
Frontiers in Immunology | www.frontiersin.

Edited by:
Christoph Mueller,

University of Bern, Switzerland

Reviewed by:
Charles Kelly,

King’s College London,
United Kingdom
Zhengxiang He,

Icahn School of Medicine at Mount
Sinai, United States

*Correspondence:
Pim J. Koelink

p.j.koelink@amsterdamumc.nl

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Mucosal Immunity,
a section of the journal

Frontiers in Immunology

Received: 09 November 2020
Accepted: 25 February 2021
Published: 15 March 2021

Citation:
Prins MM, Verstockt B, Ferrante M,

Vermeire S, Wildenberg ME and
Koelink PJ (2021) Monocyte TREM-1

Levels Associate With Anti-TNF
Responsiveness in IBD Through

Autophagy and Fcg-Receptor
Signaling Pathways.

Front. Immunol. 12:627535.
doi: 10.3389/fimmu.2021.627535

ORIGINAL RESEARCH
published: 15 March 2021

doi: 10.3389/fimmu.2021.627535
Monocyte TREM-1 Levels Associate
With Anti-TNF Responsiveness in IBD
Through Autophagy and Fcg-
Receptor Signaling Pathways
Marileen M. Prins1, Bram Verstockt2,3, Marc Ferrante2,3, Séverine Vermeire2,3,
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The expression of Triggering Receptor Expressed on Myeloid cells (TREM)-1 has been
described as a predictive marker for anti-Tumor Necrosis Factor (TNF)-a monoclonal
antibody (mAb) therapy responsiveness in patients with inflammatory bowel disease (IBD).
Here we investigated expression of TREM-1 specifically in CD14+ monocytes in relation to
anti-TNF response. The pretreatment TREM-1 expression levels of CD14+ monocytes of
Crohn’s disease (CD) patients were predictive of outcome to anti-TNF mAb therapy, with
low TREM-1 expression associated with response to anti-TNF. FACSorting of CD14+
monocytes with different TREM-1 levels showed that differentiation towards regulatory
CD206+ M2 type macrophages by anti-TNF was suppressed in CD14+ monocytes with
high TREM-1 expression. Activity of the Fcg-Receptor and autophagy pathway, both
necessary for M2 type differentiation and the response to anti-TNF, were decreased in
CD14+ monocytes with high expression of TREM-1. We confirmed that the activity of the
Fcg-Receptor pathway was decreased in the CD patients that did not respond to anti-TNF
therapy and that it was negatively correlated with TREM-1 expression levels in the CD
patient cohort. In conclusion, our results indicate that TREM-1 expression levels in CD14+
monocytes associate with decreased autophagy and FcgR activity resulting in decreased
differentiation to M2 type regulatory macrophages upon anti-TNF mAb treatment, which
may explain anti-TNF non-response in IBD patients with high expression levels of TREM-1.

Keywords: anti-TNF response, IBD, TREM-1, Fc receptor, autophagy
INTRODUCTION

Despite the considerable efficacy of anti-Tumor Necrosis Factor (TNF)-a monoclonal antibody
(mAb) therapy in the treatment of inflammatory bowel disease (IBD), about one third of patients do
not respond (1). The reason for this primary non-response is not entirely understood, therefore the
search for predictive markers has been hampered considerably (2). In latest years, several research
org March 2021 | Volume 12 | Article 6275351
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groups described the association of the expression levels of
several genes in the intestine in relation to anti-TNF response
in IBD (3–8). However due to the invasiveness of intestinal
biopsies and patient’s preference prognostic tests on blood
samples would be favorable for clinical practice. Therefore,
after determining the association of the intestinal expression of
Triggering Receptor Expressed on Myeloid cells (TREM)-1 with
response to anti-TNF therapy, Gaujoux et al. (3) investigated the
association of whole blood TREM-1 expression and anti-TNF
response, and reported that low whole blood TREM-1 levels
predict anti-TNF non-responsiveness. In contrast, Verstockt
et al. (9, 10) reported exactly the opposite, high whole blood
TREM-1 levels predict anti-TNF non-responsiveness. Also an
association was found between the soluble TREM-1 (sTREM-1)
levels in serum and anti-TNF response, with high levels being
associated with anti-TNF non-response (9). Although the studies
defined response to anti-TNF differently, the explanation for the
opposite association with anti-TNF response was not
completely clear.

