intermediates, antimicrobial peptides, or NETs (22).
In addition, the limited antimicrobial capacity of macrophages
can be supplemented through the acquisition of neutrophilic
microbicidal molecules or directly by neutrophil products,
including released granule molecules (19, 23). Neutrophils
from TREM-1-deficient mice have reduced ROS production,
poor neutrophil recruitment, impaired pathogen clearance, and
increased bacterial translocation and tissue damage in the

intestine (8). In addition, CD177" neutrophils have bactericidal
activity and produce high levels of ROS, NET, IL-22, and
antimicrobial peptides, and low levels of proinflammatory
cytokines (16). These cells have an indispensable protective role
in IBD (16), which is consistent with our data. Interestingly,
CD177 is also an endogenous TREM-1 ligand (24), and CD177-
deficiency leads to neutrophil death (25). Neutrophils can
also enhance intestinal mucosal wound healing and barrier
function through interactions with IECs (26). We showed
that a-TREM-1 induced CD177" neutrophils in the blood of
IBD patients and healthy controls, and that a-TREM-1-driven
CD177" neutrophils ameliorate mouse colitis. These results
suggest that CD177% neutrophils limit inflammation through
bactericidal activity and promote wound repair induced by IL-
22 production, although our neutrophil depletion model can also
induce opsonization and phagocytosis of targeted cells (27).
Pathogens stimulate pattern recognition receptors (PRR)
via their pathogen-associated or damage-associated molecular
patterns and induce proinflammatory mediators including TNF
and IL-1P through NF-kB activation. This situation may mediate
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FIGURE 5 | «-TREM-1 promotes bacterial clearance through increased macrophage autophagy. (A,B) RAW264.7 cells were pre-treated with IgG or a-TREM-1 and
infected with S. typhimurium expressing green-fluorescent protein (A, multiplicity of infection MOI = 10; B, MOI = 100) for 1 h. (A) Representative images of S.
typhimurium-GFP-infected macrophages and quantification of the total number of bacteria per macrophage (right). Scale bar, 20 wm. (B) Representative images of
lysotracker (Lyso)-stained macrophages and the percentage of S. typhimurium-GFP in autophagic degradation (GFP co-localization with lysosomes). GFP*Lyso™
area was calculated by subtracting pure green GFP signal from total GFP signal. Scale bar, 20 um. Hoechst (Hoec) staining of nuclei. (C) Representative images of
lysotracker-stained macrophages. Scale bar, 40 um. RAW264.7 cells transfected with scrambled (SCR) or TREM1-specific (siT) siRNA were stimulated with LPS for
4 h after pre-treatment with a-TREM-1. Data are expressed as means + S.E.M. of at least three independent experiments. Statistical significance was assessed using

typhimurium-GFP; Veh, treated with vehicle.

Student t-test. *P < 0.05, ***P < 0.005. o-T, treated with a-TREM-1; DIC, differential interference contrast; IgG, treated with control antibody; Sal, infected with S.

inflammation and help maintain gut barrier functions as a
host defense mechanism (6, 15, 28). In contrast to studies
on the deleterious roles of TREM-1 which had focused on
blocking signaling (10), a large body of evidence suggests a
beneficial role of TREM-1 agonists in bacterial clearance and
infection resolution (7, 8, 29). Likewise, we found that co-
administration of antibiotics with a-TREM-1 further reduced
pathogenic bacterial load and markedly ameliorated colitis by
significantly decreasing the proportion of Proteobacteria, which
are Gram-negative bacteria that can induce colitis. Cohousing
and FMT between a-TREM-1-treated mice and TIr4-KO mice
temporarily suppressed gut inflammation, suggesting that host
immune response through TLR4 signaling is required for
sustained effects. TLRs lead to important bactericidal activity

