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Triggering	receptor	expressed	on	myeloid	cells–1	(TREM-1)	potently	amplifies	acute	inflammatory	responses	
by	enhancing	degranulation	and	secretion	of	proinflammatory	mediators.	Here	we	demonstrate	that	TREM-1		
is	also	crucially	involved	in	chronic	inflammatory	bowel	diseases	(IBD).	Myeloid	cells	of	the	normal	intes-
tine	generally	lack	TREM-1	expression.	In	experimental	mouse	models	of	colitis	and	in	patients	with	IBD,	
however,	TREM-1	expression	in	the	intestine	was	upregulated	and	correlated	with	disease	activity.	TREM-1	
significantly	enhanced	the	secretion	of	relevant	proinflammatory	mediators	in	intestinal	macrophages	from	
IBD	patients.	Blocking	TREM-1	by	the	administration	of	an	antagonistic	peptide	substantially	attenuated	
clinical	course	and	histopathological	alterations	in	experimental	mouse	models	of	colitis.	This	effect	was	
also	seen	when	the	antagonistic	peptide	was	administered	only	after	the	first	appearance	of	clinical	signs	of	
colitis.	Hence,	TREM-1–mediated	amplification	of	inflammation	contributes	not	only	to	the	exacerbation	of	
acute	inflammatory	disorders	but	also	to	the	perpetuation	of	chronic	inflammatory	disorders.	Furthermore,	
interfering	with	TREM-1	engagement	leads	to	the	simultaneous	reduction	of	production	and	secretion	of	a	
variety	of	pro-inflammatory	mediators	such	as	TNF,	IL-6,	IL-8	(CXCL8),	MCP-1	(CCL2),	and	IL-1β.	There-
fore,	TREM-1	may	also	represent	an	attractive	target	for	the	treatment	of	chronic	inflammatory	disorders.

Introduction
Triggering receptor expressed on myeloid cells–1 (TREM-1) was 
identified by screening for transmembrane receptors on myeloid 
cells associated with the activating ITAM-containing adaptor mol-
ecule DAP12 (1). TREM-1 belongs to the immunoglobulin super-
family and is part of a gene cluster encoding several TREM and 
TREM-like molecules that share structural elements but have low 
amino acid homology (1). TREM-1 is constitutively expressed on 
most monocytes/macrophages and neutrophils and is upregulated 
by various stimuli such as the TLR ligands LPS and lipoteichoic 
acid (LTA) and the proinflammatory cytokine TNF (2, 3). Hence, 
it has been suggested that TREM-1 is mainly involved in acute 
inflammatory reactions but not in chronic inflammatory disorders 
(2). The natural ligand of TREM-1 is still unknown. Agonistic anti–
TREM-1 antibodies have been used to determine the functional 
consequences of receptor engagement and the signaling pathways 
(4). Activation of TREM-1 on monocytes and neutrophils enhances 
secretion of inflammatory cytokines and chemokines and leads to 
upregulation of cell-surface molecules involved in extravasation, 
cell activation, and costimulation (4). Proinflammatory cytokine 
production and lethality  in mouse models of septic shock are 
reduced by blocking TREM-1 with a recombinant TREM-1 fusion 
protein (mTREM-1-hFcγ1) (2) or a synthetic antagonistic peptide 

(5). Moreover, bacterial sepsis induces the release of a soluble form 
of TREM-1 (sTREM-1) in human patients and mouse models. 
Serum levels of sTREM-1 positively correlate with survival (6, 7), 
thus indicating an antagonistic effect of sTREM-1.

Monocytes and macrophages obtained from secondary lym-
phoid  organs  mostly  express  functional  TREM-1  on  the  cell 
surface. In contrast, the vast majority of the resident intestinal 
macrophages completely lack expression of TREM-1, possibly as 
a further adaptation to the antigen-rich microenvironment of 
the intestinal mucosa. This differentiation status of the intesti-
nal macrophages may be maintained by the local presence of the 
immunomodulatory cytokines IL-10 and TGF-β, which syner-
gistically downregulate TREM-1 (3). Since an aberrant immune 
reaction against luminal antigens including commensal bacteria 
is generally considered a main disease-promoting factor in the 
pathogenesis of inflammatory bowel diseases (IBD) (8–10), we 
hypothesized that in patients with active Crohn disease (CD) and 
ulcerative colitis (UC), TREM-1 expression would be upregulated 
on  intestinal  macrophages  and  that  aberrant  expression  of 
TREM-1 in the intestinal mucosa may contribute to the excessive 
inflammatory reactions and tissue destruction typically seen in 
the affected intestinal mucosa of patients with active IBD.

Results
TREM-1–expressing macrophages are significantly increased in the inflamed 
mucosa of IBD patients. As previously shown (3), lamina propria mac-
rophages from the normal small and large intestine generally do not 
express TREM-1, and the few TREM-1–positive cells that are pres-
ent may represent recently recruited blood monocytes (Figure 1A).  

Nonstandard	abbreviations	used: CD, Crohn disease; DSS, dextran sodium sulfate; 
IBD, inflammatory bowel disease; sTREM-1, soluble form of TREM-1; TREM-1, trig-
gering receptor expressed on myeloid cells–1; UC, ulcerative colitis.

Conflict	of	interest: The authors have declared that no conflict of interest exists.