Over the last decade we have shown that anti-TNF mAbs
interact with Fc Receptors on myeloid cells, and that this
interaction is crucial for the therapeutic efficacy in IBD (11–13).
Through this Fc-Receptor interaction anti-TNF mAbs skew
monocytes towards CD206+ macrophages (13, 14), exhibiting
increased levels of autophagy (15). As TREM-1 is selectively
expressed on monocytes and neutrophils in whole blood (16),
and monocytes/myeloid cells are critical in the response to anti-
TNF (11, 13, 14, 17), we investigated whether the TREM-1
expression in CD14+ monocytes is related to future anti-TNF
response, and what could be the functional link between the two.
MATERIAL AND METHODS

Human Cell Isolation and Cultures
Peripheral blood mononuclear cells (PBMCs) from healthy
volunteers (with written informed consent (Amsterdam UMC,
METC 2009_113) were isolated by Ficoll Paque density-gradient
centrifugation. After washing, monocytes were isolated by
Percoll density-gradient centrifugation. TREM-1 low and high
sorted CD14+ monocytes were cultured in RPMI supplemented
with 10% heat-inactivated FCSin a 1:5 ratio with untouched T-
cells isolated from PBMCs of a different donor by negative
isolation (Dynabeads Untouched Human T Cells #11344D,
Invitrogen). After 2 days the full monoclonal anti-TNF
adalimumab (Humira®, AbbVie, Wavre, Belgium) or isotype
control IgG1 (GTX16193, Genetex) was added (both 10 µg/ml)
and cultured for another 3 days. Similar, in the mixed
lymphocyte reaction (MLR) PBMCs of two different donors
were mixed in a 1:1 ratio and the agonistic mouse monoclonal
TREM-1 antibody (Clone#193015, R&D systems) or isotype
control (Clone#11711, R&D systems), both 10 µg/ml, was
added together with anti-TNF or IgG after two days. In the
MLR with the TREM-1 inhibitor LR12 (LQEEDAGEYGCM,
>98% purity, Pepscan, Lelystad), twelve hours before adding
anti-TNF (after 2 days of culture) LR12 (50 µg/ml), was added.
Frontiers in Immunology | www.frontiersin.org 2
Upon the addition of anti-TNF or isotype control (10 µg/ml) the
LR12 was refreshed and every 24 hours afterwards until a total of
5 days of culture. 6-thioguanin (6TG, 25 µM) was dissolved in
dimethylsulfoxide (DMSO) and added together with the anti-
TNF with DMSO as control as reported before (18). Monocytes
were cultured for 24 hours with or without LPS (100 ng/ml) in
combination with LR12 or the agonistic TREM-1 antibody and
TNFa production was measured in supernatant by ELISA
(DY210, R&D systems).

Crohn’s Disease Patient Study
All patients had given written consent to participate in the
Institutional Review Board approved IBD Biobank of
University Hospitals Leuven, Belgium (B322201213950/
S53684), Twenty-four anti-TNF naïve patients with Crohn’s
disease (CD), initiating anti-TNF therapy because of active
endoscopic disease (presence of ulcerations), were enrolled.
Prior to treatment initiation, a 20 ml blood sample was taken,
and PBMCs were isolated by density centrifugation. After cell
isolation, samples were cryopreserved with DMSO using Mr
Frosty (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) for 24 hours and afterwards stored in liquid nitrogen.
Endoscopic remission was assessed at 6 months after therapy
initiation, and defined as a complete absence of ulcerations (19).
Patient characteristics (17 responders, 7 non-responders) are
depicted in Table 1.

Flow Cytometry
Frozen PBMCs from the CD patients were thawed and incubated
with aCD3-APC(17-0038), aCD8-APCeF780(47-0087), CD14-
TABLE 1 | Baseline characteristics of the Crohn’s disease patients.

