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IL-7 receptor influences anti-TNF responsiveness
and T cell gut homing in inflammatory bowel disease
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It remains unknown what causes inflammatory bowel disease (IBD), including signaling networks perpetuating chronic
gastrointestinal inflammation in Crohn’s disease (CD) and ulcerative colitis (UC), in humans. According to an analysis of up to
500 patients with IBD and 100 controls, we report that key transcripts of the IL-7 receptor (IL-7R) pathway are accumulated in
inflamed colon tissues of severe CD and UC patients not responding to eitherimmunosuppressive/corticosteroid, anti-TNF,
or anti-o, B, therapies. High expression of both IL7R and IL-7R signaling signature in the colon before treatment is strongly
associated with nonresponsiveness to anti-TNF therapy. While in mice IL-7 is known to play a role in systemic inflammation,
we found that in humans IL-7 also controlled o B, integrin expression and imprinted gut-homing specificity on T cells. IL-7R
blockade reduced human T cell homing to the gut and colonic inflammation in vivo in humanized mouse models, and altered
effector T cells in colon explants from UC patients grown ex vivo. Our findings show that failure of current treatments for

CD and UC is strongly associated with an overexpressed IL-7R signaling pathway and point to IL-7R as a relevant therapeutic
target and potential biomarker to fill an unmet need in clinical IBD detection and treatment.

Introduction immunosuppressive drugs, and biological agents targeting inflam-
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Inflammatory bowel disease (IBD) consists of 2 major forms,
ulcerative colitis (UC) and Crohn’s disease (CD), which are chronic
relapsing gastrointestinal disorders characterized by chronic
intestinal inflammation, dysregulated immune responses to intes-
tinal microbiota, and dysfunction of the epithelial barrier (1, 2).
The incidence and prevalence of IBD are increasing worldwide,
and these diseases are associated with marked morbidity and
have a major impact on quality of life and ability to work (3, 4).
Current conventional treatments are aimed at dampening inflam-
mation with the gradual use of antiinflammatory agents, steroids,
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matory cytokines (mainly TNF) for refractory and severe forms of
IBD (5, 6). However, approximately one-third of patients receiv-
ing anti-TNF agents do not respond to treatment (primary failure),
and a significant proportion (up to 50%) become refractory over
time (secondary failure) (7). A key feature of IBD is also the rapid
recruitment and prolonged persistence of leukocytes at the site of
inflammation, which is facilitated by integrin interaction with cog-
nate receptors expressed by endothelial cells allowing cell adhe-
sion and transmigration (8, 9). Emerging therapies are targeting
this entry point to the gut with antiadhesion molecules, specially
targeting the gut-specific o f, integrin (10, 11). However, these
therapies do not induce remission in more than half of patients,
and relapse also occurs over time in primary responders. Thus,
one major goal is to identify novel mechanisms and signaling net-
works that underlie the chronicity and relapse of IBD.
Interleukin-7 (IL-7) is a limiting and nonredundant cytokine
produced mainly by epithelial and stromal cells that regulates T
lymphocyte homeostasis (12, 13). Almost all conventional mature
T lymphocytes express high IL-7 receptor (IL-7R) levels, with the
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specific exception of naturally occurring Tregs, constituting a
rare opportunity to selectively target pathogenic effectors while
preserving natural regulators (14-16). IL-7 signals through the
cell surface IL-7R that consists of a specific IL-7R « chain (IL-7Ra,
CD127) that dimerizes with the common cytokine receptor y chain
(yc, CD132, IL2RG) (17). IL-7Ra also interacts with the thymic
stromal lymphopoietin receptor (TSLPR) chain to form the hetero-
dimeric receptor of the TSLP cytokine (18). Upon activation, IL-7R
delivers proliferative and antiapoptotic signals by activating
PI3K and JAK/STAT pathways as well as regulating expression of
anti- and proapoptotic BCL-2 family members (19). More than 2
decades of research has reproducibly highlighted the crucial sys-
temic influence of the IL-7 pathway and depicted IL-7 as a fuel for
chronic autoimmune and inflammatory diseases as well as trans-
plant rejection in diverse rodent models (20-22). Remarkably, the
colon is the major source of IL-7 outside of the lymphoid tissues in
mice, and commensal microflora promotes steady-state IL-7 pro-
duction by intestinal epithelial cells (23, 24). IL-7-transgenic mice
spontaneously developed chronic colitis with IL-7Ra" T cells infil-
trating the gut mucosa, which, once isolated, transferred colitis
to immunodeficient recipient mice, thereby demonstrating their
pathogenicity (25-29). More recently, IL-7Ra" innate lymphoid
cells (ILCs) were described as new key effectors of IBD (30-32),
and IL-7Ra antagonists suppressed both adaptive and innate
inflammatory responses in different experimental models of
colitis (26, 27, 33, 34).