Citation	for	this	article: J. Clin. Invest. 117:3097–3106 (2007). doi:10.1172/JCI30602.



research article

3098	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 117      Number 10      October 2007

The absence of TREM-1 expression on lamina propria macro-
phages in the normal intestine is likely to prevent overwhelming 
inflammatory reactions and thus excessive tissue damage (11). 
To assess whether aberrant TREM-1 expression on myeloid cells 

may contribute to inflammatory reactions in the 
intestine,  we  screened  intestinal  tissue  samples 
from patients with inflammatory conditions for 
TREM-1–expressing  macrophages.  The  number 
of TREM-1–positive macrophages was increased 
in the  inflamed intestine of patients with acute 
appendicitis and in patients with acute diverticu-
litis (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/
JCI30602DS1). While these findings were expected 
due  to  the acute  inflammatory process, we also 
detected increased frequencies of TREM-1–express-
ing cells on immunostained sections from patients 
with  chronic  IBD  (Figure  1A).  Double  immu-
nofluorescent  stains  of  frozen  tissue  sections 
using CD68 as a cytoplasmic marker for macro-
phages  and  the  membrane-associated  TREM-1  
showed that the majority of TREM-1–expressing 
cells in the affected intestine of IBD patients are 
intestinal macrophages  (Figure 1B); while occa-
sionally TREM-1–expressing neutrophils were also 
found (Supplemental Figure 2), they invariably rep-
resented less than 20% of the total TREM-1–positive 
cells (data not shown).

To characterize and quantify the TREM-1–posi-
tive macrophages present in the inflamed intestinal 
mucosa of IBD patients, we determined the expres-
sion profile of additional cell-surface receptors upon 
their ex vivo isolation. Whereas only a few TREM-1– 
positive macrophages were present in the normal 
intestinal mucosa, this macrophage subset was sub-
stantially more abundant in the affected lesions of 
patients with IBD, and usually 30%–40% of the intes-
tinal macrophage population isolated from both 
UC and CD patients expressed cell-surface TREM-1  
(Figure 2A). As shown in Figure 2B, TREM-1–posi-
tive macrophages also coexpressed CD14 and CD89, 
i.e., 2 cell surface receptors that are generally absent 
on  macrophages  from  normal  intestinal  tissue 
samples. No difference in the frequency or expres-
sion level of TREM-1 on intestinal macrophages 
from the affected mucosa of patients with UC and 
CD was found. The combined results for 18 patients 
with active IBD revealed an approximately 5-fold 
increase  in the frequency of TREM-1–expressing 
macrophages in the affected lesions when compared 
with normal control tissues (Figure 2C).

In IBD patients, aberrant TREM-1 expression on intes-
tinal macrophages mediates enhanced secretion of proin-
flammatory cytokines and chemokines. To determine 
the possible consequences of TREM-1 expression 
directly, intestinal macrophages were isolated from 
tissue samples and cultured in vitro for 24 hours in 
the presence or absence of an agonistic TREM-1– 
binding mAb. As shown in Figure 3, engagement of 
TREM-1 resulted in increased secretion of the pro-

inflammatory mediators TNF, monocyte chemoattractant pro-
tein–1 (MCP-1) (CCL2), IL-6, IL-8 (CXCL8), and IL-1β. Although 
the secretion of these proinflammatory cytokines and chemokines 
was already elevated in macrophages from inflamed intestinal 

Figure 1
TREM-1–expressing macrophages are increased in the intestinal lamina propria of IBD 
patients. (A) Serial frozen sections of the intestine from normal donors and IBD (CD 
and UC) patients with active disease were immunostained for TREM-1 and CD68. An 
isotype-matched irrelevant mAb was used as a negative control (Isotype ctrl). Stainings 
are representative of at least 12 different intestinal tissue samples for the normal small 
and large intestine and of at least 10 tissues each for UC and CD. Original magnifica-
tion, ×40. (B) Double immunofluorescence stainings demonstrate that most TREM-1– 
positive cells (green) in the intestinal lamina propria from patients with active IBD (UC 
and CD) were CD68+ macrophages (red). Original magnification, ×100.
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mucosa of IBD compared with normal tissues, we still observed 
significantly increased secretion after TREM-1 crosslinking from 
inflamed but not normal control tissue specimens (Figure 3). 
Hence, TREM-1–mediated amplification of the inflammatory 
process likely contributes to the exacerbation of disease and tissue 
destruction in patients with IBD.

Extent of TREM-1 expression in the intestinal mucosa is related to disease 
activity in clinical and experimental IBD. Since such a dramatic increase 
in the frequency of TREM-1–expressing macrophages was seen in 
the affected intestinal areas of patients with IBD, we determined 
how expression of TREM-1 is related to disease activity in patients 

with IBD. To this end, we compared TREM-1 mRNA expression 
levels in intestinal mucosal samples from affected and unaffected 
sites in patients with active CD and UC, samples from patients 
with inactive disease, and normal control tissue specimens. In the 
normal human intestine, TREM-1 mRNA was generally absent and 
only occasionally detectable by real-time PCR, whereas it was con-
sistently expressed at high levels in affected segments from CD and 
UC patients with active disease (Figure 4, A and B). In the macro-
scopically unaffected tissue samples obtained from sites adjacent 
to the affected area in patients with CD and in tissue samples with 
inactive disease from patients with UC, TREM-1 mRNA expres-
sion was substantially reduced and barely detectable, whereas TNF 
mRNA was detected at comparable levels in active and inactive dis-
ease samples from the same patients (Figure 4A).

