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Abstract
Objective Macrophage interleukin (IL)-10 signalling
plays a critical role in the maintenance of a regulatory
phenotype that prevents the development of IBD.
We have previously found that anti-tumour necrosis
factor (TNF) monoclonal antibodies act through Fcγreceptor (FcγR) signalling to promote repolarisation of
proinflammatory intestinal macrophages to a CD206+
regulatory phenotype. The role of IL-10 in anti-TNFinduced macrophage repolarisation has not been
examined.
Design We used human peripheral blood monocytes
and mouse bone marrow-derived macrophages to study
IL-10 production and CD206+ regulatory macrophage
differentiation. To determine whether the efficacy of
anti-TNF was dependent on IL-10 signalling in vivo and
in which cell type, we used the CD4+CD45Rbhigh T-cell
transfer model in combination with several genetic
mouse models.
Results Anti-TNF therapy increased macrophage IL-10
production in an FcγR-dependent manner, which caused
differentiation of macrophages to a more regulatory
CD206+ phenotype in vitro. Pharmacological blockade
of IL-10 signalling prevented the induction of these
CD206+ regulatory macrophages and diminished
the therapeutic efficacy of anti-TNF therapy in the
CD4+CD45Rbhigh T-cell transfer model of IBD. Using
cell type-specific IL-10 receptor mutant mice, we found
that IL-10 signalling in macrophages but not T cells
was critical for the induction of CD206+ regulatory
macrophages and therapeutic response to anti-TNF.
Conclusion The therapeutic efficacy of anti-TNF in
resolving intestinal inflammation is critically dependent
on IL-10 signalling in macrophages.

Introduction

Despite the considerable efficacy of antitumour
necrosis factor (TNF)-α in the treatment of IBD, up
to 30% of patients with IBD do not respond, and it
is unknown what causes this primary non-reponse.1
This uncertainty is in part related to the fact that
the mechanism of action of anti-TNF therapy in
IBD has not been fully elucidated.2 The mechanism
of action of anti-TNF therapy in IBD cannot solely
be attributed to the neutralisation of TNF alone, as
some TNF-neutralising drugs, such as etanercept,

Significance of this study
What is already known on this subject?

►► Intestinal immune tolerance depends on

interleukin (IL)-10 signalling in lamina propria
macrophages to maintain a regulatory CD206+
regulatory phenotype.
►► The effect of anti-tumour necrosis factor
(TNF) therapy in IBD depends on Fcγ-receptor
signalling.
►► Fcγ-receptor (FcγR) signalling induces IL-10
production in macrophages.
What are the new findings?

►► Anti-TNF therapy induces FcγR-dependent IL-10

production in mouse and human macrophages
in vitro.
►► Anti-TNF therapy polarises human and mouse
macrophages towards CD206+ macrophages in
an IL-10-dependent manner in vitro.
►► The efficacy of anti-TNF therapy in the T-cell
transfer model of colitis depends on IL-10
signalling, specifically in macrophages and not
T cells.
►► Anti-TNF therapy induces IL-10 production
and polarises macrophages towards CD206+
regulatory macrophages in intestinal biopsies
of patients with Crohn’s disease in vivo,
specifically in anti-TNF responders in contrast
to non-responders.

How might it impact on clinical practice in the
foreseeable future ?
►► Our results point to a central role for IL-10induced repolarisation of macrophages to a
regulatory phenotype in the therapy of patients
with IBD.
►► A reduced response to IL-10 contributes to
primary non-response to anti-TNF in IBD and
might be used to identify such patients.

are successful in the treatment of rheumatoid
arthritis3 4 but do not show efficacy in IBD.5 6
Recently, it has been shown that high oncostatin M
(OSM) levels are associated with the non-response
to anti-TNF in IBD.7
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Anti-TNF therapy in IBD exerts its therapeutic effect
through macrophage IL-10 signalling

Inflammatory bowel disease

Materials and methods

For information on mice strains and materials used, in situ
hybridisation, immunohistochemistry, flow cytometry, in vitro
experiments and the quantification of proteins by western blot
or ELISA, see online supplementary information.

Mouse experiments

The T-cell transfer model was performed as previously
described.22 Colitis was induced by injecting 3–5×105
CD4+CD45RBhigh T-cells intraperitoneally, with mice without
a transfer as controls. Il10KO animals were treated with antimouse TNF, anti-mouse IL-12/23-p40 or isotype control mAbs,
300 µg, two times per week intraperitoneally from 8 to 14 weeks
2

of age. The anti-TNF dose titration was described previously.23
The effective dosage of 100 µg anti-TNF twice a week intraperitoneally was used for all further experiments from 3 weeks after
the T-cell transfer, when animals began to exhibit clinical signs
of colitis, until the end of the experiments. The T-cell transfer
experiment with the FcgRKO/Rag1KO animals was described
previously.16 The anti-IL-10Rα antibody was administered from
2 weeks after the T-cell transfer, 250 µg two times a week intraperitoneally until the end of the experiment. The Mouse Colitis
Endoscopy Index (MCEI) and the Mouse Colitis Histology
Index (MCHI) were determined as recently described.24 All
experiments were approved by the Academic Medical Center
(AMC)

Cohort studies of patients with Crohn’s disease (CD)

Intestinal biopsies were collected from patients with CD before
and during anti-TNF treatment (online supplementary table
1). Seven responders and seven non-responders, with response
defined as a decrease of >25% Crohn’s Disease Endoscopic
Index for severity (CDEI) or Simple Endoscopic Score for
Crohn’s Disease (SES-CD), were included. The study protocols were approved by the medical ethical committee of the
Amsterdam UMC and of the University Hospital in Leuven, and
all participants provided written informed consent.

