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ABSTRACT

Background: The triggering receptor expressed on myeloid cells-1 is an immunoreceptor that amplifies the inflammatory
response mediated by toll-like receptors engagement. Triggering receptor expressed on myeloid cells-1 inhibitory peptides such
LR12 have been shown to prevent hyperresponsiveness and death in several experimental models of septic shock.

Methods: Twelve adult male Cynomolgus (Macaca fascicularis) monkeys exposed to an intravenous bolus of endotoxin
(10 pg/kg) were randomized to receive LR12 or placebo (n = 6 per group) as an initial intravenous bolus followed by an 8-h
continuous intravenous infusion. An additional group of four only received vehicle infusion. Vital signs were monitored for
8h. Blood was sampled at HO, 1, 2, 4, and 8 for analysis of clinical chemistries, leukocyte count, coagulation parameters, and
cytokine plasma concentration.

Results: LR12 showed no effect on heart rate and body temperature. By contrast to the placebo group, which experienced a 25
to 40% blood pressure decrease after endotoxin administration, LR12-treated monkeys remained normotensive. Endotoxin
induced leukopenia at 2h (mean leukocyte count, 7.62 g/l vs. 21.1 at HO), which was attenuated by LR12. LR12 also attenu-
ated cytokine production.

Conclusions: The triggering receptor expressed on myeloid cells-1 inhibitor LR12 is able to mitigate endotoxin-associated
clinical and biological alterations, with no obvious side effects. This study paves the way for future phases Ia and Ib trials

(ANEsTHESIOLOGY 2014; XXX:XX-XX)

in humans.

HE “genomic storm” that occurs during sepsis or . .
What We Already Know about This Topic

® The triggering receptor expressed on myeloid cells-1 is an im-
munoreceptor that amplifies the inflammatory response medi-
ated by toll-like receptors engagement

trauma is the result of an excessive and overamplified
host response to aggression.! Among the potential candi-
dates acting as amplifiers of the innate immune response,
the triggering receptor expressed on myeloid cells (TREM)-1
appears to play a central role.? TREM-1 is expressed by neu-
trophils, macrophages, and mature monocytes (CD14highy,
as well as by hypoxic dendritic cells.>* The engagement of
TREM-1 with agonist monoclonal antibodies has been
shown to stimulate the production of proinflammatory cyto-
kines and chemokines such as interleukin (IL)-8, monocyte
chimoattractant protein (MCP)-1, MCP-3, and macrophage
inflammatory protein (MIP)-1a, along with rapid neutrophil

What This Article Tells Us That Is New

e The triggering receptor expressed on myeloid cells-1 inhibi-
tor LR12 mitigated endotoxin-associated clinical and biologi-
cal alterations, with no obvious side effects in experimental
primates

degranulation and oxidative burst. The activation of TREM-1
in presence of toll-like receptor-2, -4, or nod-like receptors
ligands amplifies the production of proinflammatory cyto-
kines (tumor necrosis factor-, IL-1f3, granulocyte-macro-
phage colony—stimulating factor), as well as the inhibition of
IL-10 release.>” Of note, the TREM-1 pathway was among
the most up-regulated ones in the Xiao et al’s study.! The
TREM-1 blockade by the use of a fusion protein or LP17, a
short inhibitory peptide that mimics a portion of the extra-
cellular domain of TREM-1, was associated with a survival

improvement in animal models of experimental sepsis.®'°

These protective effects are also evident in other models of
acute or chronic inflammatory disorders.!'~"

In addition to TREM-1, the TREM gene cluster includes
TREM-like transcript-1 (TLI-1). TLT-1 is abundant and
specific to the platelet and megakaryocyte lineage. Upon
platelet activation with thrombin or lipopolysaccharide,
TLT-1 is translocated to the platelet surface and may act as
a coactivating receptor.!®1? We have shown that a soluble
fragment of TLT-1 is present in human plasma, the level
of which is highly correlated to disseminated intravascular
coagulation scores during sepsis.?’ Soluble TLT-1 binds to
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fibrinogen and augments platelet aggregation in vitro. Inter-
estingly, crystallographic studies reveal structural similarities
between TLT-1 and TREM-1, which suggest the existence of
interactions between TLT-1 and TREM-1.%!

