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ABSTRACT

Background: Vitamin D deficiency is a risk factor for inflamitway bowel disease
(IBD). The IL-23-driven tissue-resident ILC3 playssential roles in intestinal
immunity, and targeting 1L-23/12 is a promising eggh in IBD therapy.

Objective: We set out to define the role of,25-dihydroxy vitamin D3 (1,25D) in
regulating functional responses of human mucos&3ILto IL-23 plus IL-B
stimulation.

Methods. Transcriptomes of sorted tonsil ILC3 were assebgeuicroarray analysis.
ILC3 cytokine production, proliferation and differteation were determined by flow
cytometry, ELISA and multiplex immunoassay. Inteaticell suspensions and ILC3
sorted from gut biopsies of IBD patients were asalyzed along with plasma 25-
hydroxy vitamin D3 (25D) detection.

Results: ILC3 stimulated with IL-23 plus IL{1 upregulated the vitamin D receptor
(VDR) and responded to 1,25D with downregulatiortred IL-23 receptor (IL-23R)
pathway. Consequently, 1,25D suppressed the [LE227F and GM-CSF production
from tonsil and gut ILC3. In parallel, 1,25D uprégfed genes linked to the 131
signaling pathway as well as the IB-inducible cytokines IL-6, IL-8 and MIPelf.
The 1,25D-triggered skewing in ILC3 function wast m@companied or caused by
changes in viability, proliferation or phenotypendly, we confirmed low 25D
plasma levels in IBD patients with active inflamroat

Conclusion: In the light of the beneficial targeting of IL-2% in IBD, 1,25D appears
as an interesting therapeutic agent that inhibgslt-23R pathway, providing a novel

mechanism for how ILC3 could be manipulated to laguntestinal inflammation.
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Key messages
* IL-23 plus IL-1B render human ILC3 responsive to vitamin D by uptatng
VDR
* Vitamin D reprograms ILC3 by downregulating the 2BR pathway while
promoting production of IL-A-inducible cytokines
* The vitamin D-induced modulation of ILC3 functioashtherapeutic potential

in IBD

Capsule summary
We have unraveled the detailed mechanisms behinvd Vitamin D efficiently
suppresses IL-23 receptor signaling in gut innatghoid cells, providing incitement

for vitamin D supplementation as a therapeutic eagh in IBD.

Keywords:. innate lymphoid cells, inflammatory bowel disea3&sR, IL-22

Abbreviations: 1,25D — h,25-dihydroxy vitamin D3, 25D — 25-hydroxy vitaniD8,

Ahr — aryl hydrocarbon receptor, GM-CSF - granutecynonocyte colony
stimulating factor, IBD — inflammatory bowel diseasIFN - interferon, IL —
interleukin, ILC — innate lymphoid cell, NKp44 —tngal cytotoxicity receptor 44,
RORyt — retinoic acid receptor (RAR)-related orphanemor gamma t, VDR —

vitamin D receptor
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INTRODUCTION

Group 3 innate lymphoid cells (ILC3) are tissueidest innate lymphocytes,
functionally resembling Th17/22 cells in the adeptarm of the immune system.
However, ILCs lack rearranged antigen-specific pgmes. In humans, expression of
the natural cytotoxicity receptor NKp44 distinguesitwo subsets of ILC3, the IL-17-
producing NKp44 and IL-22-producing NKp44 ILC3 * 2 The human healthy
intestine is dominated by the IL-22-expressing N&Kp#.C3 * “ while IL-17- and
IFN-y-producing NKp441LC3 and ILC1 accumulate in the inflamed dut Several
mouse studies demonstrated the protective role L&f34derived IL-22 during
intestinal homeostasis and inflammatidhi However, it is increasingly recognized

10

that dysregulated ILC3 responses can promote in&sinflammation® *° and

inflammation-induced tumorigenestd™* According to mouse studies IL-17 and

15 However,

IFN-y crucially contribute to the IL-23-dependent innatelitis
therapeutic targeting of IL-17 (secukinumab) andN-k- (fontolizumab) in IBD
patients did not provide clear beneficial effetts!’. In fact, anti-IL-17 treatment
worsened inflammatiof?.

IL-23 is the major driver of human and mouse ILG8kine production, similarly to
Th17/22 cells® *¥2° |L-23 acts on the IL-23 receptor (IL-23R) and licds
recruitment of retinoic acid receptor (RAR)-rela@ghan receptor gamma (R@R
and aryl hydrocarbon receptor (Ahr) to the promafeilC3-specific cytokines® %>
IL-1p can work in synergy with IL-23 via activating the 1R1/MyD88 pathway*®
4 In contrast to anti-IL-17 therapy, initial thempic targeting of IL-23/IL-12

(ustekinumab) appears to be very efficient for @tehdisease (CD) patients

unresponsive to anti-TNF treatmefit?”. We therefore turned our attention to
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potential inhibitors of the IL-23R pathway in ILC8s they would constitute
interesting therapeutic agents in IBD.

Recently it was shown that vitamin D receptor (VERficient mice display
increased intestinal accumulation of IL-22-expnegsiLCs with accompanying
dysbiosis %, suggesting that the vitamin D-VDR signaling might a negative
modulator of ILC3 function. Vitamin D deficiency $ideen reported as a risk factor
for IBD and colorectal cancer in observational &8> Similarly, VDR-deficient
mice are more susceptible to colitis and developensevere disease®. Vitamin D

is a crucial immunomodulator acting via VDR, anramtuclear receptor and
transcription factor. Several inflammatory cytolsnéke IL-1, IL-6, IL-8 and IL-17
can be positively or negatively regulated by vitar®, depending on the context and
activation status of the immune ceffs Notably, vitamin D reduces Thi17-specific
cytokine productiori’® thus it emerges as a potential regulator of ILC3.

Here, we determined how the active form of vitaminla,25-dihydroxy vitamin D3
(1,25D), modulates the function of IL-23 plus IB-&ctivated human tonsil and
intestinal ILC3. We show that 1,25D represses th23R pathway and consequently
the IL-23-regulated production of IL-22, IL-17F ar@dM-CSF. Simultaneously,
1,25D upregulates key components of the rphthway, and skews ILC3 cytokine
secretion towards a more innate cell profile inalgdproduction of IL-6, IL-8 and
MIP-1a/B. Our study reveals 1,25D as potent modulator dZ3Lfunction, with
important implications for diseases in which ILCBe anvolved and 1,25D has

beneficial effects, such as IBD and psoriasis.



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

METHODS
Detailed description of ethical permits, materialsd methods is provided in the

Online Repository.

Cell isolation from human tonsil and gut
Human tonsil ILC3 and NK cells were isolated bywllacytometric sorting, as
previously described. Gut single cell suspensions and sorted ILC3 wkmgved

from gut biopsies of adult IBD patients in remiss{d@able E1.).

In vitro stimulation, intracellular staining, and analysis of proliferation
Sort-purified tonsil and gut ILCs and gut singlél seispensions were cultured with
100 nM 1,25D or 25D (25-hydroxy vitamin D3) or velei, IL-23 plus IL-B (50
ng/mL) and IL-23 plus IL-f plus 1,25D for 24h or 72h. When indicated cellseve
additionally stimulated with 25 ng/mL PMA plus 5001 ionomycin for 6h. Tonsil
NK cells were stimulated with IL-12 plus IL-18 (5@/mL). After performing the
different staining protocols, cells were immedigtatquired on a LSR Fortessa flow

cytometer (BD Biosciences).
ELISA, multiplex immunoassay
Cell supernatants were analyzed by Human IL-22I1bsi F DuoSet ELISA (R&D)

and Bio-Plex Pro human cytokine 27-plex kit (BioelRa

RNA isolation and microarray gene expression analysis
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Total RNA of ILC3 was isolated by using RNeasy ri&it (Qiagen). Microarray
analysis was performed by Human Transcriptome A@d#&y Data correction and

heatmap analysis were performed using R softifafé

25D detection in plasma samples of IBD patients
Peripheral blood of IBD patients (Table E2) waslaxied at the Gastromedical
Center, KI. 25D in plasma samples was analyzed Imemduminescence

immunoassay.

