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Figure 5 Efficacy of anti-TNF is independent of IL-10 signalling in T-cells. Rag7KO animals received a 3x10° wild type (grey) or 3x10° //70rbKO
(green) CD4-+CDA45Rb"" T-cell transfer and were treated with isotype or anti-TNF. Control Rag7KO 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 /10, Ifng and II1b
relative to Gapdh and //10/Ifng and I110/11b 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<0.01and ***p<0.001 (n=10-12). IL, interleukin; MCEI, Mouse Colitis Endoscopy Index; MCHI, Mouse Colitis Histology Index; TNF, tumour

necrosis factor.

mAb-induced regulatory macrophage polarisation in macro-
phage-specific IL-10Ro. mutant mice (figure 6I). Altogether,
these data show that macrophage IL-10 signalling is absolutely
required for both regulatory macrophage polarisation and ther-
apeutic 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 differenti-
ating human monocytes in vitro. Incubation with the anti-TNF
mADb adalimumab lead to the increased production of IL-10
when compared to incubation with the anti-TNF Fab frag-
ment 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 anti-
IL-10 blocking antibody strongly diminished the upregulation
of CD206 (figure 7B). This was confirmed by flow cytometry

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-re-
sponders (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.! 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
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Figure 6 The efficacy of anti-TNF is dependent on IL-10 signalling in macrophages in vivo. Rag7KO (grey) or LysMcrell10ra”"Rag1KO (blue) animals
received a CD4+CD45Rb"" T-cell transfer (5x10° cells) and were treated with isotype or anti-TNF. Control animals (Rag7KO) 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 //70, Ifng and
I11b relative to Gapdh and //10/Ifng and I110/111b 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 (1), 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<0.01and ***p<0.001, n=7-12. IL, interleukin; Mouse Colitis Endoscopy Index; MCHI, Mouse Colitis Histology Index; TNF, tumour necrosis factor.

a regulatory M2-like phenotype. Mice in which IL-10 signalling
is specifically disrupted in macrophages are completely resis-
tant to treatment with anti-TNF in the CD4+CD45Rb"" 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 immu-
nological tolerance. Mice that lack IL-10 develop chronic
inflammatory bowel disease.'” In humans, variants in the IL10
locus are associated with the risk of developing IBD in genome-
wide association studies® ” and rare patients that have homozy-
gous mutations in either IL10 or IL10R develop severe early

onset IBD.'"! Studies in cell type-specific IL-10 signalling-de-
ficient mice, as well as using cells derived from IL-10R-defi-
cient patients have shown that tolerance critically depends on
macrophage IL-10 signalling.'* ™ 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, macro-
phages 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-TNFE.'* 27 This may be due to a developmental abnormality
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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-y (20 ng/mL) and the full monoclonal anti-TNF antibody (adalimumab, 10 pg/mL) or
anti-TNF Fab fragment (certolizumab, 10 pg/mL) after 48 hours (A) and levels of CD206 normalised for Gapdh after 48 hours or flow cytometry for
(D206 expressed as fold increase of MFI after 72 hours (C) in combination with and anti-IL-10 antibody (10 ug/mL) or isotype control (10 pg/mL).
All graphs are mean+SEM representative of three independent donors with n=4-6 per condition. The /L710 and IFNG expression levels relative to
GAPDH and ILT0/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

****n<0.0001. IFN, interferon; IL, interleukin.

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 inflam-
mation and that, depending on the context, TNF may even
be required to suppress intestinal inflammation in mice.” For
example, neutralisation of TNF with a mAb substantially wors-
ened dextran sulfate sodium (DSS)-induced colitis?® and TNF
knock out mice are highly sensitive to DSS.?” The complete
absence of TNF worsens colitis in IL-10 mutant mice,*® and in
the T-cell transfer model, colitis worsens if the transferred T-cells
lack TNF-receptor II (TNFRII).>* Our own previous data have
shown that the therapeutic effect of anti-TNF is lost in mice that
lack activating FcyRs.'® Together these data suggest that TNF
can have important protective functions in intestinal inflamma-
tion 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-10Ra 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

required for the therapeutic response to anti-TNF. In line with
this, West ez al” recently showed that systemic IL-10Ro. blockade
in combination with an Helicobacter hepaticus infection leads to
the development of anti-TNF-resistant colitis, which was asso-
ciated with increased OSM levels. In our hands, the systemic
IL-10Ro 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 LysMCrell10ra™
MRag1KO was not associated with increased intestinal Osm levels
(online supplementary figure S7B), indicating that IL-10 signal-
ling 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 FeyR-dependent manner.'® TNF is a trimeric cytokine
that allows the formation of TNF-anti-TNF immune complexes
that potently engage the FcyR in case of mAbs infliximab, adali-
mumab and golimumab but not with etanercept (a soluble
receptor that binds a single trimer) or certolizumab (a single-arm
Fab fragment).*” To the best of our knowledge, this is the only
mechanism of action that is unique for mAbs and not shared
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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 FcyR signalling can
potently induce IL-10,"~2! we examined whether anti-TNF mAbs
would induce IL-10 signalling in an FcyR-dependent manner.
Our data showed that anti-TNF increased I/710 in an FcyR-depen-
dent manner in mice both in vitro and in vivo. We find in all our
in vitro experiments that expression of IL-10 is partially depen-
dent on TNE. When we block TNF without FcyR 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
FcyR 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 al*?). 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 FcyR, which subsequently results in downstream
signalling via phosphorylation of STAT3.

Although our in vitro data suggest an autocrine IL-10 signal-
ling 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
1110 production by macrophages, but our data are not conclu-
sive that the IL-10 is excessively produced by macrophages.
Although the increase in 1/10/Ifng and 1110/1l1b 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 FcyR 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 macro-
phages is required for the therapeutic efficacy of anti-TNF mAbs.
Consistent with the critical role of IL-10 signalling in regulatory
macrophage skewing,'? '* 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. Inter-
estingly, 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 inhib-
ited multiple cytokines in the T-cell transfer model.** 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 unbi-
ased 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.”> We found that albendazole specifically syner-
gised 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-10Ra blocking antibody
on the therapeutic efficacy of anti-TNF is not as impressive as
the effect of the complete knock out of all FcyR,'® which may
be because we fail to completely block IL-10R signalling using
this approach, FcyR could also affect IL-10 signalling below the
level of the receptor that is unaffected by the IL-10Ra block,
or alternatively with mechanisms that are completely inde-
pendent 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 membrane-
bound tumour necrosis factor (mTNF), which interferes with

the antiapoptotic effect of monocyte expressed mTNF on CD4+
T cells, resulting in T-cell apoptosis.** 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)*® compared with
the mAbs infliximab (31% at week 10)*® and adalimumab (27%
at week 12).%

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 al*® 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, investi-
gating 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 FcyR-mediated IL-10 effect on macro-
phage phenotype induced by anti-TNF mAbs may be less relevant
in other immune-mediated diseases such as psoriasis and rheu-
matoid arthritis. As both patients with psoriasis and rheumatoid
arthritis have more similar responses to different classes of TNF
blockers, dependence on FcyR signalling seems relatively specific
to patients with IBD. In conclusion, here we find that IL-10
signalling is required for anti-TNF-induced regulatory macro-
phage 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+ regula-
tory 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 iden-
tify these patients, who may be better candidates to therapies
with an alternative mode of action such as antibodies targeting
IL-12/23 or IL-1P as recently suggested.*”
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