Indeed, we recently showed that TLT-1 and a 12—amino
acid TLT-1 derived peptide (LR12) exhibit antiinflamma-
tory properties by dampening TREM-1 signalling and thus
behave like a naturally occurring TREM-1 inhibitor. The
mechanism by which LR12 inhibits TREM-1 signalling
derives from its ability to bind to the TREM-1 ligand.?* We
further demonstrated that this same peptide also modulates
in vivo the inflammatory cascade triggered by infection, thus
inhibiting hyperresponsiveness, organ damage, and death
during sepsis in mice and minipigs.?>?

As mouse models of septic shock are far from recapitulat-
ing the human physiology,* we prospectively investigated the
effects of LR12 during endotoxemia in the nonhuman pri-
mate. Here we show that LR12 infusion was able to attenuate
endotoxin-induced inflammatory and clinical responses.

Materials and Methods

Animals

Male cynomolgus monkeys (Macaca fascicularis) (2.8 to
3.5kg, 24 months old; Le Tamarinier, La Route Royale,
Tamarin, Mauritius) were used. Animals were fasted the day
before lipopolysaccharide challenge but had full access to
water. CIToxLLAB France Ethical Committee (CEC, Evreux,
France) reviewed and approved the study plans (Nr CEC:
02221). This study, including care of the animals involved,
was conducted according to the official edict presented by
the French Ministry of Agriculture (Paris, France) and the
recommendations of the Helsinki Declaration. Thus, these
experiments were conducted in an authorized laboratory and
under the supervision of an authorized researcher.

Endotoxin Preparation

Purified endotoxin (lipopolysaccharide 0127:B8; Sigma-
Aldrich, Saint-Quentin Fallavier, France; source strain
ATCC12740, 500,000 endotoxin unit per milligram [100
mg] per vial) was diluted in sterile water and administered
as a 10 min intravenous bolus at a dose of 10 pg/kg of body
weight.

Reconstitution of LR12 and Placebo

Placebo and LR12 were labelled identically and appeared
identical in a lyophilized form. Active drug was reconstituted
with sterile water and diluted in 0.9% saline to a 7.5 mg/ml
concentration. Corresponding placebo infusions were pre-
pared in an identical manner.

LR12 is a 12-amino acid peptide derived from TLT-1
(LQEEDAGEYGCM), and placebo is the corresponding
scrambled peptide (YQMGELCAGEED). These peptides
have been described elsewhere.?> The scrambled peptide has
no biological nor clinical effect per se and thus constituted
the control of choice.
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Drug Administration and In Vivo Lipopolysaccharide
Challenge

Vital signs and weight were recorded the day before the lipo-
polysaccharide challenge. The next morning, baseline clini-
cal laboratory samples were collected, and vital signs were
recorded. The drug was administered into the cephalic or
saphenous vein via a teflon catheter. Contralateral vein was
used for lipopolysaccharide administration.

Monkeys were randomized to receive LR12 or placebo (n
= 6 per group). An additional group of four was constituted
to only receive vehicle (NaCl, 0.9%) infusion and served as
the control group.

At time point 0, a 15 min intravenous infusion of LR12
or placebo solution was begun, at the rate of 12 ml/h (5 mg/
kg, 10min, 2ml), delivered by a calibrated syringe pump
(Harvard Apparatus, Les Ullis, France). A continuous infu-
sion was then administered for further 8h at the rate of
2ml/h (1 mg kg' h™', 8h, 16ml). Just before treatment
infusion, an intravenous bolus of lipopolysaccharide (10 pg/
kg) was administered over the course of a 10-min period
into the contralateral catheter. Animals remained awake in
an upright position in restraint chairs and continued to fast
without food for the whole study duration.

Monitoring of Vital Signs and Blood Sampling

Oral temperature, pulse rate, and blood pressure were moni-
tored every 15 min for 1 h, then every 30 min for 7 h. Blood
was sampled into 5ml lithium-heparinized tubes at HO, 1,
2, 4, and 8 for analysis of clinical chemistries, leukocytes
count, coagulation parameters, LR12 plasma concentration,
and cytokine plasma concentration.

Biological Measurements

Clinical chemistries were analyzed on a Siemens (Chatillon,
France) ADVIA 1650 chemistry analyzer, leukocyte counts
on a Siemens ADVIA 120 hematology system, and coagula-
tion parameters on an ACL ELITE PRO (Beckman Coulter,
Villepinte, France).