Statistical analysis

Data are presented as bar–scatter plots with bars indicating
median and dots representing individual values/animals, or
bar graphs representing mean+SEM. Data were analysed by
GraphPad Prism V.7.02 (GraphPad Software, La Jolla, CA, USA)
with statistical tests specified in the figure legends. Values of
p<0.05 were considered significant.

Results
Colitis in Il10KO mice is resistant to anti-TNF therapy

As previously described,14 we found that chronic intestinal
inflammation in the Il10KO mouse was highly responsive to
IL-12/23 therapy but completely resistant to anti-TNF therapy. In
contrast to anti-TNF, treatment with the anti-IL-12/23 antibody
improved bodyweight (figure 1A), colon density (figure 1B),
endoscopic severity of disease (figure 1C,D) and the histology
score (figure 1E,F) when compared with isotype control treatment. The absence of a therapeutic effect of anti-TNF in the
Il10KO mouse led us to hypothesise that IL-10 is a necessary
factor for the induction of a therapeutic response to anti-TNF
therapy.

Blocking IL-10 signalling reduces the efficacy of anti-TNF
therapy

Since Il10KO mice lack IL-10 since conception, it is not clear if
lack of response to anti-TNF is related to developmental abnormalities of different immune cell subsets or due to the absence of
IL-10 signalling during therapy. To investigate if IL-10 is a crucial
factor for the efficacy during anti-TNF therapy, we coadministered an anti-IL-10Rα antibody in the T-cell transfer model. The
anti-IL-10Rα diminished the therapeutic efficacy of anti-TNF,
indicated by the absence of a significant improvement of the
endoscopy score (figure 2A,B), the histology score (figure 2C,D)
and colon density (figure 2E). Interestingly, it did not affect the
effect of the anti-TNF on body weight loss (figure 2F), indicating that body weight loss is dependent on the well-established cachectic effects of circulating TNF, which we have seen
before,15 that are less dependent on IL-10. There was an increase
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Interleukin (IL)-10 is a cytokine with convincing evidence for
a role in the pathogenesis of IBD. IL-10 is linked to the aetiology of IBD through multiple genome-wide association studies
(GWAS), and both mice and humans develop spontaneous IBD
when IL-10 or its receptors are genetically disrupted.8–11 It has
previously been established that the role of IL-10 in IBD depends
on IL-10 signalling in macrophages. Here IL-10 acts to maintain
lamina propria macrophages in a regulatory CD206+ phenotype that is critical to maintain intestinal immune tolerance.12 13
Interestingly, it has previously been described that IL-10 mutant
mice are refractory to anti-TNF therapy, whereas they are highly
responsive to antibodies to IL-12/IL-23p40.14 It is currently
not known why IL-10 mutant mice are refractory to anti-TNF.
Perhaps IL-10 mutant mice display a type of inflammation that
develops independently of an intervention with anti-TNF. Alternatively and more intriguingly, there is a possibility that IL-10
signalling is required for the mechanism of action of anti-TNF.
We have previously shown that full monoclonal antibodies
(mAbs) against TNF engage Fcγ receptors (FcγRs) and that
this Fc–FcγR interaction is necessary for the therapeutic efficacy of anti-TNF in a preclinical model of IBD. Mice without
activating FcγRs completely lost response to anti-TNF therapy
in the T-cell transfer colitis model, and conversely, a hypofucosylated anti-TNF antibody with increased Fc-binding affinity
showed improved efficacy.15 16 Additionally, we have shown that
anti-TNF skews human monocytes towards CD206+ regulatory
macrophages in an Fc-dependent manner in vitro17 and in vivo,16
and that the response to anti-TNF therapy in both mice and
humans was accompanied by the formation of these CD206+
regulatory macrophages in the intestine.16 18 However, the exact
signalling mechanism of the induction of these macrophages and
their precise role in the resolution of intestinal inflammation on
anti-TNF therapy are currently unknown.
Interestingly, it has previously been shown that FcγR signalling in macrophages increases the secretion of IL-10.19–21 Given
the crucial role of macrophage IL-10 signalling in specifying an
M2-like CD206+ regulatory macrophage phenotype to prevent
intestinal inflammation,12 13 the dependence of response to
anti-TNF on FcγR signalling16 and the observation that IL-10
mutant mice are refractory to anti-TNF, we decided to examine
the role of IL-10 signalling in the therapeutic response to
anti-TNF.
Here we show that anti-TNF mAb therapy increases IL-10
production in monocytes/macrophages in an FcγR-dependent
manner in vitro, which skews them towards a CD206+ regulatory phenotype. Using cell type-specific mutant mice, we find
that IL-10 signalling in macrophages is absolutely required for
anti-TNF-induced macrophage skewing to a CD206+ regulatory
phenotype as well as therapeutic response.

