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Macrophages contribute to the pathogenesis of rheumatoid arthritis (RA). They can

display different states of activation or “polarization,” notably the so-called inflammatory

“M1” and the various alternative “M2” polarizations, characterized by distinct

functions. Data regarding the effects of RA anti-cytokine biological disease-modifying

anti-rheumatic drugs (bDMARDs) on macrophage polarization are scarce. We aimed

to assess in vitro modulation of macrophage polarization by bDMARDs targeting

pro-inflammatory cytokines in RA. We generated monocyte derived macrophages using

blood samples from 20 RA patients with active RA and 30 healthy controls. We

evaluated in vitro the impact on M1 inflammatory macrophages of: etanercept (ETA),

adalimumab (ADA), certolizumab (CZP), tocilizumab (TCZ), and rituximab (RTX). We

assessed the impact on macrophage polarization using flow cytometry and RTqPCR

to study the expression of surface markers and perform functional studies of cytokine

production, phagocytosis, and negative feedback control of inflammation. Among

evaluated bDMARDs, anti-TNF agents modulated the polarization of inflammatory

macrophages by decreasing inflammatory surface markers (CD40, CD80) and favoring

alternative markers (CD16, CD163, MerTK). Anti-TNF agents also induced alternative

functions in macrophages activated in inflammatory condition with (i) the inhibition

of inflammatory cytokines (TNF, IL-6, IL-12), (ii) an increase in phagocytosis. These

findings were mechanistically related to an increase in early IL-10 production, responsible

for higher negative feedback control of inflammation involving SOCS3 and Gas6.

This IL-10 effect was STAT3-dependent. Anti-TNF agents not only inhibit in vitro

inflammatory functions of macrophages, but also favor resolution of inflammation through

polarization toward alternative features specifically involving the IL-10/STAT3 axis.

Keywords: macrophage, alternative polarization, anti-TNF agents, TNF, interleukin 10, STAT3

INTRODUCTION

Plasticity is a key feature of macrophages. They can be activated by many stimuli, depending
on their environment, resulting in specific states of polarization. Their plasticity is illustrated by
various profiles including the so-called M1 pro-inflammatory polarization, and M2 alternative
polarizations driving immunoregulatory and wound-healing functions (1, 2). The M1/M2
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historical classification is far too simplistic to describe the
variety of macrophage phenotypes (3), especially with regards to
rheumatoid arthritis (RA).

Although a few studies on synovial tissue failed to identify
specific macrophage polarization surface markers in RA
synovium (4, 5), several studies have clearly demonstrated that
infiltrating synovial macrophages display a pro-inflammatory
profile (6). Macrophages play a central effector role in
rheumatoid synovitis. They contribute to the inflammatory
environment: by producing pro-inflammatory cytokines,
especially TNF (7), by enhancing synovial homing of immune
cells through chemokines (CCL2, CCL3, CCL5, IL-8, CX3CL1)
(8), by producing angiogenic factors (Vascular Endothelial
Growth Factor, Fibroblast Growth Factor-β, Platelet-Derived
Growth Factor) (9–12), and by inducing oxidative damage
through reactive oxygen species (13). Macrophages crosstalk
with CD4T cells is able to induce Th1 and Th17 commitment
as identified in RA (14, 15). Moreover, they activate fibroblastic
synoviocytes and induce osteoclastogenesis thus contributing
to joint destruction in RA (16, 17). In addition to their well-
described role in the effector phase of RA, macrophages may
also contribute to the disease onset, especially by generating
arthritogenic citrullinated peptides (18, 19).

Synovitis in active RA is fueled by macrophages
generated from newly differentiated blood monocytes. In
therapeutic context, those monocytes-derived macrophages
are concomitantly exposed to differentiating and activating
stimuli as well as to drugs. Infiltration of the synovial sublining
by CD68+ macrophages is a biomarker of disease severity
and therapeutic response (20). However, data concerning the
effects of RA biological disease-modifying anti-rheumatic
drugs (bDMARDs) on macrophage polarization are scarce.
Anti-cytokine bDMARDs have been shown to reduce
the inflammatory burden provided especially by recruited
inflammatory monocytes/macrophages (21–23). Whether or
not an alternative polarization of macrophages is related to
the therapeutic response in RA remains unknown. This issue
is a key point to better understand the mechanism of action
of bDMARDs in RA, and to tailor the therapeutic targeting of
macrophages in RA.

In the current study, we aimed to assess in vitro modulation
of monocyte-derived macrophage polarization of RA patients
by bDMARDs, especially anti-TNF agents. We found that anti-
TNF polarize macrophage toward an alternative pro-resolving
phenotype.

METHODS

Study Participants
Peripheral blood mononuclear cells (PBMC) were obtained from
20 RA patients and 30 healthy controls. RA patients were
recruited in the Rheumatology Center of the Toulouse University
Hospital (CHU Toulouse, France). Inclusion criteria were: age
≥18 years old, RA diagnosis according to the ACR/EULAR
2010 criteria, active RA (DAS28 ≥2.6) and indication for a
first or second bDMARD initiation. Blood samples of RA
patients were collected before initiation of the bDMARD.

Due to the potential effects of corticosteroids on macrophage
polarization, we excluded steroid (GC) use >10mg prednisone
equivalent/day, IV use of steroids, or intra-articular injection of
steroids <2 weeks before. Healthy controls were recruited from
the Etablissement Français du Sang (Toulouse, France). Informed
written consent was obtained, and the study protocol regarding
RA patients was approved by the local ethics committee (CHU
Toulouse—BioTOUL DC 2016–2804).