Responders
(n = 17)

Non-responders
(n = 7)

Gender, women, n (%) 5 (29.4) 3 (42.9)
Disease duration, y, median (IQR) 4.0 (0.9 – 13.6) 4.6 (0.5 – 18.0)
Age at inclusion, y, median (IQR) 30.2 (22.9 – 33.0) 44.0 (26.4 – 53.9)
C-reactive protein, mg/L, median
(IQR)

6.7 (2.5 – 20.5) 7.9 (4.9 – 11.4)

Serum albumin, g/L, median (IQR) 40.3 (37.8 – 45.0) 39.3 (38.4 – 43.1)
Disease location, n (%)
- Ileal disease (L1) 3 (17.6) 3 (42.9)
- Colonic disease (L2) 5 (29.4) 2 (28.6)
- Ileocolonic disease (L3) 9 (52.9) 2 (28.6)
- Upper GI involvement (L4) 1 (5.9) 1 (14.3)
Disease behaviour, n (%)
- Inflammatory (B1) 11 (64.7) 2 (28.6)
- Stricturing (B2) 3 (17.6) 3 (42.9)
- Penetrating (B3) 3 (17.6) 2 (28.6)
- Perianal disease (p) 6 (35.3) 1 (14.3)
Concomitant medication, n (%)
- Corticosteroids
• Topical steroids 4 (23.5) 0 (0.0)
• Systemic steroids 3 (17.6) 1 (14.3)

- Immunomodulators 11 (64.7) 3 (42.9)
Smoking status, n (%)
- Active smoking 3 (17.6) 1 (14.3)
- Previously smoking 3 (17.6) 2 (28.6)
- Never smoked 11 (64.7) 4 (57.1)
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PerCP-Cy5.5(45-0149), aCD19-PE(12-0199-80), aCD45-AF700
(56-9459)(all Thermo Fisher Scientific) and aCD4-BB515
(564419, BD Biosciences) at 4°C for 30 minutes. Before
acquisition, samples were filtered through a 40 µm mesh cell
strainer, and DAPI added to a final concentration of 0.1 µg/ml.
CD14+ cells were sorted (BD FACSAria III), lysed
(QIAshredder, Qiagen, Hilden, Germany) and stored at -80°C
until RNA extraction. Freshly isolated PBMCs from healthy
individuals were stained for aCD14-PE (Clone MjP9, BD
Biosciences 345785) and aTREM-1-AF647(clone 193015, BD
Biosciences Pharmingen 564472) and CD14 TREM-1 low and
high monocytes were sorted on a SONY SH800S or BD FACS
ARIA III as shown in Figure 1C. After culture to determine
regulatory macrophage differentiation cells were stained with
aCD14-PE-CY7 (Clone 61D3, eBiosciences) in combination
with aCD206-PE-CF594 (Clone 19.2, BD Horizon). The mixed
lymphocyte reactions (MLRs) were stained with aCD14-PE and
aCD206-APC (Clone 19.2, BD Pharmingen) or aCD14-PE,
aCD206-PE-CF594 and aTREM-1-AF647. For analysis of
Frontiers in Immunology | www.frontiersin.org 3
FcgR levels monocytes were stained with aCD14-PE-CY7 and
aTREM-1-AF647 in combination with aFcyRI-PE (clone 10.1,
Sony 2125040), aFcyRII-PE (clone 2E1, Immunotech 1935),
aFcgRIII-PE (clone 3G8, BD Pharmingen 555407), or relevant
isotype controls (IgG1, clone X40, BD Pharmingen 340013 and
IgG2, Clone MOPC-173 Biolegend 400214). Cells were analyzed
using a FACS Fortessa (BD) and FlowJo software (Treestar Inc.,
Ashland, OR). The mean fluorescence intensity (MFI) was
determined by subtracting the background MFI of isotype
stained cells.