Inflammatory bowel disease

in intestinal Il10 expression on treatment with anti-TNF, especially when Il10 levels were expressed relative to levels of key
proinflammatory cytokines, such as Ifng or Il1b (figure 2G).
The induction of Il10 was reduced by blocking IL-10 signalling,
indicating a positive feedback mechanism. Anti-TNF therapy
increased the expression of Cd163 and Cd206, two markers of
regulatory macrophages, in an IL-10 dependent manner, and
reduced the expression of Nos2, a marker of proinflammatory
macrophages, independent of IL-10 (figure 2H). The increased
ratios of Cd206/Nos2 and Cd163/Nos2 are, although somewhat
artificial, a good indication that anti-TNF shifts the intestinal
macrophage balance towards the regulatory phenotype in an
IL-10 dependent manner. Together, these data suggest that IL-10
signalling is directly required for the full therapeutic response to
anti-TNF in IBD.

Intestinal IL-10 is increased upon successful anti-TNF therapy

We have previously shown that the T-cell transfer colitis
model responds to anti-TNFmAb therapy in a dose-dependent
fashion.23 In this titration experiment, intestinal IL-10 levels
were increased in animals treated with the effective dosage of
Koelink PJ, et al. Gut 2019;0:1–11. doi:10.1136/gutjnl-2019-318264

anti-TNF (figure 3A). There was an association between intestinal IL-10 levels and the response to anti-TNF therapy, shown
by the strong inverse correlation between the intestinal IL-10
level and the MCHI (Spearman’s rho=−0.582, p<0.0001;
figure 3B). To investigate which cells are responsible for the
production of IL-10 on anti-TNF therapy, we performed in situ
hybridisation. Anti-TNF therapy led to an increase of Il10 transcripts in CD3-negative cells in the intestine (figure 3C). Immunohistochemical analysis of the macrophage marker F4/80 on
consecutive slides strongly suggests that anti-TNF increases Il10
specifically in macrophages (figure 3D), although we cannot
exclude expression in other cell types.

Anti-TNF induces IL-10 signalling through FcγR

In previous studies, we have shown that FcγR interaction is
crucial for the therapeutic efficacy of anti-TNF in IBD, presumably through the induction of regulatory macrophages.15–17 As
FcγR ligation is a potent inducer of IL-10 in macrophages,19–21
we investigated Il10 expression in the T-cell transfer model
in FcgRKO/Rag1KO animals that are refractory to anti-TNF
therapy.16 The intestinal increase in the Il10/Ifng or Il10/Il1b
3
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Figure 1 Il10KO mice are anti-TNF refractory. Il10KO mice were treated with 300 µg anti-TNF (n=9), anti-IL-12/23 (n=9) or isotype control (n=10)
two times per week for 6 weeks as described in the Materials and methods section (healthy control mice (n=10) were included in B–F. (A) Body
weight, (B) colon density, (C) representative endoscopy images and (D) endoscopy score (MCEI). (E) Representative images of H&E-stained intestinal
slides (E) and (F) histology score (MCHI). Significance was determined by Kruskal-Wallis followed by Dunn’s post hoc test with *p<0.05 and **p<0.01.
IL, interleukin; MCEI, Mouse Colitis Endoscopy Index; MCHI, Mouse Colitis Histology Index; TNF, tumour necrosis factor.
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ratio by anti-TNF mAbs was indeed FcγR dependent, as this
increase was abrogated in mice that lacked all activating FcγRs
(figure 4A). This supports the hypothesis that production of
IL-10 is FcγR dependent. To further investigate if anti-TNF
can induce IL-10 production in macrophages, we performed
in vitro experiments in bone marrow-derived macrophages
(BMDMs). To distinguish the effect of increased FcγR signalling
by the anti-TNF mAb versus the neutralisation of TNF alone, we
generated Fab fragments of the anti-TNF mAb (online supplementary figure S1). As shown in figure 4B in lipopolysacharide (LPS)-stimulated BMDM immune complexes of the IgG2a
control antibody increased the secretion of IL-10, as described.19
Neutralisation of TNF by the anti-TNF Fab reduces the secretion of IL-10, while the anti-TNF mAb significantly increased
IL-10 secretion compared with the anti-TNF Fab fragment
4