The close association of TREM-1 mRNA expression with signs of 
disease activity in IBD prompted us to follow TREM-1 during the 
early stages of experimental colitis. Therefore, we analyzed TREM-1  
induction in the CD4 T+ cell transfer model of colitis in lymphope-
nic RAG2–/– recipients (12–14) and the T cell–independent dextran 
sodium sulfate (DSS) model in C57BL/6 mice (15–18). Colonic 
tissue samples, collected on different days upon colitis induction, 
were analyzed for TREM-1 and TNF expression at mRNA and 
protein levels, using RT-PCR and Western blot analysis, respec-
tively (Figure 5, A and B). TREM-1 was generally not detectable 
on mRNA and protein levels in the normal colon of C57BL/6 and 
RAG2–/– mice (Figure 5, A and B, day 0). However, TREM-1 was 

Figure 2
TREM-1–expressing macrophages are increased in the affected intes-
tinal mucosa of patients with IBD and coexpress CD14 and CD89. (A) 
Lamina propria macrophages of normal intestinal tissue specimens 
and of patients with active IBD were isolated and analyzed by FACS for 
TREM-1, CD14, and CD89 cell-surface expression. (B) Coexpression of 
CD14 and CD89 on TREM-1–positive intestinal macrophages is shown 
for a representative UC patient. (C) The frequency of TREM-1–express-
ing lamina propria macrophages is significantly increased in patients 
with IBD (n = 18: UC, n = 7; CD, n = 11) compared with normal individu-
als (n = 12). Percentages are indicated as mean ± SEM; ***P < 0.001.

Figure 3
Secretion of TNF, IL-6, IL-8 (CXCL8), 
monocyte chemoattractant protein–1 
(MCP-1 [CCL2]), and IL-1β is significantly 
enhanced following engagement of TREM-1  
on intestinal lamina propria macrophages 
from IBD but not from normal control 
patients. Intestinal macrophages isolated 
from CD patients (n = 11), UC patients  
(n = 7), and normal control patients (n = 5) 
were cultured for 24 hours in the presence 
(black bars) or absence (white bars) of an 
agonistic plate-bound anti–TREM-1 mAb. 
Cytokine concentrations were measured 
simultaneously in the supernatant. Data 
represent mean ± SEM; *P < 0.05.
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upregulated as a very early event during colitis induction, preced-
ing the first histopathological signs of colitis seen after 5 days in 
the transfer model and after 3 days in the DSS model (Figure 5, A 
and C). Intriguingly, the increase in TREM-1 mRNA expression 
level was closely related to enhanced disease activity in both mouse 
models of colitis. TREM-1 mRNA expression also correlated well 
with the detection of TREM-1 protein, as demonstrated in the 
Western blot prepared from colonic tissue samples (Figure 5B). 
Furthermore, immunostaining for TREM-1 and CD11b (Mac-1) 

confirmed the correlation between TREM-1–express-
ing macrophage frequency and severity of histopatho-
logical signs of colitis (Supplemental Figure 3). Hence, 
TREM-1 upregulation is an early event in the patho-
genesis of experimental colitis and enhanced disease 
activity is associated with increased TREM-1 expres-
sion during experimental and clinical IBD.

Blocking TREM-1 attenuates intestinal inflammation in ani-
mal models of colitis. The early upregulation of TREM-1  
in the affected tissue during experimental induction 
of colitis prompted us to assess how interfering with 
TREM-1 activation affects disease severity in experi-
mental colitis. To prevent TREM-1 engagement, we 
used an antagonistic synthetic peptide, derived from 
the extracellular domain of TREM-1. This peptide 
(LP17) was originally designed by Gibot et al. (5) and 
protects mice from LPS-induced lethality. The LP17 
peptide used in our experiments significantly attenu-
ated the increase in TNF serum levels following the 
administration  of  LPS  in  C57BL/6  mice  (Supple-
mental Figure 4), verifying that the LP17 peptide was 
affecting TREM-1 activation in vivo. Upon induction 
of colitis by either the administration of DSS into the 
drinking water of C57BL/6 mice or the transfer of 

colitogenic CD4+ T cells into RAG2–/– recipients, mice were treat-
ed either with an antagonistic TREM-1 peptide (LP17) or with a 
sequence-scrambled control peptide. In experimental animals the 
extent of diarrhea was followed using a semiquantitative scoring 
system including detection of occult blood in the feces and rectal 
bleeding (see Methods). At the end of the observation period, mice 
were sacrificed, and part of the colon was paraffin embedded for 
subsequent detailed histopathological analyses. In the LP17-treat-
ed group, the number of mice with occult blood in the feces and 

Figure 4
Enhanced disease activity is associated with increased TREM-1 mRNA expres-
sion in the intestinal mucosa of patients with IBD. RNA was isolated from endo-
scopic biopsies of actively inflamed intestinal mucosa and of macroscopically non-
affected areas from CD and UC patients and from normal control samples. (A) 
Semiquantitative RT-PCR was performed for TREM-1 and TNF. Amplification of 
GAPDH is shown as an internal control. One representative example is shown for 
5 normal, 11 CD, and 7 UC patients analyzed. (B) TREM-1 mRNA levels were 
analyzed by quantitative RT-PCR. The cycle number at which the TREM-1 tran-
scripts were detectable was compared with that of GAPDH as an internal control 
and expressed as arbitrary units; indicated are the mean values (± SEM) from at 
least 6 tissue samples per group. **P < 0.01; *P < 0.05.

Figure 5
TREM-1 mRNA and protein expression in the colon correlates with colonic inflammation and is induced early during onset of experimental colitis. 
(A) Kinetics of TREM-1 and TNF transcription in the colon upon colitis induction by CD4+ T cell transfer into RAG2–/– recipient mice (transfer 
model) and the DSS mouse model of intestinal inflammation in C57BL/6 mice. β-Actin was used as a loading control. (B) Western blot analyses 
of colonic tissue samples adjacent to those used for RNA isolation demonstrate the increased TREM-1 protein expression during induction of 
colitis. Tubulin is shown as a control. (C) H&E-stained paraffin-embedded tissue sections demonstrate the onset of histopathological alterations 
after 5 days after cell transfer and after 3 days after DSS administration. Original magnification, ×40. In each model 4 mice were analyzed per 
time point in 2 independent experiments.
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rectal bleeding was significantly reduced compared with the con-
trol-treated animals (Figure 6A). Generally, in both mouse models 
of colitis, the LP17 treatment significantly attenuated the shorten-
ing of the colon by approximately 50% (Figure 6B).