RNA Isolation
Lysed CD14+ sorted cells (obtained from CD patients initiating
anti-TNF therapy) were processed for RNA extraction using the
AllPrep DNA/RNA Mini kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. The mRNA from
the TREM-1 low and TREM-1 high CD14+ monocytes from the
healthy individuals was isolated by the ISOLATE II RNA Mini
Kit (Bioline, QC-Biotech, Alphen ad Rijn, The Netherlands) or
A B

D

E F

C

FIGURE 1 | TREM-1 levels in CD14+ monocytes are low in anti-TNF responders associated with a decreased M2 macrophage polarization by anti-TNF. Total
TREM-1 expression (A) and the different TREM-1 isoforms TREM-1_MB, TREM-1_SV and TREM-1_X2 (B) expression levels in CD14+ monocytes from CD patients
(n=24) before the start of anti-TNF therapy, and FACsorted (sort strategy in (C)) CD14+ monocytes (n=4) with different TREM-1 levels (D). Expression relative to
bACTIN in (A, B) and relative to the TREM-1 high population in (D). Percentage of CD206+CD14+ cells of TREM-1 low or high CD14+ monocytes cultured with
T-cells of a different donor in combination with anti-TNF (adalumimab, 10 µg/ml) or IgG isotype control (10 µg/ml). Representative plots (E), quantified in (F, n=5 per
condition) of 3 different independent experiments using different donors are shown. Whiskers indicate the 10-90 percentiles in (A, B) and de mean + SEM is shown
in (D, F). Significance was determined by a Mann Whitney (A, B), paired-t-test (D) and ANOVA followed by Sidak’s multiple comparison test (F) with *P < 0.05,
**P < 0.01, ***P < 0.001.
March 2021 | Volume 12 | Article 627535
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the Agencourt RNAdvance Cellv2 kit (A47942, Beckman
Coulter , Woerden, The Netherlands) according to
manufacturer’s conditions.

Gene Expression Analysis
Quantitative RT-PCR
Complementary DNAwas synthesized frommRNA using Oligo-
dT (ThermoFischer Scientific), random hexamer primers
(Promega, Madison, USA), RiboLock RNase and RevertAid
reverse transcriptase (both ThermoFischer Scientific).
Quantitative RT-PCR (qPCR) was performed on a CFX96™

Real-Time System (Bio-Rad Laboratories, Hercules, CA, USA)
using Sensifast SYBR green (Bioline) and primers for TREM-1,
FCGR2B, FCGR3A (quantitect primers, Qiagen), TREM-1_MB,
TREM-1_SV, TREM-1_X2 and bACTIN [see Verstockt et al.
(10)]. mRNA levels were normalized against bACTIN and gene
expression was calculated with the 2-Dct method using
LinRegPCR (Amsterdam UMC).

Microarray
For microarray analysis of the TREM-1 low and TREM-1 high
CD14+ monocytes the RNA quality ( integrity and
concentration) was measured on an Agilent 2100 Bioanalyzer.
All samples had a RNA integrity number (RIN) above 9,0 and
concentration above 250 pg/µl. Microarray analysis was
performed using a Clariom S Pico Human Assay (#902929,
Thermo Fisher Scientific) using a Gene Titan MC system
(Affymetrix) according to the standard protocols of the Dutch
Genomics Service and Support Provider (MAD, University of
Amsterdam, Netherlands). The data was normalized using
robust multiarray analysis and analyzed by Transcriptome
Analysis Console software (Thermo Fisher Scientific).

Westernblot
TREM-1 high and low FACSorted cells were lysed in RIPA buffer
(0.15M NaCl, 0.05M TRIS pH 7.5, 1% NP40, 0.5% DCA, 0.1%
SDS, 0.1 mM EDTA), run on 15% SDS-PAGE gels under
reducing conditions and transferred to an Immobilon-P PVDF
Membrane (Millipore, Burlington, MA). The membrane was
blocked by incubation in 5% non-fat milk (Nutricia,
Wageningen, The Netherlands) in TBST (TBS + 0.1% Tween-
20) for 2 hours at room temperature (RT) and subsequently
incubated in LC3 (Cell Signaling, 4108S) or Cathepsin S (Abcam,
ab18822) antibodies in 2% milk/TBST overnight at 4° C. After
incubation membranes were washed 3 times with TBST,
incubated with HRP conjugated secondary antibodies (1:2000,
DAKO) in 2% milk/PBST for 2 hours at RT. Expression was
detected by Lumilight Plus (Roche, Woerden, The Netherlands).
Afterwards blots were stripped in str ipping buffer
(ThermoFischer Scientific) for 10 min at RT and incubated
with b-actin (clone AB1978, Sigma, Deisenhofen, Germany) as
a loading control. The Optical Density (OD) of the protein bands
was determined using ImageJ software.