(figure 4B). This correlated with increased transcription of Il10
(figure 4C), while there was little to no effect on the expression
of proinflammatory cytokines like Il1b, Il6 or Tnfa itself (online
supplementary figure S2). Anti-TNF mAbs did not increase IL-10
production in FcgRKO BMDMs, confirming the dependence on
FcγR signalling (online supplementary figure S3). The induction of IL-10 could be blocked by the anti-IL-10Rα antibody
and was absent in Il10rbKO BMDMs (figure 4D), suggesting
an autocrine positive feedback mechanism. IL-10 mediates its
signalling activity through the activating phosphorylation of
the signal transducer and activator of transcription (STAT)3.25
Incubation with the anti-TNF mAb indeed led to IL-10-dependent phosphorylation of STAT3 in BMDMs (figure 4E). As
we hypothesised that anti-TNF mAbs induce the differentiation of regulatory-type macrophages, through increased IL-10
Koelink PJ, et al. Gut 2019;0:1–11. doi:10.1136/gutjnl-2019-318264
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Figure 2 The efficacy of anti-TNF is IL-10 dependent. Severe combined immunedeficient (SCID) animals received 3×105 CD4+CD45Rbhigh T cells and
were treated with an anti-IL-10Rα (250 µg two times per week) from 2 weeks after the T-cell transfer, in combination with isotype or anti-TNF (100 µg
two times per week) from 3 weeks after the T-cell transfer. Representative stills of endoscopy movies (A) scored for the MCEI in (B). Representative
images of H&E-stained intestinal slides (C) scored for the MCHI in (D), the colon density in (E) and the bodyweight gain/loss during the experiment in
(F). Intestinal expression levels of Il10, Ifng and Il1b relative to Gapdh and Il10/Ifng and Il10/Il1b ratios, determined on whole-colon mRNA, are shown
(G). (H) Expression levels of Cd206, Cd163 and Nos2 relative to Gapdh and Cd206/Nos2 and Cd163/Nos2 ratios. All significance was determined
by Kruskal-Wallis followed by Dunn’s post hoc test (n=11–13). Asterisks in (F) indicate comparison between anti-TNF and isotype (*, p<0.05) and
between isotype +anti-IL10Rα and anti-TNF +anti-IL10Rα (****, p<0.0001). IL, interleukin; MCEI, Mouse Colitis Endoscopy Index; MCHI, Mouse
Colitis Histology Index; TNF, tumour necrosis factor.*p<0.05, **p<0.01, ***p<0.001 and **** p<0.0001.
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signalling, we determined the effect on Cd206. Incubation with
the anti-TNF mAb indeed led to increased expression of Cd206,
which was fully dependent on IL-10 signalling (figure 4F). This
was confirmed by flow cytometry for CD206 (figure 4G). These
results propose that anti-TNFmAb-induced FcγR signalling
increases IL-10 production in macrophages, which subsequently
enables differentiation to a more regulatory phenotype.

IL-10 signalling in Tcells is dispensable for the therapeutic
effect of anti-TNF

To exclude the possibility that the immunosuppressive effect of
anti-TNF therapy is mediated through a direct effect of increased
IL-10 levels on T-cells in vivo, we adoptively transferred
CD4+CD45RbhighIl10rb KO Tcells into Rag1KO mice. Anti-TNF
mAb therapy caused a similar reduction in the endoscopy score
(figure 5A,B), histology score (figure 5C,D) and colon density
Koelink PJ, et al. Gut 2019;0:1–11. doi:10.1136/gutjnl-2019-318264

(figure 5E) in Rag1KO mice that received an adoptive transfer of
CD4+CD45Rbhigh Il10rbKO T cells, compared with mice that
received wild-type CD4+CD45Rbhigh T-cells. This clearly shows
that IL-10 signalling in T cells is dispensable for a response to
anti-TNF mAb therapy. The absence of IL-10 signalling in T-cells
did not alter the anti-TNF mAb-induced increase in the Il10/Ifng
and Il10/Il1b ratio (figure 5G) or Cd206/Nos2 and Cd163/Nos2
ratios (figure 5H).

IL-10 signalling in macrophages is necessary for the
therapeutic effect of anti-TNF in vivo

