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IL-10 signaling in dendritic cells controls IL-1p-mediated IFNy
secretion by human CD4" T cells: relevance to inflammatory
bowel disease

S. Veenbergen'?, P. Li?, H. C. Raatgeep', D. J. Lindenbergh-Kortleve', Y. Simons-Oosterhuis', A. Farrel?, L. M. M. Costes', M. E. Joosse',
L. A. van Berkel, L. F. de Ruiter', M. A. van Leeuwen', D. Winter?, S. M. Holland®, A. F. Freeman®, Y. Wakabayashi®, J. Zhu®, L. de Ridder®,
G. J. Driessen®’, J. C. Escher®, W. J. Leonard? and J. N. Samsom’

Uncontrolled interferon y (IFNy)-mediated T-cell responses to commensal microbiota are a driver of inflammatory bowel disease
(IBD). Interleukin-10 (IL-10) is crucial for controlling these T-cell responses, but the precise mechanism of inhibition remains unclear.
A better understanding of how IL-10 exerts its suppressive function may allow identification of individuals with suboptimal IL-10
function among the heterogeneous population of IBD patients. Using cells from patients with an ILT0RA deficiency or STAT3
mutations, we demonstrate that IL-10 signaling in monocyte-derived dendritic cells (moDCs), but not T cells, is essential for
controlling IFNy-secreting CD4™ T cells. Deficiency in IL-10 signaling dramatically increased IL-1 release by moDCs. IL-1f boosted
IFNy secretion by CD4" T cells either directly or indirectly by stimulating moDCs to secrete IL-12. As predicted a signature of IL-10
dysfunction was observed in a subgroup of pediatric IBD patients having higher IL-13 expression in activated immune cells and
macroscopically affected intestinal tissue. In agreement, reduced ILTORA expression was detected in peripheral blood mononuclear
cells and a subgroup of pediatric IBD patients exhibited diminished IL-10 responsiveness. Our data unveil an important mechanism
by which IL-10 controls IFNy-secreting CD4" T cells in humans and identifies IL-1B as a potential classifier for a subgroup of IBD
patients.

Mucosal Immunology (2019) 12:1201-1211; https://doi.org/10.1038/s41385-019-0194-9

INTRODUCTION
Inflammatory bowel disease (IBD) is a chronic relapsing-remitting
disorder of the gastrointestinal tract caused by an abnormal
immune response to commensal microbiota in genetically
predisposed individuals. T cells of various subtypes (e.g., T helper
1 (Th1), Th2, and Th17) are crucial for initiating and maintaining
chronic inflammation in IBD. From a quantitative point of view,
Th1 responses in IBD are highest, and therefore an important
driving force of inflammation. Conventional immunosuppressive
therapies and anti-tumor necrosis factor (TNF) agents effectively
maintain disease remission in IBD patients."? However, about
40-50% of pediatric IBD patients experience frequent relapses of
inflammation, in some cases leading to treatment refractoriness
thus necessitating surgical removal of intestinal segments.
Defining the immune pathways that contribute to a complicated
disease course is highly desirable for designing more effective and
tailored therapeutic approaches.

The immunosuppressive cytokine interleukin-10 (IL-10) plays a
crucial role in orchestrating intestinal immune homeostasis.>*
Animal studies have shown that IL-10 maintains intestinal

tolerance to microbiota by controlling effector Th1 and Th17
responses,® and more recently, it was demonstrated that failure
of innate immune cells to respond to IL-10 is critically involved in
the development of such T cell-driven intestinal inflammation.”™®
In humans, the impact of the IL-10 pathway in intestinal
inflammation has been fully appreciated by the discovery of
monogenic defects in IL10 and ILT0R genes.'®'? Given the
emerging role for IL-10 in maintaining intestinal immune home-
ostasis, we hypothesize that a subgroup of pediatric IBD patients
may exhibit milder forms of IL-10 dysregulation.

IL-10 is a dimer'® and exerts its effects by binding to the IL-10
receptor, composed of two IL-10 binding chains (IL-10RA) and two
accessory chains (IL-10RB).™* Signal transducer and activator of
transcription 3 (STAT3) is the major STAT protein activated by IL-10
and is essential for its immunosuppressive effects.'>'® The
mechanisms by which IL-10 prevents intestinal inflammation in
humans are just beginning to be uncovered. Alterations in
macrophage differentiation and function were initially described
in IL10R-deficient patients,®'” and we have recently demonstrated
that ILTORA deficiency can result in aberrant TNFa release by
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monocyte-derived dendritic cells (moDCs) and uncontrolled IFNy
and IL-17 release by peripheral blood cells.'® In mice, Th17 cells,
but not Th1 cells, express the IL-10R and are controlled by IL-10 in
a direct manner.® Conversely, IL-10 suppresses murine Th1 cells
indirectly via its actions on antigen-presenting cells.' In humans,
a direct inhibitory effect on T cells has been shown for anti-CD28-
mediated T-cell proliferation and IL-2 production,?>?' and more-
over, IL-10 can directly interfere with T-cell receptor-induced IFNy,
but not IL-17 production in memory T cells.>* However, others
demonstrate that the IL-10 inhibitory activity is mainly indirect by
controlling antigen-presenting cell function.”> > A precise under-
standing of how IL-10 controls T-cell responses in humans may
allow identification of individuals with suboptimal IL-10 function
among the heterogeneous IBD population.

Using cells from patients with an ILTORA deficiency or STAT3
mutations,?® we investigated the mechanisms by which IL-10
inhibits IFNy secretion by human CD4" T cells. We identified a
signature characteristic for defective immune regulation by IL-10
and subsequently determined whether a similar immune signa-
ture and suboptimal IL-10 function could be detected in a cohort
of pediatric patients with IBD. We identify antigen-presenting cells
as essential targets of IL-10 action in controlling IFNy-mediated T-
cell responses in humans and to the best of our knowledge we are
the first to identify altered IL-10 function in adolescent pediatric
IBD patients with polygenic disease susceptibility.