Statistical analyses
Data were analyzed by Wilcoxon matched-pairs sigae# test or one-way ANOVA
and Tukey's multiple comparisons test (*p<0.05,<0@1, **p < 0.005, ****p <

0.001) by using GraphPad Prism 6 Software.
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RESULTS

Activated ILC3 upregulate VDR and 1,25D induces broad transcriptional
changes

In order to assess functional responses of ILCB 256D, we sort-purified bulk ILC3
containing NKp44 and NKp44 ILC3 from tonsil tissue. Tonsils are mucosa-
associated lymphoid tissue (MALT) containing alCllpopulations reported so far
We therefore performed our initial experiments gsionsil tissue, to later confirm
key findings in the intestinal tissue. ILC3 werated by flow cytometry as lineage
cells lacking expression of B, T, myeloid and mast markers, and were defined as
CD45'CD127CD117CD16T CRTHZ lymphocytes (Figure 1A). First, we wanted to
assess, in an unbiased manner, the effects of mtBnon human ILC3 by using the
active form 1,25D (100 nM). For this purpose, wefgrened transcriptome analysis
of bulk ILC3 after 24h-stimulation with vehicle (02% EtOH), 1,25D, IL-23 plus
IL-1B (each 50 ng/mL) or IL-23 plus ILBlplus 1,25D. We analyzed differentially
regulated genes among all treatment groups (FigBe Whereas 1,25D alone
induced modest transcriptional changes, IL-23 pludslf stimulation of ILC3
(referred to as activated ILC3 hereafter) led gn#icant regulation of 321 genes,
with VDR being the most significantly upregulated trandcffigure 1C-D). These
data indicated that IL-23 plus ILBdactivation rendered ILC3 increasingly responsive
to 1,25D (Figure 1C). We used GO-enrichment ansligiassess overall changes in
transcriptional patterns, which revealed negativegulation of protein
phosphorylation, cytokine-mediated signaling patysvand cytokine production by
1,25D in activated ILC3 (Figure E1). In paralle]28D upregulated genes related to
small molecule metabolic processes, innate immand-stress response and single-

organism metabolic processes (Figure E1).
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Upon in-depth evaluation of the transcriptionalredes we observed that treatment of
activated ILC3 with 1,25D triggered significant utgtion of several VDR target
genes, includingCYP24A1, a 24-hydroxylase enzyme degrading the activel,25
compound. Additionally, CAMP, (LL-37, anti-microbial peptide)** and MN1
(meningioma-1, co-activator of VDR-mediated traisesn) were significantly
upregulated® (Figure 1C-D). Furthermore, 1,25D upregulated ¥R target genes
IRF8 and SERPINBL, factors known as negative modulators of Th17 c&Hg>
Notably, 1,25D skewed the gene expression profilectivated ILC3 towards that of
tissue-resident cells as demonstrated by modulatigenes involved in immune cell
homing and adhesion as well as in the regulatioscth polymerization and motility
(Figure E2A). Additionally, numerous metabolismateld genes were upregulated by
1,25D in activated ILC3, with particular enrichmeot lipid metabolism genes
(Figure E2B).

These data provide compelling evidence that aed/dtC3 respond intensively to
1,25D with transcriptional changes of a wide ranf§&nown VDR target genes and

with an enhanced transcriptional program aimedati¢-residency.

1,25D does not affect differentiation, viability or proliferation of activated ILC3

An important function of 1,25D is to modulate diffatiation and proliferation of
immune cells*®. Thus, we investigated if 1,25D could influenceB._differentiation
by affecting the expression of NKp44, which is arkea of IL-22-producing ILC3 in
humans’. Notably, the IL-23 plus ILfi-induced increase in ILC3 NKp4kpression
was not affected by 1,25D (Figure 2A-B). Additidgall,25D had no impact on the
expression of other ILC3 markers, such as CD1271X0Dand CD161 (data not

shown).

10
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On the transcriptional level, 1,25D modulated theression of several genes
involved in cell survival and proliferation as wels pro- and anti-apoptotic genes
(Figure E2C). Thus, we investigated whether 1,2%DId influence ILC3 viability
and proliferation beyond inducing transcriptionaboges. Sort-purified ILC3 were
incubated with vehicle, 1,25D, IL-23 plus I13-Dr IL-23 plus IL-BB plus 1,25D for
72 hours. Importantly, 1,25D did not affect viatyiliof ILC3 (Figure 2C).
Additionally, the IL-23 plus IL-B-triggered proliferation of NKp44and NKp44
ILC3 was also not markedly influenced by 1,25D (Feg2D-E).

These data clearly suggest that the effects ol @bactivated ILC3 do not include,
and are not mediated by, alterations in viabildxgliferation or differentiation status

of ILC3.

1,25D downregulatesthe IL-23R regulatory pathway in activated tonsil ILC3
Transcriptome analysis of highly purified tonsildB revealed that IL-23 plus ILB1
treatment caused differential regulation of sevegahes compared to vehicle
treatment. We confirmed here numerous genes imguidi22, CSF2, IL17F, IL26
andIFNG, which had been previously shown to be expresgexttivated tonsil ILC3
(Figure E2D)*. Co-incubation of activated ILC3 with 1,25D resditin profound
transcriptional changes affecting crucial ILC3 ftuioes, in line with the observed
upregulation of VDR in activated ILC3 (Figure 3AJost importantly, the transcript
of IL23R, the main driver of ILC3 cellular activity, wasgsificantly downregulated
by 1,25D. Consequently, transcripts downstreamhef iIL-23R includingRORC,
IL22, IL17F, IL26, IFNG and CSF2 were also suppressed. We did not observe

significant regulation ofAHR gene expression at 24 hours of stimulation. We

11
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confirmed the 1,25D-induced downregulation la23R on NKp44 and NKp44ILC3

by analyzing the IL-23R cell surface protein bywfloytometry (Figure 3B-C).

Since 1,25D clearly downregulated the IL-23R antbkipe transcripts associated to
this pathway, we next assessed the IL-23R-assdcaatd ILC3-specific transcription
factors Ahr and ROR. IL-23 plus IL-13 treatment led to upregulated protein
expression of these transcription factors, whick vealuced by 1,25D (Figure 3D-E).
Interestingly, in response to 1,25D, NKp4#.C3 showed the more prominent
downregulation of Ahr and RORexpression as compared to NKp#4AC3 (Figure
3D-E).

These results provide the first evidence that 1,263 as a silencer of the IL-23R

regulatory pathway on human ILC3.

1,25D selectively prevents L C3 responsesto I L-23 cytokine stimulation

We next sought to dissect the relative contribubérthe ILC3-activating cytokines
IL-23 and IL-1B in mediating responsiveness to, and the effects,25D.

Sort-purified ILC3 secreted IL-22 and IL-17F updr23 stimulation and secretion
was synergistically enhanced by combined IL-23 plu&p stimulation (Figure 4A,
Figure E3A-B). ILC3-derived GM-CSF can also contit#to the pathogenesis of gut
inflammation > *" “® However, in contrast to IL-22, GM-CSF productiovas
dependent on ILfl stimulation that was further enhanced by IL-22@a#4 hours of
stimulation (Figure E3C). After 72 hours, GM-CSIeguction might have reached its
maximum upon IL-f stimulation and was not further inducible by IL{&gure 4B).
In line with the 1,25D-induced downregulation oéth.-23R pathway, 1,25D only
inhibited the IL-23-stimulated or synergisticallg-stimulated secretion of IL-22, IL-

17F and GM-CSF but did not modulate IB-thediated effects (Figure 4A-B).

12
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Similarly, 1,25D reduced the IL-23-dependent ingéthdar expression of IL-22 and
GM-CSF in NKp44 ILC3 (Figure 4C-F), but not the ILBidependent GM-CSF
expression (Figure C-F). Interestingly, althoughvated ILC3 secreted IL-17F after
24 and 72 hours, which was inhibited by 1,25D (Fegd3B, Figure 4A), intracellular
detection of IL-17F revealed no such effects (FegdE-F). In contrast to IL-17F,
activated ILC3 secreted small amounts of IL-17Ajclkhwas not modified by 1,25D
(Figure E4A). IL-17A was also not detectable ingladarly in the ILC3 subsets (data
not shown). These data are supported by the nthianin our microarray analysis
IL17A transcripts were not upregulated in activated ILE3thermore, low amounts
of secreted and intracellular IFNwere detected when ILC3 were stimulated with IL-
23 plus IL-B, which was inhibited by 1,25D (Figure E4B-D). Noltg tonsil NK cell
IFN-y and GM-CSF production, stimulated by IL-12 plus1& was completely
unaffected by 1,25D (Figure E5).

The active form of vitamin D, 1,25D, is synthetizedm the inactive proform 25-
hydroxyvitamin D3 (25D), by the enzyme 25Dsdhydroxylase CYP27B1) that we
showed was expressed in ILC3 (Figure $€)Strikingly, 25D mimicked the effects
of 1,25D on stimulated ILC3 in reducing IL-22 andM&SF cytokine secretion
(Figure E6A-B) and also prevented upregulation @Rt and Ahr in both ILC3
subsets (Figure E6C-D). The latter findings suggleat ILC3 can convert 25D to
1,25D intrinsically.

Together, these data demonstrate that 1,25D asaw/éiie inactive proform 25D limit
responsiveness of ILC3 to IL-23, as evidenced loced IL-22, IL-17F and GM-

CSF production.