Statistical Analysis
Data were analyzed using Kruskal-Wallis followed by Dunn’s
post hoc test, analysis of variance (ANOVA) followed by Sidak’s
Frontiers in Immunology | www.frontiersin.org 4
post hoc, Mann Whitney test, paired t-test, unpaired t-tests or
Wilcoxon signed rank test using Graphpad Prism 8.3.0
(Graphpad Software Inc., La Jolla, CA, USA. Values of p<0.05
were considered significant with *p<0.05, **p<0.01, ***p<0.001,
and ****p<0.0001.
RESULTS

TREM-1 Expression in CD14+ Monocytes
Predicts Anti-TNF Response
Pretreatment TREM-1 expression levels of CD14+ monocytes in
peripheral blood of CD patients were predictive of outcome to
anti-TNF mAb therapy, with low TREM-1 expression being
associated with response to anti-TNF (Figure 1A). When
analyzing the expression of the different TREM-1 isoforms we
found that TREM-1_MB, the full TREM-1 receptor isoform
expressed on the cell membrane, was significantly increased in
CD14+ monocytes of anti-TNF non-responders compared to
responders, while the other TREM-1 isoforms,TREM-1_SV and
TREM-1_X2, tended to be increased significantly (Figure 1B).
The serum sTREM-1 levels of these CD patients [partly
published in (9)] were not significantly different between anti-
TNF non-responders compared to responders (Supplementary
Figure S1A). The serum sTREM-1 levels tended to correlate with
the expression levels of TREM-1_SV, the specific splice variant
that encodes sTREM-1 (20) (Supplementary Figure S1B). The
absence of a correlation with total TREM-1 or TREM-1_MB
expression levels (Supplementary Figure S1C), that were
predictive of anti-TNF response, indicate that circulating
sTREM-1 levels do not directly contribute to the found
association with anti-TNF response.

TREM-1 Expression Associates With
Regulatory Macrophage Differentiation
In Vitro
Differentiation of CD14+ monocytes to regulatory CD206+ M2
type macrophages, mediated through Fcg-Receptor signaling, is
part of the mechanism of action of anti-TNF mAbs in IBD (11,
13, 14). As especially the full TREM-1 receptor isoform, TREM-
1_MB, was increased in CD14+ monocytes of anti-TNF non-
responders compared to responders we hypothesized this full
receptor form might be involved in the suppression of
differentiation towards CD206+ M2 macrophages, hence
suppress the response to anti-TNF. The anti-TNF induced
differentiation of CD14+ monocytes can be studied quite
simple in vitro by using a mixed lymphocyte reaction (MLR),
an allogenic immune reaction created by mixing peripheral
blood mononuclear cells (PBMCs) of two different donors, as
extensively reported earlier (11, 13, 14). To investigate the
relation between TREM-1 levels and CD14+ monocyte
differentiation, we FACSorted CD14+ monocytes with different
TREM-1 cell surface levels (low vs high, see Figure 1C), and
cultured them with T-cells of a different donor, creating a
allogenic immune reaction. As expected, in these sorted
populations the TREM-1 expression levels were significantly
March 2021 | Volume 12 | Article 627535
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decreased in the low versus high population, especially the full
receptor form TREM-1_MB (Figure 1D). The CD14+
monocytes with low TREM-1 expression levels were most
capable of polarizing towards CD206+ regulatory macrophages
in the presence of anti-TNF mAbs (Figures 1E, F).