Plasma concentrations of cytokines were determined
using a multiplex method (Luminex, Oosterhout, The Neth-
erlands) for IL-1p, IL-2, IL-4, IL-5, IL-6, IL-8, interferon-y,
MCP-1, MIP-1a, MIP-1p3, and tumor necrosis factor-a.

Statistics

After testing for their normal distribution (Kolmogorov—
Smirnov test) data were presented as means (SD). Between-
group differences were tested by two-way ANOVA with
Bonferroni correction. Analyses were performed using

Graphpad Prism Software (La Jolla, CA).

Results

Pharmacokinetics

LR12 was administered as a 5mg/kg bolus over 15min
followed by a continuous 1 mg kg™' h™' infusion. A peak
concentration at 159.3+22.8 ng/ml was achieved after the
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Fig. 1. Pharmacokinetics of LR12. After an initial bolus fol-
lowed by a continuous infusion, steady LR12 plasma con-
centration was reached and maintained throughout the 8-h
study period.

bolus, then the LR12 concentration decreased to a steady
state at 91.4+5.1 ng/ml and the interindividual variability
was very small (fig. 1). LR12 half-life was 2.25 min iz vivo.

Vital Signs

Heart rate transiently increased after lipopolysaccharide
injection, with no effects of LR12 infusion (fig. 2A). Lipo-
polysaccharide challenge induced a slight increase of body
temperature, especially between H1 and H2, although LR12
contained the body temperature increase it was mild and the
difference between placebo (LR12scr) and LR12-treated ani-
mals was not significant (fig. 2B).

Although the doses of endotoxin used were small, tran-
sient hypotension developed in the placebo-treated group:
systolic arterial pressure decreased up to 25% at 180 min and
diastolic arterial pressure up to 40% (P < 0.001 »s. LR12 or
control groups). By sharp contrast, LR12-treated monkeys
never experienced a hypotensive state and their arterial pres-
sure did not differ from that of control animals (fig. 3).

Leukocyte Counts

Animals that received placebo (LR12scr) developed a leuko-
penia (mean leukocyte count, 7.62¢g/l vs. 21.1 at HO) at 2h
after challenge (P < 0.001 us. control and LR12 groups). This
leukopenia was the result of neutropenia, lymphopenia, and
monocytopenia (fig. 4). Although LR12 had no effect on lym-
phocyte counts, its administration totally blunted neutropenia

38.04md,_ Ty x>
s T

during most of the observation period. Nevertheless, a marked
leukocytosis (interesting mainly neutrophils) occurred at the
end of the 8-h study period: leukocyte count was three times
higher at H8 than at HO (2 < 0.001). Of note, platelet count
remained unchanged between groups (not shown).

Blood Chemistry

Endotoxin challenge had almost no effect on clinical chem-
istries except on liver function. Indeed, total bilirubin and
aspartate aminotransferase progressively increased and were
higher at H8 than at baseline. LR12 completely abrogated
this phenomenon. Of note, a brief hypoglycemia occurring
at H2 was present in placebo animals whereas it was absent
in the LR12 group (table 1). There was no effect of lipopoly-
saccharide or treatment on prothrombin, activated partial
thromboplastin times or fibrinogen concentration.

Plasma Cytokine Concentrations

Endotoxin induced increase of IL-6, IL-8, interferon-y,
MCP-1, MIP-1a, MIP-1f, and tumor necrosis factor-a,
which reached a maximum concentration between H1 and
H2. LR12 attenuated the rise of IL-6, IL-8, MCP-1, MIP-
La, MIP-1, and tumor necrosis factor-a plasma concentra-
tions by 20 to 50% (fig. 5).

Side Effects

The animals were regularly examined up to 1 month after
lipopolysaccharide/LR12 administration. There were no
treatment side effects: in particular, no infection, electrocar-
diographic modification, or visual impairment.

Discussion

The use of mouse models still constitutes the cornerstone
of medical research to evaluate new therapeutic approaches
to various conditions, sepsis being one of the most stud-
ied. Unfortunately, Seok er a/.?* recently demonstrated that
this approach carries many limitations. Indeed, genomic
responses in mouse correlate very poorly with the human
conditions: among genes that were significantly regulated
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Fig. 2. Effects of LR12 on endotoxin-induced heart rate and body temperature changes. LR12 has no effect on endotoxin-
induced heart rate (A) and body temperature (B) increases. LPS = lipopolysaccharide.
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Fig. 3. LR12 protects from endotoxin-induced hypotension. (A—C) Endotoxin induced a transient drop in blood pressure (mean,
systolic, and diastolic) that was completely prevented by LR12 (group effect: P < 0.001 placebo vs. LR12 or control groups).

