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Abstract

IFNy-producing ex-Th17 cells ['Th1/17'] were shown to play a key pathogenic role in experimental colitis and are abundant in the intestine. Here,
we identified and characterised a novel, potentially colitogenic subset of Th17 cells in the intestine of patients with Crohn’s disease [CD]. Human
Th17 cells expressing CCR5 ['‘pTh17’] co-expressed T-bet and RORC/yt and produced very high levels of 117 together with IFN-y. They had a
gene signature of Th17 effector cells and were distinct from established Th1/17 cells. pTh17 cells, but not Th1/17 cells, were associated with
intestinal inflammation in CD, and decreased upon successful anti-TNF therapy with infliximab. Conventional CCR5[-]Th17 cells differentiated to
pTh17 cells with [L:23 in vitro. Moreover, anti-IL-23 therapy with risankizumab strongly reduced pTh17 cells in the intestine. Importantly, intestinal
pTh17 cells were selectively activated by adherent-invasive Escherichia coli [AIEC], but not by a commmensal/probiotic E. coli strain. AIEC induced
high levels of I.-23 and RANTES from dendritic cells [DC]. Intestinal CCR5*Th1/17 cells responded instead to cytomegalovirus and were reduced
in ulcerative colitis [UC], suggesting an unexpected protective role. In conclusion, we identified an [:23-inducible subset of human intestinal
Th17 cells. pTh17 cells produced high levels of pro-inflammatory cytokines, were selectively associated with intestinal inflammation in CD, and
responded to CD-associated AIEC, suggesting a key colitogenic role.

1. Introduction factor RORC/yt, the chemokine receptor CCR6, and the IL-23
receptor [IL-23R].* Th17 cells are heterogeneous and, in add-
ition to IL-17, can also produce pro- and/or anti-inflamma-
tory cytokines, including IL-22, GM-CSF, IL-21, TNF-a, and
IL-10, in response to polarising cytokines.* Thus, IL-1f,IL-12,
and IL-23 promote pro-inflammatory Th17 cells, and TGF-f,
IL-6, and IL-21 can promote anti-inflammatory features.’”
Th17 cells fight extracellular bacteria and fungi, and induce
the release of antimicrobial peptides and of chemokines by
epithelial cells. In particular, Th17 cells are enriched in the in-
testine, react with intestinal bacteria, and are absent in the gut
of germ-free mice,’!'! demonstrating that intestinal bacteria

Inflammatory bowel diseases [IBDs]| are characterised by
chronic intestinal inflammation likely induced by an ex-
cessive immune response against intestinal microbes. The
major forms of IBDs are Crohn’s disease [CD] and ulcera-
tive colitis [UC], which have distinct clinical features.! It is
becoming increasingly evident that pro-inflammatory Th17
responses against intestinal bacteria play a key role in IBD
pathogenesis.>* Th17 cells are a distinct differentiation ‘lin-
eage’ of CD4T cells, which is characterised by the production
of IL-17, the expression of the lineage-defining transcription

© The Author(s) 2023. Published by Oxford University Press on behalf of European Crohn’s and Colitis Organisation.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-8199-3128
https://orcid.org/0000-0001-7763-4421
https://orcid.org/0000-0003-3983-4961
https://orcid.org/0000-0002-3482-0109
https://orcid.org/0000-0001-8314-1391
https://orcid.org/0000-0003-1558-8604
https://orcid.org/0000-0002-2541-9428
mailto:moira.paroni@unimi.it
mailto:moira.paroni@unimi.it

An Intestinal Th17 Subset is Associated with Inflammation

can induce their generation. However, chronically activated
Th17 cells can also exert pathogenic functions, as suggested
in IBDs. Indeed, Th17 cells show a high degree of plasti-
city,’ and can become Thl-like cells, up-regulating T-bet
and acquiring IFN-y—producing capacities,'>!* while down-
regulating IL-17 production. Notably, these ex-Th17 Th1l
cells play a critical pathogenic role in mouse colitis models.'
Thus, IFN-y produced by Th17 cells is required to drive in-
testinal inflammation® and increases epithelial barrier perme-
ability.'* Notably, IL-23 plays a central role in promoting the
differentiation and proliferation of colitogenic Th17 cells in
the murine gut.'” Nailing down a pathogenic T cell population
in the gut of IBD patients is difficult, but cells with similar fea-
tures as the highly colitogenic murine ex-Th17 cells have been
identified in humans.'*'8 These T cells co-express CXCR3 and
CCR6, produce high levels of IFN-y together with low levels
of IL-17, and are therefore also called nonconventional Th1-,
Th1*, or Th1/17 cells.'*!®* Notably, Th1/17 cells are abun-
dant in the inflamed mucosa of IBD patients.!*

A critical feature of colitogenic T cells in mice is their
reactivity to enteric dysbiotic microbiota.?*?! Thus,
microbiota-specific IFN-y—producing Th17 cells accumulate
in the inflamed intestinal tissue during colitis progression.??
Moreover, recent evidence demonstrates that dysbiotic gut
microbiota from IBD patients induces Th17 cells in the gut
of mice upon transfer, and worsens experimental colitis.?
The detrimental changes in the gut microbiota composition
have been well documented in CD.?! In particular, adherent-
invasive Escherichia coli [AIEC] are significantly more preva-
lent in Crohn’s tissue lesions then in controls and are rarely
found in UC specimens.?

Here, we characterised a previously undescribed popula-
tion of intestinal, IFN-y producing, human, Th17 cells, which
were selectively associated with intestinal inflammation in
CD. These Th17 cells were generated with IL-23 and acti-
vated by AIEC, suggesting a key role in CD pathogenesis.

2. Material and Methods

2.1. Human samples

Peripheral blood, lymph nodes, and intestinal specimens were
isolated from patients with CD and from patients with UC.
Intestinal samples isolated from the distal part of tumour
from colorectal cancer [CRC] patients and peripheral blood
from healthy subjects [# = 49, matched for age and sex to IBD
patients] were used as non-IBD and healthy controls for intes-
tinal and blood samples,** respectively.