To confirm that IL-10 signalling in macrophages is critical for
the therapeutic effect of anti-TNF mAbs in IBD, we used LysMCreIl10rafl/flRag1KO mice, in which the IL-10Rα is specifically
deleted in macrophages.26 Development of intestinal inflammation in these mice, on a CD4+CD45Rbhigh T-cell transfer, was
5
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Figure 3 Anti-TNF therapy increases intestinal IL-10 levels. IL-10 levels in whole-colon homogenates of severe combined immunedeficient (SCID)
mice that received a CD4+CD45Rbhigh T-cell transfer and were treated with different dosages of anti-TNF (n=10–12) for 4 weeks from 3 weeks after
the T-cell transfer. Animals treated with a therapeutic dosage of anti-TNF (100 μg) are shown in red (A). (B) Correlation between intestinal IL-10 levels
and the histological score (MCHI) in all mice that received a T-cell transfer (n=53). The proportion of CD3-negative lamina propria cells expressing Il10
was determined by image analysis (C, n>10 images/condition, n=11 per group) as determined by fluorescent in situ hybridisation. (D) Representative
Il10 in situ hybridisation (red) with F4/80 immunohistochemical staning (green) on a consectutive intestinal tissue slide of an anti-TNF-treated animal.
Scale bar is 50 µm. Significance was determined by analysis of variance followed by Sidak’s post hoc in (A) and Mann-Whitney test in (D) with*
p<0.05 and ***p<0.001. DAPI, 4',6-diamidino-2-fenylindool; IHC immunohistochemistry; IL, interleukin; ISH, in situ hybridisation; MCHI, Mouse Colitis
Histology Index; TNF, tumour necrosis factor.
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completely resistant to anti-TNF mAb therapy. There was no
effect of anti-TNF mAb on the endoscopy score (figure 6A,B),
histology score (figure 6C,D), colon density (figure 6E) or loss
of bodyweight (figure 6F) in mice with a macrophage-specific
deletion of IL-10Rα. The resistance to anti-TNF was not associated with decreased levels of anti-TNF mAbs (online supplementary figure S4A) or decreased intestinal Tnfa expression
(online supplementary figure S4B). However, the resistance
to anti-TNF correlated with the absence of an increase in the
6

intestinal Il10/Ifng and Il10/Il1b ratio (figure 6G). Moreover, in
contrast to Rag1KO control mice, there was no anti-TNF-dependent increase in Cd206/Nos2 and Cd163/Nos2 (figure 6H)
ratios. These ratios correlated very well with the Il10/Ifng and
Il10/Il1b ratios in the intestine (online supplementary figure S5).
As the Cd206/Nos2 and Cd163/Nos2 ratios cannot discriminate
between depolarisation of macrophages and the infiltration of
inflammatory monocytes, we have confirmed by flow cytometry that there indeed was a complete abrogation of anti-TNF
Koelink PJ, et al. Gut 2019;0:1–11. doi:10.1136/gutjnl-2019-318264
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Figure 4 Anti-TNF induces IL-10-dependent M2 differentiation in BMDMs in vitro. (A) Intestinal Il10 expression level relative to Gapdh and Il10/
Ifng and Il10/Il1b ratios of the Rag1 KO and FcgRKO/Rag1KO animals treated with anti-TNF. Relative Ifng and Il1b expression levels were reported in
Bloemendaal et al.16 Significance was determined by Kruskal-Wallis followed by Dunn’s post hoc test, n=9–11. (B) IL-10 levels in medium of BMDMs
stimulated with lipopolysacharide (LPS,100 ng/mL) and IFN-γ (20 ng/mL) in combination with the IgG isotype control antibody (10 µg mL), IgG immune
complex (10 µg mL), the anti-TNF mAb (10 µg/mL) or Fab fragment (7.2 µg/mL) after 48 hours (B). (C) Levels of Il10 normalised for Gapdh expression
in BMDMs after 24 hours. (D) IL-10 levels in medium of BMDMs (after 48 hours). (E) Western blot for pSTAT3, STAT3 and β-actin. (F) Levels of Cd206
normalised for Gapdh expression after 48 hours in (G) Representative histogram of flow cytometry for CD206, expressed as fold increase of the mean
fluorescence intensity (MFI) in graph on BMDMs after 72 hours. Wild-type BMDMs are shown in black, wild-type BMDMs incubated with anti-IL-10Rα
(10 µg/mL) in blue and Il10rbKO BMDMs in green. All data represent mean+SEM (n=3–6), representative of two to three independent experiments.
Significance was determined by analysis of variance. followed by Sidak’s post hoc test (B,C) or unpaired t-test with *p<0.05, **p<0.01,***p<0.001
and ****p<0.0001. BMDM, bone marrow-derived macrophage; IFN, interferon; IL, interleukin; TNF, tumour necrosis factor.
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mAb-induced regulatory macrophage polarisation in macrophage-specific IL-10Rα mutant mice (figure 6I). Altogether,
these data show that macrophage IL-10 signalling is absolutely
required for both regulatory macrophage polarisation and therapeutic efficacy in response to anti-TNF mAbs.

Effect of anti-TNF on IL-10 signalling in human IBD

To investigate whether upregulation of IL-10 and subsequent
signalling is relevant for the effect of anti-TNF mAbs in patients
with IBD, we first investigated IL-10 production in differentiating human monocytes in vitro. Incubation with the anti-TNF
mAb adalimumab lead to the increased production of IL-10
when compared to incubation with the anti-TNF Fab fragment certolizumab (figure 7A), and enabled differentiation to
a more regulatory phenotype of macrophage in this in vitro
system, characterised by the upregulation of CD206 (figure 7B).
This was largely dependent on IL-10 signalling as an antiIL-10 blocking antibody strongly diminished the upregulation
of CD206 (figure 7B). This was confirmed by flow cytometry
Koelink PJ, et al. Gut 2019;0:1–11. doi:10.1136/gutjnl-2019-318264

for CD206 (figure 7C). Finally, we determined mucosal IL10
mRNA levels in patients with CD treated with anti-TNF mAbs.
We included seven endoscopic responders and seven endoscopic
non-responders (online supplementary table 1). Although there
was no increase in relative expression levels of IL10, as with the
mice treated with anti-TNF therapy, the IL10/IFNG expression
ratios were significantly increased in the responders on anti-TNF
treatment, while there was no such increase in anti-TNF non-responders (figure 7D). The induction of regulatory macrophages
on anti-TNF mAb therapy, indicated by the increase in the CD206/
NOS2 ratio, was also found specifically in anti-TNF responders
in contrast to non-responders (figure 7E) and correlated with
IL10/IFNG levels (online supplementary figure S6).