Generation of Macrophages
CD14+ monocytes were purified by positive magnetic sorting
(Affymetrix), from PBMC isolated on Pancoll (Pan Biotech).
Purity was measured by flow cytometry (MACSQuant 10,
Miltenyi), using a CD14-FITC antibody (clone HCD14,
BioLegend). Sample purity was routinely ≥95%. Macrophages
were derived from monocytes (MDM). Monocytes (0.5 ×

106/ml) were differentiated into macrophages in the presence
of recombinant M-CSF (50 ng/ml; BioLegend) for 5 days. Cells
were cultivated at 37◦C/5% CO2 in RPMI medium 1640 +

Glutamax (Gibco), supplemented with 10% fetal calf serum
(Gibco), Penicillin G (Gibco), and Streptomycin (Gibco).

Activation of Macrophages
MDM were activated or not for 24 h as either M1 pro-
inflammatory MDM using LPS from E. coli (20 ng/ml; Sigma-
Aldrich) and IFNγ (25 ng/ml; Peprotech), or M(IL10) alternative
MDM using IL-10 (50 ng/ml; Peprotech), or M(IL4) alternative
MDM using IL-4 (25 ng/ml; Peprotech) (24).

M1MDMwere cultivated with or without bDMARDs, during
the 24 h activation phase. The bDMARDs were used at 10µg/ml.
We evaluated 2 anti-TNF agents [etanercept (ETA), adalimumab
(ADA)], 1 anti-IL6-receptor agent [tocilizumab (TCZ)], and 1
anti-CD20 agent [rituximab (RTX); as a control of unspecific
impact of the Fc fragment]. Certolizumab (CZP) was used in
some experiments.

Flow Cytometry Analysis
We assessed the effects of bDMARDs on M1 activation by a
flow cytometric analysis of membrane markers. Before labeling,
MDMwere blocked with a Fc receptor blocking solution: Human
TruStain FcX (BioLegend). Surface staining was performed using
the following murine anti-human antibodies: CD40 APC/Cy7
(clone 5C3, BioLegend), CD80 BV421 (clone 2D10, BioLegend),
CD206 AF488 (clone 15-2, BioLegend), CD200R PE (clone
OX-108, BioLegend), CD64 PC7 (clone 10.1, BioLegend), MER
proto-oncogene tyrosine kinase (MerTK) PE (clone 125518,
R&D systems), CD163 FITC (clone GHI/61.1, Miltenyi), CD16
V500 (clone 3G8, BD Biosciences). We evaluated median
fluorescence intensity (MFI). Given the high auto-fluorescence
of the macrophages, and the variability of this auto-fluorescence
depending on the stimulation, fluorescence levels were expressed
as ratio (specific labeling/corresponding isotype).

For intra-cellular staining of phospho-STAT3, cells were
fixed and permeabilized with a Transcription Factor Buffer Set
(BD), following the manufacturer’s protocol. We performed
a primary labeling with a rabbit anti-human phospho-
Stat3 (Tyr705) (clone D3A7, Cell Signaling Technology)
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and a secondary labeling with an anti-Rabbit IgG (H+L),
F(ab’)2Fragment (Alexa Fluor 647 Conjugate; Cell Signaling
Technology).

Cells were analyzed on a MACSQuant 10 (Miltenyi). Data
were analyzed using FlowJo v7.6.5 (Tree Star).

Cytokine Measurements
Culture supernatants were collected and stored at −80◦C
until analysis. Concentrations of IL-6, IL-10, IL-12, and
TNF were determined simultaneously using Cytometric
Bead Array (Human Flex set, BD Biosciences). Data
acquisition was performed on a LSRII (BD Biosciences)
and analysis was performed using FCAP Array v3
(Soft Flow). TGFβ was quantitated by ELISA (Ready-
SET-Go, eBioscience, San Diego, CA, USA) on a
Varioskan Flash (Thermo Scientific) spectrophotometer
and analyzed using the SkanItTM (Thermo Scientific)
program.

Gene Expression Analysis
Total RNA from 1.5 × 106 monocytes was isolated using High
Pure RNA Isolation Kit (Roche Diagnostics GmbH, Mannheim,
Germany) and complementary DNA (cDNA) synthesized
with RevertAid Minus Reverse Transcriptase (Thermo Fisher
Scientific, Waltham, MA, USA). Gene expression was performed
using LightCycler 480 SYBR Green Master Mix (Roche
Diagnostics GmbH) and a LightCycler 480 System instrument
(Roche Diagnostics GmbH). All primers were designed using
ProbeFinder Software (Roche Applied Science website), and
synthesized by Sigma Life Science (St Quentin Fallavier, France).

GAPDH forward: 5′-acccactcctccacctttgac-3′, GAPDH
reverse: 5′ -ctgttgctgtagccaaattcgt-3′

TNFα forward: 5′-cagcctcttctccttcctga-3′, TNFα reverse: 5′-
acccactcctccacctttgac-3′

IL10 forward: 5′-aacaagagcaaggccgtgg−3′, IL10 reverse: 5′-gaa
gatgtcaaactcactcatggc-3′

GAS6 forward: 5′- acctcatgggcaacttcttc-3′, GAS6 reverse: 5′-
ggctgcattcgttgacatc-3′

SOCS3 forward: 5′-agacttcgattcgggacca-3′, SOCS3 reverse: 5′-
aacttgctgtgggtgaccat-3′

Phagocytosis Assay
Phagocytosis ability was assessed by flow cytometry using
pHrodo green E.coli bioparticles R©, following the protocol
recommended by the manufacturer. Briefly, 100,000 cells
(1,000,000/mL) per well were cultivated in a 96-well plate. They
were activated for 24 h as M1 in the presence or absence of
bDMARD. Then, culture medium was replaced by 100 µL
of pHrodo bioparticles resuspended in Dulbecco’s phosphate-
buffered saline (DPBS, Gibco), and incubated for 90min at
37◦C/5% CO2. Cells were then harvested after 10min of
incubation on ice in cold DPBS and assessed by flow cytometry
(MACSQuant Q10). In some experiments, inhibition of CD16-
dependent phagocytosis was performed during the activation
phase, with a LEAF purified anti-human CD16 antibody
(clone 3G8, BioLegend) used at 10µg/ml. All conditions were
performed in duplicate.