All IBD patients included in this study were categorised/
classified according to clinical and endoscopic disease ac-
tivity, using the Harvey—-Bradshaw index [HBI] and the
Simple Endoscopic Score [SES-CD] for CD patients or Mayo
score for UC patients [Table 1]. For some experiments, bi-
opsies were taken before and after treatment with biologic
drugs, namely infliximab and risankizumab [Supplementary
Table 1]. Infliximab was given intravenously at 5 mg/kg at
Weeks 0, 2, and 6 and then every 8 weeks. Risankizumab
was given intravenously at a fixed dose of 600 mg at Weeks
0, 4, and 8, and then subcutaneously at a dose of 360 mg
every 8 weeks. The clinical characteristics and therapies of
all IBD and non-IBD patients are listed in Table 1. The CD
patients were either ileal or ileocolonic. The study was re-
gistered with Eudract ref. no. 2015-003270-32 and the
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institutional review board approved the study with permis-
sion no. 566_2015 quinquies, approved by the local ethics
committee [Milano Area B, code 128_2018bis], and was
performed in accordance with the Declaration of Helsinki
protocols.

2.2. Cell isolation and purification

Peripheral blood mononuclear cells [PBMC] were iso-
lated by Ficoll density gradient centrifugation [Amersham
Pharmacia Biotech, Uppsala, Sweden]. Lamina propria
mononuclear cells [LPMCs] were isolated as previously de-
scribed.??¢ Mesenteric lymph nodes [LNs] were smashed
into 70-um nylon strainers [BD Biosciences] and erythro-
cytes lysed with red blood cell [RBC] lysis buffer [BD
Biosciences].

For characterisation of T helper [Th] cell subsets from
PBMCs, LNs, and LPMCs, T cells were stained with a com-
bination of fluorochrome-conjugated antibodies as speci-
fied in Supplementary Table 2 and sorted [FACSAria III, BD
Biosciences], according to the expression of the following spe-
cific surface markers combination: CD4*IL-7R*CD25"*CCR 6
CXCR3* [Th1l cells], CD4*IL-7R*CD25"YCCR6*CXCR3*
[Th1/17 cells] and CD4*IL-7R*CD25"*CCR6*CXCR3" [Th17
cells]. These three subsets were further subdivided according
to CCRS expression.

Human monocytes for antigen-specificity assays and for
generation of monocyte-derived dendritic cells [MoDC]
were purified from blood samples by Ficoll density gradient
separation and by positive selection using CD14* selection
[CD14 Microbeads, Miltenyi Biotec, Bergisch Gladbach,
Germany].

2.3. Flow cytometry

T cell subsets were analysed for the expression of surface
markers, transcription factors, and cytokines by staining
with various combinations of fluorochrome-conjugated
monoclonal antibodies [Supplementary Table 2]. For
intracellular cytokine detection, T cells were incubated for

Table 1. Baseline clinical characteristics of Crohn's disease [CD],
ulcerative colitis [UC] and non-IBD patients included in the study

Clinical characteristics CD ucC Non-IBD
Number of Patients, n 65 31 16
Male/female, n 29/36 15/16 8/8
Age at enrolment, 407 41 13 69 +12
year [mean = SD]
Disease duration, 11+6 9+5 -
years [mean = SD|
Concomitant therapy [n]

None 25 23

Mesalamine 8 4

Antibiotics 0

Thiopurines 9 0

Corticosteroids 4 4

Infliximab 12 0

Risankizumab N 0

IBD, inflammatory bowel disease; SD, standard deviation.
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4 h in the presence or absence of phorbol 12-myristate
13- acetate [PMA], ionomycin in complete RPMI [10%
FBS, 1 mmol/L sodium pyruvate, 10 mmol/L nonessential
amino acids, and 1% penicillin/streptomycin], and with
Brefeldin A [Sigma, St Louis, MO] for an additional 2
h. After fixation with 2% paraformaldehyde [Merck,
Whitehouse Station, NJ], cells were permeabilised with
PBS-0.5% saponin [Sigma]. Since CD4*IL-7R*T cells
produce IL-10 with delayed kinetics,?” IL-10* cells were
analysed following stimulation for 30 h with immobilised
anti-CD3 antibodies, as detailed previously.?® The expres-
sion of functional IL-23 receptors [IL-23R] was assessed
by IL-23-induced STAT3 phosphorylation.?” Analysis
was performed with a FACSCanto II cytometer [Becton
Dickinson, Franklin Lakes, NJ] and analysed using Flow]o
software [BD Biosciences].

2.4. RNA isolation and sequencing

RNA was isolated from CCR6*Th cell subsets according to
CXCR3 and CCRS expression from the blood of four dif-
ferent healthy donors and from the intestinal lamina propria of
eight CD patients, using the mirVana Isolation Kit [Ambion].
Residual contaminating genomic DNA was removed from the
total RNA fraction using Turbo DNA-free [Thermo Fisher].
The RNA yields were quantified using the QuantiFluor RNA
System [Promega] and RNA quality was assessed by 2100
Bioanalyser [Agilent]. Library construction was performed
with Illumina TruSeq RNA Sample Preparation Kit v2 using
from 30ng to 100 ng of total RNA as starting material. To
obtain this amount of RNA from the rare pTh17 cells, donors
were pooled and analysed in two [blood] and three [intes-
tine] independent sequencing reactions. Final libraries were
sequenced on an Illumina HiSeq with paired-end 2 x 150-bp
read lengths.

2.5. RNA sequencing data analysis

Quality control of raw reads was performed with FastQC
v.0.11.2. Adapter removal and read trimming was performed
using Trimmomatic v.0.32. Trimmed reads were aligned to
the reference genome [GRCh38] using STAR 2.5.2b and
gencode annotation v.25. The raw counting of the genes
obtained by STAR was then used as input for DESeq2 ana-
lysis. Downstream analyses were performed using R [3.4.4].
In particular, raw counts were normalised using DESeq2,
and differentially expressed genes were selected using a false-
discovery rate [FDR] lower than 5% and log2 fold-change
of 1. Data transformation using ‘rlog’ function was adopted
for principal component analysis [PCA] and heatmap
visualisation.