RESULTS

Interleukin-10 inhibits IFNy-secreting CD4™ T cells indirectly via
dendritic cells

To investigate the basis for the IL-10-driven regulation of IFNy
production by CD4" T cells, we used peripheral blood mononuclear
cells (PBMCs) from an adolescent patient with a homozygous loss-
of-function mutation in the ILTORA gene and normal controls. As
expected,” stimulation of PBMCs from healthy individuals with
soluble anti-CD3 antibody or anti-CD3/CD28 beads in the presence
of IL-10 resulted in an inhibition of IFNy production (Fig. 1a), and this
inhibitory effect was absent in ILT0RA-deficient cells (Fig. 1b).
Interestingly, IL-10 did not inhibit IFNy production by purified CD4™
T cells from healthy individuals stimulated either with plate-bound
anti-CD3 antibody or anti-CD3/CD28 beads at variable concentra-
tions and bead-to-cell ratios (Fig. 1c, d, Supplementary Fig. S1a, b).
Consistent with this, purified CD4" T cells from healthy individuals
showed very weak cell surface expression of both IL-10R chains
compared to monocytes and mature moDCs (Fig. 1e, Supplemen-
tary Fig. S1d). However, the inability of IL-10 to inhibit IFNy-secreting
CD4" T cells in a direct manner could not be explained by lack of
IL-10 downstream signaling in CD4™ T cells. Although CD3™ T cells
and monocytes in whole-blood samples of healthy controls showed
a different degree of IL-10-induced STAT3 phosphorylation, purified
CD4" T cells efficiently activated STAT3 upon IL-10 stimulation
(Fig. 1f). To conclusively demonstrate that the functional IL-10R on
CD4" T cells is not involved in the inhibition of IFNy production,
IL10RA-deficient moDCs were co-cultured, in the presence or
absence of IL-10, with CD4" T cells from healthy controls and vice
versa. As shown in Fig. 1g, IL-10 failed to inhibit IFNy production by
CD4" T cells only when moDCs, and not CD4" T cells themselves,
were deficient for the IL-10 receptor. In agreement with this indirect
inhibitory effect of IL-10, preincubation of moDCs from healthy
controls with IL-10 before the addition of CD4™ T cells significantly
inhibited IFNy production, whereas this inhibitory effect was absent
in the presence of IL10RA-deficient moDCs. (Supplementary Fig. S1c).
Moreover, compared to healthy control moDCs, IL10RA deficiency in
moDCs caused a profound increase in IFNy secretion (Fig. 1g,
Supplementary Fig. S1c). Since STAT3 plays a critical role in IL-10
signaling we confirmed these results by performing an allogeneic
mixed lymphocyte reaction (MLR) with moDCs and CD4" T cells
from healthy controls and autosomal dominant hyper-IgE syndrome
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(AD-HIES) patients carrying STAT3 mutations. Similar to IL10RA-
deficient moDCs, IL-10 failed to inhibit IFNy production by CD4"
T cells only when moDCs were carrying STAT3 mutations and
defective in IL-10 signaling (Fig. 1h). Altogether, these results
demonstrate that IL-10 signaling in DCs, and not in CD4™ T cells, is
crucial for controlling IFNy secretion by human CD4" T cells.

Loss of IL10R signaling increases IL-1p release by dendritic cells

We next aimed to identify moDC-derived factors that may drive
IFNy secretion by human CD4" T cells in the absence of a
functional IL-10 pathway, and conducted a full transcriptome
analysis of IL10RA-deficient and healthy control moDCs using RNA
sequencing. A total of 237 genes were differentially expressed
between ILT0RA-deficient and healthy control moDCs upon LPS
stimulation, with 15 genes downregulated and 222 upregulated
genes in ILT0RA-deficient cells. Many of the LPS-induced genes
were highly upregulated in IL10RA-deficient moDCs (Fig. 2a,
Supplementary Table 1), especially genes encoding proinflamma-
tory cytokines and chemokines, with IL12B, IL6, IL1B, IL8, and CXCL1
being among the top ten ranked genes (Fig. 2b). Compared to
moDCs from healthy controls, IL1B showed the largest fold change
difference upon LPS stimulation in ILT0RA-deficient moDCs
(Fig. 2¢). In agreement, LPS-induced IL-1B secretion in monocytes
(Fig. 2d) and moDCs (Fig. 2e) from healthy controls could be
downregulated by IL-10 (Fig. 2d, e), and ILT0RA-deficient moDCs
secreted significantly higher levels of IL-1f protein (Fig. 2f). These
data are in line with recent evidence showing that IL-1
neutralization may be beneficial for controlling inflammation in
patients with /LT0R deficiency.'” As IL10R-deficient patients do not
respond to conventional immunosuppressive IBD treatments,'%?’
it can be envisaged that polygenic IBD patients showing similar
unresponsiveness to these immunosuppressive regimens may
exhibit a similar proinflammatory expression signature. We,
therefore, selected a small number of pediatric IBD patients
having a severe disease course with eventually all having
undergone a resection (Table 1), and used RNA-Seq in moDCs to
uncover the proinflammatory expression signature. Comparison of
the gene-expression profiles of moDCs from IBD patients, IL10RA-
deficient patient and healthy controls revealed that a distinct set
of genes are upregulated in both the pediatric IBD patients and
the ILT0RA-deficient patient compared to healthy controls
(Supplementary Fig. S2a, Supplementary Table 1). Differentially
expressed genes were identified with the R package “edgeR” using
the following criteria: fragments per kilobase per million (FPKM) >
5 in at least one sample, fold change was > 1.5, and FDR<0.1.
Notably, moDCs from IBD patients displayed enhanced expression
of several cytokines and chemokines upon LPS stimulation (Fig. 2g,
Supplementary Table 1). In accordance with the expression profile
of ILT0RA-deficient moDCs, of all proinflammatory cytokines, IL1B
was most differentially expressed between moDCs from healthy
controls and the selected pediatric IBD patients (Fig. 2h), and
present in intermediate transcript levels compared to /L710RA-
deficient moDCs (Fig. 2i). Importantly, the in vitro generation of
moDCs from patients with IBD and the IL10RA-deficient patient
occurred independently from any secondary effects of ongoing
inflammation in these patients, suggesting that a cell-intrinsic
effect causes the increased IL-13 production by these cells.
Collectively, our data demonstrate that lack of IL-10R expression
on moDCs results in enhanced IL-1f secretion, and that IL1B is
highly expressed in moDCs from pediatric IBD patients with a
severe disease manifestation, suggesting that IL-13 may drive IFNy
secretion by CD4" T cells and contribute to the disease process.