To quantitate the histological alterations present in the colon 
of experimental mice, a semiquantitative colitis scoring system 
ranging from 0 (no histopathological alterations) to 15 (most 
severe histopathological alterations) was established (see Meth-
ods). The results of these histopathological analyses of colonic 
tissue sections are summarized in Figure 6C. Control-treated 
animals in both models revealed severe histopathological alter-
ations of the colon; LP17-treated mice, however, showed only 
moderate signs of histopathological alterations, with a signifi-
cantly lower colitis score (Figure 6C).

Consistent with the data in patients with active IBD, TNF and 
TREM-1 mRNA expression were increased in the affected colon of 
colitic mice and correlated with disease activity (Figures 4 and 5).  
Hence, we also compared TREM-1 and TNF mRNA expression 
levels in the LP17-treated and control-treated colitic mice. Tissue 
samples from identical distal parts of the colon from all mice were 
used for analysis. TREM-1 mRNA expression was generally absent 
in the colon of normal RAG2–/– and C57BL/6 mice, whereas low 
TNF mRNA expression was detected (Figure 6D). Colitic mice 
treated with the control peptide invariably showed strong induc-
tion of TREM-1 and TNF mRNA in the affected colon. LP17-treat-

ed mice, however, showed low levels of TNF mRNA and TREM-1 
mRNA (Figure 6D), confirming the inflammation-attenuating 
effects of blocking TREM-1 engagement in vivo.

TREM-1 may represent an attractive target for the treatment of chronic 
inflammatory disorders. Finally, we wanted to assess whether TREM-1 
inhibition can also correct intestinal inflammation after onset of 
colitis. To perform these experiments, we used the DSS model of 
colitis, as it shows highly reproducible kinetics of disease induc-
tion. On day 3 after DSS administration, the mice had persistent 
diarrhea and bloody stools (detected by hemo FEC) and showed 
early histopathological signs of colitis. Based on these signs, we ana-
lyzed a baseline group of animals on day 3 and started treatment 
with either an antagonistic TREM-1 peptide (LP17) or a sequence-
scrambled peptide (control) until analysis on day 9 (Figure 7A). In 
the LP17-treated group, the number of mice with occult blood in 
the feces and rectal bleeding was significantly reduced compared 
with the control-treated animals and the mice analyzed on day 3 
(Figure 7B). The LP17-treated mice also showed less colonic short-
ening compared with the control-treated mice (Figure 7C).

The histopathological scores obtained on day 3 of DSS admin-
istration  confirmed  the  onset  of  an  inflammatory  reaction 
in the colonic mucosa at this time. At the end of the observa-
tion period, experimental mice that received DSS but in which 
TREM-1–TREM-1L interactions were left intact revealed massive 
alterations of the colon. In contrast, experimental mice that were 

Figure 6
Blocking TREM-1 attenuates intestinal inflammation in 2 distinct mouse models of colitis. Colitis was induced either by the transfer of splenic 
CD4+CD45RBhi T cells into RAG2–/– recipients (top row) or by oral administration of DSS (bottom row). Upon colitis induction, experimental mice 
were treated daily either with an antagonistic TREM-1 peptide (LP17) or with a control peptide. (A) Fecal samples from each mouse were tested 
for the presence of occult blood and bloody diarrhea to obtain the stool consistency score (see Methods). Data are presented as mean ± SEM;  
n = 10. (B) The colon length of each mouse was measured from the end of the cecum to the anus; indicated are the mean loss of colon length 
(%) at the end of the experiment. (C) The colitis scores for the 2 groups (LP17-treated and control-treated) were determined as described in 
Methods. (D) PCR analysis for TREM-1 and TNF mRNA was performed on identical segments of the distal colon in untreated mice (RAG2–/–; 
C57BL/6 [B6]) and antagonistic TREM-1– (LP17-) and control peptide–treated mice upon colitis induction. β-Actin was used as loading control. 
Results for 1 representative unmanipulated control mouse and 2 representative experimental mice per group are shown. ***P < 0.001; n = 10.
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treated with the antagonistic LP17 peptide showed only mod-
erate signs of histopathological alterations, with a significantly 
lower colitis score (Figure 7D).

Tissue samples from identical distal parts of the colon from all 
mice were used to compare TREM-1 and TNF mRNA expression by 
real-time RT-PCR. Control peptide–treated colitic mice showed sig-
nificantly higher expression of both TREM-1 and TNF mRNA in the 
affected colon compared with LP17-treated mice. When the treatment 
with the antagonistic peptide LP17 was initiated at the time of overt 
colitis on day 3, expression of TREM-1 and TNF thereafter did not 
further increase and was significantly lower in LP17 treated mice than 
in controls at the end of the observation period (day 9) (Figure 7E).  
Therefore, modulation of TREM-1 engagement might represent a 
novel therapeutic approach for the treatment of IBD.

Discussion
IBD refers to 2 chronic diseases, CD and UC. Investigations  in 
patients with IBD and experimental animal models of chronic intes-
tinal inflammation suggest that IBD may occur in genetically pre-

disposed individuals as a result of dysregulated immune response 
to constituents of the gut lumen, in particular to the intestinal 
flora that may occasionally penetrate the intestinal mucosa (8–10). 
Numerous reports contributed to the current concept that aberrant 
T cell functions including decreased regulatory activities or active 
functionally polarized T cells may contribute to the pathogenesis of 
IBD. Recent findings, including the demonstration of the NOD2/
CARD15 gene as a susceptibility locus for IBD (19), however, indicate 
that defects in the local innate immune response may predispose to 
onset of IBD. Quantitative and qualitative alterations in the pattern 
of secreted mediators produced by local macrophages may thus rep-
resent a major factor contributing to the pathogenesis of IBD.