Discussion

The reasons for non-response to anti-TNF therapy in IBD are still
poorly understood.1 Here, we show that anti-TNF mAbs require
IL-10 signalling in macrophages and that this IL-10 signalling is
necessary for anti-TNF-induced polarisation of macrophages to
7
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Figure 5 Efficacy of anti-TNF is independent of IL-10 signalling in T-cells. Rag1KO animals received a 3×105 wild type (grey) or 3×105 Il10rbKO
(green) CD4+CD45Rbhigh T-cell transfer and were treated with isotype or anti-TNF. Control Rag1KO animals did not receive a T-cell transfer.
Representative stills of endoscopy movies (A) scored for the MCEI in (B). Representative images of H&E-stained intestinal slides (C) scored for the
MCHI in (D), the colon density (E) and the bodyweight gain/loss during the experiment in (F). (G) Intestinal expression levels of Il10, Ifng and Il1b
relative to Gapdh and Il10/Ifng and Il10/Il1b ratios, determined on whole-colon mRNA. (H) Expression levels of Cd206, Cd163 and Nos2 relative to
Gapdh and Cd206/Nos2 and Cd163/Nos2 ratios. All significance was determined by Kruskal-Wallis followed by Dunn’s post hoc test with *p<0.05,
**p<0.01 and ***p<0.001 (n=10–12). IL, interleukin; MCEI, Mouse Colitis Endoscopy Index; MCHI, Mouse Colitis Histology Index; TNF, tumour
necrosis factor.
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a regulatory M2-like phenotype. Mice in which IL-10 signalling
is specifically disrupted in macrophages are completely resistant to treatment with anti-TNF in the CD4+CD45Rbhigh T-cell
transfer model of colitis, while disruption of IL-10 signalling in
T cells does not affect treatment response.
IL-10 is a key factor in the maintenance of mucosal immunological tolerance. Mice that lack IL-10 develop chronic
inflammatory bowel disease.10 In humans, variants in the IL10
locus are associated with the risk of developing IBD in genomewide association studies8 9 and rare patients that have homozygous mutations in either IL10 or IL10R develop severe early
8

onset IBD.11 Studies in cell type-specific IL-10 signalling-deficient mice, as well as using cells derived from IL-10R-deficient patients have shown that tolerance critically depends on
macrophage IL-10 signalling.12 13 It was found that the M2-like
CD163/CD206+ regulatory phenotype of mucosal macrophages
depends on IL-10 signalling. In the absence of IL-10, macrophages are locked in an M1-like Nos2/CD86+ proinflammatory
phenotype and secrete excessive proinflammatory cytokines in
response to stimulation. Both mice and patients with germline
mutations in the IL-10 pathway fail to respond to therapy with
anti-TNF.14 27 This may be due to a developmental abnormality
Koelink PJ, et al. Gut 2019;0:1–11. doi:10.1136/gutjnl-2019-318264
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Figure 6 The efficacy of anti-TNF is dependent on IL-10 signalling in macrophages in vivo. Rag1KO (grey) or LysMcreIl10rafl/flRag1KO (blue) animals
received a CD4+CD45Rbhigh T-cell transfer (5×105 cells) and were treated with isotype or anti-TNF. Control animals (Rag1KO) did not receive a T-cell
transfer. Representative stills of endoscopy movies (A) scored for the MCEI in (B). Representative images of H&E-stained intestinal slides (C) scored
for the MCHI in (D), the colon density (E) and the bodyweight gain/loss during the experiment in (F). (G) Intestinal expression levels of Il10, Ifng and
Il1b relative to Gapdh and Il10/Ifng and Il10/Il1b ratios, determined on whole-colon mRNA. Expression levels of Cd206, Cd163 and Nos2 relative to
Gapdh and Cd206/Nos2 and Cd163/Nos2 ratios are shown (H). Flow cytometry analysis for CD206 and LY6C is shown in (I), after gating for colonic
macrophages (DAPI−CD45+ CD11b+Ly6G−CD64+). All significance was determined by Kruskal-Wallis followed by Dunn’s post hoc test with *p<0.05,
**p<0.01 and ***p<0.001, n=7–12. IL, interleukin; Mouse Colitis Endoscopy Index; MCHI, Mouse Colitis Histology Index; TNF, tumour necrosis factor.
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of the immune system causing an inflammatory process in which
the mechanism of action of anti-TNFs is irrelevant. Interestingly,
data from different mouse models of colitis suggest that TNF
may actually have a protective role during intestinal inflammation and that, depending on the context, TNF may even
be required to suppress intestinal inflammation in mice.2 For
example, neutralisation of TNF with a mAb substantially worsened dextran sulfate sodium (DSS)-induced colitis28 and TNF
knock out mice are highly sensitive to DSS.29 The complete
absence of TNF worsens colitis in IL-10 mutant mice,30 and in
the T-cell transfer model, colitis worsens if the transferred T-cells
lack TNF-receptor II (TNFRII).31 Our own previous data have
shown that the therapeutic effect of anti-TNF is lost in mice that
lack activating FcγRs.16 Together these data suggest that TNF
can have important protective functions in intestinal inflammation supporting the notion that anti-TNFs may have additional
therapeutic modes of action independent from the neutralisation
of TNF. IL-10 signalling may be one of the additional modes of
action. Indeed, here we find that pharmacological blockade of
IL-10 signalling with an IL-10Rα blocking antibody reduces the
therapeutic efficacy of an anti-TNF in the T-cell transfer model
of colitis. This strongly suggests that IL-10 signalling is directly
Koelink PJ, et al. Gut 2019;0:1–11. doi:10.1136/gutjnl-2019-318264