1,25D upregulates I L-1p-inducible genes and cytokinesin activated tonsil ILC3

13



282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

Besides the transcriptional changes of genes iedola VDR and IL-23 responses,
1,25D triggered upregulation of a distinct set ehgs involved in the IL{lsignaling
pathway (Figure 5A). IL-f§ mediates its effects via the type | IL-1 receftorlR1)
and its signal transduction involves the adaptodemde IL-1 receptor-activated
protein kinase 2 (IRAK2), the downstream mitogetvated protein (MAP) kinases
and c-Jun N-terminal kinases (JNK) and subsequétilxB and members of the
activating protein-1 (AP-1) transcription factorfdy “°. Canonical IL-B target
genes are those of IL-6, IL-8, MIRYB and COX-2. The combination of IL-23 plus
IL-1B plus 1,25D stimulation of ILC3 led to upregulatiohlRAK2, JUN andFOS_2,
which encode proteins crucially involved in thelg-signaling pathway (Figure 5B).
However, expression of IL-1R1 protein was not iaflaed by 1,25D treatment of
activated ILC3 (Figure E7). Notably, we also obgeirighly significant upregulation
of IL-1B-inducible cytokine/chemokine genes suchli§, IL8, CCL3, CCL4 and
CSF1 upon VDR engagement in activated ILC3 (Figure 5A).

In line with the transcriptional changes, we canfd that secretion of IL-6, IL-8 and
MIP-1a/f was induced by 1,25D treatment in activated ILCAgyre 5C).
Interestingly, the mechanism behind the enhanceduation of IL-6 was different
from the latter cytokines. IL-6 was the only cyto&iinduced by the combination of
1,25D plus IL-B, i.e. in the absence of IL-23 (Figure 5C). Notahly-23 plus
1,25D-stimulation did not enhance secretion of aofy these IL-B-inducible
cytokine/chemokines. To further validate our figBnand assess the cellular sources
of IL-6 within the ILC3 population, we performedtiacellular IL-6 detection (Figure
5D-E). Both ILC3 subsets expressed IL-6 followingubation with IL-23 plus IL-§
plus 1,25D-stimulation, but it was particularly poainced in NKp44 ILC3 (up to

10%, Figure 5D). Compared to IL-23 plus IB-$timulation, 1,25D shifted NKp44

14
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ILC3 cytokine production to reduce IL-22 but acgult-6 expression (Figure 5D).
Interestingly, approximately 15% of 1L-22-expregsMKp44 ILC3 co-expressed IL-
6.

These data show that besides downregulation oflltF28R regulatory pathway,
1,25D simultaneously turns on genes which belonth&IL-18 signaling cascade

with a consequent induction of IL3dinducible cytokines like IL-6 in activated ILC3.

1,25D selectively inhibits IL-22 and GM-CSF production of activated intestinal
NKp44" ILC3but not in CD4" T cdlls.

ILC3 are the most abundant intestinal ILC populatibhe healthy human gut mucosa
is dominated by the NKp44LC3 subset™ % We isolated single cell suspensions
from biopsy samples of non-inflamed ileum or colof adult IBD patients in
remission (Table E1). To mimic inflammation, wenstiated total intestinal cell
suspensions with IL-23 plus ILB1 which significantly increased the IL-22 secretion
(Figure 6A). As demonstrated for tonsil ILC3, IL-Z&oduction was markedly
reduced by 1,25D (Figure 6A). Additionally, we detsl low levels of secreted IL-
17A and IL-17F from activated intestinal cell susgiens, which were slightly but
not significantly decreased by 1,25D (Figure 6A).

We next set out to uncover which cellular sourcéLe2? in the intestine is affected
by 1,25D. To that end, NKp24ILC3 and CD4 T cells were analyzed for
intracellular expression of IL-22 and also GM-C3rg(re 6B). As in the tonsil
tissue, the gut NKp44 ILC3 subset was gated as lineage
CD45'CD127CD117CD16TCRTHZNKp44" lymphocytes. CD4 T cells were
identified as CD45CD3'CD8CD4" lymphocytes. Intestinal NKp44LC3 responded

to IL-23 plus IL-B stimulation with on average 15% of the cells p@dg IL-22,

15
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while 1,25D co-incubation reduced it to 3.5% (FE@IC-D). We detected only weak
GM-CSF expression upon activation, which was cledélcreased by 1,25D. Notably,
we were not able to detect GM-CSF in the intestoel suspensions supernatant
(data not shown). Upon augmentation of cytokinedpobon by PMA plus
ionomycin, approximately 25% of NKp34ILC3 became IL-22 after cytokine
activation, and 1,25D clearly disabled the IL-2&durction (Figure 6C-D). In line
with our findings in tonsil ILC3, 1,25D reduced H2, but did not affect GM-CSF
production in PMA plus ionomycin-exposed intesti’dkp44™ ILC3 (Figure ES8;
Figure 6C-D). Additionally, NKp44ILC3 slightly increased IL-22 expression upon
IL-23 plus IL-18 stimulation, which was inhibited by 1,25D (FiguE9®A-B). In
contrast, CDAT cells did not respond to IL-23 plus II3-Btimulation with increased
IL-22 or GM-CSF expression (Figure 6E). Howeverpm@PMA plus ionomycin
exposure, on average 7% of CDR cells were IL-22 and 30% GM-CSF(Figure
6E-F). Strikingly, 1,25D did not influence IL-22 &iGM-CSF production in CD4T
cells. CD8 T cells only scarcely displayed IL-22 expressi@om activation and it
was not affected by 1,25D (Figure E9C-D).

These data clearly indicate that 1,25D exclusivetyntrols IL-22 and GM-CSF
production by intestinal NKp44ILC3, but not that of CD4T cells stimulated with

IL-23 plus IL-1.

1,25D reprograms sorted intestinal 1LC3 by suppressing IL-22 and GM-CSF
production whileinducing I L-6 secretion.

ILC3 were sort-purified from non-inflamed ileum pgy samples of IBD patients in
remission by using the same gating strategy asofwsil ILC3 sorting (Figure 1A).

Due to low ILC3 sorting yield from human gut biogsj in some experiments ILC3
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were pooled from 2 patients (Table E1). After 72itsoculturing, gut ILC3 retained
their phenotype, with high surface expression ofICD and CD161 (Figure 7A).
Activated gut ILC3 showed on average 10% highegueacy of NKp42 ILC3
compared to vehicle, and similarly to tonsil-dedv&C3, the composition of ILC3
subsets was not affected by 1,25D (Figure 7A-B)th\Wwiegard to cytokine secretion
we found augmented IL-22, GM-CSF and Ik¥Nevels upon activation, which were
almost completely prevented by 1,25D (Figure 7R3jralleling the findings with
tonsil ILC3, activated gut ILC3 also displayed iedd IL-6 production upon 1,25D
treatment (Figure 7C).

These data demonstrate that 1,25D reprograms @8 dytokine production, which
provides important pathophysiological insights. Jdeexperiments highlight that
ILC3 are functionally very plastic lymphocytes, $hi, 25D is able to suppress IL-23-
driven IL-22 and IL-17F expression and enhance fittriggered production of IL-6,

IL-8 and MIP-X/p (displayed in the Graphical Abstract).

IBD patients with active inflammation are vitamin D-deficient

IBD patients have been shown to have lower plasewald of 25D than healthy
controls, but this association is not clear incahorts®®. Therefore, we determined
25D plasma levels in a cohort of IBD patients auilel at our gastromedical center
(Table E1 and E2, Figure 8). The 25D plasma levkelpatients with active
inflammation was on average lower than 50 nmol/hjch is defined as insufficient
according to the IOM guideline®. In contrast, subjects with Lynch syndrome and
IBD patients in remission exhibited higher 25D levdhese observations, along with

our detailed mechanistic description of how 1,25programs intestinal ILC3,
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381 strongly argue for the importance of vitamin D deppentation studies of IBD

382 patients.
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DISCUSSION

The IL-23R pathway is one of the most extensivéldied risk pathways for IBD,
and variants of théL23R gene may be protective or cause an inappropmiateune
response to the commensal flora of the YutDownstream genes of the IL-23R
pathway, includingL22, IL17A andIL17F have also been identified as IBD risk loci
and found to be overexpressed in colonic mucosainoED and ulcerative coliti¥"

%3 Indeed, targeting IL-23/IL-12 by ustekinumab isnbficial for patients with CD
who fail to respond to anti-TNF therapy?”. ILC3 and Th17/22 cells share similar
transcriptional programs and cytokine productionfifes in response to IL-23%
Strikingly, the IL-23-driven IL-22 secretion of Il can be protective in intestinal
homeostasis and inflammatioff, but it can also exert deleterious effects in gut
inflammation and tumorigenesig*. Similarly, the IL-23-induced production of IL-17
contributes to the development of colittd * while IL-23-independent IL-17
production was recently shown to promote intestif@rrier function >
Consequently, therapeutic targeting of IL-17 wasffective, even leading to adverse
outcomes in CD patient§. Hence, IL-17 and IL-22 may have both tissue patite
and deleterious effects in the intestine. Nevee®l blocking the IL-23/12 pathway
seems to have only beneficial effects in IBD.