In humans, however, research on IBD has mainly focused on a
proinflammatory and antiinflammatory cytokine balance (35-37),
while the IL-7/IL-7Ra axis remains poorly studied. IL-7 produc-
tion by intestinal epithelial cells and IL7R expression by mucosal
T lymphocytes were described in colon biopsies from healthy
donors (38). One study reported genetic loci variation of the IL7R
gene being associated with susceptibility to UC (39). Lastly, ele-
vated IL-7 signaling pathway gene expression in blood CD8* T
cells at diagnosis was significantly associated with relapsing and a
more aggressive IBD disease course (40). Whether IL-7 activities
are implicated in the pathogenesis of IBD in humans and deter-
mine the fate of treatment is uncertain.

Results

Colon-specific increased mucosal IL7R signaling pathway signature in
refractory IBD. Higher gene expression of the IL-7 signaling path-
way members in peripheral blood CD8* T cells has been previously
correlated with a relapsing and aggressive disease course of IBD
(40). We therefore sought to address whether the local/mucosal
IL-7/IL-7R pathway could be enriched in severe IBD and associated
with the failure of conventional therapies. For this purpose, we
focused our hypothesis-driven analysis on only the transcriptional
IL-7/IL-7R signaling signature of 20 genes (curated from Bio-
Carta by the Molecular Signatures Database [MSigDBJ; ref. 40) in
colon mucosal biopsies from previously published cohorts of IBD
patients with clinically active or inactive disease after immuno-
suppressive therapy. We examined 2 independent cohorts (UC
[n = 23] compared with controls without IBD [n = 13], ref. 41; and
UC [n = 97] or CD [n = 8] compared with controls without IBD
[n = 11]; ref. 42). We found that this 20-mRNA expression signa-
ture was altered according to the clinical status (Figure 1, A and
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D), with a particularly significant accumulation of IL7R mRNA
transcripts in inflamed mucosa from refractory IBD patients rela-
tive to those in uninvolved control mucosa from the same patients
(P < 0.0001), mucosa from responder patients (P < 0.001), or
non-IBD controls (Figure 1, C and F). Principal component analy-
sis (PCA) of the mucosal IL-7R signaling signature after immuno-
suppressive therapy displayed in both cohorts a clear and distinct
separation between active versus inactive disease status and the
group of uninvolved mucosa that gathered from non-IBD controls
(Figure 1, Band E).

Similarly, the IL-7R signaling signature after anti-TNF treat-
ment allows distinguishing between biopsies according to disease
status in a third cohort of UC patients involved in the phase III
ACT-1 clinical trial of infliximab (including long-term respond-
ers [n = 17], short-term responders and then relapse [n = 8], and
primary nonresponders [n = 6]; ref. 43) (Figure 1G). PCA of the
mucosal IL-7R signature clearly separates responder from non-
responder patients 30 weeks after maintenance with anti-TNF
treatment (Figure 1H). Furthermore, mucosal IL7R expression was
significantly higher in clinically active versus inactive disease in
anti-TNF-treated patients at both early (week 8, P < 0.05) and late
(week 30, P < 0.001) time points (Figure 1I). IL7R expression sig-
nificantly decreased after anti-TNF therapy in long-term respond-
ers compared with baseline pretreatment levels (P < 0.001); how-
ever, no significant difference was measurable before treatment
between groups in this clinical trial cohort.