LPS = lipopolysaccharide.

in humans, the murine orthologs are close to random. This
seminal article even generated a commentary in the New
York Times, urging for a change of our experimental models
in sepsis.”> To attempt to overcome such pitfalls, we have
chosen to focus on nonhuman primates in order to test the
hypothesis that the modulation of TREM-1 by the inhibi-
tory peptide LR12 protects from endotoxin-induced inflam-
matory and clinical responses.

Xiao et al.' recently characterized the circulating leuko-
cyte transcriptome after severe trauma, burns, or during
endotoxemia in healthy volunteers. They observed that as
early as 4h after injury, more than 80% of gene pathways
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were altered. This phenomenon, coined genomic storm,
consisted of an increased expression of genes involved in
innate immunity, systemic inflammatory and antiinflamma-
tory responses, concomitant with a decreased expression of
genes regulating adaptive immunity. They also observed that
complications such as nosocomial infections arose indepen-
dently of the existence of a second hit injury but were under
the dependence of the magnitude and the duration of the
initial leukocytes reprogramming. This new paradigm thus
clearly suggests that a targeted therapy aimed at limiting this
initial leukocyte genomic storm may be a valuable approach
to improve patients’ outcome.
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Fig. 4. (A-D) Effects of LR12 on blood leukocyte count. Animals that received placebo demonstrated a leukopenia (mean leuko-
cytes count, 7.6/l vs. 21.1 g/l at HO) at 2h after challenge (group effect: P < 0.001 vs. control and LR12 groups) resulting from
neutropenia, lymphopenia, and monocytopenia. LR12 administration totally blunted neutropenia. A marked leukocytosis, mainly
interesting neutrophils, occurred at the end of the 8-h study period (P < 0.001). Ctrl = control group; LPS = lipopolysaccharide.
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Table 1. Blood Chemistry and Coagulation Parameters
HO HA1 H2 H4 H8

Sodium (mwm)

Placebo 151.8+0.9 151.5+0.8 151.8+1.4 150.5+2.9 153.3+2.1

LR12 149.0+0.7 149.8+0.7 150.8+0.5 148.7+1.2 152.0+0.8
Potassium (mwm)

Placebo 4.2+0.2* 42+0.3 4.2+04* 4.3+0.1* 4.6+0.3

LR12 3.6+0.1 3.9+0.2 3.5+0.1 3.6+0.1 4.4+0.1
Chloride (mm)

Placebo 108.2+2.2 110.5+3.0 110.2+2.9 107.7+3.9 109.3+1.6

LR12 107.8+1.7 108.2+1.6 110.5+1.5 108.5+1.4 110.8+2.3
Calcium (mwm)

Placebo 2.40+0.03 2.39+0.05 2.30+0.03 2.29+0.02 2.15+0.07

LR12 2.49+0.05 2.48+0.07 2.37+0.08 2.35+0.06 2.26+0.04
Glucose (mwm)

Placebo 41+0.2 3.3+0.5 2.6+0.5F 3.6+1.0 3.8+1.2

LR12 3.6+0.3 3.4+0.3 3.7+0.3 4104 4.0+0.4
Urea (mm)

Placebo 5.9+0.6 6.4+0.6 6.4+0.6 6.7+0.9 7.3+1.0

LR12 5.6+0.5 5.4+0.5 5.7+£0.2 6.1+0.9 5.8+1.0
Creatinine (um)

Placebo 82.6+3.1 83.7+5.2 81.2+3.2 79.5+1.7 80.5+1.2

LR12 86.0+5.7 82.8+4.1 83.1+5.5 83.3+0.3 80.0+0.9
Total bilirubin (um)

Placebo 3.0+£0.6 42+0.7 5.0+1.0* 45+0.5 6.7+1.2*t

LR12 2.7+0.9 3.3+1.2 3.0+0.5 3.5+0.8 5.0+0.8
Alkaline phosphatase (U/I)

Placebo 1,645+443 1,641+334 1,657 +366 1,648 + 331 1,661+314

LR12 1,791+358 1,780+ 362 1,735+332 1,640+303 1,709+ 351
Aspartate amino transferase (U/l)