Vitamin D deficiency is a known risk factor for IBD®, and a recent 5-year
longitudinal study revealed that normal 25D levet asitamin D supplementation
reduced markers of disease activity in IBDWe demonstrated in a small cohort of
IBD patients that patients with active inflammatiare vitamin D-deficient, while
patients in remission have normalized 25D levelsweler, high-quality randomized
and placebo-controlled trials are required to distatvitamin D as therapeutic option

for IBD. We demonstrated here that IL-23- plus R-dctivated ILC3 upregulate
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408 VDR expression. In response to the active form aamin D, 1,25D, ILC3
409 downregulated the IL-23R and consequently the IR-pathway (Ahr, ROR, IL-22,
410 IL-17F, GM-CSF), which could have dramatic consemeas for intestinal health as
411  previous reports identify IL-23 as local driverintestinal inflammation via inducing
412  production of IL-22, IL-17 and GM-CSE" 2% % *® Noteworthy, 1,25D only inhibited
413 IL-23R-dependent secretion of GM-CSF, while IB-hduced GM-CSF production
414  was maintained, possibly providing intestinal tafere as reported by othéfs Our
415 data therefore suggest that vitamin D supplememtadf deficient IBD patients might
416  provide a promising strategy to diminish mucosdlammation, similarly to what is
417  observed in patients treated with ustekinurfraa

418 Vitamin D was previously shown to inhibit Th1l7 diféntiation and cytokine
419  production via inhibiting nuclear factor for actied T cells (NFAT)*". Besides VDR
420 the transcription factor IRF8 arffERPINB1 gene can also act as silencers of Th17
421  function ** %> Notably, bothIRF8 and SERPINB1 are VDR target gene¥' *® and
422  were significantly upregulated by 1,25D in activhteC3 in the microarray analysis,
423  suggesting the involvement of multiple factors awahregulating the IL-23R pathway
424 in 1,25D-treated activated ILC3.

425 Apart from IL-23R, patients with CD commonly displ@olymorphisms in genes
426 related to pathogen recognition and autophagy aelevo bacterial killing in
427  macrophages NOD2/CARD15, IRGM, and ATG16L1) °2 Accordingly, CD is
428 associated with defective acute inflammatory resporfailing to fight the
429 accumulated bacteria, which then persists and &vo&e secondary chronic
430 inflammation . At the onset of IBD there is an inappropriateaitenresponse of
431 macrophages, the major source of IL-6 and IL-8th accumulated bacteria. This

432 impaired defense line results in insufficient imétion of neutrophils to the site of
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infection >°. Notably, 1,25D was shown to enhance bacterisihgilof macrophages
isolated from CD patient®. In addition, 1,25D induced production of II3;1IL-6
and IL-8, but not GM-CSF, iMycobacterium tuberculosis-infected macrophages,
which was essential in host deferféelLC3, as intestinal mucosa-resident immune
cells, are crucially involved in acute inflammatiomainly via secreting IL-2272.
Although vitamin D has shown protective effects patients with IBD, it can
obviously promote production of innate-like cytods Yet, the role of ILC3 in
producing such cytokines is poorly characterized kivealed that 1,25D induced
upregulation of genes linked to I3 Isignaling (RAK2, FOS.2, JUN, PRKCB) in
activated tonsil ILC3, without affecting IL-1R1 ergssion. Consequently, 131
inducible cytokines IL-6, IL-8 and MIPelf were secreted by activated ILC3 in
response to 1,25D. Intestinal ILC3 also shifted ¢iikine production profile from
IL-22 and GM-CSF to IL-6. In contrast to IL-6, IL-8nd MIP-1/f, the IL-1B-
induced GM-CSF production was not affected by 1,2&Dich suggests a distinct
regulation of this cytokine, as previously showmriacrophage$- %3

Our findings, hence, suggest that 1,25D enables3Iit€ acquire an innate-like
cytokine expression profile. Thus, ILC3 might essdly contribute to infiltration of
phagocytic monocytes and neutrophils to the sitbaatterial infiltration at the onset
of IBD. This so far unappreciated involvement ofCR. in regulating immune cell
trafficking during acute inflammation might furthenhance the robustness of the
intestinal immune system. The role of IL-6 in imflenation is very complex due its
soluble and membrane-bound recept¥tsinterestingly, IL-6, similarly to IL-22,
activates Stat3 phosphorylation in intestinal egidt cells, which triggers wound
healing and mucosal repaff®’. Consistently, anti-IL-6R therapy, although it

displayed beneficial effects for patients with GBiJed to improve mucosal healing
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% This notion supports that the 1,25D-induced matioh of ILC3 function might be
of relevance in intestinal inflammation.

Notably, the inactive vitamin D proform 25D mimickel,25D in modulating the
ILC3 cytokine production profile indicating that@3 are able to synthesize 1,25D.
Of note, 1,25D did not modulate activated tonsil Nélls. Intestinal CD4 T cells
only produced IL-22 and GM-CSF after combined statian of IL-23 plus IL-B
and PMA plus ionomycin. However, 1,25D did not aff€D4 T cells cytokine
production, which can be explained by previous respgshowing that VDR expression
in T cells is TCR activation-dependefit Thus,o-CD3/CD28 stimulation would be
required for making T cells responsive to 1,25Dvéttheless, our results suggest that
1,25D exclusively suppresses the innate responssgeof ILCs and not of T cells.
Taken together, our data clearly demonstrate tttataied human ILC3 are rendered
responsive to vitamin D, which causes downregutabb the IL-23R pathway and
simultaneously shifts ILC3 cytokine production tmate-type cytokines including IL-
6, IL-8 and MIPs. We show evidence that IBD paseate vitamin D-deficient,
hence, targeting VDR in IBD is highly relevant amauld directly affect ILC3

functions crucial in orchestrating innate immungpanses.
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717 FIGURE LEGENDS

718

719 Figurel.IL-23 pluslIL-1p activation makesIL C3 responsiveto 1,25D, which

720 causesregulation of VDR target genesin tonsil ILC3. A. Gating strategy for sort-
721  purifying human tonsil ILC3. Lihstands for lineagecells and DCM means dead cell
722  marker.B. Venn-diagram of differentially expressed genesvbeh the indicated
723  treatments (cut-off criteria: fold change of 1.%130%0.01).C. Heatmap of VDR

724  target genes regulated in sorted ILC3. ILC3 werawdated with veh (vehicle,

725  EtOH), 1,25D (100 nM), IL-23 plus ILAL(50 ng/mL each) or 1,25D plus IL-23 plus
726  IL-1p for 24h.D. Relative signal intensity +SD of VDR and VDR tatgenes

727  transcripts (*p<0.05, **p<0.005, ****p<0.001, n=3)

728

729  Figure2. 1,25D doesnot affect | LC3 phenotype, viability or proliferation. A.

730  NKp44 expression of CD11ZD161 ILC3 after 72h incubation was analyzed by
731 flow cytometry.B. Frequencies of NKp44and NKp44ILC3 of total ILC3 (n=5)C.
732  Viability of total ILC3 was analyzed by flow cytormg and shown as mean viable
733 ILC3 count +SD (n=6)D. Proliferation after 72h was analyzed by flow ecytiry on
734  gated NKp42 and NKp44ILC3 (in duplicates, n=2E. Bar graphs show mean
735 percentage of cells in different cell division pbagD0-D5) (in duplicates, n=2).
736

737  Figure3. 1,25D downregulatesthe I L-23R pathway in activated ILC3. A.

738 Heatmap of IL-23R pathway genes regulated by 1 @5aztivated ILC3B. IL-23R
739  expression after 24h incubation was analyzed by fgtometry on NKp44and

740  NKp44 ILC3. C. Normalized geometric MFI of IL-23R expression LCB. Dot

741  plots show mean+SD (*p<0.05, **p<0.01, n=B). Representative plots of Ahr and
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RORyt expression in NKp44and NKp44 ILC3 after 72h incubation analyzed by
flow cytometry (n=5)E. Normalized geometric MFI of Ahr and R@RDot plots

show mean+SD (*p<0.05, **p<0.01, ***p<0.005, ***px 001, n=6).

Figure4. 1L-23-induced IL C3 activation isabrogated by 1,25D. A. IL-22, IL-17F
andB. GM-CSF release of sorted tonsil ILC3 after 72h waslyzed by ELISA.
Mean concentration +SD is shown (****p<0.001, n=3).Intracellular IL-22, GM-
CSF expression of NKp44LC3 was analyzed after 24h by flow cytometdy.Bar
graphs show the mean percentage of positive c8I3 (¥p<0.05, ****p<0.001, n=3).
E. Intracellular IL-17F, GM-CSF expression of NKp44C3 was analyzed after 24h
by flow cytometry.F. Bar graphs show the mean percentage of positile€8D

(*p<0.05, **p<0.01, n=3).

