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Abstract

Objective—To determine the relationship between increased triggering receptor expressed on
myeloid cells (TREM)-1 and plaque stability in atherosclerotic carotid stenosis.

Methods—The mRNA transcripts and protein for TREM-1, MMP-1, MMP-9, collagen type |
(COL1A1) and collagen type 111 (COL3AL) were analyzed by gPCR and immunofluorescence in
both tissues and VSMCs isolated from atherosclerotic carotid plagues of symptomatic and
asymptomatic patients with carotid stenosis.

Results—The TREM-1, MMP-1 and MMP-9 mRNA transcripts were significantly increased
(TREM-1, p<0.01; MMP-1, p<0.01 and MMP-9, p<0.001) while COL1A1 and COL3A1 mRNA
transcripts were decreased (p<0.001) in VSMCs isolated from carotid plaques of symptomatic (S)
than asymptomatic (AS) patients. Stimulation of cells with TNF-a further increased the mRNA
transcripts of TREM-1, MMPs, COL1A1 and COL3A1. Modulation of TREM-1 by treatment
with TREM-1 decoy receptor rTREM-1/Fc, and either TREM-1 antibodies or TREM-1 siRNA
attenuated the TNF-a induced expression of MMP-1 and MMP-9 (p<0.01) and COL1A1 and
COL3A1 (p<0.01) in S compared to AS VSMCs isolated from carotid plaques. Inhibition of NF-
kB (BAY 11-7085), JNK (SP600125) and PI3K (LY294002) signaling pathways decreased the
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expression of TREM-1 (p<0.01), MMP-1 (p<0.001) and MMP-9 (p<0.01) in TNF-a treated
VSMCs isolated from S carotid plaques compared to AS patients.

Conclusion—Increased expression of TREM-1 in S compared to AS patients involving MMP-1
and MMP-9 suggest a potential role of TREM-1 in plaque destabilization. Selective blockade of
TREM-1 may contribute to the development of new therapies and promising targets for stabilizing
vulnerable atherosclerotic plaques.
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1. Introduction

Atherosclerosis is an inflammatory disease and involves multiple processes such as
endothelial dysfunction, and matrix alteration. The clinical presentation of atherosclerosis is
very broad and inflammation is involved in all stages [1-3]. The stable plaques are rich in
VSMC and collagen with few inflammatory cells whereas unstable plaques that are prone to
rupture contain few VSMCs, more macrophages and little collagen [4-6]. The stability of
atherosclerotic plaques depends on the balance between the matrix formation and
degradation of extracellular matrix (ECM) [7, 8]. The activated macrophages and T-
lymphocytes present in atherosclerotic plaques secrete matrix metalloproteinases (MMPs)
that degrade extracellular matrix proteins, and weaken the fibrous cap, leading to myocardial
infarction and stroke. The cells involved in the atherosclerotic plaques secrete inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a)[9], interferon-gamma (IFN-y) and
interleukin-12 (1L-12)[10].

Triggering receptor expressed on myeloid cells (TREM) -1 is an activating receptor that is
selectively expressed on neutrophils and monocytes/macrophages and plays an important
role in acute and chronic inflammation [11-13] TREM-1 expression was significantly
increased in the non-infectious inflammatory diseases such as acute pancreatitis,
inflammatory bowel diseases, gout and rheumatoid arthritis and is a diagnostic marker for
sepsis with pneumonia [14-18]. Expression of TREM-1 on monocytes release large amounts
of pro-inflammatory cytokines including TNF-a and IL-8 and amplify inflammatory
responses [19-21]. Blocking of TREM-1 has been shown to attenuate intestinal
inflammation, suppressed collagen induced arthritis [19] and reduced TNF-a and IL-1
levels preventing shock and death [18]. TREM-1 expression has been reported in several
myeloid and non-myeloid cells and in inflamed human lung, skin and intestinal tissues [22].