through ROS generation (6), cytokine production, and IL-22
production in the colon (30). Consistently, Tlr4- and Myd88-KO
mice are more susceptible to infection and colitis than WT
mice due to increased bacterial translocation (31, 32) and
decreased AMP expression (31). Likewise, we observed an
increase in bacterial invasion and a decrease in the anticolitic
effect of a-TREM-1 in Tlr4- and Myd88-KO mice, as well
as high expression of inducible nitric oxide synthase (iNOS)
and neutrophil ROS production in the colons of a-TREM-1-
treated mice. Defects involving microbial sensing and bacterial
handling pathways, including ROS production and antimicrobial
autophagy, are also associated with enhanced risk of IBD
(15). TREM-1 also cooperates with other PRRs and has
synergistic effects on proinflammatory cytokine production (33);
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FIGURE 6 | - TREM-1 facilitates the cooperation of CD177+ neutrophils with intestinal epithelial cells and macrophages. (A) Representative images of CD177
immunostaining in colon tissues. Scale bar, 20 um. (B) Cd777 expression in mouse bone marrow-derived neutrophils (BMDNs) from wild-type and Tir4-KO mice.
BMDNs and HL-60 cells pre-treated with o-TREM-1 (0.8 ng/mL) were treated with lipopolysaccharide (LPS, 200 ng/mL) for 4 h for gRT-PCR analysis. Each data
represents the mean of duplicate real-time RT-PCR (n = 3). (C,D) HL-60 cells transfected with scrambled (SCR) or TREM1-specific (siT) sSiRNA were pre-treated with
a-TREM-1 and stimulated with LPS for 1 h. (C) CD777 expression in human neutrophils treated with a-TREM-1. Each data represents the mean of duplicate real-time
RT-PCR (n = 3). (D) Representative images from the neutrophil extracellular trap assay. Data are from one experiment representative of three independent
experiments. Scale bar, 40 wm. (E) Modulation of CD177+IL-22* neutrophils in the blood of inflammatory bowel disease (IBD) patients by a-TREM-1. Flow cytometric
analysis was performed to evaluate the CD177+IL-22% cells in neutrophil populations extracted from ulcerative colitis (UC) and Crohn’s disease (CD) patients and
healthy subjects (n = 5). Numbers indicate CD177+IL-22* cell frequencies among neutrophils. (F) Reactive oxygen species (ROS) production in neutrophils of IBD
patients. (G,H) Wound healing assay. HT-29 cells were cultured in conditioned media from HL-60 cells (G) or blood neutrophils of UC patients (H) after a-TREM-1
treatment and wound healing assays were performed. Data represent the average of four independent experiments. Statistical significance was assessed using
one-way ANOVA followed by Tukey post-test. *and #P < 0.05, **P < 0.01, *** and ###P < 0.005 vs. vehicle (Veh). Data are expressed as means + S.E.M. (0 =
4-5). o-T, treated with a-TREM-, treated with control antibody; Water, supplied with normal drinking water.

we have obtained corresponding results in vitro. However, our  for control of gut inflammation and microbiota modulation. We
data showed that TLR4 signaling mainly mediates the anti-  postulate that a-TREM-1 can control pathogens at the early
inflammatory effects of o-TREM-1. Intriguingly, a NOD2 ligand  stage of gut inflammation. Here, we also showed that a-TREM-
(MDP) and peptidoglycan (PGN) did not increase TREM- 1 enhanced phagocytosis and autophagy in macrophages and
1 expression and LPS co-stimulation with a TLR1/2 agonist  neutrophils, as reported in previous studies (35, 36). Macrophagic
(PAM3CSK4) showed suppressive effects on iNOS, COX-2, and  engulfment of apoptotic neutrophils is required for wound
TREM-1 expression (Supplementary Figure 9G). Furthermore,  healing and ROS production (15, 37). Moreover, autophagy is
suppression of TREM-1 by other TLR ligands such as FLG or  required for the NETosis pathway in neutrophils (38), suggesting
PAM3 may be responsible for the suppression of wound healing  that autophagy is important for preventing bacterial spread.
(Supplementary Figure 10G). These data indicate that TREM-  Recently, autophagy induction was suggested as a therapeutic
1 may selectively sense microbiota and respond accordingly, strategy for IBD (39, 40). Contradictory to our results, a few
and thus may explain how NOD2 mutation influences bacterial ~ studies using TremI-KO mice reported the following: (1) TREM-
handling in CD (15). Taken together, our data suggest that TLR4 1 deficiency can attenuate disease severity without affecting
signaling mediates the anti-inflammatory effects of «-TREM-1,  parasitic and viral infections; (2) TREM-1 deletion restores
and is an important TLR for pathogen control in IBD (34). impaired autophagy (41); and (3) TREM-1 inhibition using LR12