Placebo 82+114 156+110 151+105 172+115 192 £82*t

LR12 42+4 46+8 48+11 6325 60+12
Total protein (g/l)

Placebo 75+1 741 68+1 66+1 70+3

LR12 81+2 79+3 73+2 69+1 761
Albumin (g/l)

Placebo 43+2 42+2 39+2 38+1 40+2

LR12 46+1 43+2 40+1 40+1 43+2
Fibrinogen (g/l)

Placebo 3.94+0.4 3.42+0.4 3.53+0.2 3.69+0.3 3.58+0.2

LR12 3.64+0.3 3.31+04 3.17+0.3 3.15+0.3 3.40+0.3
Prothrombin time (s)

Placebo 12.3+0.5 12.3+0.8 13.3+0.4 13.4+£0.9 13.2+0.6

LR12 11.9+0.3 12.7+0.3 13.3+£0.2 13.3+£0.2 13.5+0.5
Activated partial thromboplastin time (s)

Placebo 18.8+1.0 19.7+£1.1 19.5+0.8 19.8+1.0 19.4+1.0

LR12 17.7+0.8 19.1+1.2 17.7+0.8 18.3+1.0 17.7+0.7

* P < 0.05 placebo vs. LR12-treated animals. T P < 0.05 vs. baseline.

Several proteins are known to amplify the initial inflam-
matory response, acting as amplification loops. Among them,
TREM-1 seems to have an important role as its modulation
demonstrated encouraging results in experimental models
of sepsis, ischemia—reperfusion, pancreatitis, inflammatory
bowel diseases, or chronic arthritis.2

Although the natural TREM-1 ligand remains unknown,
we recently observed that another member of the TREM-1
family, TLT-1, was able to bind this ligand, therefore
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dampening TREM-1 engagement.”? TLT-1 is one of the
most abundant proteins released by activated platelets?”
whose role is to promote platelet aggregation through
binding to fibrinogen. Large amounts of a soluble form of
TLT-1 (sTLT-1) are released during sepsis®*® and we pro-
posed that TLT-1 might prevent sustained and prolonged
inflammation.??

In order to identify which portion of sTLT-1 was
involved in this protective effect, we designed several
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Fig. 5. LR12 administration reduced cytokine plasma concentrations. (A-G) Lipopolysaccharide (LPS) induced an increase of in-
terleukin (IL)-6, IL-8, interferon (IFN)-y, monocyte chimoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1a.,
MIP-18, and tumor necrosis factor (TNF)-a peaking between H1 and H2. LR12 decreased IL-6, IL-8, MCP-1, MIP-1a, MIP-143,
and TNF-a plasma concentrations by 20 to 50%. Indicated P values are for LR12 versus control group effect.

TLT-1 peptides representative of various potential ligand-
binding regions.?> Among these, a 12-amino acid sequence
representative of residues 94 to 105, named LR12, was
shown to be responsible for the antiinflammatory effect
of sTLT-1. LR12 administration was associated with pro-
tective effects during sepsis both in murine and minipigs
sepsis models.??

We designed the current study in primates in order to
mimic a future phase Ib study in healthy volunteers and
to accumulate robust information on LRI2 safety and
pharmacology.

We observed that LR12 administration was able to reduce
endotoxin-induced systolic as well as diastolic hypotension,
even though the blood pressure decrease subsequent to lipo-
polysaccharide administration was transient. This hemo-
dynamic improvement is an effect we previously observed
during experimental peritonitis in minipigs.”® Indeed, recent
unpublished data from our group (March 2013) suggest that
LR12 protects from sepsis or endotoxin-induced endothelial
dysfunction (and thus from vascular hyporeactivity), as well
as from cardiac failure.

As expected, endotoxin administration induced a rapid
and brief leukopenia involving neutrophils, monocytes, and
lymphocytes. LR12 prevented this leukopenia essentially by
blunting neutropenia. The effect on monocytes was mod-
est and even null on lymphocytes. Interestingly, on LR12
treatment, both neutrophilia and monocytosis occurred.
Although not completely elucidated, this observation sug-
gests that TREM-1 engagement plays an important role in
cellular recruitment and mobilization.?®

We have repeatedly showed that TREM-1 pathway mod-
ulation was associated with a decrease of cytokine plasma
concentrations: the same findings were observed here with a
20 to 50% reduction of most studied cytokines.
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Regarding clinical chemistry or coagulation parameters,
we only noticed a slight liver dysfunction upon endotoxin
administration: this disorder was prevented by LRI12.
There were no deleterious effects of LR12 on any studied
parameters.