IL-1B stimulates IFNy release by human CD4" T cells in both a
direct manner and indirectly through induction of IL-12
production

IL-1B is well-known for its involvement in the differentiation
of Th17 cells?®* but has also been shown to stimulate
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antigen-induced expansion of murine Th1 cells.3® More recently, it
was reported that T cell-intrinsic MyD88 activation by IL-1B is
required for the functionality of murine Th1 memory cells'
However, since the relationship between IL-13 and Th17 cells in
various animal models of autoimmune disorders is most evident,
the activity of IL-18 on human Th1 cells has not been thoroughly
investigated. Therefore, we examined the effect of IL-1f on

Mucosal Immunology (2019) 12:1201-1211

T T T
ot 102 103 10t 108 1 102 102 10t 108 10

02 108 10t 108

IFNy-secreting CD4" T cells by performing an allogeneic MLR
using healthy control cells in the presence of recombinant IL-1p,
neutralizing IL-13 antibodies, or IL-1 receptor antagonist (IL-1Ra).
IL-1B exposure significantly increased IFNy production (Fig. 3a),
and endogenous IL-13 neutralization and IL-1 receptor blockade
inhibited IFNy secretion by ~30-40% (Fig. 3b). Interestingly, in the
presence of IL10RA-deficient moDCs, the levels of IFNy were two
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Fig. 1 IL-10-mediated inhibition of IFNy secretion by human CD4" T cells requires dendritic cells. a, b Peripheral blood mononuclear cells or c,
d CD4" T cells from an IL10RA-deficient patient and adult healthy controls (n = 4) were stimulated with soluble anti-CD3 or anti-CD3/CD28
beads (bead-to-cell ratio 1:2) with or without IL-10. After 24 h or 48 h, supernatants were assayed for IFNy using an ELISA. e Purified CD14"
monocytes, immature moDCs, LPS-matured moDCs, CD4" T cells, and anti-CD3/CD28-activated CD4" T cells (48 h) were analyzed by flow
cytometry for expression of IL-10RA and IL-10RB chains. Delta mean fluorescence intensity (MFI) values (MFI-minus-MFI of the isotype control)
are shown for n = 4-8 adult healthy individuals per group. f Control whole blood or purified CD4™ T cells were stimulated with IL-10 for 60 min
followed by quantification of STAT3 phosphorylation (Tyr’®®) by flow cytometry. g Allogeneic MLRs were performed using LPS-matured
moDCs and CD4" T cells from an IL10RA-deficient patient or healthy individuals. The bacterial superantigen Staphylococcal enterotoxin B (SEB)
was added to all conditions in the presence or absence of IL-10. After 72 h, supernatants were assayed for IFNy using an ELISA. h Allogeneic
MLRs were performed using moDCs and CD4" T cells from healthy individuals or AD-HIES patients carrying STAT3 mutations. SEB was
added to all conditions in the presence or absence of LPS and IL-10. After 72 h, supernatants were assayed for IFNy using a cytometric bead
array. Results are mean +SD (b, d, h) or mean + SEM (a, ¢, e, g) of a representative of at least two independent experiments. *P < 0.05, **P <

0.01, ***P < 0.001 using one-way ANOVA (e) or unpaired Student’s t test (a, g, h)

times higher upon IL-1(3 stimulation compared to healthy control
moDCs (Fig. 3c). IL-1{3 stimulates IL-12 secretion by human moDCs
in conjunction with IFNy and CD40 ligand,**** and thereby may
augment IFNy production from T cells. In agreement with this, IL-
1B significantly increased IL-12 secretion by moDCs in an
allogeneic MLR using healthy controls (Fig. 3d). Blocking of IL-12
reduced the LPS-induced IFNy release (Fig. 3e) and inhibited the
IL-1B-induced IFNy release by CD4" T cells in the MLR
(Supplementary Fig. S2b). In addition, IL-10 significantly inhibited
the IL-1B-induced IL-12 production (Fig. 3d) and IL10RA-deficient
moDCs released increased amounts of IL-12p70 (Fig. 3f). In
parallel, however, CD4" T cells from both healthy controls (Fig. 3g,
left panel) and the IL10RA-deficient patient (Fig. 3g, right panel)
released significantly enhanced amounts of IFNy upon IL-18
stimulation, suggesting that both direct and indirect effects
account for the increased IL-1B-driven IFNy release by CD4™
T cells. To investigate the mechanism by which IL-10 controls the
IL-1B-driven IFNy production, IL10RA-deficient moDCs were co-
cultured, in the presence of IL-13 and IL-10, with healthy control
CD4™ T cells and vice versa. In line with our data identifying the IL-
10 control of moDCs crucial in suppressing IFNy-secreting CD4*
T cells, IL-10 was unable to inhibit the IL-1B3-driven IFNy
production by CD4" T cells when moDCs were deficient for the
IL-10 receptor (Fig. 3h). Together, these data demonstrate that IL-
1B stimulates IFNy release by human CD4™" T cells in both a direct
manner and indirectly through induction of IL-12 production. The
IL-1B indirect effects only are tightly controlled by IL-10.