Figure5. 1,25D upregulates genesinvolved in IL-1f signaling and I L-1§-
inducible cytokines. A. Heatmap of IL-B-related genes regulated by 1,25D in
activated ILC3B. Relative signal intensity of selected transcrip@rs represent
meanxSD (**p<0.01, ***p<0.005, **p<0.001, n=3)C. IL-6, IL-8, MIP-1a/p
release of tonsil ILC3 after 72h was analyzed btiplax ELISA (*p<0.05,
**p<0.01, **p<0.005, ****p<0.001, n=4).D. Intracellular expression of IL-22 and
IL-6 of NKp44™ ILC3 after 38h in the presence of PMA (25 ng/mluspionomycin
(500 nM) in the last 6h was analyzed by flow cyttnpneE. Bar graphs show the
mean percentage of positive cells +SD (****p<0.00%£3).F. Intracellular
expression of IL-17F and IL-6 of NKp4#.C3 after 38h in the presence of PMA plus
ionomycin in the last 6h was analyzed by flow cyedm G. Bar graphs show the

mean percentage of positive cells +SD (*p<0.05,)n=3
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Figure 6. 1,25D selectively inhibits IL-22 and GM-CSF production in intestinal
activated NKp44™ ILC3 but not in CD4" T cells. A. Secreted I1L-22, IL-17A and IL-
17F non-inflamed gut biopsy cell suspensions wadyaad after 24h incubation by
ELISA. Bars represent meantSD (*p<0.05, ****p<0.001=7). B. Gating strategy

for identifying ILC3 and T cell subsets in non-mnfhed gut biopsy cell suspensions.
C, E. Intracellular expression of IL-22 and GM-CSF waslgzed on gated NKp44
ILC3 (C) and on CDAT cells E) after 24h. In some cases cell suspensions were
incubated in the presence of PMA (25 ng/mL) plusimycin (500 nM) in the last 6h
(n=7). D. Individual percentages of positive cells are sha#p<0.05, **p<0.01,

***p<0.005, n=7).F. Individual percentages of positive cells are sh¢ma/).

Figure7. 1,25D reprograms gut | L C3 cytokine production by suppressing | L-22
and GM-CSF production and inducing IL-6 secretion. A. ILC3 were sort-purified
from non-inflamed gut biopsies. Expression of CDahd NKp44 was analyzed by
flow cytometry after 72hB. Mean frequency of NKp44and NKp44 ILC3 of total

gut ILC3 (n=3).C. IL-22, GM-CSF, IFNy and IL-6 release of sort-purified gut ILC3
was analyzed by multiplex ELISA after 72h. Barsresgnt mean+SD (*p<0.05,

**p<0.01, N=3).

Figure 8. I1BD patients with active inflammation are vitamin D-deficient. 25D was

detected in plasma samples of the control group Wwinch syndrome (an inherited
disorder that increases the risk of colorectal egndBD patients with new diagnosis,
chronic disease (diagnosed for longer than one) y@am remission. MeanzSD of

25D concentration is shown (*p<0.05, **p<0.01).
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METHODS

Cell isolation from human tonsil and gut

ILC3 and NK cells were isolated from fresh human tonsils from tonsillectomies of
adult or pediatric patients with obstructive sleep apnea syndrome, as previously
described 1. Collection and experimental use of tonsil tissue was approved by the
regional ethical board at Karolinska Institutet. All patients, or parents if they
were younger than 18 years gave their informed consent. Shortly, tonsils were
mechanically disrupted and single cells were isolated followed by separation of
mononuclear cells (MNCs) by using lymphoprep and centrifugation. MNCs were
incubated with directly-labeled anti-CD3, anti-CD14 and anti-CD19 microbeads
(lineage markers) for 20 minutes according to manufacturer's instruction.
Lineage* cells were depleted by using LD MACS columns (Miltenyi Biotech) and
Lineage- MNCs were directly stained for flow cytometric sorting.

Gut ILC3 were isolated from biopsies obtained from non-inflamed ileum or colon
of adult IBD patients in remission (Table E1.). Written informed consents were
obtained from the patients. The study was approved by a regional ethical board
at Karolinska Institutet. In detail, biopsies were cut into small pieces and
enzymatically digested by incubation with DNase and collagenase II (each 250
ug/mL) in a 37°C water bath with magnetic stirring at 450 rpm for 30 minutes.
Single cells were filtered through 40 um cell strainer. In some experiments gut
single cell suspensions were directly used for in vitro stimulation. Otherwise,

isolated cells were immediately stained for flow cytometric sorting.

Flow cytometric sorting of tonsil and gut ILC populations
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Lineage tonsil MNCs and gut single cell suspensions were resuspended in Yssels-
supplemented IMDM (Gibco) with 1% NHS (Invitrogen), penicillin (100 U/mL,
HyClone) and streptavidin (0.1 mg/mL, HyClone). Cells were incubated with the
following antibodies for 30 minutes at 4°C. Lineage marker positive cells were
defined by FITC-labeled antibodies: anti-CD14 (TUK4, Dako); anti-CD1a (HI149),
anti-CD3 (17A2), anti-CD34 (581), anti-CD123 (6H6), anti-FceRla (AER-37 CRA-
1), anti-TCRa/B (IP26) and anti-TCRy/6 (B1) (all Biolegend); anti-BDCA2
(AC144, Miltenyi Biotech) and anti-CD19 (4G7, BD Biosciences). Additionally we
used BV605-conjugated anti-CD161 (HP-3G10), BV711-labeled anti-CD56
(HCD56) (both Biolegend); V450-labeled anti-CRTH2 (BM16), V500-labeled anti-
CD45 (30-F11) (both BD Biosciences); PC5-labeled anti-NKp44 (Z231), PC5.5-
labeled anti-CD117 (104D2D1), PC7-labeled anti-CD127 (R34.34) (all Beckman
Coulter). In addition, cells were incubated with the LIVE/DEAD® Fixable Green
Dead Cell Stain Kit (Life Technologies). Tonsil and gut ILC3 were sort-purified as
lineage'CD45*CD127+CD117+CD161+*CRTH2- lymphocytes. Tonsil NK cells were
sort-purified as lineage-CD45+*CD127-CD117-CRTH2-CD161+*CD56* lymphocytes.
All ILC sorts were performed using BD FACSAria III or BD FACS Aria Fusion cell

sorters and FACSDiva version 7. FACS data were analyzed by Flow]o version 9.9.

In vitro stimulation, intracellular staining, and analysis of proliferation

Sort-purified tonsil (10,000 - 20,000 cells per 96-well plate well in 200 uL) and
gut (500 cells per 96-well plate well in 200 uL) ILCs and gut single cell
suspensions (1,000,000 cells per 24-well plate well in 300 uL) were cultured in
Yssels-supplemented IMDM with 1% NHS, penicillin, streptavidin and 1 U/mL

IL-2 for 24h or 72h. Tonsil and gut ILC3 and gut single cell suspensions were
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stimulated with 100 nM 1,25D (the active form of vitamin D, Sigma) or its vehicle
(EtOH), 50 ng/mL IL-23 (R&D) plus 50 ng/mL IL-1p (Peprotech) and 50 ng/mL
IL-23 plus 50 ng/mL IL-1f3 plus 100 nM 1,25D. In some cases we used 100 nM
25D (the inactive preform of 1,25D, Sigma). When indicated cells were
additionally incubated with 25 ng/mL PMA plus 500 nM ionomycin for 6h. Tonsil
NK cells were stimulated with 50 ng/mL IL-12 (Peprotech) plus 50 ng/mL IL-18
(R&D) for 24h or 72h.

Cell surface staining of sort-purified ILCs was performed by using V450-labeled
anti-CRTH2 (BM16 BD Biosciences); BV605-conjugated anti-CD161 (HP-3G10),
BV711-labeled anti-CD56 (HCD56) (both Biolegend); PC5-labeled anti-NKp44
(Z231), PC5.5-1abeled anti-CD117 (104D2D1), PC7-labeled anti-CD127 (R34.34)
(all Beckman Coulter). Additionally, cells were incubated with the LIVE/DEAD®
Fixable Aqua Dead Cell Stain Kit (Life Technologies). In some experiments cell
surface expression of IL-23R was detected by using PE-labeled anti-IL-23R
antibody (218213, R&D). IL-23R expression is shown as geometric MFI
normalized to the vehicle treatment that represents the basal expression, i.e.
corresponding to 100% expression.