TREM-1 Signaling Does Not Suppress
Regulatory Macrophage Differentiation
As low TREM-1 levels are associated with increased induction of
M2 differentiation by anti-TNF mAbs we wondered whether
TREM-1 signaling would interfere with the induction of
differentiation by anti-TNF mAbs. To test this we added a
TREM-1 antibody with agonistic activity (16, 21) to anti-TNF
mAbs in the MLR. There was no effect on the induction of
CD206+ macrophages by anti-TNF by the agonist TREM-1
antibody (Figure 2A). The expression of TREM-1 was
increased in the CD206+ macrophages that were induced by
anti-TNF, and the detection of TREM-1 by flow cytometry was
blocked by binding of the agonistic TREM-1 antibody (Figure
2B). To functionally show this antibody has TREM-1 agonistic
activity monocytes were stimulated and released TNFa upon
stimulation (Figure 2C), as reported (16, 21). The opposite
experiment, in which we inhibited TREM-1 signaling, by the
TREM-1 inhibitor LR12 (22, 23) also did not affect the anti-TNF-
induced differentiation of CD14+ monocytes towards CD206+
macrophages in the MLR (Figure 2D). In this experiment 6-
thioguanin (6TG) synergized with anti-TNF in the induction of
Frontiers in Immunology | www.frontiersin.org 5
CD14+CD206+ cells (Figure 2A), as we reported before (18),
showing that the effect of anti-TNF could be enhanced in this
experimental set-up. To show LR12 was effective in blocking
TREM-1 signaling in the tested dose we again investigated TNFa
production of monocytes and found LR12 was capable of
decreasing TNFa production upon stimulation with LPS
(Figure 2E) as reported (24). These experiments show that it is
not TREM-1 signaling itself that is responsible for the different
anti-TNF-induced differentiation of low versus high TREM-1
CD14+ monocytes, indicating something underlying
discriminates these different populations of monocytes.

TREM-1 Expression Associates With
Autophagy
We tried to elucidate which underlying pathway(s) is/are
responsible for the found difference in anti-TNF-induced
differentiation between low versus high TREM-1 CD14+
monocytes. Therefore we performed gene expression analysis
on FACSorted TREM-1 low versus TREM-1 high CD14+
monocytes (Supplementary Figure S1). Gene Set Enrichment
Analysis (GSEA) revealed that 14 of the 15 autophagy pathways
were enriched in the low TREM-1 population versus the TREM-
1 high population (Figure 3A/Supplementary Figure S2). The
relation between TREM-1 and autophagy in IBD has been
described before (25), and as we found that autophagy levels
are increased upon the induction of regulatory type macrophages
by anti-TNF we decided to investigate this further by
A B

D EC

FIGURE 2 | TREM-1 signaling does not affect anti-TNF induced differentiation of regulatory type macrophages. (A) Percentage of CD206+CD14+ cells in a mixed
lymphocyte reaction with anti-TNF (adalumimab, 10 µg/ml), IgG isotype control (10 µg/ml) in combination with the agonistic TREM-1 antibody or relevant isotype
control (both 10 µg/ml). (B) TREM-1 MFI of the CD14+CD206+ population in the MLR. (D) Percentage of CD206+CD14+ cells in a mixed lymphocyte reaction with
anti-TNF, IgG isotype control in combination with the TREM inhibitor LR12 (50 µg/ml), and 6-TG (25 µM) or DMSO control. TNFa production by monocytes
stimulated for 24 hours with the agonistic TREM-1 antibody (10 µg/ml) in (C) and with LPS (100 ng/ml) in combination with LR12 (50 µg/ml) in (E). Representative
(n=3-5 per condition) of 3 to 4 different independent experiments using different donors. Significance was determined by ANOVA followed by Sidak’s multiple
comparison test in A/B/D and unpaired t-test in C/E with *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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immunoblotting for LC3. Indeed we found that LC3II/LC3I
ratios, indicative of autophagy, were significantly lower in
TREM-1 high monocytes compared to their TREM-1 low
counterparts (Figures 3B–D). Levels of Cathepsin S, an
autophagy related protein which was identified as an inducer
of regulatory type macrophages by anti-TNF, was significantly
lower in the TREM-1 high versus lowmonocytes (Figures 3B, E),
although the CTSS gene expression levels were not significantly
different (Figure 3F). Lower levels of autophagy and Cathepsin S
in CD14+ monocytes with high levels of TREM-1 could explain
the reason for lower induction of regulatory type macrophages by
anti-TNF.