The signatures of high IL-1( expression and suboptimal IL-10
function classify a subgroup of pediatric IBD patients

High levels of IL-1B in the colon has been detected in murine
models of colitis, and treatment with IL-1 blocking agents or using
11r1~'~ mice successfully ameliorated or prevented disease.>—°
Given that IL-1 is highly expressed in the absence of a functional
IL-10 pathway and a strong stimulator of CD4" T-cell responses,
we examined the expression of IL-1B in a large cohort of pediatric
IBD patients and selected pediatric CD and UC patients who
received either conventional immunosuppressive therapy, with or
without anti-TNF treatment, and patients that had undergone
resection (Table 1). We generated RNA-seq data of PBMCs from 6
healthy individuals, 11 patients with CD, and 9 patients with UC.
Full transcriptome analysis showed significantly enhanced IL1B
transcript levels in LPS-stimulated PBMCs from CD patients
compared to healthy controls. A similar trend was found for
LPS-stimulated PBMCs from UC patients, but the UC patients
showed greater variation in the degree of IL1B mRNA expression
(Fig. 4a). Importantly, within the intestine, IL7B mRNA expression
was increased in biopsies from macroscopically affected tissue
compared to unaffected regions in treatment-naive CD and UC
patients associating IL7B mRNA expression with the site of
inflammation (Fig. 4b and Supplementary Fig. S3a). Immunohis-
tochemical analysis of paraffin-embedded biopsies revealed
heterogeneity in IL-13 expression in inflamed regions. While
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lesional biopsies of some IBD patients were negative, IL-1 protein
expression was clearly detectable in a subgroup of CD and UC
patients (Fig. 4c). Given that IL-10R signaling is crucial for
controlling IL-1B action and production, we next questioned
whether IL-10 responses are dysregulated in pediatric IBD
patients. We, therefore, investigated expression of both chains
of the IL-10 receptor in PBMCs from CD and UC patients. While the
expression of ILT10RB was not affected (Fig. 4d), IL10RA expression
was lower in PBMCs from both CD and UC patients (Fig. 4e). To
provide a proof of concept that variation in IL-10 responsiveness
can be detected amongst therapy naive IBD patients, we
performed a dose-response assay in which PBMCs from
treatment-naive CD and UC patients (n=15) were stimulated
with anti-CD3/CD28 beads in the presence of different IL-10
concentrations for 48h. Compared to PBMCs from healthy
individuals, cells derived from IBD patients were less sensitive to
IL-10-induced inhibition of IFNy production (Fig. 4f left panel).
However, there was a clear dichotomy in the IBD patient group
with a subgroup of patients (group 1) responding equally well to
IL-10 as healthy controls, whereas PBMCs from a second group of
patients (group 2) were clearly less sensitive to IL-10 inhibition of
IFNy release (Fig. 4f right panel). In the group of pediatric IBD
patients that were less sensitive to the IL-10 inhibitory effects, IL1B
mMRNA levels in diagnostic intestinal biopsies and plasma IL-6
concentrations were higher compared to the group showing
normal IL-10 responsiveness (Supplementary Fig. S3b, S3c).
Clinically, more patients had severe disease behavior and more
patients received biological therapy compared to the group
showing normal IL-10 responsiveness (Supplementary Fig. S3d).
These data support the concept that IL-10 responsiveness is
detectably variable among IBD patients. As the number of patients
in our study is very small this concept should be further
investigated in a larger prospective cohort study. Collectively,
we demonstrate that high expression of IL-13 is associated with
lesional inflammation in a subgroup of pediatric IBD patients.
Moreover, we provide evidence for reduced IL-10 responsiveness
in some pediatric IBD patients, which among other mechanisms
may be caused by altered IL-10RA expression and may contribute
to the increased IL-1f3 expression.

DISCUSSION

This study reveals that IL-10 signaling in DCs, but not T cells, is
essential for controlling IFNy secretion by human CD4" T cells.
Our data identify moDC-derived IL-1f as a potent T-cell
stimulatory factor. IL-1B stimulates the production of IFNy by
CD4™ T cells either directly or acts indirectly by stimulating IL-12
release in moDCs which in turn increases CD4" T cell-derived
IFNy release. Notably, the IL-1B indirect effects on IL-12
production are tightly controlled by IL-10. Translation of these
findings to pediatric IBD revealed high IL-13 expression in a
subgroup of patients. In addition, we provide evidence for
reduced IL10RA expression and diminished IL-10 responsiveness

Mucosal Immunology (2019) 12:1201-1211
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in pediatric IBD patients, likely explaining the selectively
enhanced IL-13 expression.