Production and secretion of proinflammatory mediators  in 
macrophages and neutrophils are also regulated via the TREM-1/
DAP12 signaling pathway. These effects of TREM-1 were previous-
ly demonstrated during acute inflammatory responses to micro-
bial infections, e.g., in patients with bacterial pneumonia (20) and 
septic shock, and in mouse models of sepsis (2, 5, 21–23). Such 
proinflammatory effects of TREM-1 may be further enhanced in 

Figure 7
Blocking TREM-1 attenuates the disease process in established colitis. (A) When after oral administration of DSS the experimental mice devel-
oped colitis with persistent diarrhea and fecal samples had tested positive for the presence of occult blood (day 3), the first group of mice was 
analyzed (day 3; n = 8), and the remaining experimental mice were treated daily with either antagonistic TREM-1 peptide (LP17; n = 8) or with 
control peptide (n = 8) for an additional 5 days. (B) Fecal samples from each mouse were tested for the presence of occult blood and bloody 
diarrhea to obtain the stool consistency score (see Methods). Data are indicated as mean ± SEM; n = 8. (C) The colonic length in each mouse 
was measured from the end of the cecum to the anus; indicated are the mean loss of colon length (%) on day 3 and on day 9 for both the LP17-
treated and control-treated groups. (D) Colitis scores for the 3 groups of mice were determined as described in Methods. (E) Real-time RT-PCR 
analyses for TREM-1 and TNF mRNA were performed individually on identical segments of the distal colon from each mouse in all experimental 
groups. ***P < 0.001; **P < 0.01; *P < 0.05.
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the presence of TLR-mediated signaling (24). In the seminal report 
on the involvement of TREM-1 in acute microbial  inflamma-
tion, tissue specimens from patients with nonmicrobial, chronic 
inflammatory disorders such as psoriasis, UC, and immune com-
plex–mediated vasculitis were analyzed by immunohistochemistry. 
However, in these specimens only rare TREM-1–positive cells were 
detected (2). Our previous analysis of TREM-1 expression in mac-
rophages of the normal intestine revealed that TREM-1 is gener-
ally absent in the normal intestine (ref. 3 and Figures 1 and 2). 
This prompted us to reevaluate TREM-1 expression in the affected 
sites of patients with active IBD and to assess how disease activity 
relates to TREM-1 expression. Immunostaining (Figure 1), FACS 
analyses (Figure 2), and analysis of mRNA expression (Figure 4) 
clearly demonstrated a significant increase in TREM-1–expressing 
macrophages in the affected lesions of IBD patients. In the 2 dif-
ferent mouse models of colitis that we studied, and in patients 
with IBD, increased intestinal TREM-1 expression positively cor-
related with enhanced disease activity (Figures 4 and 5). Hence, 
the absence of large numbers of TREM-1–expressing macrophages 
in UC initially reported (2) may have been caused by low disease 
activity in the tissue samples analyzed. Furthermore, in the normal 
intestinal mucosa, TREM-1–expressing macrophages were largely 
absent. The frequency (and number) of TREM-1–expressing intes-
tinal macrophages dramatically increased in IBD. However, even in 
the most active IBD lesions, the majority of the intestinal macro-
phages were still negative for TREM-1 expression (Figure 2).

In contrast to previous reports that focused on the importance 
of TREM-1 in septic shock and acute inflammation (2, 4–7), our 
results demonstrate a crucial  role of TREM-1 during chronic 
inflammatory disorders of the intestine. Activation of TREM-1 
on intestinal macrophages may have detrimental consequences 
for the perpetuation of intestinal inflammation and subsequent 
tissue destruction due to the several-fold increase in the level of 
proinflammatory mediators produced in vitro upon engagement 
of the TREM-1 (Figure 3). It has been possible to show signifi-
cant protection of mice treated with the TREM-1 fusion protein 
(mTREM-1-hFcγ1) against lethal E. coli-induced peritonitis and 
cecal puncture–induced shock, whereas treatment with TNFRI-
hFcγ1 even caused accelerated death of all animals (2). Thus, block-
ing TREM-1 substantially attenuates inflammatory responses but 
still allows sufficient control of bacterial infections. This may be 
relevant in the treatment of patients with chronic inflammatory 
disorders, since treatment of CD or rheumatoid arthritis with inf-
liximab, a humanized antibody against TNF, is complicated by an 
increased risk for reactivation of a latent M. tuberculosis infection 
(25). Our results confirm that engagement of TREM-1 leads to a 
dramatic increase in secreted proinflammatory mediators known 
to contribute to the sustained inflammation and exacerbation of 
the disease. Blocking TREM-1 during experimental colitis attenu-
ates the production of macrophage-derived crucial inflammatory 
mediators. This is also illustrated by the striking reduction in TNF 
mRNA levels in the colon of mice treated with an antagonistic 
TREM-1 peptide upon colitis induction (Figure 6). Since inter-
fering with TREM-1 engagement led to the simultaneous reduc-
tion in production and secretion of a variety of proinflammatory 
mediators, TREM-1 may represent an attractive target for treating 
chronic inflammatory disorders.

Recently, increased serum levels of sTREM-1 were reported in 
patients with moderate or severe UC and CD (26). This further 
indicates that increased TREM-1 expression may closely reflect 

the extent of intestinal inflammation and may thus represent an 
elegant tool to monitor disease activity.