Western Blot Analysis
Total extracts from 2 × 106 monocytes lysed in 50 µl of
Laemmli buffer were denatured at 95◦C for 10min and sonicated:
15–20 µl were run on Novex NuPAGE 4–12 % Bis-Tris
mini gels and transferred on nitrocellulose membrane with X-
Cell blot module (Life Technologies). After incubation with
primary (phospho-STAT3 Tyr 705—clone D3A7—Cell Signaling
Technology; STAT3—clone D1A5 - Cell Signaling Technology)
and secondary HRP-coupled antibodies, labeled proteins were
visualized by enhanced chemiluminescence with ECL Prime
Western Blotting Detection Reagent (GE Healthcare, Piscataway,
NJ, USA) by a ChemiDoc XRS+ imaging system (Bio-Rad
Laboratories, Hercules, CA, USA). All images were analyzed with
the Image Lab 5.0 software (Bio-Rad).

Pharmacological Inhibition of STAT3
MDM activated for 24 h as M1 MDM were cultivated during this
activation phase with cucurbitacin I (50mM, Sigma) a selective
JAK2/STAT3 inhibitor, or with STATTIC (1µM, Selleckchem)
an inhibitor of phospho-tyrosine binding to the SH2 domain of
STAT3.

Statistical Analysis
In most of the experiments, non-activated MDM and M1
MDM cultivated in the presence of bDMARDs were compared
to untreated M1 MDM by Sigma Plot v12.5 (Systat Software
Inc.). We tested whether values had a gaussian distribution
(Shapiro-Wilk test). In case of Gaussian distribution, samples
were compared using a Student paired t-test; otherwise, medians
were compared by a Wilcoxon matched pairs test. Multiple
groups comparison was performed by a One-way ANOVA and
Bonferroni’s post-test, or Kruskal-Wallis test and Dunn’s post-
test in case of non-Gaussian distribution. We evaluated the
correlation between CD16 membrane expression in MDM and
DAS28 ESR at inclusion by the Pearson r correlation coefficient.
We evaluated the association between CD16 expression in MDM
(categorized as low i.e., ≤2.1 vs. high i.e., >2.1) and DAS28
ESR at inclusion (categorized as low-to-moderate i.e., ≤5.1
vs. high i.e., >5.1) by a Fisher’s exact test and evaluated the
strength of this association with odds ratio (OR) calculation. We
assessed the influence of the background treatment regimen [GC,
methotrexate (MTX)] on the expression of polarization markers
in the different conditions of activation, by a two-way ANOVA.
A p value <0.05 was considered to be significant, with: ∗∗∗p value
< 0.001, ∗∗0.001≤ p < 0.1, ∗0.01 ≤ p < 0.05.

RESULTS

Patient Characteristics
We included 20 RA patients with active RA and 30 healthy
controls. Blood samples were collected in 15/20 patients (75%)
before initiation of the first bDMARD, and in 5/20 patients (25%)
before initiation of the second bDMARD. Choice of bDMARD
therapy was determined by the treating physician: etanercept in
9 patients, adalimumab in 3 patients, rituximab in 3 patients,
tocilizumab in 2 patients, abatacept in 1 patient, golimumab in
1 patient, and certolizumab in 1 patient. At inclusion, 9 patients
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TABLE 1 | Characteristics of patients with rheumatoid arthritis at bDMARD

initiation.

RA population

(N = 20)

DEMOGRAPHIC DATA

Age (year), mean (SD) 63.4 (13.2)

Women (%) 12 (60)

Disease duration (year), mean (SD) 11.3 (9.7)

CLINICAL DATA

DAS28 ESR, mean (SD) 4.63 (1.32)

Erosive RA (%) 14 (73.7)

Steroid use (%) 6 (30.0)

Daily steroid dose (mg prednisone/day), median (IQR) 7.5 (5.0 – 10.0)

csDMARDs, MTX (%) 9 (45.0)

BIOLOGICAL DATA

ESR (mm/h), median (IQR) 16.0 (12.0 – 25.0)

CRP (mg/L), median (IQR) 6.7 (1.8 – 15.5)

RF+ (%) 18 (94.7)

Anti-CCP+ (%) 18 (94.7)

Leucocytes/mm3, mean (SD) 8252 (3058)

Monocytes/mm3, mean (SD) 578 (315)

bDMARD, biological disease-modifying anti-rheumatic drugs; csDMARDs, conventional

synthetic disease-modifying anti-rheumatic drugs; CCP, cyclic citrullinated peptides;

CRP, C reactive protein; DAS28 ESR, disease activity score 28 ESR; ESR, erythrocyte

sedimentation rate; IQR, interquartile range; MTX, methotrexate; RA, rheumatoid arthritis;

RF, rheumatoid factor; SD, standard deviation.

(45.0%) had MTX background, and 6 patients (30.0%) had GC
background. The patient characteristics are provided in Table 1.