In contrast to colon mucosa, the IL-7R signature in ileal biop-
sies was not associated with clinical status in a fourth cohort (44)
of untreated pediatric patients with newly diagnosed ileal (iCD;
n=143) or colon-only (cCD, n=30) CD or UC (n=38) as compared
with pediatric healthy controls (n = 42) (Supplemental Figure 1,
A and B; supplemental material available online with this article;
https://doi.org/10.1172/JCI121668DS1). IL7R expression was
only higher in ileal biopsies with histological microinflammation
versus uninflamed biopsies of cCD; however, no difference was
observed in ulcerated or nonulcerated iCD relative to healthy
controls (Supplemental Figure 1C). Furthermore, IL7R was not
differentially expressed in colon mucosa of different non-IBD
types of controls, including in inflammatory non-IBD pathol-
ogy such as diverticulitis (Supplemental Figure 2). Altogether,
the data indicate that mucosal expression of the IL-7R signaling
pathway, and specifically IL7R, is strongly and selectively asso-
ciated with colonic but not ileal IBD inflammation. Expression is
related to disease activity in IBD patients (Table 1) and could be
one mechanism associated with refractory and severe IBD.

Colonic IL-7Ra. expression predicts resistance to anti-TNF therapy.
We then asked whether the mucosal IL-7R signaling signature is
associated with responsiveness to anti-TNF before initiation of
biologic therapy in patients refractory to corticosteroids and/or
immunosuppression. We thus performed a meta-analysis of pub-
licly available transcriptional data sets of 3 cohorts of UC patients
with colon mucosa biopsies performed before anti-TNF treatment
(within a week) (45-47). In these 3 cohorts, anti-TNF response was
defined as histological healing analyzed 4-6 weeks after their first
anti-TNF infusion (altogether: n = 18 non-IBD controls, n = 41 UC
nonresponders, and n = 28 UC responders). Differential analysis of
all expressed genes of the meta-data set (17,037 genes) identified
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Figure 1. IL-7R signaling pathway expression is highly expressed in colonic mucosa of
refractory IBD. (A) Heatmap of the expression of the 20 selected genes of the IL-7R signaling
pathway (40) in colon biopsies from non-IBD control patients (black; n = 13), inactive UC
patients (green; n = 8), and active UC patients with involved (red; n = 15) or uninvolved
proximal segments (blue; n = 7) after corticosteroids and/or immunosuppression therapy
(data set GSE38713; ref. 41). The heatmap represents median-centered and colorized expres-
sion values. (B) PCA of the IL-7R signaling signature and (C) relative IL7R expression (log, data
were normalized to the control median; same patient and color groups as in A).

(D) Heatmap of the IL-7R signaling signature in colon biopsies from non-IBD controls (black;
n =11), inactive (green; n = 23) or active (red; n = 74) UC patients, and active CD patients
(purple; n = 8) after corticosteroids and/or immunosuppression therapy. (E) PCA of the IL-7R
signaling signature and (F) relative IL7R expression (log, data were normalized to the control
median; same patient and color groups as in D). (G) Heatmap of the IL-7R signaling signature
in colon biopsies from UC patients at weeks 0, 8, and 30 following anti-TNF therapy (green,
stable responders, n = 12-17; orange, relapsing patients, n = 3-8; red, primary nonresponders,
n =3-6). (H) PCA after 8 (top) and 30 (bottom) weeks of anti-TNF treatment of the IL-7R
signaling signature and (I) IL7R expression (log, data were normalized to the median of the
stable responder group; same patient and color groups as in G). *P < 0.05; **P < 0.01;