There is accumulating evidence that innate immune responses
are crucial for initiation and maintenance of intestinal T-cell
inflammation in mice.””® We identify antigen-presenting cells as
essential targets of IL-10 action in controlling IFNy-mediated T-cell
responses in humans. We demonstrate that upon a bacterial

Mucosal Immunology (2019) 12:1201-1211

trigger IL10RA-deficient moDCs express enhanced levels of
proinflammatory cytokine transcripts, including IL1B. As a similar
phenomenon has been described for monocyte-derived macro-
phages we anticipate that our findings may be relevant for
multiple subpopulations of intestinal antigen-presenting cells.'”
Interestingly, combined genome-wide analysis has shown that
among the 163 IBD susceptibility loci, the most significantly
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Fig. 2 Dendritic cells with an ILTORA deficiency express high levels of IL-1p upon bacterial stimulation. (a—¢, g—i) Monocyte-derived dendritic
cells from healthy controls (n = 3), IBD patients (n = 3), and an ILT0RA-deficient patient (PT) were stimulated with LPS and high throughput
RNA sequencing was performed after 6 h of stimulation. a Heat map representing color-coded expression levels (FPKM values) of differentially
expressed genes in IL10RA-deficient moDCs upon LPS stimulation. b Top ten genes overexpressed in IL10RA-deficient moDCs upon LPS
stimulation. Fold change values are calculated by dividing LPS-stimulated samples by unstimulated samples. ¢ Comparison of the LPS-induced
genes in (b) with expression levels in moDCs from healthy controls. d, @ Monocytes and moDCs from adult healthy controls (n = 4-6) were
stimulated with LPS in the presence or absence of IL-10 for 20 h. Supernatants were assayed for IL-1$ using an ELISA. To enhance IL-1§
secretion, ATP was added during the last 15 min of stimulation. f Adult healthy controls (n =4) and ILT10RA-deficient patient moDCs were
stimulated with LPS for 20 h and ATP during the last 15 min of stimulation. Amount of IL-1p secreted by moDCs was determined by ELISA.
g Heat map representing color-coded expression levels (FPKM values) of cytokine and chemokine genes in moDCs. h, i Cytokine mRNA
expression in moDCs from (h) pediatric IBD patients and adult healthy controls and (i) adult healthy controls, pediatric IBD patients and
IL10RA-deficient patient. Fold change values are calculated by dividing LPS-stimulated samples by unstimulated samples. Results are mean +
SD. *P < 0.05, ***P < 0.001 using one-way ANOVA (h, i) or unpaired Student'’s t test (d—f). HC healthy control, IBD inflammatory bowel disease, PT

IL10RA-deficient patient

<

Table 1. Patient characteristics

Number 3 38 20
Age in years, range 8-18 8-17
Male (n) 1 19 10
Female (n) 2 19 10
Diagnosis

Ulcerative colitis 16 9
Crohn's disease 3 20 11
IBD unclassified 2
8-18

»
N
o

Age at diagnosis (years)
Treatment at time of analysis
No 38
Azathioprine 2

Mesalazine

Infliximab

Methotrexate 1

Prednisolone

Adalimumab 1

- W h =2 0O NN W

6-Mercaptopurine
Treatment history
Azathioprine
Mesalazine
Infliximab
Methotrexate
Prednisolone

w w = w N w

Adalimumab
6-Mercaptopurine
Surgery 3 10

Cohort |, related to Fig. 2g-i and Supplementary Figure 2; Cohort Il related
to Fig. 4b, f; Cohort Ill, related to Fig. 4a, d, e

enriched Gene Ontology term is “regulation of cytokine produc-
tion”. Cell-type expression specificity analysis revealed that
especially dendritic cells show the strongest enrichment of genes
in IBD loci.>” We demonstrate that even high dose of IL-10 did not
overcome the lower sensitivity of CD4" T cells. Multiple
mechanisms can contribute to the increased IFNy production by
CD4™ T cells in the absence of IL-10 regulation. As the effects of
defective IL-10 regulation on IFNy production were detected as
early as 24 h of MLR culture without substantial changes in CD4*
T-cell proliferation (data not shown) we anticipate that reactiva-
tion of memory cells is largely responsible for the observed effects
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in this experimental setup. In the absence of IL-10-mediated
moDC inhibition, IL-13 can directly impact IFNy secretion in
memory T cells or first induce moDC-derived IL12p70 that in turn
enhances IFNy secretion by memory T cells. Even though IL-1f is
known to enhance IL-17 production, low concentrations of IL-17
were measured in the MLR cultures and no consistent IL-17
upregulation occurred in the absence of IL-10 regulation of moDC.

Besides establishing the importance of IL-10-mediated antigen-
presenting cell regulation to control CD4™ T-cell activation in IBD,
our data argue that downregulation of IL-10R expression may
underlie resistance to IL-10 regulation in a subgroup of IBD
patients. Differences in IL10RA expression were not dependent on
age (data not shown). Suboptimal IL-10 receptor-mediated
inhibition could in turn lead to the enhanced IL-1f3 expression
levels found in IBD patients creating a vicious circle as
proinflammatory cytokines like IL-13 and TNFa can alter IL-10
responsiveness of DCs.*® Hence, the inflammatory milieu in IBD
patients may cause IL-10 receptor downregulation on circulating
mononuclear cells in turn amplifying the production of proin-
flammatory cytokines like IL-1f. In this light it is interesting that
MRNA expression of other inflammatory mediators IL-6, cycloox-
ygenase-2, and oncostatin-M (OSM) had a tendency to be
increased in colonic biopsies and plasma of patients with lower
IL-10 responsiveness when compared to the group showing
normal responsiveness (Supplementary Fig. S3b, S3c). Suboptimal
IL-10 responsiveness also occurs in other chronic inflammatory
diseases and arises through diverse mechanisms. In rheumatoid
arthritis patients, synovial DCs downregulate the IL-10 receptor
thus evading the immunosuppressive effects of IL-10.38 In type 2
diabetes, in vitro IL-10 hyporesponsiveness of macrophages in the
presence of high glucose was linked to reduced intracellular signal
transduction through STAT3 without changes in IL-10 receptor
expression.>® Whether such mechanisms are also operative in IBD
patients awaits further studies.