Validation of Surface Markers of
Macrophage Polarization
PBMC from 16 RA patients and 20 controls were differentiated
into MDM and activated or not as M1 pro-inflammatory
macrophages, M(IL4) alternative macrophages, and M(IL10)
alternative macrophages (Figure 1A). The possibility of using
surface markers to discriminate these different polarization states
was assessed by flow cytometry. In RA patients, CD40 and CD80
were highly expressed in M1 macrophages, but poorly expressed
in MDM and M2 macrophages. We considered these markers
as M1 markers. CD16 and CD163 were highly expressed in
M(IL10), expressed at an intermediate level inMDM andM(IL4),
and poorly expressed in M1 macrophages. We thus considered
CD16 and CD163 as M(IL10) markers. MerTK was expressed at
a similar level, i.e., intermediate, in MDM, M(IL4), and M(IL10),
and at lower level in M1, leading us to consider MerTK as a pan-
M2 marker. CD206 and CD200R were expressed at high level
in M(IL4), at low-to-intermediate level in MDM and M(IL10),
and at lower level in M1 macrophages, leading us to consider
them as M(IL4) markers. CD64 was associated with both M1 and
M(IL10) polarization states, thus non-discriminative for further
experiments.

When compared to controls, RA patients macrophages
displayed a biased plasticity. They were prone to express higher
level of inflammatory markers after M1 activation (CD40,

CD80, CD64), and lower level of M(IL4) markers (CD206,
CD200R) and M(IL10) markers (CD16, CD64) in the ad hoc
activation condition. Surprisingly, CD163 expression was higher
in macrophages from RA patients. Despite these differences,
discrimination using selected surface markers was similar in RA
patients and in healthy controls.

We next confirmed the functional relevance of those
polarization markers in RA patients. Among the selected
markers, only CD16 membrane expression in MDM was
specifically correlated with disease activity measured at inclusion
by the DAS28 ESR and DAS28 CRP (Figure 1B). In our model,
CD16 was considered as a marker of alternative polarization
[M(IL10)]. We categorized and CD16 expression as high (>2.1)
and low (≤2.1), and disease activity as high (DAS28 ESR > 5.1)
and low-to-moderate (2.6 < DAS28 ESR ≤ 5.1). We observed a
significant association between high CD16 expression in MDM
and low-to-moderate disease activity at inclusion (Fisher’s exact
test p value= 0.0406, OR= 17.5 [1.2-250.5]; Figure 1C).

Anti-TNF Agents Favor Alternative Over
Pro-Inflammatory Surface Markers
We then assessed the impact of anti-TNF agents (ADA, ETA),
the anti-IL-6 receptor drug (TCZ), and RTX used as control
on polarization surface markers in MDM from 16 RA patients
and 21 healthy controls activated as M1 pro-inflammatory
macrophages (Figure 2, Supplemental Figures S1–S2). In RA
patients as well as in controls, compared to M1 untreated
macrophages, anti-TNF agents induced a significant modulation
of polarization surface markers: (i) a decrease in M1 markers
(CD40 and CD80), (ii) an increase in M(IL10) markers
(CD16, CD163) and in the pan M2 marker MerTK (Figure 2,
Supplemental Figure S1), and (iii) no effect on M(IL4) markers
(CD206 and CD200R) (Supplemental Figure S2). Although the
modulation of polarization markers by anti-TNF agents was
similar in RA patients and controls, decrease in CD40 was
observed with a greater extent in RA patients and increase in
CD16 was observed with a greater extent in controls.

TCZ induced a slight but significant CD40 decrease in
controls, and a slight but significant increase in CD206 in RA
patients and controls. The anti-CD20 drug (RTX) slightly but
significantly reduced CD40 in controls.

To take into account the possible impact of background
treatment regimen at inclusion on our results, we evaluated
the influence of prior exposure to GC < 10 mg/day, MTX
and bDMARD on the in vitro modulation of membrane
polarization markers by bDMARDs (Supplemental Figure S3).
Prior exposure to GC and MTX slightly impacted the
expression of polarization markers. GC background
(Supplemental Figure S3A) accounted for: (i) 5.7% of the
total variance of CD80 expression (p = 0.0053), (ii) and
7.6% of the total variance of MerTK expression (p = 0.0146).
MTX background (Supplemental Figure S3B) accounted
for: (i) 16.0% of the total variance of CD206 expression
(p < 0.0001), (ii) and 3.4% of the total variance of CD64
expression (p = 0.0168). Prior exposure to bDMARD impacted
the expression of polarization markers. bDMARD background
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FIGURE 1 | Surface polarization markers on macrophages. MDM, monocyte-derived macrophages; M1, pro-inflammatory macrophages activated by LPS + IFNγ;

M(IL4), alternative macrophages activated by IL-4; M(IL10), alternative macrophages activated by IL-10; RA, rheumatoid arthritis; HC, healthy controls; DAS28,

disease activity score 28; ESR, Erythrocyte sedimentation rate; CRP, C reactive protein; NS, non-significant. (A) Surface markers on macrophages from up to 16 RA

patients (gray circles) and 20 healthy controls (open circles) were analyzed by flow cytometry, after differentiation (MDM) and subsequent 24 h activation as M1, or

M(IL4), or M(IL10). (B) Correlation (Pearson) between CD16 membrane expression in MDM and RA activity assessed by the DAS28 ESR and DAS28 CRP scores.

(C) CD16 membrane expression in MDM from patients with active RA, according to disease activity (DAS28 ESR). ***p value < 0.001, **0.001 ≤ p < 0.01, *0.01 ≤ p

< 0.05 (One-way ANOVA and Bonferroni’s post-test, or Kruskal-Wallis test and Dunn’s post-test).