TREM-1 Expression Associates With
Activation of the FcgR Pathway
Besides the autophagy pathway also the FcgR pathway was
enriched in the TREM-1 low population (Supplementary
Figure S3), which became even more apparent when we
compared paired samples (so low vs high TREM-1 samples of
the same individual, Figure 4A), We confirmed the differential
FcgR protein levels in TREM1- low vs TREM-1 high CD14+
monocytes by flow cytometry (Figure 4B). The activating FcgR
gene transcript FCGR3A, essential for the induction of regulatory
type macrophages by anti-TNF (13), was increased in low vs high
TREM-1 expressing CD14+ monocytes (Figure 4A), while the
inhibitory receptor FCGR2B was decreased in low vs high
TREM-1 expressing CD14+ monocytes. Recently Castro-
Dopico et al. (26) used the expression levels of FCGR3A and
Frontiers in Immunology | www.frontiersin.org 6
FCGR2B, to calculate a FcgR activating:inhibitory (A:I) ratio, and
showed that this FcgR A:I ratio is altered in IBD. Calculating this
FcgR A:I ratio showed it was significantly increased in TREM-1
low versus TREM-1 high CD14+ monocytes (Figures 4C, D).
Indeed when investigating this FcgR A:I ratio in the CD14+
monocytes of the CD patients we found it was significantly
higher in the patients that responded to anti-TNF (Figure 4E),
and was negatively correlated with the TREM-1 levels in the
CD14+ monocytes of the CD patients (Figure 4F).
DISCUSSION

The whole blood TREM-1 expression has been described as a
predictive marker for anti-TNF mAb therapy responsiveness in
patients with IBD (3, 9, 10) Interestingly, while both Gaujoux
et al. (3) and Verstockt et al. (10) describe TREM-1 expression
consistently being upregulated in intestinal biopsies of anti-TNF
non-responders compared to anti-TNF responders, the high
TREM-1 expression in whole blood was only found to
associate with anti-TNF non-response in the study by
Verstockt et al. (10), in contrast to the study by Gaujoux et al.
(3) that showed exactly the opposite association. Although the
difference in patient populations, difference in response criteria
and the different primers used to determine TREM-1 expression
could explain the found differences, mainly the lack of
understanding the underlying biological mechanism of the
A

B

D E F

C

FIGURE 3 | TREM-1 expression and autophagy. (A) GSEA plot of autophagy in low versus high TREM-1 CD14+ monocytes. (B) Immunoblot for LC3I and LC3II,
Cathepsin S and b-actin as a loading control in paired low vs high TREM-1 CD14+ monocytes, representative of 4 different donors. TREM-1 MFI of the sorted
populations is indicated above the blot The LC3II/I ratio, Cathepsin S and TREM-1 expression (MFI) were quantified in (C–E) and expressed relative to the low
TREM-1 population. (F) CTSS gene and TREM-1 expression from the array. Mean + SEM is shown in (C–F). Significance was determined paired t-tests
(C–E) and Wilcoxon signed rank tests in (F) with *P < 0.05, **P < 0.01, ***P < 0.0001.
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association of whole blood TREM-1 expression specifically with
anti-TNF response makes its use in clinical practice questionable.
Here we set out to investigate the reason for the predictive value
of TREM-1 expression in whole blood for anti-TNF
responsiveness in IBD. Therefore we first analyzed the sole
expression of TREM-1 in CD14+ monocytes, one of the main
cell types in blood that expresses TREM-1 abundantly (16) and is
important in mediating efficacy of anti-TNF therapy (11, 13, 14,
17). We found that low TREM-1 levels in CD14+ monocytes
isolated before anti-TNF treatment were associated with
response to anti-TNF. Deciphering the reason for this
association we investigated the functional consequence for
CD14+ monocytes to express low or high levels of TREM-1.
TREM-1 protein levels on the cell surface of CD14+ monocytes
were found to correlate with their ability to differentiate into M2
macrophages upon anti-TNF mAb treatment, while TREM-1
signaling was not involved. Characterization of underlying
pathways revealed that the autophagy pathway was increased
in the CD14+ monocytes with low TREM-1 levels which we
confirmed on the protein level. The association between TREM-1
signaling and autophagy in IBD has been described (25), and is
associated with the induction of regulatory macrophages by anti-
TNF (15). In addition, the activating FcgR pathway was increased
in the CD14+ monocytes with low TREM-1 levels, which we
have identified to be crucial for the response to anti-TNF (13).
Moreover, not only were the FcgR activity levels in CD14+
Frontiers in Immunology | www.frontiersin.org 7
monocytes of the CD patients negatively correlated with the
TREM-1 levels, also the high pretreatment FcgR activity levels
were predictive of response to anti-TNF. As we identified both
pathways earlier to be essential for the induction of M2
macrophages by anti-TNF mAb therapy, this might explain the
found differences. It would indicate that CD14+ monocytes with
high TREM-1 levels have a lower FcgR activation threshold
signaling when an anti-TNF-TNF immune complex is
encountered, important for the response (11, 13), while
decreased autophagy levels would contribute to the
suppression of the subsequent differentiation towards
regulatory type macrophages. Another mechanism of action of
anti-TNF therapy that has been proposed is the induction of T-
ce l l apoptos i s through var ious mechanisms (27) .
Transmembrane TNFa (mTNFa) expressed on macrophages
can protect T-cells from undergoing apoptosis through
interaction with the TNF-Receptor 2 (TNF-R2), and
interference of this signal by anti-TNF induces T-cell apoptosis
(17). Apoptosis resistant T-cells expressing both TNF-R2 and IL-
23 Receptor were significantly more present the intestine of anti-
TNF non-responders and could be activated by IL-23 produced
by CD14+ macrophages (28). Although we have not specifically
investigated these pathways we did not detect differences in
TNFA or IL23 expression in relation to TREM-1 expression in
the CD14+ monocytes (not shown). In conclusion, our results
indicate that TREM-1 expression levels in CD14+ monocytes
A B