The model of endotoxin administration, even in non-
human primates, is a helpful but definitely not an absolute
predictor to assess the complex physiopathology of human
sepsis: whether LR12 will prove beneficial in humans remains
to be proved, especially when considering the numerous and
recent failures to translate promising experimental data to
the clinical setting.?*

Nevertheless, this work adds important data to those
previously accumulated in polymicrobial models of sepsis in
rodents and minipigs and therefore suggests that LR12 is
able to mitigate endotoxin-associated clinical and biological
alterations, with no obvious deleterious side effects in the
nonhuman primate.

Although endotoxin does not mimic the complex phys-
iopathology of sepsis, this study in nonhuman primates con-
stitutes an important stepping-stone to help designing and
conducting future phase Ia and Ib trials in humans.

Acknowledgments

The authors thank Alexandra Rogue and Nick Pearson, Ph.D.
(CiToxLAB, Evreux, France), for performing biological analy-
ses.

This work was supported in part by a grant “Objectif Com-
pétitivité Régionale et Emploi Lorraine 2007-2013, Mesure
A33” from the Région Lorraine, Metz, France.

Competing Interests

Drs. Derive and Gibot are cofounders of INOTREM, a so-
ciety developing triggering receptor expressed on myeloid
cells-1 inhibitors.

Derive et al.

Copyright © by the American Society of Anesthesiologists. Unauthorized reproduction of this article is prohibited.



CRITICAL CARE MEDICINE

Correspondence

Address correspondence to Dr. Gibot: s.gibot@chu-nancy.fr.
Information on purchasing reprints may be found at www.
anesthesiology.org or on the masthead page at the begin-
ning of this issue. AnesthesioLogY’s articles are made freely
accessible to all readers, for personal use only, 6 months
from the cover date of the issue.

References

1.

10.

11.

12.

13.

Xiao W, Mindrinos MN, Seok J, Cuschieri J, Cuenca AG, Gao
H, Hayden DL, Hennessy L, Moore EE, Minei JP, Bankey
PE, Johnson JL, Sperry J, Nathens AB, Billiar TR, West
MA, Brownstein BH, Mason PH, Baker HV, Finnerty CC,
Jeschke MG, Lépez MC, Klein MB, Gamelli RL, Gibran NS,
Arnoldo B, Xu W, Zhang Y, Calvano SE, McDonald-Smith GP,
Schoenfeld DA, Storey JD, Cobb JP, Warren HS, Moldawer
LL, Herndon DN, Lowry SF, Maier RV, Davis RW, Tompkins
RG; Inflammation and Host Response to Injury Large-Scale
Collaborative Research Program: A genomic storm in criti-
cally injured humans. ] Exp Med 2011; 208:2581-90

. Ford JW, McVicar DW: TREM and TREM-like receptors

in inflammation and disease. Curr Opin Immunol 2009;
21:38-46

. Pierobon D, Bosco MC, Blengio F, Raggi F, Eva A, Filippi

M, Musso T, Novelli F, Cappello P, Varesio L, Giovarelli M:
Chronic hypoxia reprograms human immature dendritic
cells by inducing a proinflammatory phenotype and TREM-1
expression. Eur J Immunol 2013; 43:949-66

. Arts RJ, Joosten LA, van der Meer JW, Netea MG: TREM-1:

Intracellular signaling pathways and interaction with pattern
recognition receptors. J Leukoc Biol 2013; 93:209-15

. Hara H, Ishihara C, Takeuchi A, Imanishi T, Xue L, Morris

SW, Inui M, Takai T, Shibuya A, Saijo S, Iwakura Y, Ohno
N, Koseki H, Yoshida H, Penninger JM, Saito T: The adap-
tor protein CARD9 is essential for the activation of myeloid
cells through ITAM-associated and Toll-like receptors. Nat
Immunol 2007; 8:619-29

. Fortin CF, Lesur O, Fulop T Jr: Effects of TREM-1 activation in

human neutrophils: Activation of signaling pathways, recruit-
ment into lipid rafts and association with TLR4. Int Immunol
2007; 19:41-50