At present, it is unclear whether TREM-1 is up-regulated in atherosclerotic plaques, and if it
is, whether TREM-1 regulate the stability of collagen in unstable plagues. The main
objective of this investigation was to investigate the expression of TREM-1and its
association with MMP-1 and MMP-9 to plaque rupture using different approaches in human
carotid plagues as well as in isolated VSMCs and examine the effect of inflammatory
cytokine TNF-a in symptomatic (S) compared to asymptomatic (AS) patients with carotid
stenosis. We have shown that inhibitors of p38, PI3K and JNK MAPK signaling pathways
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and NF-kB are required for the up-regulation of TREM-1, MMP-1 and MMP-9 expression
induced by TNFq, leading to plaque vulnerability in VSMCs isolated from S carotid
plaques.

2. Materials and methods

2.1. Study subjects

This research was carried by the approval of the Institutional Review Board of Creighton
University and the research protocol was exempted since the carotid endarterectomy
specimens were truly anonymized. Patients in both AS and S groups were aged between 50—
75 years and included both male and females of any ethnic origin met the guidelines of
American Heart Association. The plaques were clinically classified as symptomatic by the
surgeon and the symptoms included hemispheric transient ischemic attacks, amaurosis
fugax, or stroke [4, 23]. The specimens were collected in the University of Wisconsin
solution and transported to the laboratory.

2.2. Isolation of VSMCs

VSMCs were isolated by an established method previously reported in this laboratory [4, 8].
Briefly, the medial layer was digested with trypsin, followed by collagenase type 1A from
Clostridium histolyticum, (Sigma C2674, St. Louis, MO, USA) and suspended in smooth
muscle cell medium (ScienCell, Carlsbad, CA, USA). The cells from second to fifth passage
were used. The VSMCs were confirmed by positive staining for smooth muscle a-actin and
caldesmon, as reported previously [24].

2.3. Cell culture and treatment protocol

VSMC:s at pre-confluence were incubated in serum-free medium containing TNFa at 10
ng/ml for 24 h.

2.4. Immunofluorescence microscopy

Paraffin sections (5um) from both S and AS carotid plaques were subjected to
immunofluorescence microscopy, as described previously [8] using goat polyclonal
antibodies for TREM-1, rabbit antibodies to COL1A1, COL3A1, MMP-1, MMP-9 (Santa
Cruz Biotechnology) at 1:50 dilution and mouse monoclonal antibodies to CD68
(eBioscience) at 1:200 dilution. Antibodies to phospho-p38MAPK, phosphor-PI3K,
phospho-JNK and NF-kB were obtained from Cell Signaling Technology (Beverly, MA) and
used at 1:250 dilutions. The sections were incubated with primary antibodies at room
temperature for 2hous, followed by incubation with the matching secondary antibodies
conjugated to either Alexa 594 (red) or Alexa 488 (green) (Invitrogen, Grand Island, NY,
USA) for 30 min at 1:1000 dilution at room temperature. After washing with PBS, the slides
were stained with DAPI, (4, 6-diamidino-2-phenylindole) and the immunofluorescence was
observed in an Olympus inverted fluorescent microscope (Olympus BX51). The average
fluorescence intensity was quantified in five samples using Image—pro software. Negative
controls were stained with isotype 1gG
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2.5. RNA isolation and real-time gPCR

TRI reagent (Sigma, St Louis, MO, USA) was used to isolate RNA from tissues and cultured
VSMCs according to the manufacturer’s instructions and RNA was quantified using
Nanodrop (Thermo Scientific, Rockford, IL, USA). The cDNA was prepared from RNA
using Improm Il reverse transcription kit (Promega, Madison, WI, USA) following the
manufacturer’s instructions. QPCR/Real g time PCR was performed using Syber Green
Master Mix in a Real-time PCR system model CFX96 (BioRad Laboratories, Hercules, CA,
USA). The PCR cycling conditions included 5 min at 95° for initial denaturation, and
cycling step (denaturation at 95° C for 30 sec, annealing at different temperatures (55-62°
C) for each set of primers and 30 sec and extension at 72° C for 35 cycles) followed by melt
curve analysis. Fold expression of mRNA transcripts relative to controls was determined
after normalizing to GAPDH. The following primers were used: TREM-1: 5-AGT TAC
AGC CCA AAA CAT GC-3, sense and 5-CAG CCC CCA CAA GAG AAT TA-3/;
MMP-1: 5-TGC AAC TCT GAC GTT GAT CCC AGA-3, sense and 5-ACT GCACAT
GTG TTC TTG AGC TGC-3; MMP-9: 5-ATT TCT GCC AGG ACC GCT TCT ACT-3,
sense and 5-CAG TTT GTA TCC GGC AAA CTG GCT-3, antisense; COL1AL: 5-CAG
TTT GTA TCC GGC AAA CTG GCT-3, sense and 5’-CAC TTG GGT GTT TGA GCA
TGG CCT-3, antisense; COL3AL1: 5-TATCGA ACA CGC AAG GCT GTG AGA-3, sense
and 5’-GGC CAA CGT CCA CAC CAA ATT CTT-3, antisense; GAPDH: 5-GGT GAA
GGT CGG AGT CAA CGG ATT TGG TCG-3', sense and 5-GGA TCT CGC TCC TGG
AAG ATG GTG ATG GG-3, antisense.