**¥P < 0.001; ****P < 0.0001 between the indicated groups. #P < 0.05; ***P < 0.001 between
responders and nonresponders at a single time point. P < 0.05; P < 0.001, Kruskal-Wallis
with post hoc Dunn’s multiple comparisons test within a single response group across all 3
time points.
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only 85 genes significantly (adjusted P value < 0.05) and differen-
tially (log, FC > 1) expressed between responders and nonrespond-
ers, including IL7R (Supplemental Figure 3), which clustered with
a large group of genes associated with adaptive immune response,
T cell activation, and leukocyte migration/adhesion (Supplemental
Figure 4). Analysis of the transcriptional IL-7R signaling signature
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(20 genes previously described) revealed that the IL-7R signaling
signature, in particular IL7R, was already elevated in colon biop-
sies of primary UC nonresponder patients before initiation of anti-
TNF therapy (Figure 2, A-C). A lasso (least absolute shrinkage and
selection operator) regression analysis identified a combination of
10 genes (IL7R, IL2RG, JAK1, PIK3CA, LCK, PTK2B, EP300, NMI,
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Figure 2. Colonic mucosal IL7R and IL-7R signaling pathway expression at baseline is associated with nonresponse to anti-TNF therapy. (A) Heatmap of
the expression of the 20 selected genes previously reported as key members of the IL-7R signaling pathway (40) in colon biopsies of non-I1BD controls

(n =18), responders (green; n = 28), and nonresponders (red; n = 41) before anti-TNF therapy. Meta-analysis of 3 UC cohorts with histological healing as the
anti-TNF response criterion: data sets GSE16879 (46), GSE12251 (45), and GSE73661 (47). The heatmap represents median centered colorized expression
values in which yellow values indicate overexpression and blue values indicate underexpression. (B) Gene set enrichment analysis from the meta-data

set at week O of the IL-7R signaling signature (20 selected genes). ES, enrichment score. (C) Relative IL7R expression before anti-TNF treatment (log, data
normalized to the control median) in the same groups of patients and colors as in A. (D) ROC analysis of expression of IL7R, the IL7R 10-gene signature
(IL7R, IL2RG, JAK1, PIK3CA, LCK, PTK2B, EP300, NMI, CRLF2, and TSLP), and the signature without IL7R (3 genes) distinguishing anti-TNF responders and
nonresponders. (E) Correlation of IL7R expression with enrichment of leukocyte subsets as estimated by CIBERSORT in the same groups of patients and
colors as in A. Left: Effector T lymphocytes (Teff); middle: regulatory T lymphocytes (Treg); right: Treg/Teff ratio. **P < 0.01; ***P < 0.001; ****P < 0.0001
between indicated groups, Kruskal-Wallis test with post hoc Dunn’s multiple comparisons test.

1914

CRLF2, and TSLP) within this IL-7R signaling signature able to dis-
criminate anti-TNF nonresponders from responders. Pretreatment
expression of IL7R or the 10-gene IL-7R-restricted signature strongly
discriminated primary nonresponsiveness to anti-TNF therapy in this
meta-analysis (IL7R receiver operating characteristic [ROC] AUC =
84%, 10-gene IL-7R signature ROC AUC = 93%) (Figure 2D). The
absence of IL7R expression in the signature decreased correlation
with anti-TNF response (AUC = 88%). These data suggest that the
entire pathway is associated with the nonresponse to anti-TNF, from
IL-7R to transcriptionally regulated proteins (i.e., ITGA4) to major
key signaling components (JAK/STAT, PI3K) (Supplemental Figure
5). Intestinal oncostatin M (OSM) has been also recently reported