Although the precise etiology has not yet been fully elucidated,
there have been significant advances in uncovering the cause of
IBD, including the discovery of over 160 IBD susceptibility loci and
more than 50 monogenic defects.>”*° However, IBD is characterized
by a remarkable heterogeneity in disease manifestation and
response to therapy. Defining immune pathways that should be
targeted is highly desirable for the design of more effective clinical
approaches. The abnormalities caused by monogenic defects in IBD-
like diseases are valuable for identifying relevant pathways involved
in the pathogenesis and classification of polygenic IBD. In
agreement with ILTORA deficiency, in pediatric IBD patients, we
observed higher IL1B expression in activated PBMCs and macro-
scopically affected intestinal tissue compared to unaffected regions
with a tendency of higher expression in CD than UC patients. The
expression and balance between IL-13 and IL-1RA in IBD patients
was first examined over 20 years ago with limited follow-up
studies.*’ ™ The expression profile we found shows heterogeneity
for IL-1B expression in pediatric IBD patients, suggesting possible

Mucosal Immunology (2019) 12:1201-1211



IL-10 signaling in dendritic cells controls IL-1B-mediated IFNy secretion...
S Veenbergen et al.

a ok C e
2 +LPS
25 - 30 - /—\
6000
20 T A
E 45 E 204 T 4000 A
(=] o =
(= c j2}
~ - Q
> 10 4 > T =
z z
e L 104 T & 2000 -
| ]
0 T T 0 T T T T ot
Medium IL-1B Medium  IL-1B Medium  IL-1B Isotype Anti-IL-12
moDC control moDC IL10RA deficient
T cell IL10RA deficient T cell control
b d f Monocyte-derived DCs
60 - - 80 800 - ** 600 *kk
[ ] ’E *kk
= ° n S Kk
50 >
zZ5 ° 60 =z 2 ~ 600 - =
L 40 L2 E E 400
c 0 | | c = ~
S g 40 s @ S 400 - 1=
3o o ° F3 N S
2 = ° 2 o &
£ 0 20 < g o <= 200 T
= F20 = 200 - =
R g ° » R E
= e
0 : " 0 ol L == [, : 0 ‘
Anti-IL-1B IL-1RA &2 N R N HC PT
v X D AN
% X
NS R
v
g CD4+ T cells CD4+ T cells
Healthy controls IL10RA-deficient patient
*%
8000 [J24h 4000 ~ ** [J24h
I 48 h HN 48 h
6000 3000 -
E E *k
2 4000 | £ 2000
> >
c £
2000 A 1000 ﬂ
O T T T T 0 '_-r_‘ T T T
SRR N SRR LSRR
S IS SN S
x x x
S S Ve §
&P & Re% e
S 5 S S
& & & &
h Allogeneic MLR + SEB
moDC CD4+ T cell IL-18 IL-10
Control Control + N N
*
Control Control + + S
Control IL10RA deficient + - 1 B .
*
Control IL10RA deficient + + 1 H *
IL10RA deficient Control + -
IL10RA deficient Control + +

0 2000

relevance for a subgroup of patients. Recently, it was shown that in
inflamed tissue of CD and UC patients, oncostatin M (OSM) is highly
expressed and predicts response to anti-TNFa therapy. Interestingly,
in addition to OSM, both ILTA and IL1B mRNA transcripts were
significantly enriched in the inflamed tissue when compared to non-
IBD controls.*” These data together with our evidence suggest that
IL-18 can be an additional biomarker and potential therapeutic
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target in a subgroup of IBD patients. Identifying this subgroup of
patients is a crucial step in determining clinical efficiency of anti-IL-1
therapy.

Although the primary limitation of this study is that it involves a
small cohort of pediatric IBD patients, we provide a proof of concept
that IL-10 responsiveness is heterogeneous among IBD patients and
anticipate to find similar subgroups of suboptimal IL-10 responder
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Fig.3 IL-1p-driven IFNy secretion by CD4™ T cells is controlled by IL-10 via dendritic cells. Allogeneic MLRs were performed using moDCs and
CD4™" T cells from healthy individuals. SEB was added in the presence or absence of (a) IL-1f and (b) neutralizing IL-1p antibodies, IL-1 receptor
antagonist or appropriate isotype control. After 72 h, supernatants were assayed for IFNy using an ELISA. Percentage inhibition values are
calculated by considering the percent of cytokine secretion upon LPS stimulation alone (for IL-1RA) or LPS in combination with mouse 1gG1
isotype (for anti-IL-1B) as 100%. ¢ Allogeneic MLRs were performed using moDCs and CD4" T cells from an ILT10RA-deficient patient or healthy
individuals in the presence of SEB with or without IL-1f. d, e Allogeneic MLRs were performed using moDCs and CD4" T cells from healthy
individuals. SEB was added in the presence or absence of d LPS, IL-1f, and IL-10 or e LPS with or without neutralizing IL-12 antibodies or
appropriate isotype control. After 72 h, supernatants were assayed for d IL-12p70 and e IFNy using an ELISA. f Adult healthy controls (n = 4)
and IL10RA-deficient patient moDCs were stimulated with LPS for 20 h and IL-12p70 was determined by ELISA. g CD4" T cells from healthy
controls (n=4) and an IL10RA-deficient patient (PT) were stimulated with anti-CD3/CD28 beads in the presence or absence of IL-1p. h
Allogeneic MLRs were performed using moDCs and CD4" T cells from an IL10RA-deficient patient or healthy individuals in the presence of SEB
with or without IL-1 and IL-10. Results are mean +SD (d-h) or mean + SEM (b, ¢, g left) of a representative of at least two independent