2.6. Homogenization of biopsies and ELISA

Intestinal biopsies [three to four per patient] were blotted dry,
weighed [range, 12-156 mg], and then frozen at -80°C until
used for assay. Samples were placed in glass tubes containing
1 ml of PBS with protease inhibitor cocktail [Complete
Protease Inhibitor Cocktail Tablets, Roche Diagnostics,
Mannheim, Germany] and phenylmethylsulphonyl fluoride
[PMSE, Sigma-Aldrich, Darmstadt, Germany| and homogen-
ised in ice with an IKA ULTRA-TURRAX T25 homogeniser
[IKA Works, Wilmington, NC]. The homogenates were then
centrifuged at 13 000 rpm at 4°C in a microfuge for 15 min,
and the supernatants were then transferred to fresh tubes and
frozen at -80°C.
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Supernatants of homogenised biopsies were analysed for
IL-6 [ImmunoTools], IL-12p70 [BioLegend], IL-23p19 [R&D
Systems], and IL-1f [BioLegend] by ELISA according to the
manufacturer’s instructions. The ELISA plates were read on
microplate reader [SAFAS MP96], and data were analysed
with Prism software [version 7; GraphPad Software, La Jolla,
CA].

2.7. Generation of monocyte-derived dendritic
cells [MoDC] and infection assays

MoDC were obtained from CD14* human monocytes puri-
fied from blood of healthy subjects as previously described.*
MoDCs were seeded into round-bottom, 96-well culture
plates at a density of 10° cells/well in complete RPMI medium
without penicillin/streptomycin and infected with 107 CFU/mL
of AIEC-LF82 or E. coli Nissle 1917 strain alone [MOI 10:1
bacteria per phagocytic cell]. Following 1 h of phagocytosis,
gentamicin [20 ug/mL, Sigma-Aldrich, Darmstadt, Germany]
was added to kill extracellular bacteria. Subsequently, infected
MoDC were washed and maintained in RPMI supplemented
with gentamicin [2 ug/mL] for additional 22 h. The levels of
IL-18 [BioLegend], IL-12p70 [BioLegend], IL-23p19 [R&D
Systems], IL-6 [ImmunoTools], IP-10 [R&D Systems], and
RANTES [R&D Systems] in supernatants of infected MoDC
were analysed after 24 h by ELISA. The ELISA plates were
read on a microplate reader [SAFAS MP96], and data were
analysed with Prism software [version 7; GraphPad Software,
La Jolla, CA].

2.8. InvitroT cell differentiation

FACS-purified cTh17 cells [CD4*IL-7R*CD25""
CCR6"CXCR3-CCRS[-]] from buffy-coated blood of healthy
donors [HD] were stimulated in plate-bound anti-CD3 [0.02
pug/mL, BD Biosciences] and anti-CD28 antibodies [6 pg/
mL, BD Biosciences] in complete RMPI medium [5% human
serum, 1 mmol/L sodium pyruvate, 10 mmol/L nonessential
amino acids, 1% penicillin/streptomycin] in the presence
or absence of recombinant human IL-23 [10 ng/mL, R&D
Systems], recombinant human IL-12 [10 ng/mL, R&D
Systems], IL-1p, IL-6, TNF [10ng/ml, R&D Systems], or
neutralising anti-TNF antibodies [Ebioscience]. After 4 days,
cells were transferred to uncoated plates and cultured for an
additional 2—6 days under the same cytokine conditions, and
then analysed for CXCR3 or CCRS surface expression.

2.9. Human intestinal T cell lines and antigen-
specificity assay

Intestinal CCRS5[+] and CCRS[-] Th1/17- and Th17 cells, as
well as total Th1 control cells, were sorted from LPMC iso-
lated from CD patients, and were stimulated in vitro with
irradiated allogeneic feeder cells and PHA [1 pg/mL, Sigmal]
in complete RPMI supplemented with 200 U/mL recom-
binant human IL-2 [rhIL-2, Miltenyi Biotec]. Fresh, complete,
RPMI medium supplemented with rhIL-2 was replaced every
6 days, and T cell lines were used in functional assays 15 to
20 days after their last stimulation. For antigen-specificity as-
says, T cell lines were co-cultured with autologous periph-
eral CD14* monocytes isolated from blood of CD patients,
as previously described,' at a 5:1 ratio in complete RPMI in
the presence or absence of viral, fungal, or bacterial antigens,
for 4 h. Brefeldin A [10 ug/mL] was added for an additional
14 h of incubation, and thereafter cells were analysed for
intracellular expression of IL-17, IFN-y, and CD40L. In some
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experiments, neutralising anti-HLA-DR/DP/DQ antibodies
[anti-MHC class II, 10 pg/mL, clone Tu39, BD Biosciences]
were added together with antigens. Viral, fungal, or bacterial
antigens used in the antigen-specificity assays are listed in
Supplementary Table 3. AIEC DFS55, PP65, and DF10 strains
were collected from ileum biopsies of CD patients with active
disease.’! E. coli LV15, AG61, and LV40 were collected from
ileum biopsies of patients with functional intestinal disorders
[non-IBD] and defined as non-AIEC strains for their inability
to adhere to and invade intestinal epithelial cells [HEp-2] as
well as to survive within macrophages [J774], as previously
described.?! For bacterial lysates preparation, S. typhimurium,
S. flexneri, and all the E. coli strains were grown in LB broth
[Becton Dickinson], and L. paracasei [CBA L74 strain] was
grown in MRS broth [Biokar Diagostics] for 18 h at 37°C
in aerobic or semi-anaerobic conditions, respectively. All bac-
teria cultures were then normalised at 10° CFU/ml, washed in
sterile PBS, heat-inactivated at 65°C for 1 h followed by three
freeze-thaw cycles, and stored at -80°C. A final concentration
of 107 freeze-dried bacterial cells/ml was used.