(Supplemental Figure S3C) accounted for: (i) 6.7% of the total
variance of CD163 expression (p= 0.0225), (ii) 41.0% of the total
variance of MerTK expression (p < 0.0001), (iii), and 9.9% of the
total variance of CD64 (p= 0.0015).

To take into account the contribution of the Fc fragment of the
fusion protein or monoclonal antibodies used in our experiments
on polarization, we compared ETA and ADA to CZP (Fc-free
PEGylated TNF inhibitor fab fragment), and RTX (with Fc but
not relevant for macrophages, because it targets CD20). Since
we observed similar surface marker patterns with ETA, ADA,
and CZP, but not with RTX, we considered the modulation
of polarization surface markers by anti-TNF agents to be
independent of the presence of Fc (Supplemental Figure S4).

Anti-TNF Agents Decrease the Production
of Pro-Inflammatory Cytokines
We next investigated whether phenotypic changes were
associated with functional changes.

We evaluated the impact of bDMARDs on the secretion of

soluble pro-inflammatory cytokines (TNF, IL-6, IL-12) in cell
culture supernatants, and on mRNA expression (TNF). Cytokine
secretion was assessed in MDM from 10 RA patients and 12
healthy controls activated as M1 pro-inflammatory macrophages

(Figure 3A, Supplemental Table S1). In RA patients as well
as in controls, anti-TNF agents induced a significant decrease
in pro-inflammatory cytokines compared to M1 untreated

macrophages. Notably, we observed a strong decrease in IL-12
and IL-6.

ADA competed with antibodies in TNF detection assays and
thus prevented the detection of soluble TNF in supernatants
(Supplemental Figure S5A). However, tnf mRNA decreased
from 6 h post-activation in M1 MDM treated with ADA when
compared to non-treatedM1MDM, indicating thus an inhibition
of TNF gene expression by ADA (Figure 3B).

The concentration of ETAwas set to inhibit pro-inflammatory
cytokines production and inhibit the pro-inflammatory
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FIGURE 2 | Anti-TNF agents favor alternative polarization of macrophages. MDM, monocyte-derived macrophages; M1, pro-inflammatory macrophages activated by

LPS + IFNγ; M(IL4), alternative macrophages activated by IL-4; M(IL10), alternative macrophages activated by IL-10; ADA, adalimumab; ETA, etanercept; TCZ,

tocilizumab; RTX, rituximab; RA, rheumatoid arthritis. (A–C) Monocyte-derived macrophages were activated for 24 h as M1, M(IL4), and M(IL10) with or without the

indicated bDMARD. Surface polarization markers on macrophages from up to 16 RA patients (A,C) and 21 healthy controls (B) were analyzed by flow cytometry.

Results are standardized to the level of surface markers expressed in M1 untreated condition. Non-activated MDM and M1 MDM activated in the presence of the

indicated bDMARD were compared to M1 MDM. ***p value < 0.001, **0.001 ≤ p < 0.01, *0.01 ≤ p < 0.05 (Student paired t-test or Wilcoxon matched pairs test).
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FIGURE 3 | Anti-TNF agents modulate macrophages functions by inhibiting pro-inflammatory cytokine production and enhancing phagocytosis. MDM,

monocyte-derived macrophages; M1, pro-inflammatory macrophages activated by LPS + IFNγ; M(IL4), alternative macrophages activated by IL-4; M(IL10),

alternative macrophages activated by IL-10; RA, rheumatoid arthritis; ADA, adalimumab; ETA, etanercept; TCZ, tocilizumab; RTX, rituximab; RA, rheumatoid arthritis.

Monocytes derived macrophages were activated for 24 h as M1, M(IL4), and M(IL10) with or without the indicated bDMARD. (A) Cytokines production was measured

in cell culture supernatant after 1 day of activation by cytometric bead array. Results are standardized to cytokine level in M1 untreated condition. (B) Tnf mRNA was

analyzed in non-activated MDM (Baseline) and in M1 inflammatory macrophages activated 6 h with or without anti-TNF agents. Results are normalized to mRNA level

in M1 macrophages (up to 5 healthy controls). (C–E) Phagocytosis of green-labeled E.coli particles was assessed by flow cytometry. All experiments were performed

in duplicate. Macrophages incubated on ice were used as negative control. (C) Phagocytosis was assessed in 24 h activated M1, M(IL4), and M(IL10). Data

representative for 3 healthy controls. (D) The effect of bDMARD on phagocytosis by M1 macrophages was assessed by flow cytometry (5 healthy controls). (E) The

impact of CD16 blockade on phagocytosis was assessed by flow cytometry. MDM were activated as M1 macrophages for 24 h in the presence or not of ADA and an

anti-CD16 blocking antibody (10µg/ml). Data representative for 4 healthy controls. Non-activated MDM and M1 MDM activated in the presence of bDMARDs were

compared to untreated M1 MDM. ***p value < 0.001, **0.001 ≤ p < 0.01, *0.01 ≤ p < 0.05 (Student paired t-test or Wilcoxon matched pairs test).

phenotype. TNF secretion was decreased by ETA from
the first hours of M1 activation (Supplemental Figure S6).
At 24 h post-activation, we observed a dose-dependent

inhibition of TNF concentration by ETA. ETA at 10µg/mL
did not affect TNF secretion in RA patients, and significantly

decreased TNF in controls, who notably secreted lower

levels of TNF (Supplemental Table S1). However, a high
concentration of ETA (100µg/mL) was associated with a
reduced secretion of TNF in cell culture supernatants from

controls (Supplemental Figure S5B).