. Ornatowska M, Azim AC, Wang X, Christman JW, Xiao L, Joo

M, Sadikot RT: Functional genomics of silencing TREM-1 on
TLR4 signaling in macrophages. Am ] Physiol Lung Cell Mol
Physiol 2007; 293:L1377-84

. Gibot S, Kolopp-Sarda MN, Béné MC, Bollaert PE, Lozniewski

A, Mory F, Levy B, Faure GC: A soluble form of the trig-
gering receptor expressed on myeloid cells-1 modulates the
inflammatory response in murine sepsis. ] Exp Med 2004;
200:1419-26

. Gibot S, Buonsanti C, Massin F, Romano M, Kolopp-Sarda

MN, Benigni F, Faure GC, Béné MC, Panina-Bordignon P,
Passini N, Lévy B: Modulation of the triggering receptor
expressed on the myeloid cell type 1 pathway in murine
septic shock. Infect Immun 2006; 74:2823-30

Bouchon A, Facchetti F, Weigand MA, Colonna M: TREM-1
amplifies inflammation and is a crucial mediator of septic
shock. Nature 2001; 410:1103-7

Gibot S, Massin F, Alauzet C, Montemont C, Lozniewski A,
Bollaert PE, Levy B: Effects of the TREM-1 pathway modula-
tion during mesenteric ischemia-reperfusion in rats. Crit Care
Med 2008; 36:504-10

Kamei K, Yasuda T, Ueda T, Qiang F, Takeyama Y, Shiozaki
H: Role of triggering receptor expressed on myeloid cells-1
in experimental severe acute pancreatitis. ] Hepatobiliary
Pancreat Sci 2010; 17:305-12

Gibot S, Massin F, Alauzet C, Derive M, Montemont C,
Collin S, Fremont S, Levy B: Effects of the TREM 1 pathway

Anesthesiology 2014; XX:00-00

Copyright © by the American Society of Anesthesiologists. Unauthorized reproduction of this article is prohibited.

5

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

modulation during hemorrhagic shock in rats. Shock 2009;
32:633-7

Schenk M, Bouchon A, Seibold F, Mueller C: TREM-1-
expressing intestinal macrophages crucially amplify chronic
inflammation in experimental colitis and inflammatory bowel
diseases. J Clin Invest 2007; 117:3097-106

Murakami Y, Akahoshi T, Aoki N, Toyomoto M, Miyasaka N,
Kohsaka H: Intervention of an inflammation amplifier, trig-
gering receptor expressed on myeloid cells 1, for treatment
of autoimmune arthritis. Arthritis Rheum 2009; 60:1615-23

Kuai J, Gregory B, Hill A, Pittman DD, Feldman JL, Brown
T, Carito B, O’Toole M, Ramsey R, Adolfsson O, Shields KM,
Dower K, Hall JP, Kurdi Y, Beech JT, Nanchahal J, Feldmann
M, Foxwell BM, Brennan FM, Winkler DG, Lin LL: TREM-1
expression is increased in the synovium of rheumatoid
arthritis patients and induces the expression of pro-inflam-
matory cytokines. Rheumatology (Oxford) 2009; 48:1352-8

Collins CE, La DT, Yang HT, Massin F, Gibot S, Faure G,
Stohl W: Elevated synovial expression of triggering receptor
expressed on myeloid cells 1 in patients with septic arthritis
or rheumatoid arthritis. Ann Rheum Dis 2009; 68:1768-74

Washington AV, Schubert RL, Quigley L, Disipio T, Feltz R,
Cho EH, McVicar DW: A TREM family member, TLT-1, is
found exclusively in the alpha-granules of megakaryocytes
and platelets. Blood 2004; 104:1042-7

Barrow AD, Astoul E, Floto A, Brooke G, Relou IA, Jennings
NS, Smith KG, Ouwehand W, Farndale RW, Alexander DR,
Trowsdale J: Cutting edge: TREM-like transcript-1, a plate-
let immunoreceptor tyrosine-based inhibition motif encod-
ing costimulatory immunoreceptor that enhances, rather
than inhibits, calcium signaling via SHP-2. J Immunol 2004;
172:5838-42

Washington AV, Gibot S, Acevedo I, Gattis J, Quigley L, Feltz
R, De La Mota A, Schubert RL, Gomez-Rodriguez J, Cheng J,
Dutra A, Pak E, Chertov O, Rivera L, Morales J, Lubkowski
J, Hunter R, Schwartzberg PL, McVicar DW: TREM-like
transcript-1 protects against inflammation-associated hem-
orrhage by facilitating platelet aggregation in mice and
humans. J Clin Invest 2009; 119:1489-501