Cell surface staining of gut single cell suspensions was performed by using FITC-
labeled antibodies: anti-CD14 (TUK4, Dako); anti-CDla (HI149), anti-CD34
(581), anti-CD123 (6H6), anti-FceRIa (AER-37 CRA-1), anti-TCRa/f3 (IP26) and
anti-TCRy/6 (B1) (all Biolegend); anti-BDCA2 (AC144, Miltenyi Biotech) and
anti-CD19 (4G7, BD Biosciences). Additionally, we used AF700-labeled anti-CD45
(30-F11), BV785-labeled anti-CD3 (OKT3), BV711-labeled anti-CD8a (53-6.7),
BV605-labeled anti-CD161 (HP-3G10), BV650-labeled anti-CD56 (HCD56) (all

Biolegend); V450-labeled anti-CRTH2 (BM16), APC-Cy7-labeled anti-CD4 (RPA-
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T4) (both BD Biosciences); PC5-labeled anti-NKp44 (Z231), PC5.5-1abeled anti-
CD117 (104D2D1), PC7-labeled anti-CD127 (R34.34) (all Beckman Coulter).
Cells were also incubated with the LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit
(Life Technologies).

Intracellular transcription factor staining was performed after 72h incubation
with the above-mentioned stimuli. Cells were fixed and permeabilized by using
the Foxp3/transcription factor staining buffer set (eBioscience) and were
incubated with eFlour660-labeled anti-AHR (FF3399, eBioscience) and PE-
labeled anti-RORyt (Q21-559 BD Biosciences) for 30 minutes at room
temperature. Data are shown as geometric MFI normalized to the vehicle
treatment that represents the basal expression, i.e. corresponding to 100%
expression.

Intracellular cytokine staining was performed after 24h or 38h incubation with
the above-mentioned stimuli, with Golgi plug and Golgi stop (both BD
Biosciences) present in the last 5h. Cells were fixed by Cell
fixation/permeabilization kit (BD Biosciences) followed by incubation with FITC-
labeled anti-IL-6 (AS12), BV650-labeled anti-IL-17F (033-782), PE-CF594-
labeled anti-GM-CSF (BVD2-21C11), AF700-labeled anti-IFN-y (B27) (all BD
Biosciences); PE- or eFlour450-labeled anti-IL-22 (22URTI eBioscience) and
APC-Cy7-labeled anti-IL-17A (BL168 BioLegend) for 30 minutes at room
temperature.

Proliferation of ILC3 was assessed by using the CellTrace™ violet cell
proliferation kit (Molecular Probes) according to manufacturers instruction.
After loading ILC3 with the dye, cells were incubated with the above-mentioned

stimuli for 72h. Cell surface and cell viability staining was performed as
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described above for sort-purified tonsil ILC3. Cells were then fixed in 2%
paraformaldehyde.

After performing the different staining protocols, cells were immediately
acquired on a LSR Fortessa flow cytometer (BD Biosciences) by using FACSDiva

version 7 and data were analyzed by Flow]o version 9.9.

ELISA, multi-Plex ELISA

Cell supernatants were collected after 24h or 72h of incubation with the above-
mentioned stimuli. IL-22 was detected by Human IL-22 DuoSet ELISA (R&D),
while IL-6, IL-8, IL-17A, IFN-y, GM-CSF, MIP-1a and MIP-13 were detected by
using Bio-Plex Pro human cytokine 27-plex kit or customized multi-Bio-Plex kit
according to manufacturer's instruction (Bio-Rad). Samples were analyzed by a

MagPix instrument (BioRad).

RNA isolation

Sort-purified ILC3 (100,000) were cultured in Yssels-supplemented IMDM with
1%NHS, penicillin, streptavidin and 1 U/mL IL-2 for 24h. Cells were treated in
triplicates with vehicle (ethanol), 100 nM 1,25D, 50 ng/ml IL-23 plus IL-1f3 or
100 nM 1,25D plus 50 ng/mL IL-23 plus IL-1B. Total RNA was isolated by using

RNeasy micro kit (Qiagen).

Microarray gene expression analysis
100 ng RNA was used for microarray analysis by Human Transcriptome Array
2.0 applying standard Affymetrix platform. All data correction and analysis

described below were performed using R software. Log2-transformed
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expression values were quantile-normalized to correct data distribution across
samples. By PCA analysis, we observed samples clustered according to donors
and not to experimental conditions that was corrected using SVA ComBat
function 2 for batch effect removal. Unknown sources of variation were removed
using SVA package 2 and differential expression was computed using Limma
package 3. Transcript probes with fold change cut-off of 1.5 and p < 0.01 were
considered differentially expressed. Heatmaps were displayed by using CRAN
pheatmap package. All microarray gene expression data will be made publically

available upon final acceptance of this paper.

Plasma sample collection from IBD patients

In this study, plasma from four different patient groups was collected and
analyzed at the Gastromedical Center, Unit for Endoscopy at Karolinska
University Hospital, Stockholm. All patients gave their informed consent to
participate in this study, which was approved by a regional ethical board at
Karolinska Institutet. The control group is represented by subjects below 50
years with Lynch syndrome, an inherited disorder that increases the risk of
colorectal cancer (n=12). Two patient groups consisted of patients with active
intestinal inflammation that were either newly diagnosed with IBD (n=16) or
diagnosed with IBD for longer than one year (n=23). The fourth group of patients
included IBD patients in remission without ongoing intestinal inflammation
(n=7). For every patient the exact diagnosis of CD or UC, regular medication
intake, age and gender were documented. Exclusion criteria for participation in
this study were tumors or other immune disease of the intestine and partial

colectomy. IBD patients with active inflammation were only included if they did
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not take any substances besides 5-AZA within the last 3 months, i.e. no treatment
with anti-TNF or thiopurines (including AZA treatment). In addition patients did
not receive systemic corticosteroids within the last month.

Peripheral blood was collected in heparin tubes, and was centrifuged at 1500 g
for 10 min to separate the plasma. Plasma samples were then aliquoted and

stored frozen at -80 °C until analysis.

25D detection in plasma

Levels of 25D in plasma samples were analyzed by chemiluminescence
immunoassay (CLIA) on a LIAISON-instrument (DiaSorin Inc, Stillwater, MN,
USA) detectable range 7.5-175 nmol/L, CV 2-5% at the Department of Clinical

Chemistry, Karolinska University Hospital.

Statistical analyses

Differences between two groups were analyzed by using Wilcoxon matched-
pairs signed rank test, three or more groups were compared by one-way ANOVA
and Tukey's multiple comparisons test (*p<0.05, **p<0.01, ***p < 0.005, ****p <
0.001) by using GraphPad Prism 6 Software. Experimental repeats are specified

in the respective figure legends.
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SUPPLEMENTAL METHODS

IL-1R1 surface staining of CD127-enriched tonsil lymphocytes

Mononuclear cells (MNCs) were isolated from tonsils as described in the “Cell
isolation from tonsil” methods description. MNCs were incubated with directly-
labeled anti-CD3, anti-CD14 and anti-CD19 microbeads (lineage markers) for 20
minutes according to manufacturer's instruction. Lineage* cells were depleted
by using LD MACS columns (Miltenyi Biotech) and Lineage- MNCs were directly
used for enriching CD127-expressing cells using the CD127 microbead kit and LS
columns (Miltenyi Biotech) according to manufacturer’s instructions. For
experiments 200,000-400,000 CD127-enriched cells were cultured in 96-well
plate well in 200 uL Yssels-supplemented IMDM with 1% NHS, penicillin,
streptavidin and 1 U/mL IL-2. CD127-enriched cells were stimulated with 100
nM 1,25D (Sigma) or its vehicle (EtOH), 50 ng/mL IL-23 (R&D) plus 50 ng/mL
IL-1B (Peprotech) and 50 ng/mL IL-23 plus 50 ng/mL IL-1 plus 100 nM 1,25D
for 24h.

For cell surface staining of CD127-enriched tonsil cells the following antibodies
were used. PE-CF594-labeled anti-CRTH2 (BM16) (BD Biosciences); AF700-
labeled anti-CD45 (HI30), BV421-labeled anti-CD14 (HCD14) and anti-CD19
(HIB19), BV605-labeled anti-CD161 (HP-3G10), BV711-labeled anti-CD56
(HCD56), BV785-labeled anti-CD3 (OKT3) (all Biolegend); PC5-labeled anti-
NKp44 (Z231), PC5.5-labeled anti-CD117 (104D2D1), PC7-labeled anti-CD127
(R34.34) (all Beckman Coulter); IL-1R1 expression was detected by using the
FITC-labeled anti-human IL-1R1 polyclonal goat antibody (Catalog#FAB269F,
R&D). In addition, cells were stained with LIVE/DEAD® Fixable Aqua Dead Cell

Stain Kit (Life Technologies). Staining was performed for 30 min at room
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234  temperature, followed by fixation with 2% PFA for 20 min and cells were
235 immediately acquired on an LSR Fortessa flow cytometer (BD Biosciences) by

236  using FACSDiva version 7 and data were analyzed by Flow]Jo version 9.9.
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SUPPLEMENTAL FIGURE LEGENDS

Figure E1. GO enrichment analysis of tonsil ILC3. A. Heatmap of transcripts
regulated by 1,25D, IL-23 plus IL-1f and IL-23 plus IL-1f plus 1,25D stimulation
compared to veh (vehicle)-treated ILC3. Microarray analysis was performed by
Human Transcriptome Array in sorted ILC3 stimulated for 24h with the
indicated stimuli (n=3, cut-off criteria: fold change of 1.5 and p<0.01). Z-score

was calculated using normalized expression values.