2.6. Transient transfection

VSMCs were grown to 60-80% confluence without antibiotics. For transient transfection,
the cells were transfected with either sSiRNA targeting TREM-1 or with a scrambled control
siRNA using with Lipofectamine 2000 (Life Technologies, Inc., Carlshad, CA) according to
the manufacturer’s protocol. After 24 hours of transfection, cells were stimulated with or
without TNFa (10 ng/ml) for 24 hours and mRNA expression of TREM-1, MMP-1,
MMP-9, COL1A1 and COL3A1 were quantitated by qRT-PCR.

2.7. TREM-1 blocking

To investigate the role of TREM-1, VSMCs were treated for 24 h with 12 ug/ml of anti-
TREM-1 antibodies as well as isotype matched controls in the presence of TNF-a (10 ng/
ml). The VSMCs were also treated with recombinant TREM-1/Fc fusion chimera
(rTREM-1/Fc) (R & D Systems) at 0.8 pg/ml for 24 h. The mRNA expression of TREM-1,
MMP-1 and MMP-9 was analyzed by qRT-PCR.

2.8. Analysis of signaling pathways

Pre-confluent VSMCs were treated for 1 h with inhibitors against p38 (SB 203580), INK
(SP600125), PI3K (Ly294002) and NF-kB (BAY 11-8072) in serum-free medium followed
by treatment with TNFa at 10 ng/ml for 24 hours. The mRNA expression of TREM-1,
MMP-1 and MMP-9 was analyzed by gRT-PCR.
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2.9. Statistical analysis

3. Results

Differences between treatment groups were analyzed by Student’s t-test. Data are presented
as mean + SD; Statistical differences between the experimental groups were calculated.

3.1. Expression of increased TREM-1

Dual immunofluorescence method with antibodies to TREM-1 and anti-alpha smooth
muscle actin (a-SMA), a marker for SMCs was used to demonstrate the expression of
TREM-1in carotid plaque with stenosis and VSMCs. The tissue sections and VSMCs were
simultaneously incubated with the human a-SMA rabbit polyclonal antibody and a goat
polyclonal anti TREM-1antibody. It was observed that theTREM-1 immunofluorescence
was greater in S which contained few VSMCs (Fig. 1H) as compared to AS plaques (Fig.
1D). The isolated VSMCs from S carotid plaques also showed greater TREM-1
immunofluorescence (Fig. 1L). Negative controls were incubated with isotype-matched,
nonimmune IgG. These results are in agreement with mRNA transcripts in both tissues and
VSMCs (Fig. 10).

Effect of TNF-a on the expression of TREM-1, MMP-1 and MMP-9 in VSMCs—
Cultured VSMCs from AS and S were treated with TNF- a (10 ng/ml) for 24 h and the
isolated RNA was subjected to gRT-PCR. Treatment with TNF- a (10 ng/ml) increased the
mRNA expression of TREM-1 (Fig. 1P), MMP-1 (Fig. 1Q) and MMP-9 (Fig. 1R) in
VSMCs in the AS VSMCs and increased the mRNA expression of TREM-1 (Fig. 1P) and
MMP-9 (Fig. 1R) in the S VSMCs. There was no significant effect of TNF- a on MMP-1
MRNA transcripts in the S VSMCs (Fig. 1Q). The results are expressed as fold change in S
compared to AS after normalizing to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Data are presented as mean + SD (N=3). *p<0.05, **p<0.01, ***p<0.001, ****p< 0.0001.