At  present,  TREM-1–deficient  mice  are  not  yet  available  to 
directly assess the consequences of the absence of TREM-1–medi-
ated amplification of inflammation on the course of experimental 
colitis. Alternatively, the use of mice deficient for DAP12 (27, 28),  
i.e., the signal-transducing molecule associated with TREM-1, 
might be considered. However, DAP12 also associates with several 
other receptors, including TREM-2, which is coexpressed together 
with TREM-1 on some macrophage subsets. Therefore, results 
obtained with DAP12–/– mice might be difficult to interpret with 
regard to the exact contribution of TREM-1–mediated effects to 
the inflammatory process.

Hence, we decided to use an antagonistic TREM-1–derived peptide 
to assess the contribution of TREM-1–mediated effects on the 
course of experimental colitis. Peptide treatment has the advantage 
of lower antigenicity compared with fusion proteins or antagonistic 
antibodies, especially in long-term treatment. A considerable disad-
vantage, however, is the short half-life of peptides in vivo. Hence, 
the moderate signs of inflammation still seen in experimental mice 
treated with the antagonistic TREM-1 peptide may be attributed to 
the inactivation of the antagonistic peptide in vivo.

The importance of an appropriate functional differentiation 
of intestinal macrophages is also illustrated by the spontaneous 
onset of colitis in several mutant mouse strains in which the dif-
ferentiation of the macrophages is affected, e.g., through target-
ing IL-10 production in macrophages (29, 30). The origin of the 
TREM-1–expressing macrophages present in increased frequen-
cies and numbers in the active lesions of patients with IBD and 
in mice with experimental colitis is still unclear (31–33). The 
coexpression of CD14 and CD89 on TREM-1–positive intesti-
nal macrophages suggests that this inflammatory macrophage 
subset may represent exudate macrophages recently recruited 
to the site of inflammation. This circumstantial evidence is also 
supported by our findings in a mouse model of colitis: When 
colitogenic CD4+ T cells were transferred into RAG2–/– recipi-
ents heterozygous for the gene encoding the fractalkine recep-
tor  (CX3CR1)  (1  allele  was  replaced  with  the  gene  encoding 
GFP; RAG2–/–CX3CR1GFP/+ mice) (34), the number of circulat-
ing monocytes increased and the ratio of CX3CR1lo to CX3CR1hi 
monocytes, representing inflammatory and resident monocytes, 
respectively (35), shifted from a 1:1 ratio in healthy animals to a 
2:1 to 3:1 ratio in colitic mice. Similarly, the ratio of CX3CR1lo to 
CX3CR1hi macrophages and the total number of macrophages in 
the colonic lamina propria dramatically increased during onset 
of colitis. In colitic RAG2–/–CX3CR1GFP/+ mice, TREM-1–express-
ing macrophages in the affected colonic mucosa were predomi-
nantly of the CX3CR1lo phenotype (data not shown).

Unfortunately, the transfer of CD45.2 congenic monocyte sub-
sets (Gr1+ versus Gr1–) into CD45.1 RAG2–/– recipients together 
with CD4+ T cell–mediated induction of colitis to directly deter-
mine  the origin  (i.e.,  resident macrophages versus  recruited 
monocytes) of TREM-1–expressing colonic macrophages did 
not yield conclusive results, since only small numbers of mac-
rophages of donor origin were recovered from the site of active 
colonic inflammation (data not shown). In addition, in the pres-
ence of a functional myelopoiesis in the recipient, transferred 
monocytes are rapidly outnumbered by host-derived monocytes, 
which, upon recruitment at the site of colonic inflammation, 
cannot be distinguished from the local, host-derived, resident 
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macrophage population. Such a  low recovery of  transferred 
monocytes  from  the  colonic  mucosa  is  consistent  with  the 
reported low recovery of adoptively transferred monocytes from 
other organs such as lung, spleen, liver, and brain after more 
than 4 days after adoptive transfer (35).

Obviously, future work is needed not only to identify the mecha-
nisms that lead to increased frequencies of TREM-1–expressing 
intestinal macrophages, but also to define the internal ligands that 
would activate the receptor during chronic colitis. At this point, 
it is not known whether upregulation of TREM-1 is the result 
of positive signals acting on resident intestinal macrophages or 
the absence of repressor mechanisms acting during physiological 
conditions on resident macrophages and recruited monocytes. 
Furthermore, it remains an open question whether the inflam-
mation-amplifying effects of TREM-1 are mediated through the 
enhanced chemotactic recruitment of inflammatory cells and/or  
the  TREM-1–mediated,  enhanced  inflammatory  activities  of 
TREM-1–expressing myeloid cells.

In conclusion, TREM-1–expressing macrophages are significant-
ly increased in chronic inflammatory reactions of the intestinal 
mucosa in both IBD entities, UC and CD. TREM-1 expression on 
intestinal macrophages in IBD amplifies and prolongs inflamma-
tion via the enhanced secretion of disease-promoting mediators. 
Blocking TREM-1 upon induction of experimental colitis attenu-
ates intestinal inflammation even when the antagonistic peptide 
is administered only after the first appearance of clinical signs of 
colitis. Hence, TREM-1 expression in the intestinal mucosa may 
not only be a reliable marker to assess disease activity in patients 
with IBD, but may also represent a promising target for future 
therapies for excessive acute inflammatory reactions as well as for 
chronic inflammatory diseases.