2.10. Immunofluorescence

Immunofluorescence was performed on formalin-fixed,
paraffin-embedded [FFPE] tissues. Five sections of nine
human CD specimens were obtained from Ospedale
Maggiore Policlinico, Milan. Sections of 3 + 1-um thickness
were placed on positively charged, standard, microscope
slides [SuperFrostRPlus; Bio-Optica]. Slices were dewaxed
and rehydrated and underwent the MILAN protocol [https://
doi.org/10.21203/rs.2.1646/vS]. Antigen retrieval was per-
formed by exposing slides to a retrieval solution [10 mM
EDTA in Tris-buffer pH 8; Sigma-Aldrich] and then heated
with a household microwave oven for 30 min [10 min at
850W and 20 min at 300W]. Slides were transferred into a
washing Tris-Buffered Saline—Tween20 sucrose [TBS-Ts]
[Sigma-Aldrich] pH 7.5 1X solution, and were then perme-
abilised in Triton X-100 [VWR] 0.5% for 30 min. Primary
antibodies were diluted to the specific final concentration
with antibodies’ diluent (TBS-2% BSA, 0.05% Sodium Azide,
and 100 mM Trehalose [Sigma-Aldrich]), and incubation
was performed in humidity chamber racks at 4°C overnight
[anti-CD3, MCA1477 BioRad 1:100; anti-CCRS, ab7346
abcam 1:50; anti-CCR6, NBP2-12131 Novus Biologicals
1:100; anti-E. coli ab20640, 1:100, Abcam, Cambridge, UK].
Secondary antibodies [Anti-Rat AlexaFluor 488, 712-545-
150 Jackson Immunoresearch; Anti-Rabbit Alexa Fluor®
647, 711-605-152 Jackson Immunoresearch; Anti-mouse
Cy3, 715-165-150 Jackson Immunoresearch; Anti-Rabbit
Cy3, 711-165-152 Jackson Immunoresearch], were added
and incubated for 30 min at room temperature. Tissues were
stained with DAPI [2.5 pg/ml, Sigma-Aldrich] in the dark for
10 min. The coverslip was mounted using Fluoromount-G™
Mounting Medium [Thermofisher Scientific]. After the first
acquisition at THUNDER Imager Tissue [Leica Microsystems,
Wetzlar, Germany], slides underwent a stripping procedure.
The stripping buffer [SDS 10% [Sigma-Aldrich], Tris HCI
0.5M pH6.8 [Sigma- Aldrich]] was preheated to 56°C in a
closed, shaking water bath. Once the solution reached the
temperature, B-mercaptoethanol 0.4% [Sigma-Aldrich] was
added and the slides were inserted into a glass container for
30 min. Using the HALO system [Indica Labs, Albuquerque,
USA], we analysed the number and spatial location of
CD3 + CCRS + CCR6 + and E. coli cells.
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2.11. Statistics

Statistical significance was evaluated using paired or unpaired
t tests for comparison of two groups [with Mann—Whitney’s
or Welch’s correction to analyse variables that were not nor-
mally distributed] or by one-way ANOVA for comparison
of more than two groups [Dunn’s multiple comparisons to
analyse variables that were not normally distributed]. All ex-
periments were performed at least three times. Significance
was defined at p-value <0.05. Statistics were performed with
Prism software [version 7; GraphPad Software, La Jolla, CA].

3. Results

3.1. CDA4'T cells co-producing Il-17 and IFN-y are
increased in the inflamed intestinal mucosa of CD
patients

CD4*T cells that co-produce IFN-y and IL-17 are increased
in experimental colitis in mice and in CD. We first controlled
systemic and intestinal cytokine-producing capacities of T
cells in the cohorts of CD and UC patients from our hos-
pital [Table 1]. CD4*T cells from peripheral blood of healthy
donors [HD] and from the uninvolved resection margin of
CRC specimens were analysed as non-IBD controls.?? In per-
ipheral blood, the production of pro-inflammatory cytokines
induced by brief polyclonal stimulation of total CD4*T cells
with PMA and ionomycin was not significantly different be-
tween HDs and patients with IBDs [Supplementary Figure
1A]. In marked contrast, intestinal CD4*T cells of CD pa-
tients contained significantly higher frequencies of IFN-v,
IL-17, GM-CSF, and IL-22 than intestinal CD4*T cells from
CRC or UC patients [Supplementary Figure 1B]. Notably, in-
creased pro-inflammatory cytokine production in CD was
specific for CD4*T cells, since frequencies of IFN-y and IL-17
among intestinal CD8*T cells did not differ [Supplementary
Figure 1C]. Finally, in paired inflamed and non-inflamed bi-
opsies from CD patients we detected selectively and signifi-
cantly increased frequencies of CD4*T cells producing IL-17,
alone or in combination with IFN-y [Supplementary Figure
1D]. In conclusion, CD patients displayed a selective increase
of Th1/17-effector cytokine production, in particular IL-17
and IFN-y co-production, among CD4*T cells and exclusively
in the inflamed intestinal mucosa.