3.2 Expression of CD68, a marker for macrophages and co-localization with TREM-1

The tissue sections were incubated with either mouse monoclonal anti-CD68 antibody or a
goat polyclonal anti TREM-1 antibody alone or in combination to examine the co-
localization of CD68 and TREM-1 immunopositivity. There was significantly greater
immunopositivity to both TREM-1 (Figs. 2A, 2E) and CD68 in the S compared to AS
plaques (Figs. 2B, 2F). In the co-localization studies, the immunostaining to CD68
overlapped with that of TREM-1, which is clearly evident in the S plaques (Fig. 2H).
However, there were areas, suggestive of smooth muscle cells that were immunopositive to
TREM-1 only but not CD68 (Fig. 2D and 2H). Negative controls were incubated with
isotype-matched, non-immune 1gG. These findings suggest that both smooth muscle cells
and macrophages in the plaque express TREM-1.

3.3. TREM-1, MMP-1 and MMP-9 protein expression in carotid plaques

To determine if the increased MRNA of TREM-1, MMP-1 and MMP-9 in VSMCs from S is
translated into the protein, immunofluorescence was done to detect the TREM-1 protein
expression. Immunofluorescence staining was performed to localize TREM-1, MMP-1 and
MMP-9 in carotid plaques. Results showed that the TREM-1 intensity was higher in tissues
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from S (Fig. 3E and 3M) as compared to AS (Fig. 3A and 3I). The immunofluorescence of
MMP-1 (Fig. 3F) and MMP-9 (Fig. 3N) was greater in tissue sections from S plaques with
carotid stenosis. The dual immunofluorescence analysis also demonstrated significant co-
localization of TREM-1 with MMP-1 (Fig. 3H) and MMP-9 (Fig. 3P) in tissue sections from
S plaques. However, no appreciable co-localization of MMPs and TREM-1 was observed in
the AS plaques (Figs. 3D and 3L). Quantitation of immunofluorescence as measured by
image-pro software revealed greater intensity of TREM-1 (Fig. 3Q), MMP-1 (Fig. 3R) and
MMP-9 (Fig. 3S) in tissue sections from S patients compared to AS patients.

3.4. Effect of TREM-1 siRNA transfection

To confirm the role of TREM-1 on the expression of MMPs and collagens, we examined
whether attenuation of TREM-1 in TNF-a treated cells decreases the expression of MMP-1
(p<0.01) and MMP-9 (p<0.001) and upregulate collagen genes (p<0.001). Results
demonstrated that both MMP-1 and MMP-9 mRNA transcripts were significantly increased
in S compared to AS (Figs. 4A, 4B). Treatment with non-specific control siRNA did not
show any significant changes in either MMP-1 or MMP-9 mRNA transcripts in both AS and
S VSMCs cultures. However, TREM-1 siRNA transfection significantly decreased the
expression of MMP-1 (Fig. 4A, p<0.01) and MMP-9 (Fig. 4, p<0.001) and increased
COL1A1 (Fig. 4C) mRNA transcripts in VSMCs from S. Treatment with TNF-a further
increased the MMP-1 and MMP-9 mRNA transcripts (Figs. 4A and 4B) and decreased the
expression of COL1AL and COL3A1 (Figs. 4C and 4D) mRNA transcripts in VSMCs from
S.

3.5. TREM-1 blocking studies

To investigate the role of TREM-1 in the TNF-a induced change, VSMCs were treated with
TREM-1 antibody and the changes in MMP-1, MMP-9, COL1A1 and COL3A1 were
studied. Treatment with TREM-1 antibody significantly reduced the expression of MMP-1
and -9 (Supplemental Fig 1A, p<0.01; and Fig 1B, p<0.001) and increased the mRNA
expression of COL1A1 and COL3AL (Supplemental Figs. 1C and 1D; p<0.01). In addition,
we also investigated the effect of blocking TREM-1 with TREM-1 fusion protein
(rTREM-1/Fc) on changes induced by TNF-a treatment. Treatment with TREM-1 fusion
protein (rTREM-1/Fc) decreased the expression of MMP-1 and MMP-9 (Figs. 5A and 5B)
and increased the mRNA expression of COL1A1 and COL3AL (Figs. 5C and 5D). These
results suggest that decreasing the TREM-1 with TREM-1 antibody, siRNA or TREM-1
fusion protein (rTREM-1/Fc) significantly attenuated the changes induced by TNF-a on
MM-1 and MMP-9 and COL1A1 and COL3AL1 genes.