Gattis JL, Washington AV, Chisholm MM, Quigley L, Szyk A,
McVicar DW, Lubkowski J: The structure of the extracellular
domain of triggering receptor expressed on myeloid cells
like transcript-1 and evidence for a naturally occurring solu-
ble fragment. J Biol Chem 2006; 281:13396-403

Derive M, Bouazza Y, Sennoun N, Marchionni S, Quigley L,
Washington V, Massin F, Max JP, Ford J, Alauzet C, Levy B,
McVicar DW, Gibot S: Soluble TREM-like transcript-1 regu-
lates leukocyte activation and controls microbial sepsis. J
Immunol 2012; 188:5585-92

Derive M, Boufenzer A, Bouazza Y, Groubatch F, Alauzet C,
Barraud D, Lozniewski A, Leroy P, Tran N, Gibot S: Effects
of a TREM-like transcript 1-derived peptide during hypody-
namic septic shock in pigs. Shock 2013; 39:176-82

Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HYV,
Xu W, Richards DR, McDonald-Smith GP, Gao H, Hennessy
L, Finnerty CC, Lopez CM, Honari S, Moore EE, Minei JP,
Cuschieri J, Bankey PE, Johnson JL, Sperry J, Nathens AB,
Billiar TR, West MA, Jeschke MG, Klein MB, Gamelli RL,
Gibran NS, Brownstein BH, Miller-Graziano C, Calvano
SE, Mason PH, Cobb JP, Rahme LG, Lowry SEF, Maier RV,
Moldawer LL, Herndon DN, Davis RW, Xiao W, Tompkins
RG; Inflammation and Host Response to Injury, Large Scale
Collaborative Research Program: Genomic responses in
mouse models poorly mimic human inflammatory diseases.
Proc Natl Acad Sci U S A 2013; 110:3507-12

Kolota G: Mice Falls Short as Test Subjects for Humans’
Deadly Ills. The New York Times, February 12, 2013, A19
Derive M, Massin F, Gibot S: Triggering receptor expressed
on myeloid cells-1 as a new therapeutic target during inflam-
matory diseases. Self Nonself 2010; 1:225-30

Derive et al.


www.anesthesiology.org
www.anesthesiology.org

27.

28.

29.

Haselmayer P, Grosse-Hovest L, von Landenberg P, Schild H,
Radsak MP: TREM-1 ligand expression on platelets enhances
neutrophil activation. Blood 2007; 110:1029-35

Klesney-Tait J, Keck K, Li X, Gilfillan S, Otero K, Baruah S,
Meyerholz DK, Varga SM, Knudson CJ, Moninger TO, Moreland
J, Zabner J, Colonna M: Transepithelial migration of neutrophils
into the lung requires TREM-1. J Clin Invest 2013; 123:138-49
Opal SM, Laterre PF, Francois B, LaRosa SP, Angus DC, Mira
JP, Wittebole X, Dugernier T, Perrotin D, Tidswell M, Jauregui
L, Krell K, Pachl J, Takahashi T, Peckelsen C, Cordasco E,
Chang CS, Oeyen S, Aikawa N, Maruyama T, Schein R, Kalil

Anesthesiology 2014; XX:00-00

8

30.

TREM-1 Inhibition in Endotoxemic Nonhuman Primates

AC, Van Nuffelen M, Lynn M, Rossignol DP, Gogate J, Roberts
MB, Wheeler JL, Vincent JL; ACCESS Study Group: Effect of
eritoran, an antagonist of MD2-TLR4, on mortality in patients
with severe sepsis: The ACCESS randomized trial. JAMA
2013; 309:1154-62

Ranieri VM, Thompson BT, Barie PS, Dhainaut JF, Douglas
IS, Finfer S, Gardlund B, Marshall JC, Rhodes A, Artigas A,
Payen D, Tenhunen J, Al-Khalidi HR, Thompson V, Janes J,
Macias WL, Vangerow B, Williams MD; Prowess-Shock Study
Group: Drotrecogin alfa (activated) in adults with septic
shock. N Engl J Med 2012; 366:2055-64

Derive et al.

Copyright © by the American Society of Anesthesiologists. Unauthorized reproduction of this article is prohibited.