3.2. CCR5[+]Th17 cells are a distinct pro-
inflammatory T cell subset ['pTh17’] that
co-produces IL-17 and IFN-y

Human helper T cells [phenotype CD4*IL-7R*CD257°]
in peripheral blood can be classified into subsets of Th1,
Th17, and Th1/17 cells according to the expression of the
chemokine receptors CCR6 [Th17-asociated] and CXCR3
[Th1-associated, Figure 1A]."* In addition, CCRS is ex-
pressed on more differentiated ‘effector memory’ T cells
that can home to inflamed non-lymphoid tissues, including
the gut.”3 We thus purified Th1-[CXCR3*], Th17-
[CCR6*], and Th1/17 cells [CXCR3*CCR6*] according to
CCRS expression from peripheral blood [Figure 1A], and
analysed their cytokine-producing capacities. All analysed
T cell subsets produced high levels of the pro-inflammatory
cytokine TNF-o [Supplementary Figure 2A]. However,
CCRS5Th17 cells could also produce relevant amounts
of the anti-inflammatory cytokine IL-10 [Supplementary
Figure 2A]. The production of IL-17 and IFN-y varied
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Figure 1. pTh17 cells express CCR5 and produce high levels of pro-inflammatory cytokines. Al Gating strategy to track pTh17 cells according to
chemokine receptor expression. B] Frequencies of I:17+, IFN-y+, and IFN-y/IL=17 co-producing cells among ex vivo-stimulated Th1, Th1/17 and Th17
subsets according to CCR5 expression from peripheral blood of HD [n = 20]. C] RORC/yt expression was measured ex vivo by intracellular staining of
gated peripheral T cell subsets [HD, n = 6].T-bet protein expression was measured ex vivo by intracellular staining of gated peripheral T cell subsets [HD,
n = 4]. MFl of TFbet in CD4*CD45RA* naive T cells are indicated as a dotted line as negative control. D] Percentage of T cells in sorted circulating T cell
subsets that expressed a functional Il-23R, as assessed by STAT3 phosphorylation in response to brief [30 min] stimulation with [1-:23. E] Frequencies
of I1l-17+, IFN-y+, and IFN-y/Il-17 co-producing cells by ex vivo-stimulated T cell subsets isolated from the lamina propria of CD [n = 6] and UC [n = 6]
patients. Statistical significance was calculated using one-way ANOVA and reported as *p <0.05, **p <0.01, ***p <0.001. HD, healthy donors; CD,
Crohn's disease; MFI, Mean Fluorescence Intensity; UC, ulcerative colitis.
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strongly between the different T cell subsets. Thus, Thl
subsets produced as expected IFN-y, but not IL-17 or IL-22
[Figure 1B and Supplementary Figure 2A]. Reciprocally,
CCR5Th17 cells produced some IL-17 and IL-22, but
not IFN-y. Consistent with previous reports,'®? Th1/17
cells [CXCR3*CCR6*] produced high levels of IFN-y and
low levels of IL-17, and contained some IFN-y and IL-17
co-producing cells [Figure 1B]. Besides these well-defined T
cell subsets, we identified an additional population of Th17
cells, which expressed CCRS and contained the highest fre-
quencies of IL-17- and IL-22-producing cells [Figure 1B
and Supplementary Figure 2A]. These CCRS5*Th17 cells
were largely unable to produce IL-10, but contained high
frequencies of GM-CSF + cells, some IFN-y+cells, and
the highest frequencies of IFN-y/IL-17 co-producing cells
[Figure 1B and Supplementary Figure 2A]. For simplicity,
we will refer to these highly pro-inflammatory CCR5*Th17
cells as ‘pTh17’ cells and to CCRS5Th17 cells as con-
ventional Th17 cells [‘cTh17’] for the rest of this report.
Notably, pTh17 cells expressed only low levels of CXCRS
and CCR10, indicating that they were distinct from Tfh and
Th22 cells [Supplementary Figure 2B].

We next analysed the intracellular expression of the
‘lineage-defining’ transcription factors of Th1 and Th17
cells, T-bet, and RORC/yt, respectively. Th1 cells expressed
as expected only T-bet, and cTh17 cells expressed exclu-
sively RORC/yt. Conversely, pTh17 cells and Th1/17 cells
expressed both T-bet and RORC/yt [Figure 1C]. Notably,
pTh17 cells contained the highest frequencies of RORC/
vt + cells. Next, we analysed the expression of the IL-23R.
Since IL-23R staining was not convincing in our hands,
we assessed the presence of functional IL-23Rs by STAT3
phosphorylation induced by brief ex wvivo stimulation
with IL-23, as published previously? [Figure 1D]. pTh17
cells contained the highest frequencies of p-STAT3 + cells,
indicating that they expressed the highest levels of func-
tional IL-23Rs. Since pro-inflammatory Th1/17 cells in CD
were reported to express high levels of multi-drug resist-
ance 1 [MDR1],’* which may convey resistance to cortico-
steroids, we next assessed MDR1 expression by rhodamine
extrusion assay. MDR1 activity was present in approxi-
mately 50% of pTh17 cells, but it was highest in Th1/17
cells [Supplementary Figure 2C].

We then analysed T-helper subsets classified according to
chemokine receptor expression also in the intestine of IBD
patients. Th1, Th17, and Th1/17 subsets displayed overall
largely similar cytokine profiles in peripheral blood and in the
intestinal lamina propria [Figure 1B, E and Supplementary
Figure 2A, 2D]. Remarkably, pTh17 cells produced very
high amounts of IL-17 in the intestine, and contained con-
sequently also the highest frequencies of IL-17 and IFN-y
co-producing cells [Figure 1E]. Th1 and Th1/17 subsets in
CD contained slightly higher frequencies of IFN-y—produ-
cing cells [Figure 1E], but overall the cytokine profiles of the
analysed T cell subsets were largely similar in UC and CD.
Finally, we also analysed CD161 expression, which is highly
expressed on pro-inflammatory Th17 cells in CD.* Intestinal
pTh17 cells expressed, indeed, very high levels of CD161, but
CD161 was overall broadly expressed on intestinal Th cells
[Supplementary Figure 2E].