3.6. MAPK and NF-kB signaling pathways

We have demonstrated increased expression of TREM-1, MMP-1 and MMP-9 in TNF-a
treated VSMCs isolated from S plaques compared to AS, however the signaling pathways
involved are not known. Therefore, we studied the role of MAPK and NF-kB signaling
pathways using specific inhibitors (SB 202190 to inhibit p38-MAPK, LY 294002 to inhibit
PI3K-MAPK, and SP600125 to inhibit INK-MAPK and BAY11-8075 to inhibit NF-kB) in
VSMCs from S and AS without or with TNF-a (10 ng/ml) for 24 h. There was no significant
effect of SB202190, LY 294002 or SP600125 alone on the expression of TREM-1 (Fig. 6A),
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MMP-1 (Fig. 6B) and MMP-9 (Fig. 6C) in VSMCs isolated from either AS or S. Also, NF-
kB inhibitor (BAY11-8075) by itself did not elicit any significant effect on TREM-1,
MMP-1 and MMP-9 in VSMCs isolated from AS patients. In contrast, NF-kB inhibitor
(BAY11-8075) alone significantly attenuated the expression of TREM-1, MMP-1 and
MMP-9 in VSMCs isolated from S patients (Fig. 6A-C). Also, the inhibitors of p38, PI3K,
JNK and NF-kB significantly decreased TNF-a-induced mRNA expression of TREM-1 in
VSMCs from S compared to AS (Fig. 6A). Also, treatment with p38, PI3K, INK and NF-kB
inhibitors decreased the mRNA expression of MMP-1 (Fig. 6B) and MMP-9 (Fig. 6C) in
TNF-a treated VSMCs from S compared to AS.

3.7 Increased p-p38 MAP, p-JNK MAPK and NF-kB p65 immunofluorescence staining in
tissue sections from symptomatic plaques

The decreased mMRNA expression of TREM-1, MMPs and collagen genes in TNF-a-treated
VSMCs in the presence of specific inhibitors of MAPK and NF-kB suggested that p38,
PI3K, JNK and NF-kB signaling pathways attenuated the changes induced by TNF-a in
VSMCs isolated from S and AS plaques with carotid stenosis (Figs. 6A-C). These results
were also confirmed by dual immunofluorescence staining (Supplemental Fig. 2). Dual
Immunofluorescence analysis revealed TREM-1 was co-localized with p38 (Supplemental
Fig. 2H), TREM-1 with JNK (Supplemental 2P) and TREM-1 with NF-kB p65
(Supplemental Fig. 2X) in S as compared to AS carotid plaques. Quantification of the
fluorescence intensity revealed a significant increase in p38 (Fig. Supplemental Fig. 2a,
p<0.01), INK (Supplemental Fig. 2b, p<0.01) and NF-kB (Supplemental Fig. 2c, p<0.001)
in VSMCs from S plaques. The immunofluorescence studies support the results on the
mRNA expression of TREM-1, MMP-1 and MMP-9 induced by TNF-a in VSMC.