Figure E2. 1,25D induces several transcriptional changes in IL-23 plus IL-
1B-activated tonsil ILC3. A. Heatmap of transcripts related to homing markers
and motility regulated by 1,25D. B. Heatmap of transcripts associated to lipid
metabolism regulated by 1,25D. C. Heatmap of apoptosis- and proliferation-
related transcripts regulated by 1,25D. D. Heatmap of IL-23 plus IL-1f
treatment-induced differentially expressed genes. Z-score was calculated using
normalized expression values. Microarray analysis was performed by Human
Transcriptome Array in sorted ILC3 stimulated for 24h with the indicated stimuli

(n=3).

Figure E3. 1,25D reduces IL-22, IL-17F and GM-CSF secretion of activated
tonsil ILC3 after 24h incubation. A. IL-22, B. IL-17F and C. GM-CSF release of
sorted tonsil ILC3 after 24h was analyzed by ELISA. Mean concentration +SD is

shown ((*p<0.05, ***p<0.005, ****p<0.001, n=3).
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Figure E4. 1,25D reduces IFN-y secretion and intracellular expression in
activated tonsil ILC3. A. IL-17A and B. IFN-y release of sorted tonsil ILC3 after
72h incubation was analyzed by multiplex ELISA. Mean concentration *SD is
shown (**p<0.01, ****p<0.001, n=3). C. Intracellular expression of IFN-y in
NKp44+ and NKp44- ILC3 was analyzed after 24h incubation with the indicated
stimuli by flow cytometry. In some cases ILC3 were incubated in the presence of
PMA (25 ng/mL) plus ionomycin (500 nM) in the last 6h. D. Bar graphs show the

mean percentage of IFN-y positive cells +SD (n=3).

Figure E5. 1,25D does not affect IFN-y and GM-CSF intracellular expression
in activated tonsil NK cells. A. Intracellular expression of IFN-y and GM-CSF in
NK cells was analyzed after 24h incubation with the indicated stimuli by flow
cytometry. In some cases NK cells were incubated in the presence of PMA (25
ng/mL) plus ionomycin (500 nM) in the last 6h. B. Bar graphs show the mean

percentage of positive cells +SD (n=5).

Figure E6. The inactive form of vitamin D 25D inhibits the IL-23 plus IL-13-
activated ILC3 function. A. IL-22 and B. GM-CSF release of sorted tonsil ILC3
after 72h incubation was analyzed by ELISA. Mean concentration #SD is shown
(**p<0.01, ***p<0.005, ****p<0.001, n=3). C. Representative plots of Ahr and
RORyt expression in NKp44+ and NKp44- ILC3 after 72h incubation incubation
with the indicated stimuli analyzed by flow cytometry (n=>5). E. Bar graphs show

normalized geometric MFI. Bars represent mean+SD (*p<0.05, n=3).
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Figure E7. 1,25D does not influence the IL-1R1 expression in activated ILC3.
A. IL-1R1 expression after 24h incubation was analyzed by flow cytometry on
gated NKp44* and NKp44- ILC3 in CD3/CD14/CD19-depleted and CD127-
enriched tonsil mononuclear cell suspensions. B. Normalized geometric MFI of

IL-1R1 expression in ILC3. Dot plots show mean+SD (**p<0.01, ***p<0.005 n=3).

Figure E8. 1,25D inhibits IL-22 and GM-CSF expression in IL-23 plus IL-1f-
activated tonsil ILC3, however 1,25D does not affect GM-CSF production
after PMA plus ionomycin treatment. A. Intracellular expression of IL-22 and
GM-CSF in NKp44+ ILC3 cells was analyzed after 24h incubation with the
indicated stimuli by flow cytometry. In some cases cells were incubated in the
presence of PMA (25 ng/mL) plus ionomycin (500 nM) (shown in blue) in the
last 6h. B. Bar graphs show the mean percentage of positive cells +SD (**p<0.01,

*4%p<0.001, n=5).

Figure E9. 1,25D inhibits IL-22 in intestinal activated NKp44- ILC3 but not
in CD8* T cells. Intracellular expression of IL-22 and GM-CSF was analyzed on
gated NKp44- ILC3 (A) and on CD8* T cells (C) after 24h incubation with the
indicated stimuli. In some cases cell suspensions were incubated in the presence
of PMA (25 ng/mL) plus ionomycin (500 nM) in the last 6h (n=7). B. Individual
percentages of positive NKp44- ILC3 cells are shown (*p<0.05, n=7). D.

Individual percentages of positive CD8* T cells are shown (n=7).

Table E1. Biopsies were collected from IBD patients in remission. UC

indicates ulcerative colitis, CD indicates Crohn’s disease. 25D concentration is
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displayed as nmol/L, NA - not applicable. 25D plasma levels are displayed in

Figure 8.

Table E2. Information of patients recruited for plasma 25D level detection.

CD indicates Crohn’s disease, UC indicates ulcerative colitis. 25D concentration is

displayed as nmol/L, ND - not detected. 25D plasma levels are displayed in

Figure 8.
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Patient | Diagnosis | Gender | Age | 25D Medication
IBD remission - Figure 6, 8 and Figure E6
1 ucC female | 35 71 prednisolon,
imurel, prograf
2 CD male 41 32 -
3 CD female | 48 58 -
4 uc male 66 46 colazid
5 CD male 37 86 asacol
6 ucC male 70 49 salazopyrin
7 ucC male 38 60 dipentum, asacol,
colifoam
Figure?7
8 ucC male 27 NA -
9 uc female | 39 NA sulfasalazin
10 CD male 31 NA -
11 CDh male 51 NA puri-nethol
12 CD male 49 NA asacol




Patient | Diagnosis | Gender Age | 25D Medication
Control group with Lynch syndrome

1 - male 33 ND -

2 - male 53 44 -

3 - female 46 105 -

4 - female 35 67 -

5 - female 44 96 -

6 - female 50 70 -

7 - female 39 106 -

8 - female 48 68 -

9 - female 41 108 -

10 - male 29 87 -

11 - male 43 69 -

12 - female 32 33 -

Patient | Diagnosis | Gender Age | 25D Medication

Newly diagnosed IBD patients

1 CD female 21 8 -

2 CD female 49 10 -

3 CD female 38 21 -

4 CD male 32 57 -

5 CD female 33 15 -

6 CD female 30 49 -

7 ucC male 30 ND -

8 ucC male 23 ND -

9 uc male 56 24 asacol

10 ucC female 20 114 mesasal

11 uc male 34 32 -

12 uc female 21 70 -

13 uc female 62 15 -

14 uc female 38 33

15 uc male 49 25 asacol

16 uc male 50 9 asacol




Patient | Diagnosis | Gender Age | 25D Medication
Chronic IBD patients

1 CD female 30 8 colazid

2 CD male 36 ND asacol

3 CD female 53 17 azathioprim,
salazopyrin

4 CD male 78 12 salazopyrin

5 CD female 34 87 -

6 CD female 44 44 -

7 CD male 20 55 salazopyrin

8 CD male 48 35 asacol

9 CD female 30 20 -

10 CD male 52 42 asacol

11 CD male 29 44 -

12 CD female 23 95 pentasa

13 uc male 62 ND -

14 ucC male 39 12 pentasa, asacol

15 uc male 23 52 asacol

16 ucC male 22 69 -

17 ucC female 57 51 -

18 ucC female 39 43 -

19 ucC male 40 ND asacol

20 ucC male 34 58 colazid

21 ucC female 46 28 -

22 ucC male 59 69 salazopyrin

23 uc female 40 51 asacol




ACCEPTED MANUSCRIPT

Z-score

Tissue development

Macromolecular complex subunit organization
Response to abiotic stimulus

Single-organism organelle organization

I HI ImllI

=

Positive regulation of protein phosphorylation
Positive regulation of intracellular signal transduction
Cytokine-mediated signaling pathway

Small molecule metabolic process

Cytokine production

Macromolecule biosynthetic process
Defense response

Cellular response to organic substance

Innate immune response

Single-organism metabolic process

Cellular response to oxygen-containing compound
Regulation of response to stress

Apoptotic process

Response to nitrogen compound

veh 1,25D IL-23 1L-23
IL-1 IL-1B
1,25D



A Z-score: B Z-score: D Z-score:

-15 0 15 1.5 0 1.
_— . _— .