In conclusion, pTh17 cells are a previously uncharacterised
population of highly pro-inflammatory Th17 cells that infil-
trate the intestinal mucosa of IBD patients.
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3.3. pTh17 cells express genes characteristic for
pro-inflammatory Th17 effector cells

To further characterise pTh17 cells at the molecular level, we
then performed RNA sequencing of FACS-purified CCR6*Th
cell subsets from peripheral blood of healthy donors and from
the intestinal lamina propria of CD patients. A PCA of dif-
ferentially expressed genes [DEGs] unveiled that pTh17 cells
were in both cases positioned closely to CCR5*Th1/17 cells
[Supplementary Figure 3A]. In the intestine, they were also
in vicinity of ¢cTh17 cells. When pTh17 cells were compared
with ¢Th17 cells, we identified, besides the pTh17-defining
gene CCRS, 498 DEGs in the blood and 462 DEGs in the
gut [Figure 2A, B and Supplementary Tables 4, 7]. When
pTh17 cells were compared instead with CCRS5*Th1/17
cells, we identified, besides the Th1/17 marker gene CXCR3,
117 DEGs in the blood and 312 in the gut [Supplementary
Tables 3, 8]. Circulating and intestinal pTh17 cells expressed
in general increased levels of genes characteristic for pro-
inflammatory Th17 cells, like CCL20, IL411,** MSC [coding
for musculin],” IL-22, IL-17RE, and IL1R1. Among the
most consistently down-regulated genes, we identified several
stemness-associated genes including CCR7, SELL [coding for
CD62L], CD27, and LEF1. Finally, when pTh17 cells were
compared with all other CCR6*Th subsets concomitantly, we
identified still 62 pTh17-specific DEGs in the blood and 366
in the intestine [Supplementary Figure 3B, Supplementary
Tables 6, 9]. Among up-regulated, pTh17-specific DEGs, we
confirmed several Th17-associated genes, and identified in
addition PD1 in the blood and IL-23R in the gut. Among the
down-regulated, pTh17-specific genes, we confirmed CD27
in the blood and several stemness-associated genes in the gut.

Since differential mRNA expression does not always re-
flect protein expression levels, a panel of genes of interest was
then validated at the protein and single cell levels by flow
cytometry [Figure 2C]. CD4*T cells from peripheral blood of
unrelated healthy donors were analysed and compared with
CD4*T cells from peripheral blood and the intestinal lamina
propria of CD patients [Figure 2C]. This analysis confirmed
that pTh17 cells had a marked effector phenotype, since they
expressed overall high levels of PD1 and low levels of CCR7
and CD27 in peripheral blood. CD27 expression was fur-
ther reduced on intestinal pTh17 cells. PD1 was also highly
expressed on intestinal pTh17 cells, but PD1 was highly ex-
pressed on all CCR6*Th cell subsets in the intestine [Figure
2C]. The Th17-associated surface marker CCR4'® was con-
firmed to be more highly expressed on ¢Th17- and on pTh17
cells in peripheral blood, but was quite variable, in particular
in the intestine [Figure 2C]. Finally, expression of IL-1R1,
a key colitogenic cytokine receptor,®® was detectable at low
levels on pTh17 cells but also on CCR5*Th1/17 cells, in per-
ipheral blood. IL-1R1 expression was significantly increased
in the intestine, but remained low on c¢Th17 cells [Figure 2C].

Overall, this gene expression analysis confirmed, in an un-
biased manner, that pTh17 cells have features of highly differ-
entiated Th17 effector cells, in particular in the gut.

3.4. pTh17 cells are associated with intestinal
inflammation in CD patients

Given their pro-inflammatory cytokine profile, pTh17 cells
were likely to contribute to the increased cytokine production
in the intestinal mucosa of CD patients [Supplementary Figure
1]. We first monitored the frequencies of pTh17 in different
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Figure 2. RNA sequencing of circulating and intestinal Th17 subsets indicates that pTh17 cells are highly differentiated Th17 effector cells. A/B] Volcano
plots of differentially expressed genes in pTh17 cells as compared with cTh17 cells and CCR5*Th1/17 cell in peripheral blood [A] or the intestinal lamina
propria [B]. Selected, up-regulated Th17-effector genes and down-regulated, stemness-associated genes are indicated. C] Surface expression of PD1,
CD27 CCR7 IL-1R1, and CCR4 proteins was validated by flow cytometry in CCR6*Th subsets in unrelated healthy donors, and compared with those
from peripheral blood and the intestinal lamina propria of Crohn's disease [CD] patients.
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tissues of IBD patients, ie, in peripheral blood, in the intestinal ~ minority in peripheral blood and rare in intestinal lymph
lamina propria and in intestinal lymph nodes. pTh17 cells,  nodes [Figure 3A and Supplementary Figure 4A, B].
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their relative abundance in: i] CD and UC patients; ii]
paired inflamed and non-inflamed biopsies; and iii] pre/post
therapy with infliximab [anti-TNF antibodies) that inhibits
intestinal inflammation. Strikingly, in all cases there was
a significant association of pTh17 cells with intestinal in-
flammation in CD [Figure 3B-D]. Thus, pTh17 cells were
strongly and significantly increased in the intestinal mu-
cosa of CD patients [Figure 3B]. UC patients showed no
increase of pTh17 cells, but were in contrast characterised
by a significant decrease of intestinal CCR5*Th1/17 cells
[Figure 3B]. Th1 subsets showed a complex pattern, with
CCRS5Th1 cells being increased in UC and CCRS5*Th1 cells
in CD [Supplementary Figure 4C]. Consistent with the
cytokine data [Supplementary Figure 1], these marked dif-
ferences in the intestine were not detectable in peripheral
blood [Supplementary Figure 4D]. In paired intestinal bi-
opsies from CD patients, pTh17 cells were selectively and
significantly enriched in the inflamed as compared with
the non-inflamed intestine [Figure 3C and Supplementary
Figure 4E]. Finally, in infliximab-treated CD patients
[Supplementary Tables 1], a reduction of intestinal pTh17
cells was significantly associated with the reduction of the
Simple Endoscopic Score for CD [SES-CD] after infliximab
therapy [Figure 3D and Supplementary Figure 4F].
Conversely, there were no significant associations of the
SES-CD dynamics with Th1/17 or ¢Th17 cells. Notably, the
production of Th1/17 effector cytokines by total intestinal
CD4*T cells showed only weak associations that did not
reach statistical significance [Supplementary Figure 4GJ.

In summary, pTh17 cells are strongly enriched in the in-
flamed intestinal mucosa of CD patients and are reduced
upon successful infliximab treatment, suggesting that they
contribute substantially to intestinal inflammation.