Methods
Human tissues. Normal small and large intestinal tissue specimens were 
obtained from patients who had undergone either colonoscopy with nega-
tive polyp screen and were otherwise healthy or abdominal surgery for can-
cer; or had localized infectious diseases. The tissue samples were taken at 
the furthest distance from the macroscopically apparent pathology, close to 
the resectional line in a healthy bowel area. The absence of histopathologi-
cal signs of inflammation or neoplasia was confirmed by the assessment 
of H&E-stained sections from paraffin-embedded tissue samples adjacent 
to the tissue specimen used for cell isolation. Actively inflamed intestinal 
tissue samples and biopsies were obtained from both UC and CD patients 
undergoing surgery or endoscopy. For cell isolation, tissue samples from the 
macroscopically affected part of inflamed intestinal lesions were used, and 
histopathological signs of active disease were confirmed by H&E-stained 
sections of paraffin-embedded tissue samples adjacent to the specimens 
used for cell isolation. Additional biopsies were taken from uninvolved 
areas with a macroscopically normal appearance from UC and CD patients 
away from the diseased area as comparison. Tissue samples and biopsies 
were obtained according to institutional guidelines of the University Hospi-
tal Bern with prior informed consent of the patients. These procedures were 
also approved by the ethical committee of the state of Bern.

Cell isolation. Intestinal macrophages were isolated from human intestinal 
tissue samples and biopsies as previously described (3, 36). Briefly, small 
pieces of intestinal mucosa were incubated with 5 mM EDTA/2 mM DTT, 
followed by digestion with 200 U/ml collagenase (Type IV; Sigma-Aldrich) 
plus 50 U/ml DNAse (Type I, grade II; Roche). Macrophages were enriched 
in a Percoll density gradient and subsequently purified using a depleting 
MACS procedure. As a control, monocytes were subjected to the same 

experimental conditions as intestinal macrophages during the entire iso-
lation and fractionation procedure. These isolation steps, however, did not 
substantially influence cell-surface expression of CD14, CD33, HLA-DR,  
CD45, CD89, and TREM-1 (data not shown).

Flow cytometry. Fluorochrome-conjugated mAb against CD14 (TUK4; 
Serotec), CD33 (WM53; BD Biosciences — Pharmingen), HLA-DR (LN3; 
eBioscience), CD89 (A59; BD Biosciences — Pharmingen), and CD45 (HI30; 
BD Biosciences — Pharmingen) were used for FACS stainings. Supernatant 
of the human TREM-1–specific hybridoma 21C7 (4) and, as a second step, 
FITC-conjugated goat anti-mouse IgG1 (Sigma-Aldrich) were used for flow 
cytometric detection of TREM-1. Isotype controls with irrelevant specifici-
ties were included as negative controls. Octagam (1:2 in PBS; Novartis) was 
used to block Fc receptors and unspecific binding. At least 1 × 105 events 
were acquired on a FACScan LSRII (BD Biosciences) for subsequent analy-
sis using FlowJo software (Tree Star). For analysis, scatter gates were first 
set for monocytes/macrophages upon backgating on CD33+ cells.

Immunohistochemistry. Serial frozen tissue sections (5 μm) were fixed 
with acetone and rehydrated in TBS. Fc receptors and unspecific bind-
ing were blocked with 1% Octagam (Novartis) in TBS/BSA. As primary 
mAbs, anti-CD68 (EMB11; Dako) and supernatant of mouse anti-human 
TREM-1 hybridomas 17A11 and 42A7 (2) were used. As secondary anti-
body, a biotinylated rabbit anti-mouse IgG (E 354; Dako) was used, fol-
lowed by an incubation step with the ABComplex-AP (Dako). Substrate 
solution (Naphthol AS-Bi phosphate, new fuchsin) was prepared accord-
ing to the manufacturer’s recommendations. Counterstaining was per-
formed for 1 minute in hematoxylin.

Immunofluorescence stainings. Frozen tissue sections were fixed, rehydrat-
ed, and blocked as described for immunohistochemical stainings. As pri-
mary mAbs, anti-CD68-R-PE (clone Y1/82A; BD Biosciences — Pharmin-
gen) and supernatant of the mouse anti-human TREM-1 hybridoma 
(17A11, 42A7; ref. 2) were used. As secondary reagent for the detection of 
anti–TREM-1, an anti-mouse IgG1–Alexa Fluor 488 conjugate (Molecu-
lar Probes; Invitrogen) was used.

Cell culture and subsequent cytokine measurement. Isolated intestinal macro-
phages were stimulated for 24 hours in 96-well flat-bottom plates coated 
with either anti-human TREM-1 (clone 21C7, mouse IgG1; ref. 4) or an 
isotype control (mouse IgG1; BD Biosciences — Pharmingen). Cells were 
plated at a concentration of 106 cells/ml, and subsequently, supernatants 
were collected and simultaneously tested for secreted TNF, IL-6, IL-8, 
MCP-1, and IL-1β using the luminex assay system (human x-Plex assays; 
Bio-Rad). Survival of the cells at the end of the in vitro culture was greater 
than 90% as assessed by trypan blue staining of the cultured cells.

Mice. C57BL/6 mice, purchased from Harlan, and C57BL/6 RAG2–/– mice, 
bred in our specific pathogen–free (SPF) animal facility, were used at 8–12 
weeks of age. All experimental mice were kept in microisolater cages in lami-
nar flows under SPF conditions in the central animal facility of the Medi-
cal School, University of Bern. All animal experiments were reviewed and 
approved by the Animal Experimentation Review Board of the State of Bern.