The innate immune response is pivotal as a primary defense  peptide attenuates experimental colitis by restoring impaired
against intestinal microbiota and provides initial resistance  autophagy (42). However, we cannot fully exclude the possibility
to invading pathogens (34). In this context, we showed that of different mechanisms between TREM-1 deficiency and a-
bacterial clearance with antibiotic pre-treatment alleviated colitis, =~ TREM-1. For example, we found that TremI-KO mice had
suggesting that bacterial handling at the early stage is important ~ higher DAI values in normal condition without colitis (42).
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FIGURE 7 | - TREM-1-induced CD177* neutrophils confer anticolitic effects. (A-E) a-TREM-1 was intraperitoneally injected to C57BL/6 mice and the next day,
colons were isolated for analysis. (A) Experimental diagram. The arrow indicates the point at which IgG- or a-TREM-1 was administered (20 wg/mouse). (B) Goblet
cell score. (C,D) Expression of Cd177+ neutrophil- (C: Cd177, l22, and Inos) and macrophage-specific (D: Mip2 and /I10rb2) genes in the colon. Each data
represents the mean of duplicate real-time RT-PCR (n = 4). (E) Flow cytometric analysis of M2 (CD206) in macrophage (F4/80*Cd11b*) populations among lamina
propria mononuclear cells. (F-J) Bone marrow-derived neutrophils were isolated, treated with IgG or a-TREM-1 for 24 h, and sorted by FACS into CD177* and
CD177-, which were then intraperitoneally injected (1 x 10° cells, arrow) into recipient mice 2 days after DSS treatment. (F) Experimental design for neutrophil
transfer. (G) Body weight change. (H) Disease activity index. (I) Representative sections of periodic acid-Schiff staining. Scale bar, 200 um. (J) Histological score. (K)
Goblet cell score. (L) Schematic representation of anticolitic effects of a-TREM-1. Data are expressed as means + S.E.M. (n = 4/groups). a-T, treated with a-TREM-1;
AMP, antimicrobial peptides; IgG, treated with control antibody; HBSS, injected with Hank’s balanced salt solution; IEC, intestinal epithelial cell; IgG, treated with
control antibody; M®, macrophage; Neu, neutrophil; RNS, reactive nitrogen species; ROS, reactive oxygen species. Statistical significance was assessed using
Student t-test (B-D) or one-way ANOVA followed by Tukey post-test (G,H,J,K). *P < 0.05, **P < 0.01, **P < 0.005.

These contradictory results should be interpreted cautiously
because agonists and antagonists may have different effects due
to subtly different modes of action. Consistently, a recent study
that TREM-1 loss exacerbates colitis in several mouse models
solidifies our results (43).

As depicted in Figure7L, o-TREM-1 modulated the
bacterial clearance activity of macrophages and neutrophils
and promoted the differentiation of neutrophils into
CD177" cells, leading to enhanced protection against both
microbes and tissue damage. We speculate that the intrinsic
modulatory mechanism of anti-TREM-1 antibody, including
the alteration of macrophage function, is at least in part
related with CD177+ neutrophils, although the mechanism
of the anticolitic effect of a-TREM-1 is probably multi-
factorial. Additionally, we can postulate that the upregulated
TREM-1 levels in IBD may be due to impaired neutrophil
function (19, 44), neutrophil recruitment (36, 45), or TLR

signaling (46), but this requires further elucidation of the
mechanisms by which o-TREM-1 alleviates colitis as well
as its role in IBD pathogenesis. Moreover, we need further
information on whether the function and differentiation of
CD177% neutrophils can be affected by genetic variations
in patients with IBD and their effects on the function of
macrophages, such as autophagic capability, ROS production,
and M2 polarization.

This is the first study to demonstrate that stimulation of
TREM-1 signaling using a-TREM-1 is effective at attenuating
colitis. We showed that a-TREM-1 augmented bactericidal
activity via reciprocal interactions between TLR4 and TREM-
1, and improved wound healing via the interaction of
macrophages, neutrophils, and the intestinal epithelial barrier.
Furthermore, we identified a-TREM-1 as a candidate regulator
of CD177" neutrophils, which are pivotal players in achieving
a balance between microbe control and tissue repair in the
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gut. Although immune-suppressive therapies such as anti-
TNF agents are effective at ameliorating symptoms in some
IBD patients, continued treatment increases susceptibility to
infection (47). Further insights into the role of a-TREM-1
in IBD pathogenesis may provide a new therapeutic target
for IBD.
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