TCZ significantly decreased IL6 and TNF production in
healthy controls but not in RA patients.

RTX slightly, but significantly decreased TNF in RA patients.

Anti-TNF Agents Increase Phagocytic
Capacity
Phagocytosis is the hallmark of macrophages. Clearance of debris
and apoptotic bodies contributes to resolve of inflammation. We
assessed the impact of bDMARDs on the phagocytic capacity of
MDM from 5 healthy controls activated as M1 pro-inflammatory
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MDM. Phagocytosis was higher in M(IL10) andM(IL4) activated

MDM than in M1 MDM (Figure 3C). Anti-TNF agents, but
neither TCZ nor RTX, induced an increase of phagocytosis in
M1 MDM (Figure 3D, Supplemental Figure S7). Considering
that CD16 is known to be implicated in phagocytosis, and that
surface expression of CD16 is increased in our study by anti-
TNF agents, we assessed its contribution to in vitro phagocytosis
by a specific inhibition with a blocking anti-CD16 antibody.
The results showed that this increase in phagocytosis by ADA
treatment was, at least in part, CD16-dependent (Figure 3E).

The Impact of Anti-TNF Agents on
Macrophage Polarization Involves IL10
In the presence of anti-TNF agents, we observed a selective
preservation of M(IL10) markers (but not M(IL4) markers),
associated with functional modifications including a
lower production of inflammatory cytokines and a higher
phagocytic capacity. IL-10 is a major cytokine of the
negative feedback control of inflammation and increases
phagocytosis. We thus assessed the implication of IL-10 in
the modulation of macrophage polarization induced by anti-
TNF agents in an M1 inflammatory context (Figures 4A–D,
Supplemental Figures S8A–C). Il10 mRNA was induced by M1
activation with fast kinetics. We observed a biphasic modulation
of IL-10 in the presence of anti-TNF agents in M1 MDM.
First, at an early time-point il10 mRNA was increased in the
presence of anti-TNF agents (2 h post-activation) (Figure 4A).
This finding was consistent with the higher IL-10 secretion in
cell culture supernatants, in the presence of anti-TNF agents,
notably between 2 and 6 h post-activation (Figure 4B). Second,
at 24 h of M1 activation, we observed a decrease in IL-10
with anti-TNF agents but not with TCZ and RTX (Figure 4C,
Supplemental Figure S8A). This decrease was potentially
related to the neutralization of the inflammatory environment by
anti-TNF agents. This biphasic modulation suggested a critical
role for early IL-10 production in macrophage polarization in
the presence of a TNF blockade. Therefore, we next assessed
the impact of the early neutralization of IL-10 on the anti-TNF
agents-induced polarization (Supplemental Figure S8B). IL-10
inhibition by a monoclonal antibody (mAb) from the start of
the 24 h activation phase resulted in a dramatic decrease in M2
alternative surface markers and an increase in M1 inflammatory
surface markers (Figure 4D, Supplemental Figure S8C).

Anti-TNF Agents Amplify IL-10-Related
Negative Control of Inflammation
IL-10 controls the inflammatory process through induction of
various proteins including Suppressors of cytokine signaling
(SOCS), MerTK and its ligand Gas6 (25, 26). SOCS are a
family of intracellular cytokine-inducible proteins known to be
major regulators of macrophage phenotypes (27). SOCS3 can
act downstream from MerTK, which plays a major role in
phagocytosis of apoptotic cells and controls many other functions
such as immunoregulation. Notably, MerTK inhibits the Toll-
like receptors-mediated innate immune response via its ligand
Gas6, and via an increase in SOCS3 level (28, 29). Using RTqPCR,

we aimed to assess the contribution of the negative feedback
control of inflammation by Gas6 and SOCS3, on the modulation
of macrophage polarization induced by anti-TNF agents. Gas6
was expressed at baseline. M1 inflammatory activation decreased
gas6 expression. Anti-TNF agents maintained the level of gas6
expression over time until 24 h post-activation (Figure 4E),
with a higher level in the presence of ADA than ETA. M1
activation induced socs3 expression. Anti-TNF agents enhanced
this expression in the first hours post-activation (Figure 4F).

Anti-TNF Agent-Induced Switch From
Inflammatory to Alternative Macrophage
Polarization Involves STAT3
Given that IL-10 is involved in the impact of anti-TNF agents
on polarization, and that STAT3 is a key transcription factor in
M(IL10) commitment, we evaluated the implication of STAT3
in the modulation of macrophage polarization induced by anti-
TNF agents in an M1 inflammatory context. We tested whether
the early inhibition of IL-10 (mAb) may decrease phospho-
STAT3 (pSTAT3) involvement in inflammatory macrophages.
We observed an increase in pSTAT3 in the presence of ADA and
ETA, and an abolition of pSTAT3 in the presence of the IL-10
mAb (Figure 5A).

In addition to its implication in IL10 signaling, STAT3 is
also a key transcription factor in IL-6 signaling. In the presence
of LPS, STAT3 activation is transient in the presence of IL-6,
whereas it is sustained with IL-10 (30). We observed after
24 h of M1 activation that intracellular expression of pSTAT3
was higher in the presence of anti-TNF than in M1 untreated
cells (Figure 5B). Both anti-TNF agents displayed a decreased
induction of M(IL10) markers in the presence of selective
inhibitors of STAT3: cucurbitacin I and STATTIC (Figures 5C,D,
Supplemental Figure S9).