required for the therapeutic response to anti-TNF. In line with
this, West et al7 recently showed that systemic IL-10Rα blockade
in combination with an Helicobacter hepaticus infection leads to
the development of anti-TNF-resistant colitis, which was associated with increased OSM levels. In our hands, the systemic
IL-10Rα blockade indeed seemed to increase intestinal Osm
levels (online supplementary figure S7A) and was associated
with the loss of response to anti-TNF therapy. However, the
anti-TNF-resistant colitis that developed in the LysMCreIl10rafl/
fl
Rag1KO was not associated with increased intestinal Osm levels
(online supplementary figure S7B), indicating that IL-10 signalling in macrophages is required for the therapeutic efficacy of
anti-TNF independent of OSM.
We have previously shown that anti-TNF mAbs can skew
monocytes to an M2-like CD206+ phenotype in vitro and in
vivo in an FcγR-dependent manner.16 TNF is a trimeric cytokine
that allows the formation of TNF-anti-TNF immune complexes
that potently engage the FcγR in case of mAbs infliximab, adalimumab and golimumab but not with etanercept (a soluble
receptor that binds a single trimer) or certolizumab (a single-arm
Fab fragment).32 To the best of our knowledge, this is the only
mechanism of action that is unique for mAbs and not shared
9
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Figure 7 Anti-TNF induces IL-10-dependent M2 differentiation in human monocytes in vitro. IL-10 levels in medium of human monocytes
stimulated with lipopolysacharide (LPS,100 ng/mL) and IFN-γ (20 ng/mL) and the full monoclonal anti-TNF antibody (adalimumab, 10 µg/mL) or
anti-TNF Fab fragment (certolizumab, 10 µg/mL) after 48 hours (A) and levels of CD206 normalised for Gapdh after 48 hours or flow cytometry for
CD206 expressed as fold increase of MFI after 72 hours (C) in combination with and anti-IL-10 antibody (10 µg/mL) or isotype control (10 µg/mL).
All graphs are mean+SEM representative of three independent donors with n=4–6 per condition. The IL10 and IFNG expression levels relative to
GAPDH and IL10/IFNG ratios (D) and CD206 and NOS2 expression levels relative to GAPDH and CD206/NOS2 ratios (E) in intestinal biopsies before
and after treatment in anti-TNF responding and non-responding patients with CD.Significance was determined by Mann Whitney in A, analysis of
variance followed by Holm-Sidak's post hoc test in B andC, and Wilcoxon signed rank test in D and E with *p<0.05, **p<0.01, ***p<0.001, and
****p<0.0001. IFN, interferon; IL, interleukin.
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the antiapoptotic effect of monocyte expressed mTNF on CD4+
T cells, resulting in T-cell apoptosis.34 This mechanism is shared,
however, between the anti-TNF mAbs and the Fab fragment
certolizumab, and cannot explain the low rate of mucosal healing
observed with certolizumab (4% at 10 weeks)35 compared with
the mAbs infliximab (31% at week 10)36 and adalimumab (27%
at week 12).37
Our data suggest that an inability of mucosal macrophages to
respond to IL-10 signalling may be one of the mechanisms that
underlies primary non-response to anti-TNF in patients with
IBD. A recent study by Nunberg et al38 showed that a subset
of patients with CD have monocytes that display a reduced
response to IL-10 when compared with healthy controls. A
small study with PBMCs of patients with CD suggests that this
response to IL-10 is associated with the response to TNF (not
shown) and might be a very useful predictive marker for the
response to anti-TNF therapy, which we aim to verify in a larger
patient cohort. As this work focusses on the IL-10 dependent
macrophage response for anti-TNF therapy in mouse models of
chronic T-cell driven inflammation, this might only be relevant
for patients with CD, as shown in figure 7. However, investigating the IL-10-dependent macrophage response in acute severe
colitis might identify a similar response profile signature and
could aid management decisions on rescue anti-TNF therapy
versus surgery in this clinical situation, which is also subject of
further investigation. The FcγR-mediated IL-10 effect on macrophage phenotype induced by anti-TNF mAbs may be less relevant
in other immune-mediated diseases such as psoriasis and rheumatoid arthritis. As both patients with psoriasis and rheumatoid
arthritis have more similar responses to different classes of TNF
blockers, dependence on FcγR signalling seems relatively specific
to patients with IBD. In conclusion, here we find that IL-10
signalling is required for anti-TNF-induced regulatory macrophage skewing in humans and mice. The therapeutic response to