experiments. *P < 0.05, **P < 0.01, ***P < 0.001 using unpaired Student’s t test

patients in larger pediatric and adult IBD patient cohorts. The group
of pediatric IBD patients that were less sensitive to the IL-10
inhibitory effects exhibited clinical and immunological differences at
time of diagnosis. Whether these differences reflect a difference in
immune pathology, disease severity or time to diagnosis remain to
be elucidated in these future cohort analyses. Given the crosstalk
between IL-13 and other proinflammatory cytokines active in IBD
(e.g., TNFa), it is crucial to predict in which patients IL-1f acts as the
primary upstream regulator/enhancer. While IL-1 blocking agents
are currently not used in clinic for IBD patients, neutralizing IL-1
therapy has already been shown to be effective in some ILT0R-
deficient patients.'” In patients with moderate to severe CD that are
refractory to either anti-TNF agents or immunosuppressive conven-
tional therapy, neutralizing IL-12-IL-23 therapy has been shown to
have clinical effect.”® Given the role of IL-1B in stimulating IL-12
production by moDCs, we consider that the IL-1/IL-12/IFNy axis may
play a major pathogenic role in a subgroup of IBD patients. Further
studies and larger patient cohorts are needed to identify and further
characterize the pediatric IBD patients who would benefit from
targeting the IL-1/IL-12/IFNy pathway.

Unraveling the underlying pathogenic immune pathways in the
diverse subgroups of IBD patients will contribute to future
therapeutic approaches tailoring therapy to the patients’ indivi-
dual disease. Here, we demonstrate that abnormalities in
monogenic disease are useful for the functional understanding
of polygenic IBD pathogenesis and can advance our ability to
classify varying clinical pathologies.

METHODS

Patients

Blood was collected in EDTA tubes from an ILT10RA-deficient
patient,’® AD-HIES patients carrying STAT3 mutations, cohorts of
treatment-naive or treatment-experienced pediatric IBD patients
(Table 1), pediatric control (no IBD) patients suspected of IBD but
having a normal intestinal histology, and adult healthy volunteers.
At time of the analysis, the intestinal inflammation of the IL70RA-
deficient patient was in clinical remission while receiving
thalidomide, intravenous immunoglobulin, and colchicine. All
IBD patients were diagnosed by endoscopy and histology of
biopsies according to the Porto criteria.** All participants and/or
their parents gave written informed consent. For the participants
with IBD and ILTORA deficiency, the study was approved by the
Medical Ethical Committee of the Erasmus University Medical
Center. The participants with AD-HIES were enrolled in a National
Institutes of Health Institutional Review Board approved protocol
(NCT00006150).

Cell isolation

PBMCs, CD14" monocytes and moDCs were isolated and cultured
as described.'”® CD4" T cells were isolated using the negative
selection Dynal CD4™ T cell isolation kit (Invitrogen). Purified CD4™"
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T cells and moDCs were used either directly in stimulation assays
or co-cultured as indicated in an allogeneic MLR for 72 h. The
various cell populations were stimulated for the indicated time-
points with: purified lipopolysaccharide from Escherichia coli
Serotype 0111:B4 (100 ng/ml, Sigma-Aldrich, St. Louis, MO),
adenosine 5'-triphosphate disodium salt (ATP, 5 mM, InvivoGen,
San Diego, CA), soluble anti-CD3 antibody (500 ng/ml; Sanquin,
the Netherlands), plate-bound anti-CD3 antibody (clone OKT3 -
0.1,1, 10 ug/ml, Biolegend, San Diego, CA), anti-CD3/CD28 beads
(bead-to-cell ratio 1:2 or 1:4, Invitrogen), Staphylococcal enter-
otoxin B (SEB, 0.05pg/ml, Sigma-Aldrich or List Biological
laboratories Inc, Campbell, CA), IL-10 (25 ng/ml, R&D Systems),
IL-18 (10ng/ml, R&D Systems), neutralizing IL-13 antibodies
(canakunimab, 10 pg/ml), IL-1 receptor antagonist (anakinra,
5 pg/ml), neutralizing human IL-12p70 antibody (10 ug/ml, R&D
systems, Minneapolis, MN) or appropriate isotype controls.

Cytokine measurements

Cytokine production was measured in supernatants using
enzyme-linked immunosorbent assays for IL-13 (R&D systems),
IFNy (eBiosciences, San Diego, CA), IL-12p70 (BD biosciences, San
Diego, CA), BD Cytometric Bead Array (BD biosciences), or the
LEGENDplex Human Th Cytokine Panel (Biolegend).

Flow cytometry

For intracellular phosphorylated-STAT3 staining, whole blood
samples or CD4" T cells were stimulated for 60 min with IL-10
(25 ng/ml, R&D systems). Samples were stained for phosphorylated-
STAT3 (Tyr’®; BD biosciences) or the appropriate isotype control
according to the BD Phosflow protocol. For IL-10 receptor staining,
Fcy receptors were first blocked by preincubation with saturating
amounts of normal human serum. Subsequently, cells were stained
with anti-IL-T0RA (Mouse IgG2B Clone # 714212) and anti-IL-10RB
(Mouse IgG1 Clone # 90220) antibodies (R&D systems) or matched
isotype controls (R&D systems).

Stained cells were analyzed using the FACSCanto Il (BD
Biosciences) and FlowJo software. Delta MFI is obtained by gating
on the population of interest (for example CD4" cells and
calculating the IL10RA or IL10RB MFI-minus-the isotype control
MFI (also see Supplementary Figure S1d.)

RNA isolation and quantitative PCR

Intestinal tissues were pre-prepared by homogenization using
mechanical pressure. Total RNA isolation and quantitative real-
time polymerase chain reaction (PCR) was performed as
described.®® Quantification of the signal was achieved by
correcting the cycle threshold value (Ct) of the gene of interest
with the Ct value of the reference gene GAPDH (ACt). The relative
expression to GAPDH for the gene of interest was measured as
20°2Y_Primer sets used were GAPDH; Fw: 5'-GTCGGAGTCAACGGA
TT-3/, Rv: 5’-AAGCTTCCCGTTCTCAG-3’, IL1B; Fw: 5'-CCGCGTCAGT
TGTTGT-3/, Rv: 5-GGAGCGTGCAGTTCAG-3'.