Mouse models of colitis. For experiments involving the adoptive T cell transfer 
model, colitis was induced in C57BL/6 RAG2–/– mice by adoptive transfer of 
sorted CD4+CD45RBhigh T cells, as previously described (12–14). Briefly, CD4+ 
T cells were isolated from splenocytes from C57BL/6 mice, and after osmotic 
lysis of erythrocytes, CD4+ T cells were enriched by a negative MACS procedure 
for CD8α and B220 (purified, biotinylated, hybridoma supernatant) using 
avidin-labeled magnetic beads (Miltenyi Biotec). Subsequently, the CD4+ T 
cell–enriched fraction was stained and FACS sorted for CD4+ (RM4-5; BD 
Biosciences — Pharmingen), CD45RBhi (16A; BD Biosciences — Pharmingen), 
and CD25– (PC61; eBioscience) naive T cells. Each C57BL/6 RAG2–/– mouse 
was injected i.p. with 1 × 105 syngeneic CD4+CD45RBhighCD25– T cells. Colitic 
mice were sacrificed and analyzed on day 14 after adoptive transfer.
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For experiments involving the DSS colitis model, C57BL/6 mice were 
given autoclaved tap water containing 3% DSS (DSS salt, reagent grade, 
mol wt: 36–50 kDa; MP Biomedicals) ad libitum over a 5-day period. The 
consumption of 3% DSS was measured. DSS was replaced thereafter by 
normal drinking water for another 4 days. Mice were euthanized and ana-
lyzed at the end of the 9-day experimental period.

TREM-1 peptide treatment. Upon colitis induction, either starting on day 
0 or after onset of colitis on day 3 (as indicated), mice were treated with 
either an antagonistic TREM-1 peptide, LP17 (LQVTDSGLYRCVIYHPP), 
or a sequence-scrambled control peptide (TDSRCVIGLYHPPLQVY), as 
previously described for septic shock models by Gibot and coworkers (5). 
The peptides were chemically synthesized as COOH terminally amidated 
peptides (Pepscan Systems). Mice were treated once daily with 200 μg 
peptide, injected i.p. in 200 μl saline.

Colitis scoring. At the end of the experiments, the colon length was mea-
sured from the end of the cecum to the anus. Fecal samples were tested for 
occult blood using hemo FEC (Roche) tests (score 0, negative test; 1, posi-
tive test and no rectal bleeding; 2, positive test together with visible rectal 
bleeding). The colon was divided into 2 parts. From each mouse, identi-
cal segments from the distal and proximal colon were taken for protein 
and RNA isolation and histology, and frozen tissue blocks were prepared 
for subsequent analysis. Histological scoring of paraffin-embedded H&E-
stained colonic sections was performed in a blinded fashion independently 
by 2 pathologists. To assess the histopathological alterations in the distal 
colon, a scoring system was established using the following parameters: (a) 
mucin depletion/loss of goblet cells (score from 0 to 3); (b) crypt abscesses 
(score from 0 to 3); (c) epithelial erosion (score from 0 to 1); (d) hyper-
emia (score from 0 to 2); (e) cellular infiltration (score from 0 to 3); and (f) 
thickness of colonic mucosa (score from 1 to 3). These individual histology 
scores were added to obtain the final histopathology score for each colon 
(0, no alterations; 15, most severe signs of colitis).

RNA isolation and RT-PCR. RNA was isolated from intestinal tissue samples 
preserved in RNAlater (QIAGEN), using the RNAeasy Mini Kit (QIAGEN).  
RT-PCR was performed with 400 ng RNA each, using the TaqMan Gold 
RT-PCR Kit (Applied Biosystems). Primers were designed as follows: mouse 
TREM-1, forward 5′-GAGCTTGAAGGATGAGGAAGGC-3′ and reverse 
5′-CAGAGTCTGTCACTTGAAGGTCAGTC-3′;  mouse  TNF,  forward 
5′-GTAGCCCACGTCGTAGCAAA-3′ and reverse 5′-ACGGCAGAGAG-
GAGGTTGAC-3′; mouse β-actin, forward 5′-TGGAATCCTGTGGCATC-
CATGAAAC-3′ and reverse 5′-TAAAACGCAGCTCAGTAACAGTCCG-3′; 
human TREM-1,  forward 5′-CTTGGTGGTGACCAAGGGTTTTTC-3′ 

and reverse 5′-ACACCGGAACCCTGATGATATCTGTC-3′; human TNF, 
forward  5′-GCCCATGTTGTAGCAAACCC-3′  and  reverse  5′-TAGTC-
GGGCCGATTGATCTC-3′; human GAPDH, forward 5′-TTCACCACCAT-
GGAGAAGGC-3′ and reverse 5′-GGCATGGACTGTGGTCATGA-3′. PCR 
products were semiquantitatively analyzed on agarose gels.

Human TREM-1 and mouse TREM-1 and TNF expression was also 
assessed by real-time PCR using the TREM-1 QuantiTect primer assay sys-
tem and QuantiTect SYBR green PCR Kit (both from QIAGEN). GAPDH 
was used to normalize TREM-1 and TNF expression levels. DNA was 
amplified on a 7500 Real-Time PCR system (Applied Biosystems), and the 
increase in gene expression was calculated using Sequence Detection Sys-
tem software (Applied Biosystems).

Western blot analysis. Protein samples were separated on a denaturing 12% 
acrylamide gel, followed by transfer to nitrocellulose filter and probing 
with the primary antibody. Anti–TREM-1 (polyclonal goat IgG, 0.1 μg/ml; 
R&D Systems) or anti-tubulin (clone B-5-1-2, 1:5,000; Sigma-Aldrich) was 
used as primary reagent. As secondary antibodies, HRP-labeled donkey 
anti-goat Ig (1:2,000; The Binding Site) and goat anti-mouse Ig (1:4,000; 
Sigma-Aldrich) were used. Binding was detected by chemiluminescence 
using a Super Signal West Pico Kit (Pierce).

Statistics. The unpaired 2-tailed Student  t  test was used to compare 
groups; P values less than 0.05 were considered significant.
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