anti-TNF is completely dependent on IL-10 signalling in mucosal
macrophages in a mouse model of colitis. Our data suggest that
IL-10-dependent macrophage skewing to a CD206+ regulatory phenotype is a key aspect of therapy in IBD and that those
patients in which a reduced response to IL-10 contributes to the
aetiology of disease may respond less favourably to therapy with
anti-TNF. This reduced response to IL-10 might be used to identify these patients, who may be better candidates to therapies
with an alternative mode of action such as antibodies targeting
IL-12/23 or IL-1β as recently suggested.39
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with either certolizumab or etanercept, and the formation of
such complexes may contribute to the relatively high rate of
mucosal healing observed with anti-TNF mAbs.
As it has previously been shown that FcγR signalling can
potently induce IL-10,19–21 we examined whether anti-TNF mAbs
would induce IL-10 signalling in an FcγR-dependent manner.
Our data showed that anti-TNF increased Il10 in an FcγR-dependent manner in mice both in vitro and in vivo. We find in all our
in vitro experiments that expression of IL-10 is partially dependent on TNF. When we block TNF without FcγR engagement,
with an anti-TNF Fab fragment, the level of IL-10 is reduced,
while when we block TNF with a full IgG mAb, the expression
of IL-10 is similar to isotype control IgG. When we engage the
FcγR in the absence of TNF blockade using complexed IgG, the
levels of IL-10 are increased to above the level of uncomplexed
IgG control (figure 4; see also Bloemendaal et al32). Together,
this suggests that IL-10 expression is partially TNF dependent
and that anti-TNF mAbs compensate for loss of IL-10 expression
by engaging the FcγR, which subsequently results in downstream
signalling via phosphorylation of STAT3.
Although our in vitro data suggest an autocrine IL-10 signalling loop, we did not establish the cell type responsible for
increased intestinal IL-10 levels after anti-TNF mAb exposure
in vivo.In situ hybridisation in anti-TNF treated mice suggests
Il10 production by macrophages, but our data are not conclusive that the IL-10 is excessively produced by macrophages.
Although the increase in Il10/Ifng and Il10/Il1b ratios could be
an indirect reflection of the difference in level of inflammation
between mice treated with anti-TNF and placebo, the fact that it
is FcγR dependent again points towards the myeloid population.
Despite the remaining uncertainty on the source of the IL-10,
what is very clear from our data is that IL-10 sensing by macrophages is required for the therapeutic efficacy of anti-TNF mAbs.
Consistent with the critical role of IL-10 signalling in regulatory
macrophage skewing,12 13 blocking IL-10 signalling completely
prevented anti-TNF-dependent regulatory macrophage skewing
in both human cells in vitro and mice in vitro and in vivo. Interestingly, the importance of IL-10 signalling may be relatively
specific to the therapeutic effect of anti-TNF, we previously
did not observe an effect on IL-10 by miltefosine, a drug that
improved clinical signs as well as histology and potently inhibited multiple cytokines in the T-cell transfer model.33 Similarly,
in a recent experiment with a small molecule kinase inhibitor, we
observed almost complete mucosal healing without any effect on
IL-10 expression in the same model (ME Wildenberg, personal
communication 2019). In contrast, when we performed an unbiased drug screen for drugs that enhanced the anti-TNF-induced
CD206+ regulatory macrophage polarisation, we identified
albendazole as a drug that potentiates the effect of anti-TNF in
vitro and in vivo.23 We found that albendazole specifically synergised with anti-TNF in upregulating IL-10 expression. Together,
these data support the notion that upregulation of IL-10 may
be relatively specific for the mode of action of anti-TNF mAbs.
However, as the effect of the anti-IL-10Rα blocking antibody
on the therapeutic efficacy of anti-TNF is not as impressive as
the effect of the complete knock out of all FcγR,16 which may
be because we fail to completely block IL-10R signalling using
this approach, FcγR could also affect IL-10 signalling below the
level of the receptor that is unaffected by the IL-10Rα block,
or alternatively with mechanisms that are completely independent of IL-10 signalling. Various alternative mechanisms
of action of anti-TNF have previously been described. One of
the mechanisms described involves the binding of membranebound tumour necrosis factor (mTNF), which interferes with
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