4. Discussion

Production of inflammatory cytokines by macrophages contribute to the pathogenesis of
atherosclerosis [25]. TREM-1 is expressed on monocytes/macrophages, neutrophils is
increased by various stimuli such as TLR ligands [19, 26, 27] and secrete matrix
metalloproteinase (MMPs) that degrade extracellular matrix proteins such as gelatin
(MMP-2 and MMP-9), collagen (MMP-1, MMP-8 and MMP-13), elastin (MMP-12) and
fibrin (MMP-3 and MMP-10). Chronic inflammation has been attributed to the vulnerability
of atherosclerotic plaques [27-29]. The inflammatory cells in atherosclerotic plagues have
been shown to produce various cytokines including TNF-a, proteases (MMPs), and pro-
thrombotic molecules and affect plaque inflammation and vascular function [25]. We
hypothesize that TREM-1 is involved in the regulation of various cytokines and MMPs,
which in turn promote the vulnerability of atherosclerotic plaques. Though the molecular
mechanism of plaque rupture is not clearly understood, it is suggested that increased matrix
with more number of SMCs are necessary to form a firm fibrous cap associated with plaque
stability [8, 30]. On the other hand the S plaques are characterized by decreased matrix and
lower VSMCs. The increased TREM-1 and decreased VSMCs isolated from S plaques with
carotid stenosis observed in this study demonstrates the critical role of VSMCs on the
stability of carotid plaques. To our knowledge, this is the first report demonstrating the
expression of TREM-1 in VSMCs which may suggest a role of TREM-1 in the pathogenesis
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of atherosclerosis. Inflammation is a major component of both AS and S carotid plaques [1,
28]. It is suggested that pro-inflammatory cells such as macrophages, lymphocytes and mast
cells may affect the growth, function and death of intimal VSMCs that are critical for
atherosclerotic plaque stability [25, 28, 31].

Macrophages play a key role in the initiation and progression of atherosclerosis as well as in
plaque destabilization. The cytokines and growth factors secreted by atherosclerotic plaques
play a role in several diseases [32, 33]. TREM-1 is expressed mainly on monocytes and
neutrophils and is an amplifier of inflammatory response in acute and chronic inflammatory
conditions [12, 13, 34]. However, the role of TREM-1 in the atherosclerotic plaque is not
clear. In our studies, TREM-1 blocking experiments with either TREM-1 antibody or
TREM-1 fusion protein (rTREM-1/Fc) significantly decreased the expression of both
MMP-1 and MMP-9 and increased collagen genes. Recently, we reported [8] increased
expression of MMPs and decreased expression of collagen genes in VSMCs isolated from S
plaques supporting their role in plaque stability [35]. Other studies have suggested the
involvement of collagen in the stability of atherosclerotic plaques [8, 36, 37].

The increased expression of TREM-1 in unstable plaques may suggest that TREM-1 is able
to produce pro-inflammatory cytokines, chemokines and may contribute to the inflammatory
responses in atherosclerosis. Treatment of VSMCs with TNF-a, a pro-inflammatory
cytokine, further increased TREM-1 in both AS and S groups. These data strongly suggest
that TREM-1 is involved in the progression of atherosclerosis. Blocking experiments with
either TREM-1 antibody or TREM-1 fusion protein (rTREM-1/Fc) demonstrated a
significant attenuation of the changes induced by TNF-a in MMPs or the collagen genes.
These findings were supported by the reduced serum TNF-a and IL-1f [19] in TREM-1
fusion protein (rTREM-1/Fc) treated in sepsis. Recently we reported increased expression of
MMP-1 and MMP-9 and decreased expression of collagen genes (COL1A1 and COL3A1)
in VSMCs isolated from S plaques supporting their role in plaque stability. Recent studies
using autofluorescence and MMPSense signals have demonstrated that MMP-9 is a major
MMP present in advanced atherosclerotic plaques [38]. Other studies have suggested that
MMPs are involved in the degradation of interstitial and basement collagens and destabilize
the atherosclerotic plaques [37, 39].

The ability TREM-1 to stimulate MMPs depends on the specific signal transduction
pathways. Though TREM-1 regulates the expression of MMPs and collagen genes, the
molecular mechanism of TREM-1 activation in S plaques is not known. Therefore, we
investigated molecular mechanisms of signaling pathways involved in TNF-a mediated
activation of TREM-1, MMP-1 and MMP-9 in S plaques.

Activation of TREM-1 by TNF-a depends on specific signal transduction signaling
pathways. MMP-1 and MMP-9 were regulated by different signaling pathways in various
cell types. In the present investigation, we demonstrate that inhibitors p38 MAPK and JNK
MAPK attenuated the changes in TREM-1, MMP-1 and MMP-9 induced by TNF-a in the
atherosclerotic plaques. Involvement of Erk1/2, Akt and STAT3 in TREM-1 signaling
pathways is also reported [40, 41].
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Number of reports suggest the involvement of NF-kB in the pathogenesis of atherosclerosis.
Expression of NF-kB and CD68 in unstable plaques [42] was higher than stable plaques.
NF-kB is required for cytokine up-regulation of MMPs [1, 3, 9] in VSMCs which may
suggest that NF-kB inhibition may promote plaque stabilization [43, 44]. It was
demonstrated that targeting NF-kB nuclear translocation hampers inflammation and
atherosclerotic development. In the present investigation, we found that the NF-kB inhibitor
attenuated the expression of TREM-1, MMP-1 and MMP-9 in TNF-a treated VSMCs
isolated from S plaques demonstrating the role of NF-kB in the stability of plaques (Fig. 7).