3.5. 123 promotes pTh17 cell differentiation in
vitro and in vivo

IL-23 is a key colitogenic cytokine that induces the matur-
ation of Th17 cells. We therefore wondered if 1L-23 could
promote the differentiation of pTh17 cells. Indeed, we and
others have already documented that c¢Th17 cells acquire
cytokine profiles that are characteristic for pTh17 cells and
Th1/17 cells [Figure 1] with IL-23 and IL-12, respectively.®*
We assessed here if IL-12 and IL-23 induced also the pheno-
type of these T cell subsets. Indeed, purified cTh17 cells stimu-
lated with anti-CD3 and -CD28 antibodies up-regulated
CCRS in the presence of IL-23, whereas they up-regulated
CXCR3, but not CCRS, with IL-12 [Figure 4A]. Also, other
pro-inflammatory cytokines like IL-1f3, IL-6, and TNF failed
to induce CCRS [Supplementary Figure SA]. We next ana-
lysed the presence of these cytokines in intestinal biopsies of
IBD patients by ELISA. Pro-inflammatory cytokines were as
expected detected in all IBD patients, but IL-23 was in the
main higher in CD, whereas IL-12 was more abundant in
UC [Figure 4B]. To address the role of IL-23 in the gener-
ation of intestinal pTh17 cells in vivo, we analysed biopsies
of CD patients at baseline and at 24 weeks following therapy
with risankizumab [Supplementary Tables 1]. The latter is
a therapeutic antibody that specifically neutralises 1L-23
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by targeting the 1L-23p19 subunit,*® whereas IL-12 is not
blocked. Strikingly, risankizumab induced a selective and sig-
nificant decrease of pTh17 cells in the intestinal lamina pro-
pria [Figure 4C and Supplementary Figure 5B].

3.6. Adherent-invasive Escherichia coli selectively
activate pTh17 cells and induce IL-:23 from dendritic
cells

Although pTh17 cells shared several features with Th1/17
cells, only pTh17 cells were associated with intestinal inflam-
mation in CD patients [Figure 3B]. Therefore, we asked if
intestinal pTh17 cells might expand in response to specific
microbial antigens. To address this question, we analysed the
activation of T cell lines, expanded from FACS-purified intes-
tinal T cell subsets of IBD patients, following stimulation with
a panel of pathogen-derived antigens [Figure SA].

Responses to autologous monocytes in the absence of ex-
ogenous antigens were low in all T cell subsets, indicating
that they were poorly auto-reactive [Supplementary Figure
6A]. Notably, the majority of tested bacterial [Salmonella
tybphimurium FB62, Shigella flexneri serotype 5a M90T,
Lactobacillus paracasei CBA L74] and viral [Epstein—Barr
virus, John Cunningham virus, varicella zoster virus] antigens
failed to induce a detectable activation of the analysed in-
testinal T cell subsets in CD patients [data not shown]. In
contrast, we detected robust antigen-specific responses, as
assessed by up-regulation of CD40L and cytokines, to E.
coli [HKEB] and to cytomegalovirus [CMV, pp65], and
more variable responses to Candida albicans [C. albicans,
MP65] [Figure 5B and Supplementary Figure 6A]. Pathogen-
induced activation of intestinal T cells was prevented by
neutralising anti-MHC class-II antibodies [Supplementary
Figure 6B], indicating that activation was TCR-dependent.
Importantly, intestinal T cell subsets had strongly biased
antigen specificities. Thus, Th1 cells responded only weakly
to CMYV, whereas cTh17 cells reacted with C. albicans.
Most important, pTh17 cells were the only subset that re-
acted with E. coli [Figure 5B and Supplementary Figure 6A].
Intriguingly, CCR5*Th1/17 cells responded instead strongly
and selectively to CMV. Given the strong and selective asso-
ciation of AIEC with CD,? we next compared responses of
pTh17 cells to LF82, the reference strain for AIEC pathovar,
and to the probioticstrain E. coli Nissle 1917, commonly used
for the treatment of gastrointestinal disorders.*' Strikingly,
pTh17 cells from CD patients reacted very poorly with E.
coli Nissle 1917 strain, but strongly with AIEC-LF82 [Figure
5C, supplementary Figures 6B and 7]. Notably, monocytes
expressed comparable levels of MHC class II, CD80, and
CD86 under these conditions [Supplementary Figure 6C],
suggesting that they had similar T cell-stimulatory capaci-
ties, but presented different antigens. Consistently, a com-
parison of genes expressed by AIEC-LF82 and by E. coli
Nissle 1917 unveiled that 415 genes were expressed exclu-
sively by LF82 [Supplementary Figure 8], and could thus
code for antigens that selectively activate pTh17 cells. In a
fraction of IBD patients, we also tested six additional AIEC
and non-AIEC strains, and found that AIEC strains induced
in general stronger responses [Supplementary Figure 7].
Indeed, the responses of pTh17 cells from CD patients to
two different non-AIEC strains were significantly weaker as
compared with AIEC-LF82. Importantly, pTh17 cells from
three UC patients did in contrast not respond to any of the
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tested E.coli strains [Figure 5C and Supplementary Figure
7]. Finally, we tested the capacity of E. coli strains to in-
duce polarising cytokines and chemokines from monocyte-
derived dendritic cells [DC]. AIEC-LF82 induced higher
levels of IL-23, IL-1(,IL-6, and the CCRS ligand RANTES,
whereas E. coli strain Nissle 1917 induced higher amounts
of IL-12 and IP-10 [Figure 5D].

In summary, whereas intestinal Th1/17 cells are strongly
activated by CMYV, pTh17 cells react selectively and strongly
with AIEC, indicating that they fight different classes of
pathogens. Moreover, the CD-associated colitogenic bacteria
[AIEC] activated DC to secrete the soluble mediators that
promote the generation and migration of pTh17 cells.