DISCUSSION

This study demonstrates that anti-TNF agents downregulate
surface markers and cytokines associated with an inflammatory
phenotype in macrophages, and favor properties such as
phagocytosis and negative feedback of inflammation supporting
the resolution of inflammation through an IL-10/STAT3
pathway.

Studies addressing the impact of pro-inflammatory cytokine
blockades on monocyte/macrophage phenotypes and functions
are scarce (21, 31–33). Herein, we provide new data based on
macrophages from RA patients that provide new concept of the
mode of action of bDMARDs. This is of help to understand the
action of anti-TNF bDMARDs in RA.

Infiltrating synovial macrophages originate from blood
monocytes. These macrophages are considered as short lifespan
cells constantly recruited in the inflammatory synovium: they
experience activation-induced cell death (34, 35), apoptosis
induced by therapeutic agents (22, 32, 36), and eventually efflux
from synovium (37). We used monocyte-derived macrophages
submitted to pro-inflammatory conditioning to model the
contribution of these infiltrating macrophages to rheumatoid
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FIGURE 4 | The impact of anti-TNF agents on macrophage polarization involves IL10 negative feedback control of inflammation. MDM, monocyte-derived

macrophages; M1, pro-inflammatory macrophages activated by LPS + IFNγ; ADA, adalimumab; ETA, etanercept; Anti-IL10, anti-IL-10 neutralizing antibody. (A) Il10

mRNA were analyzed in non-activated MDM and in M1 inflammatory macrophages activated or not in the presence of anti-TNF agents. Results are

(Continued)
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FIGURE 4 | normalized to mRNA level in M1 macrophages (4 healthy donors). (B) Early IL-10 secretion was measured in cell culture supernatants of treated and

untreated M1 macrophages by cytometric bead array (3 healthy donors). (C) IL-10 secretion was measured in cell culture supernatants, after 1 day of M1 activation in

the presence of the indicated bDMARD, by cytometric bead array (10 RA patients and 11 healthy donors). Results are standardized to IL-10 level in M1 condition.

(D) M1 macrophages were cultivated 24 h in the presence or not of the indicated anti-TNF and neutralizing anti-IL10 monoclonal antibody (10µg/mL). The impact on

M2 polarization markers modulated by anti-TNF agents was assessed by flow cytometry. (E) Expression of gas6 mRNA over time, normalized to gapdh expression,

and its variation at 24 h time point, in M1 macrophages activated or not in the presence of anti-TNF agents (up to 6 healthy controls). (F) Variation of socs3 mRNA at

2 h time point, in M1 macrophages activated or not in the presence of anti-TNF agents (up to 6 healthy controls). Basal MDM and M1 MDM cultivated in the presence

of bDMARDs were compared to M1 MDM. ***p value < 0.001, **0.001 ≤ p < 0.01, *0.01 ≤ p < 0.05 (Student paired t-test or Wilcoxon matched pairs test).

FIGURE 5 | Anti-TNF agent-driven polarization involves an IL-10-dependent induction of STAT3. M1, pro-inflammatory macrophages activated by LPS + IFNγ; ADA,

adalimumab; ETA, etanercept; pSTAT3, phospho(Tyr705)-STAT3; RA, rheumatoid arthritis; RTX, rituximab. (A) M1 macrophages were cultivated 6 h in the presence or

not of the indicated bDMARD and neutralizing anti-IL10 monoclonal antibody (10µg/mL). The impact of IL-10 neutralization on STAT3 and pSTAT3 expressions were

analyzed by western blot. Data representative of 3 independent experiments (representative western blot and quantitative analysis). (B) Intracellular staining of pSTAT3

was performed after 24 h of M1 activation with or without anti-TNF agent and analyzed by flow cytometry. (C,D) STAT3 inhibitors (Cucurbitacin (circles), CCB 50nM,

STATTIC (squares) 1µM) were added to the culture medium during the 24 h M1 activation in the presence of the indicated anti-TNF. The subsequent modulation M2

polarization markers induced by anti-TNF agents were assessed by flow cytometry. Non-activated MDM and M1 MDM cultivated in the presence of bDMARDs were

compared to M1 MDM. **0.001 ≤ p < 0.01, *0.01 ≤ p < 0.05 (Student paired t-test or Wilcoxon matched pairs test).

synovitis. In therapeutic condition, newly generated infiltrating
macrophages are exposed to the drug from their maturation
to their death. Considering the constant turnover of non-
resident inflammatory macrophages, it appears that blocking the
polarization of macrophages toward an inflammatory phenotype
in the presence of anti-TNF is relevant.

Here we have provided data concerning the plasticity of
macrophages and discriminative markers of polarization. Some
authors opposed M-CSF and granulocyte macrophage colony
stimulating factor (GM-CSF) as, respectively,M2 andM1 stimuli.
However, this concept is debated (2, 24, 38, 39). Notably,
M-CSF may contribute to the inflammatory milieu, with an
involvement in collagen induced arthritis (40) and with the

induction in macrophages of a high pro-inflammatory response
to rheumatoid arthritis-specific immune complex containing
ACPA (41). Interestingly, drugs targeting M-CSF are able to
inhibit arthritis in murine models of RA (42, 43). As widely
proposed (2), we used M-CSF which is known to be the
main growth factor involved in macrophages differentiation in
homeostasis. As expected, the differentiation process with M-
CSF induced a partial M2 “alternative” phenotype bias in MDM
that was reversible with pro-inflammatory activation provided by
TLR4 ligand+ IFNγ.