LIMK2 SLC27A2
CD93 SPTSSB
CD226 CYP24A1
TIAM1 MAN1A1
NINJ1 SEC14L6

EPS8 LRP12
TSPAN2 PTGS2

PVRL3 ACSL1
CXCR6 G0S2
ITGA2 TBXAS1
CCR4 GPR84
SELL SMPDL3A

[6)]

'
-
[$)]
o
N
[$)]

g;(g[:’?;’ IL-23  IL-23
_— IL-13 L1
IL-23  1L-23 125D
IL-13 IL-1B ! {—E
1,25D
C Z-score:
15 0 15
-_— o

veh  IL-23+11p \MXZ,

23 123
IL-1B IL-1B
1,25D



IL-22 - 24h

2500 *
c  2000] —— e
K]
© =
5 g 15007
5o
S & 10001
[e]
© 500
I I P— 1
veh IL-23 IL23 IL-1p veh IL-23 IL-23 IL-1B
IL-1p IL-1p
1,25D
IL-17F - 24h
80
& 60
8< -|-
2 E 0]
82
ge
S 20
veh IL-23 IL-23 IL-1p veh IL-23 IL-23 IL-1B
IL-1p IL-1p
1,25D
GM-CSF - 24h
250- - *hk
c 200_ ek #
Ke]
® = 150
£ E 150
oD
S & 1001
[}
© 50
~—
veh IL23 IL-23 IL-1p veh IL23 IL-23 IL-1B
IL-18 IL-1B

1,25D



veh

PMA
iono

100- IL-17A 400- IFN-y
c 901 rkkk c — akal
S S — . S 300
g@ 801 o T Q:E‘ o
89 70] % :,T.L & 2001
2L S8
g o 8 100 .
so] 58 P e
40 o 200000
veh 125D IL-23 IL-23 veh 125D [L-23 IL-23
IL-18  IL-1B IL-1 IL-1pB
1,25D 1,25D
veh 1,25D IL-23+IL-1B IL-23+IL-1B+1,25D
e 10°4 10°+ 10°
104 104
3 ||0.237 | 0.237 5 |[0.0532 0.239
10%4 » 10%4

0102 10° 10 10° 0102 10° 10 105 0102 10° 0% 10 0102 103 10 10
10%4 10% 10% 10%
10%+
103.
i
=z 10?
= o
010 10° 10* 10° 0102 10° 10t 10° 0 10? 10t 108 0102 10° 10* 108
NKp44 >
0 25 NKp44*ILC3 9 15 NKp44°ILC3
E Q [1 veh
o 204 ) I 1,25D
= 2 101 [ IL-23+IL-1p
g 151 3 Il IL-23+IL-18+1,25D
> >
ZI 101 Z 54
i i
s 9 5
X o X o
veh PMA plus veh PMA plus
ionomycin ionomycin




veh

PMA
iono

veh 1,25D IL-12+IL-18 IL-12+IL-18+1,25D
! ) 157
A105“1 0.457 105_0,373 0.832 19.8 105_703
10*4 1044 1044
10°
102_
o
1.1 1,59 0103 {1387 0477
3 10 108 10* 108 010> 10® 10* 10° 0102 10° 10* 10°
w56 626] 5 [6:24 687) s 104 B 86 838
10 105 105
10 108 10°
n
Z10%| 10?1 102+ 10?1
e N 04 04 04
1553 258 13.34 21.7] {1.99 . 159 {182 1.24
0102 10® 10* 10° 0102 10° 10* 10° 0102 10® 10* 10° 0102 10° 10* 10°
GM-CSF >
100- IFN-y 100- GM-CSF
£ © [1 veh
8 80 g 80 B 1,25D
o o ] IL-12+L-18
= 60 2 60 Il 1L-12+IL-18+1,25D
o o
2 404 Q407
w“ w“
(] [e]
2 201 < 20]
0 0-
veh PMA plus veh PMA plus
ionomycin ionomycin




NKp44*
ILC3

NKp44
ILC3

IL-22 GM-CSF
4000 -
c _ 3000 o
5 3000 S
B2 £E
‘g‘, 2000 § 2000
c c =
o o
o 1 O {_
000 - 1000{ B0 -ave-
O ek 25D IL23 1123 veh 25D IL-23 IL-23
IL-18 IL-1B IL-18 IL-1B
25D 25D
A Ahr
10°4 veh 10° IL-23+IL-18 _
25D IL-23+IL-1B < 500
10*- 10%4 +25D 8 40 :} %
()]
30
3 | 3 ] A
10 p 10 ﬁ 200 - %;
1024 ’ 1024 g o] =~ -i- *
ot (o] G
03 07 = veh 25D IL-23  |L-23
T2 403 104 15 T2 3 14 .5 IL-18 IL-1B
0 10 10 10 10 0 10 10 10 10 25D
104 veh 10 IL-23+IL-16 RORyt
25D IL-23+IL-1B i — —_—
104+ 10* +25D = 2507 T = o
8 2001 {. %
3 | 3 | F
10 o 10 ’ 3 1501 'i' ®
. 1074 ’ 102 - g 1001 = o= T
£ o 04 S 50
D S — — z veh 25D  IL23  IL-23
0102 10 10* 10° 0102 10° 10* 10° IL-18 IL-18
RORyt > 25D

= NKp44* ILC3
o NKp44-~ ILC3

= NKp44* LC3
o NKp44- ILC3



A A 100
80
60
NKp44* w©
ILC3
20
0
1001
801
NKp44- | ]
ILC3 201

% of max
S

FMO ctrl
veh
1,25D

FMO ctrl
IL-23+IL-1P
IL-23+IL-1pB
+1,25D

T T

0102 10° 10* 10°

010?

100 10* 10°

IL-1R1

0102 10° 10* 10°

0102 10° 10

10°

Y

300 NKp44* ILC3

El *kk

§> 200 =
=3 -
g

g 100 .

o

£

0

300 NKp44~ ILC3

EI *%*

é *%k
&g = 3
<8 ] ]
=| =

g 100 -

[e]

£

veh 1,25D IL-23 IL-23

IL-1p IL-1B
1,25D



veh 1,25D IL-23+IL-18 IL-23+IL-18+1,25D

0] 050 0] 55 [409
1044 10
veh 10%4 10°
10°
0
] 0912 00945
0102 10° 10 10° 0102 10® 10* 108
ILC3 10800 0343 5o 18], 45 [0257 18.9] ;05 /00754 9.42

84.4)
10°

55 IL-22 .

P

s
dekdkok Cadad =

N

o
T
o

-
o
T

% of positive cells

Fhkk

40 Fkkok
a

20 :&

0.
veh 1,25D IL-23 IL-23 veh 1,25D IL-23 IL-23
IL-18 IL-1B IL-18 IL-1B
1,25D 1,25D

PMA/ionomycin

% of positive cells




A IL-23+IL-1B

veh IL-23+IL-1B PMA/iono
Aqo5 {102 0] 4054417 447 1450 9.09 107 IL-22 101 IL-22
® 2
10* 104 10% T 8 g
o [}
’ = 69 2
veh |5 103 10%4 2 2 5
. 8 44 * 2
: 2 R 2 RN } ‘s ‘s
; 100 G 100: . 0\00 o 2
_ of detz 1 o dsms. | 364 ol 0>
NKp44 10°  10*  10° 0102 10° 10* 10° 0102 10° 10* 10°
ILC3 0,55 o oo o7 5 0. GM-CSF 100, GM-CSF
2 2 g S
104 104 10*4 8 159 g %
2 2 60
1,25D | 10% 104 104 g 104 2
g g 40 g
N1c>2- L 102 | 102 Tf o\?, 5 0\3 204
~ 01 i 04 04 .
D AT . e ® Q029 IR A7) B YN A i 542 o 1 0
- 0102 10° 10* 10° 0102 10° 10* 108 0102 10° 10* 10° IL-23  IL-23 IL-23  IL-23
GM-CSF N e ILtp Lt Lt
PMA/ionomycin
c IL-23+IL-1B D
veh IL-23+IL-1B PMA/iono
A 405 {0225 0] .05 {0373 0] 4g5J0284 114 0.81 IL-22 2.57 IL-22
3 o6 250 —
10* 10* 10%4 G 06 El/. o
2 2 1.5 %
veh 1034 103 103 g 0.4 a N
Q a 1.
1021 ‘ D\‘Z 0.24 c\‘: 0.54
04
o0 0187] 1457 i 528 0.0 0.0
4 5 2 3 4 5 2 3 4 5
D8 T 10* 10 010> 10°  10* 10 010> 10 10* 10 )
0] 4o5 0472 0[ 405 J0-266 16 5 GM-CSF 1004 GM-CSF
17}
4 4 . 3 4 2 g ST
10%4 10 10 5 °
2 3 2 60
1,25D | 101 103 103 2 2 8:3
' a 21 a 401 o—"
1024 102 102 E 14 2 20
N od 0 0 S X
O iser 0 0.472 53.7 o = R ERER
= T2 3 a4 s 4 s T2 103 4 5 IL-23  IL-23 - -
0102 10® 10* 10 10* 10 010> 10° 10 10‘ T 18 IL-1B
GM-CSF > 1,25D s

PMA/ionomycin