5. Conclusion

In summary, our results demonstrate that the TREM-1 expression is upregulated, most likely
under the influence of atheromatous cytokines, including TNF-a, in vulnerable
atherosclerotic plaques from patient with carotid stenosis. The upregulated TREM-1 in turn
activates MMP-1 and MMP-9 leading to collagen degradation resulting in plaque instability.
The TREM-1 upregulation by TNF-a involves MAPK and NF-kB signaling pathways. This
study also provides the molecular and biochemical evidence that selective blockade of
TREM-1 may be a novel strategy and promising target for stabilizing unstable
atherosclerotic plaques.
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e We report, for the first time, increased expression of TREM-1 in the carotid

e There is a positive correlation between increased TREM-1 and both MMP-1 and

»  Atherogenic cytokines, including TNF-a, increases TREM-1 expression in

«  Selective blockade of TREM-1 could be a novel therapeutic approach to

Highlights

plaques of symptomatic compared to asymptomatic patients.

MMP-9 in carotid plaques of symptomatic patients with carotid stenosis.

vascular smooth muscle cells.

stabilize vulnerable atherosclerotic plagues.

Atherosclerosis. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao et al.

Page 13

Ti
ISSUF

VSMCs

w

..

[

TREM-1
57 I ok |
3
cS 4 S =5 —_ |
o 3 ° 82 —_
D 0 ]
28 s 8 ==
*k Q.
£3 —y £8
° < 21 L
°Z 22M
w LEIZ
E1-_- . -
0- 0-

Tis'sue VS’MC AS AS+TNF-o S S+TNF-a

Q. R
2.5 .MMP-1 ok X 54 MMP-Q Hekkk y
= _
920 . * T c 641 ==
] I ——— > 3 P S
e I =
sg'e §8%] —=—
53 535 —=
T < 1.0 - < 27
S Z o=
w 4
Eos £1
0.0 . . o r .
AS AS+TNF-q S S+TNF-q AS AS+TNF-¢ S S+TNF-o

Fig. 1. TREM-1 is upregulated in carotid tissues and vascular smooth muscle cells (VSMCs)
Representative immunofluorescence images of triggering receptor expression on myeloid

cells (TREM-1) (red) and alpha-smooth muscle actin (a-SMA), (green) expression as
visualized by dual immunofluorescence in carotid plaque sections of asymptomatic (AS)
(Figs. LA-D) and symptomatic (S) (Figs. 1E—F) and VSMCs isolated from AS (Figs. 11-K)
and S (Figs. 1L-N). Panels A, E, I and L: TREM-1(red); B, F: a-SMA (green); C, G, Jand
M: nuclei labeled with DAPI (4, 6-diamidino-2-phenylindole); and Panels D and H are
merged images with red and blue. This study demonstrates that TREM-1 expression is
increased in both carotid plagues and VSMCs of S compared to AS. Scale bar = 200 um for
all images (N=5). Expression of TREM-1 mRNA is also increased in carotid tissues and
VSMC (Fig. 10).
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TREM-1 CD68 DAPI Merged

Fig. 2. Co-localization of TREM-1 and CD68+ Macrophages in carotid plaques
Representative immunofluorescence images of triggering receptor expression on myeloid

cells (TREM-1) (red) and macrophages (CD68) (green) expression as visualized by dual
immunofluorescence in carotid plaque sections of asymptomatic (AS) (Figs. 2A-D) and
symptomatic (S) (Figs. 2E-F). Panels A, E: TREM-1 (red); B, F: CD68 (green); C, G: nuclei
labeled with DAPI (4, 6-diamidino-2-phenylindole); and Panels D and H show merged
immunopositivity to both TREM-1 and CD68 in S and AS carotid plaques showing greater
co-localization of TREM-1 and macrophages in addition to TREM-1 expression only on
smooth muscle cells. Scale bar = 200 um for all images (N=5).
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Fig. 3. Immunofluorescence staining of TREM-1, MMP-1 and MMP-9 in tissue sections of S and
AS carotid plagques