Mucosal Immunology (2019) 12:1201-1211



IL-10 signaling in dendritic cells controls IL-1B-mediated IFNy secretion...
S Veenbergen et al.

1209

e Macroscopically affected
o Macroscopically unaffected

ns ns
* *kk ns * P =0.053
L]
oo
—
o . R
L4 ° (X
set g St
3 ° ° °® o S
6o g —Oo— o o L
° . _o o ogo o®
o %0 °
° ° oo % .
—oo— ° o ° o o
o0 o °
0o
o
no IBD CD uc no IBD CD uc
lleum Colon
d IL10RB
100 4
80 -|
s 60
X
o
w40 4
1 -
20 -|
0 T T T
HC cD uc
e IL10RA
P=0.02
100 & P=0.07
80 -|
R —
g *1 @
X
o
L 40 4
20 -|
0 T T T
HC cD uc

- |IBD patients (n = 15)

a
10 -
IL1B
5
200 1
+LPS ? 14
[l
s
P=0.007 3
_ 1501 < 011
8 Z
= 100 £
= 1 @ 0.01
X =
& 2
50 % 0.001 4
— L :
1
0 ‘ : ‘ 0.0001
HC CD uc
Cc Crohn’s disease Ulcerative colitis
++ sl
i
K B
4 o s
+ .
-, »
2 Rod
e
f -4~ Healthy controls (n = 8)
150 150
c =
(=} (s}
$ 100 A S 100 +
=] =]
° O
o o
s <
> >
z 4
L 50 L 50+
X ES
0 T T T T T 0
- 0.1 1 10 100
IL-10 (ng/ml)

RNA sequencing library preparations

For moDC analysis, RNA quality was ensured using the RNA6000
PicoAssay for the Bioanalyzer 2100 (Agilent), followed by RNA
amplification using the Ovation RNA-Seq System V2 (NuGen
Technologies, San Carlos, CA) and library preparation using the
Ovation SP Ultralow Library System (NuGen) according the
manufacturers’ protocols. For PBMC analysis, mRNA was enriched
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using KAPA mRNA capture beads followed by preparation of
libraries using the KAPA Stranded mRNA Seq kit (Kapa Biosystems,
Wilmington, MA) according the manufacturers’ protocols.

RNA sequencing data analysis
Bar-coded PCR products (indexed) were sequenced on an lllumina
HiSeq 2500 platforms at the NHLBI DNA Sequencing and
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Fig. 4 Enhanced IL-1p expression and suboptimal IL-10 function in pediatric IBD patients. a Peripheral blood mononuclear cells from adult
healthy controls (n=6), CD patients (n=11), and UC patients (n=9) were stimulated with bacterial LPS and high throughput RNA
sequencing was performed after 6 h of stimulation. FPKM values of /L7B mRNA expression are shown. b /L71B mRNA expression was measured
in biopsies from macroscopically affected intestine (closed symbol) and biopsies from unaffected regions (open symbol) derived from
treatment-naive CD and UC patients and no IBD controls. ¢ Representative immunohistochemical staining for IL-1p in inflamed sections of
paraffin-embedded biopsies of pediatric IBD patients (n =33). d, e ILTORA and ILT0RB mRNA expression was determined in peripheral blood
mononuclear cells from adult healthy controls (n = 6), CD patients (n = 11), and UC patients (n = 9) using high throughput RNA sequencing.
FPKM values of ILTORA and IL10RB mRNA expression are shown. f Peripheral blood mononuclear cells from healthy controls (n=8) and
treatment-naive IBD patients (n = 15) were stimulated with anti-CD3/CD28 beads in the presence of different concentrations of IL-10 (0.1, 1,
10, and 100 ng/ml). After 48 h, supernatants were assayed for IFNy using an ELISA. The relative difference was calculated considering the
percent of cytokine secretion upon anti-CD3/CD28 beads stimulation without IL-10 as 100%. Results are mean + SEM f. *P < 0.05, **P < 0.01,

***P < 0.001 using one-way ANOVA (a, b, e) or unpaired Student’s t test (f)

Genomics Core. Sequenced reads (50bp, paired-end) were
obtained with the lllumina CASAVA pipeline and mapped to the
human genome hg19 (GRCh37, Feb. 2009) using Tophat 2.0.11
Supplemental ref. >'. Raw counts on exons of each gene were
calculated using Cufflinks 2.1.1 Supplemental ref. * and normal-
ized by using FPKM. Differentially expressed genes were identified
with the R package “edgeR” using the following criteria: FPKM > 5
in at least one sample, fold change was =1.5, and FDR <0.1. The
gene-expression heat maps were generated with the R package
“pheatmap”.

Immunohistochemistry

Paraffin-embedded biopsies were processed and stained as
described.'® Antibodies used were anti-IL-1B (clone 3A6, Cell
Signaling Technology, Danvers, MA) and mlgG1 isotype control
antibody. Images were acquired using a Leica DM5500B upright
microscope and LAS image acquisition software (Leica Micro-
systems, Rijswijk, the Netherlands).

Statistics

Significance was determined using unpaired Student’s t test
(two-tailed) or Mann-Whitney U test performed on GraphPad
Prism 4.0 software (GraphPad Software, San Diego, CA). Each
figure legend describes the statistical test used for each
experiment. P values of <0.05 were regarded as significant.

DATA AVAILABILITY

The sequencing data have been deposited at the European
Genome-Phenome Archive (https://ega-archive.org/). Dataset:
EGAD00001005117 Study: EGAS00001003741.
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