3.7. T cells co-expressing CCR6 and CCR5 are
frequent in areas colonized by Escherichia coli

Finally, in order to assess the localisations of pTh17 cells and
E.coli in the intestine, we performed immunofluorescence
analysis of intestinal lamina propria sections of CD patients
[Figure 6A and Supplementary Figure 9A]. Areas where T
cells co-expressing CCR6 and CCR35, the defining chemokine
receptors of pTh17 cells, were frequent [Supplementary
Figure 9B] contained significantly higher frequencies of E.
coli cells [Figure 6B]. These findings suggest that T cells
co-expressing CCR6 and CCRS, including pTh17 cells, may
be preferentially recruited to sites of intestinal E.coli colon-
isation in CD.

4. Discussion

IBDs are associated with pro-inflammatory CD4*T cells, but
the identity of colitogenic T cells is still elusive. Here, we iden-
tified and characterised a highly pro-inflammatory population
of human intestinal Th17 cells, called pTh17 cells here, and
showed that they are associated with intestinal inflammation
in CD and respond to AIEC, ie, to CD-associated bacteria.

Human IL-17/IFN-y co-producing CD4* T cells were re-
ported to co-express CCR6 and CXCR3, are termed here
Th1/17 cells, and were extensively characterised.!!%3+3
They can be induced with IL-12 from Th17 cells, but also
with Th17-promoting cytokines from Th1 cells in the gut.*
They produce very high levels of IFN-y, but only low levels
of IL-17, play a pathogenic role in autoimmune diseases like
multiple sclerosis,'” and are abundant in the intestine. They
were thus likely candidates to drive also pathogenic inflam-
mation in IBDs.>*% In healthy individuals, Th1/17 cells from
peripheral blood react with both intracellular and extracel-
lular pathogens, including E. coli*** Little is however known
about the antigen specificities of human T cells in the intes-
tine,'® which are most relevant in IBDs. We showed here that
intestinal Th1/17 cells in CD patients reacted strongly and
selectively with CMV, but not with a panel of enterobacteria-
derived antigens. Notably, CMV infections occur frequently
in IBD patients, with high incidence of CMV reactivations
particularly in steroid-refractory UC patients, and are asso-
ciated with worse clinical outcomes in IBDs.** Intriguingly,
we found that intestinal CCR5*Th1/17 cells, the subset that
reacted strongly with CMV, were selectively reduced in UC.
These findings suggest that intestinal Th1/17 cells contain
CMYV infections, and may thus play an unexpected protective
role in IBDs.
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The pTh17 cells here characterised lacked CXCR3 expres-
sion, which is expressed on human Th1/17 cells by definition,'®
indicating that they are a distinct population. Indeed, unlike
Th1/17 cells, they expressed very high amounts of IL-17 and
IL-22, but only intermediate levels of IFN-y. Nevertheless,
they shared several features of potentially colitogenic T cells
with Th1/17 cells, including co-expression of RORC/yt and
T-bet, co-production of IL-17 and IFN-y, and responsiveness
to IL-1 and IL-23. Importantly, only pTh17 cells were consist-
ently associated with intestinal inflammation in CD patients,

as demonstrated in both paired inflamed and non-inflamed
intestinal biopsies, and by their significant decrease after suc-
cessful anti-TNF therapy. The most relevant difference be-
tween pTh17- and Th1/17 cells was their antigen specificities.
This is a key finding, because antigenic stimulation is the prin-
cipal trigger for T cells to produce cytokines, which in turn
drive intestinal inflammation. Most importantly, pTh17 cells
reacted selectively with E. coli, in particular with AIEC, which
are associated with ileal CD.?** Intriguingly, they largely
failed to respond to the probiotic E. coli Nissle 1917 strain.
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This is to our knowledge the first report that identifies
AIEC-specific T cells in the human intestine. AIEC are able
to persist in infected macrophages,* and pTh17 cells that
produce IFN-y to activate macrophages appear to be the ap-
propriate type of effector cells to contain these colitogenic
bacteria. Indeed AIEC, and potentially also other bacterial
species,'* are likely to induce their differentiation in the
gut. Notably, pTh17 cells produce high amounts of IL-17
and IL-22, which have crucial functions in promoting mu-
cosal barrier functions, induction of antimicrobial peptides,
and recruitment of phagocytic cells. AIEC strains are how-
ever highly virulent, having a high resistance to antimicro-
bial peptides, a strong ability to persist within macrophages,
and also triggering a higher IL-23 release by DCs from
CD compared with UC patients.’** Consequently, the ac-
tivity of pTh17 cells may not be sufficient to control these
pathogenic bacteria in CD, leading to chronic and excessive
inflammation.

pTh17 cells could differentiate from conventional ¢Th17
cells in vitro upon stimulation with IL-23, a key colitogenic
cytokine!” that was efficiently induced from DC by AIEC.
Importantly, selectively blocking IL-23 with risankizumab, a
drug currently under investigation for active CD patients,*
resulted in a selective reduction of intestinal pTh17 cells.
Infliximab inhibits the production of several pro-inflammatory
cytokines in the intestine, including IL-23.4 It seems there-
fore plausible that also the infliximab-induced reduction of
pTh17 cells is a consequence of impaired IL-23 signalling.
Consistently, TNF failed to induce CCRS expression on con-
ventional Th17 cells in vitro, but we can of course not ex-
clude that other pro-inflammatory cytokines besides 1L-23
contribute to the induction of pTh17 cells in the gut. Mucosal
CCRS3 expression was previously shown to be associated with
IBDs,* and CCRS antagonists were able to reduce mucosal
inflammation in a mouse colitis model.* Thus, CCRS3 is not
only a surface marker that identifies pTh17 cells, but is also
likely to be important for their functions, by mediating their
recruitment to infected DC. Notably, CCRS is also expressed
on intestinal, anti-inflammatory Tr1 cells, but the latter lack
IL-7R and CCR6 expression and display an anti-inflamma-
tory cytokine profile.?

Collectively, our data suggests that pTh17 cells play a key,
pro-inflammatory role in CD. They are generated and acti-
vated by DC that present antigens derived from colitogenic
bacteria like AIEC and secrete IL-23. pTh17 cells might be ex-
ploited as immunological targets for the future development
of new therapeutic strategies in CD.
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