Representative images are shown for TREM-1 (red) and MMP-1 (green) expression as
visualized by dual immunofluorescence in sections of asymptomatic (AS; Panels, A-D) and
symptomatic plaques (S; Panels, E-F). Co-localization of TREM-1 (red) and MMP-9
(green) are shown for AS (Panels, 1-L) and S (Panels, M-P). Panels A, E, | and M:
TREM-1(red); B, F, J, and N: MMP-1/MMP-9 (green); C, G, K, and O: nuclei labeled with
DAPI; and D, H, L, and P: Co-localization of TREM-1 with MMP-1/MMP-9. It is clear that
TREM-1was localized with MMP-1 and MMP-9. The immunofluorescence of TREM-1
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(Panel Q), MMP-1 (Panel R) and MMP-9 (Panel S) was quantified using Image-pro
software. These are the representative images from 5 individual tissues in each group. Data
are presented as mean + SD; N=5. *p<0.05, ***p<0.001. Scale bar = 200 um for all images.
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Fig 4. TREM-1 siRNA transfection attenuates the expression of MMP-1, MMP-9, COL1A1 and
COL3AL1 in TNF-a-treated plaque VSMCs
VSMCs isolated from AS and S carotid plaques were transfected with either TREM-1

SiRNA (40 nM) or scrambled control siRNA (40 nM) using lipofectamine 2000 (Life
Technologies, Inc., Carlsbad, CA). After transfection, cells were stimulated with or without
TNF-a followed by RNA isolation, and subjected to RT-PCR. Figure 4 shows the mRNA
expression of MMP-1 (Fig. 4A), MMP-9 (Fig. 4B), COL1AL1 (Fig. 4C) and COL3AL (Fig.
4D). The relative expressions of the genes were compared withglyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and the results were expressed as fold change in S compared to
AS group (assigned as one fold). Data are presented as mean + SD (N=3); *p<0.05,
**p<0.01, ***p<0.001, ****p< 0.0001.
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Fig 5. Blocking TREM-1 attenuates the TNF-a-mediated increase in the expression of MMP-1,
MMP-9, COL1A1 and COL3A1

VSMCs isolated from AS and S carotid plaques were treated with recombinant rTREM-1/Fc
(TREM-1/FC) at 0.8 pg/ml for 24 h in the presence or absence of TNF-a. The RNA isolated
from the VSMCs cells was subjected gPCR and the results on mMRNA expression are shown
in Figure 5 (Panel A, MMP-1; Panel B, MMP-9; Panel C, COL1A1; and Panel D,
COL3A1). Data were normalized to GAPDH and are expressed as fold change in S
compared to AS group (assigned as one fold). Data are presented as mean + SD (N=3);
*p<0.05, **p<0.01, ***p<0.001, ****p< 0.0001.
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Fig 6. Induction of TREM-1 by TNF-a involves the activation of MAPK and NF-kB signaling

pathways

3); *p<0.05,

Panel B, MMP-1; and Panel C,

MMP-9). Data were normalized to GAPDH and are expressed as fold change compared to

AS group (assigned as one-fold). Data are presented as mean + SD (N

**p<0.01, ***p<0.001

JNK (SP600125) and NF-kB (BAY 11-8072) for 24 hours. The

without or with TNFa alone or in combination with selective inhibitors of p38 MAPK (SB

202190), PI3K (LY294002),
RNA isolated from the VSMCs cells was subjected gPCR and the results on mRNA

The VSMCs isolated from AS and S carotid plaques with carotid stenosis were treated

expression are shown in Figure 6 (Panel A, TREM-1;

*Hwkp< 0,0001.
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Fig. 7.

Schematic diagram showing the degree of increased or decreased expression of various
molecules and potential sequence of events in VSMCs of carotid plaques from both
symptomatic (S) and asymptomatic (AS) patients with carotid stenosis.
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