Anti-TNF agents are commonly used in RA patients. In the
current study, we took ADA as a representative of anti-TNF
monoclonal antibodies, ETA as a soluble anti-TNF receptor, and
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CZP as an anti-TNF agent devoid of the Fc fragment. Anti-TNF
agents were used at 10µg/ml, a concentration corresponding to
the steady-state level in clinical studies.

Our current study demonstrated that in inflammatory
conditions, anti-TNF agents but not TCZ favor CD16, CD163,
and MerTK expression while decreasing CD40 and CD80.
Ambarus et al. (44) depicted the impact of polarizing
cytokines on macrophage surface markers of monocyte-
derived macrophages from healthy controls. Even though the
experimental protocols were different, our results for polarization
markers were consistent with their study. Moreover, we have
discovered suitable surface markers of macrophage polarization
in RA patients. The discriminative ability of our selected
polarization surface markers was similar in RA patients and in
controls. To our knowledge, this work is the first to provide such
data for RA patients.

A functional hallmark of macrophages is the production
of cytokines. As expected from treatments neutralizing a
major inflammatory cytokine, anti-TNF agents decreased the
production of inflammatory cytokines (IL-6, IL-12, TNF). This
decrease is probably due to a blockade of the inflammatory
positive loop. In most of the experiments, anti-TNF agents
displayed similar properties. Only high concentrations of ETA
were able to drastically inhibit TNF production in cell culture
supernatants, suggesting a positive loop of TNF regulation that
is lost only when TNF is completely neutralized.

Regarding IL-10, we observed a biphasic modulation of
IL10 production in the presence of anti-TNF agents: (i) early
increase in IL-10, (ii) a decrease at later time-points. Given that
IL-10 is a major cytokine of the negative feedback control of
inflammation, these findings suggested an implication of IL-10
in the modulation of the M1 MDM phenotype in the presence
of anti-TNF agents. This hypothesis was confirmed by the
antagonization of anti-TNF agents effects by IL-10 neutralization.
We propose that the early increase in IL-10 is a major contributor
to the modulation of inflammatory macrophages’ polarization
by anti-TNF (Figure 6). We observed a decrease in IL-10 at
24 h post-activation. We considered that this decrease was
a consequence of the inhibition of the inflammatory milieu
provided by the TNF. We have previously shown that CZP,
an anti-TNF agent, induce NRF2 activation (21), a marker
involved in the anti-inflammatory pathways (45) and IL-10
production (our current study). On the contrary, anti-IL-6R
does neither induce NRF2 nor IL-10 production (46–48). Our
findings, showing a specific IL-10-dependent modulation of
macrophages polarization by anti-TNF agents, thus reflect the
differences between bDMARDs on IL-10 regulation. We provide
here additional evidence to the concept that a TNF blockade
induce a regulatory phenotype in immune cells (49).

Another hallmark of macrophage function is phagocytosis.
M1 MDM activated in the presence of anti-TNF agents
displayed higher surface expression of phagocytic receptors

FIGURE 6 | Mode of action of anti-TNF agents in rheumatoid macrophages. IL-10, interleukin 10; STAT3, Signal transducer and activator of transcription 3.

Inflammatory conditions such as rheumatoid arthritis (RA) induce macrophages with a pro-inflammatory phenotype. This phenomenon is counterbalanced by a

negative feedback involving IL-10. However, in RA the negative feedback on inflammation is overridden, thus leading to a self-maintained inflammation. In the

presence of anti-TNF agents, we observed an early and strong negative feedback on inflammation through an IL-10/STAT3 axis resulting in a M(IL10) alternative

polarization of macrophages.
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(CD16, CD163, MerTK) and higher levels of phagocytosis.
Clearance of apoptotic bodies, notably involving MerTK, is a
critical point for homeostasis and resolution of inflammation.
M(IL10) polarization potentiates clearance of apoptotic bodies
through MerTK (26). Our data emphasize that anti-TNF agents
orientate inflammatory macrophages toward a pro-resolving
phenotype.

In addition to the increase in phagocytosis by anti-TNF
agents, we observed an increase in MerTK surface expression,
and in gas6 mRNA. MerTK is, like other TAM receptors,
involved in negative regulation of TLR-mediated inflammation
by antigen presenting (28). MerTK expression is linked to
M(IL-10) alternative polarization. GAS6, a TAM receptor ligand,
has been shown to inhibit TNF, IL-6, and IL-1 secretion in
human monocytes (50). Overexpression of TAM ligands is
known to increase SOCS3 levels and contributes to dampen
murine arthritis (29). Moreover, IL-10 favors efferocytosis via
MerTK/Gas6, and Gas6 is known to be able to drive anti-
inflammatory effects through IL-10 induction (26). Our results
emphasize an upregulation of MerTK, gas6, and phagocytosis in
the presence of anti-TNF agents, consistent with an upregulation
of the negative feedback control of inflammation by TNF
blockade involving MerTK and its counterparts.

IL-10 is known to signal through Jak1/STAT3 pathway. We
have shown that modulation of macrophages’ polarization by
anti-TNF agents was IL-10/STAT3 dependent. The implication
of the IL-10/STAT3 axis may be related to the increase in IL-10
(mRNA and protein) at early time-points.

In conclusion, we showed that anti-TNF agents not only
inhibit in vitro inflammatory functions of macrophages, but
also favor pro-resolving features of macrophages specifically
involving the IL-10/STAT3 axis. Given that patients of our
study have been treated with different DMARDs or MTX
schedules, the conclusions may not apply to all patients. Among
those concerned, such a shift in macrophage polarization in
inflammatory context is expected to contribute to the clinical
benefit of anti-TNF agents in RA.
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