D E FC

FIGURE 4 | TREM-1 expression and FcgR signaling. (A) Heatmap of the expression of FCGR transcripts, paired expression of the TREM-1 low population relative to
the TREM-1 high population of different donors (n=13). (B) The protein levels of FcgRI, FcgRII and FcgRIII were determined by flow cytometry. The MFI was corrected
for isotype control on TREM-1 low and high CD14+ gated monocytes and expressed as the TREM-1 low population relative to TREM-1 high for each donor (n=12).
(C) The FcgR A:I ratio determined by dividing the FCGR3A expression (activating) by the FCGR2B expression (inhibitory) of (B), as suggested by Castro-Dopico et al.
validated by the FcgR A:I ratio determined by FCGR3A and FCGR2B qPCR on the sorted samples from Figure 1D in (D) (n=4). The FcgR A:I ratio of the CD14+
monocytes from CD patients (n=24) before the start of anti-TNF therapy (E) and in correlation to the TREM-1 expression levels (G). Mean + SEM is shown in (D),
whiskers indicate the 10-90 percentiles in (F). Significance was determined by Wilcoxon signed rank tests (B, C), a paired t-test (D), and Mann Whitney (E) with *P <
0.05, ***P < 0.001.
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associate with both decreased FcgR activity and autophagy levels
resulting in decreased differentiation to M2 type regulatory
macrophages upon anti-TNF mAb treatment, which may
explain anti-TNF non-response in IBD patients with high
expression levels of TREM-1.
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Supplementary Figure 1 | Serum sTREM-1 levels. (A) The serum sTREM-1
levels of the CD patients, part of the already published cohort (9). (B) Correlation
between sTREM-1- levels and CD14+ monocyte TREM-1_SV expression.
(C) Correlation between sTREM-1 and CD14+ monocyte expression of TREM-1
and the isoforms TREM-1_MB and TREM-1_X2.

Supplementary Figure 2 | Top 50 different regulated genes. Top 50 different
regulated genes in TREM-1 high vs TREM-1 low CD14+ monocytes (based on
ANOVA p<0.05 no multiple corrections).

Supplementary Figure 3 | Differential gene expression profiles of the autophagy
pathway. Gene expression profiles of TREM-1 high and TREM-1 low CD14+
monocytes were analyzed for enrichment of 15 different autophagy pathways.

Supplementary Figure 4 | Differential gene expression profiles of the FcgR
pathway. Gene expression profiles of TREM-1 high and TREM-1 low CD14+
monocytes were analyzed for enrichment of 6 different FcgR pathways.
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