jci.org  Volume129  Number5  May 2019

to be associated with anti-TNF unresponsiveness in IBD (48). OSM
was also identified as differentially expressed among 85 genes in our
meta-analysis (Supplemental Figure 3). OSM expression correlated in
these UC biopsies with IL7R expression but was not superior to IL7R
in discriminating primary nonresponse to anti-TNF therapy (Supple-
mental Figure 6). While combining OSM or OSMR with IL7R expres-
sion slightly improved ROC analysis, the 10-gene IL-7R-restricted
signature remained more potent. Finally, the abundance of immune
cell populations in this meta-data set was estimated using the decon-
volution CIBERSORT tool (49). IL7R expression was not correlated
with relative abundance of myeloid cells, B cells, or NK cells (data
not shown) or with any subsets of effector T lymphocytes (CD8",
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CD4*, naive, or memory; or resting, activated, or follicular Th cells)
(Figure 2E). In contrast, deconvolution of the meta-data set revealed
that IL7R expression was significantly and inversely correlated with
the relative fraction of Tregs (r = -0.67, P < 0.0001) in colon muco-
sa of UC patients before anti-TNF therapy and associated with an
imbalanced local ratio of Tregs to effector T lymphocytes (Teffs)
(r =-0.66, P < 0.0001) (Figure 2E). IL7R expression also correlat-
ed significantly and positively with both IFNG and Tbx21 (T-bet)
gene expression, hallmarks of Thl effector cells, and with expres-
sion of some Th17 hallmark genes (such as IL17A, IL22, and IL23,
but, surprisingly, in an inverse correlation with the RORC gene),
as well as the GATA3 hallmark of Th2 (though no correlation was
observed with IL4, IL5, or IL13) (Supplemental Figure 7). Finally,
using a recently published gene expression signature of human
tonsil CD127* ILCs characterized by single-cell RNA sequencing
(50, 51), we found that signatures of all ILC subsets (ILC1, ILC2,
and ILC3) were enriched in UC patients from the meta-data set as
compared with non-IBD controls, and that ILC signatures were sig-
nificantly overexpressed in anti-TNF nonresponder versus respond-
er patients (Supplemental Figure 8). However, these signatures
were built using isolated tonsil ILC subsets and not to estimate the
relative abundance of ILCs in a bulk RNA data set. Furthermore,
the low abundance of ILCs in human colon (52, 53) makes them
unlikely to explain transcriptomic differences detected in bulk
transcriptomic data.

rohn’s disease

CD (scale bars: top and middle, 100 um;
bottom, higher-magnification images
of the panels above, 50 um).

Analysis within each cohort independently showed that pre-
treatment individual baseline IL7R expression was significantly
increased in UC but also in cCD nonresponder colon mucosa and
did not decrease after anti-TNF therapy (Supplemental Figure 9).
Colon mucosal IL7R and the 10-gene IL-7R signature were strongly
and repeatedly discriminative of primary responsiveness to anti-
TNF therapy in 4 different cohorts of UC and ¢CD patients (10-
gene IL-7R signature ROC AUC = 88.3%, 95.3%, 95.2%, 96.7%). In
contrast, while the ileum was also inflamed in active iCD patients,
the IL-7R signaling signature or IL7R alone in ileal mucosa was
not differentially expressed before or after anti-TNF induction
therapy and was not associated with anti-TNF responsiveness in
iCD patients (Supplemental Figure 1, D-F). Finally, colon mucosa
gene expression analysis of a single recent cohort of UC patients
treated with anti-a,f, (vedolizumab) therapy confirmed also that
IL-7R signaling signature was altered and IL7R was differentially
expressed between responders and nonresponders at early (week
6) or late (week 52) time points after treatment (Supplemental
Figure 10). Altogether, our meta-analysis argues that the pre-
treatment mucosal IL-7R signaling signature and IL7R expression
in the colon are strongly associated with nonresponsiveness to
anti-TNF, and presumably also anti-a,f, therapy, in UC and cCD
patients (Table 1) and are associated with a local deficit in Tregs.

Characterization of mucosal IL7/IL7R expression. To validate
the meta-analysis results, we first performed quantitative reverse
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Figure 4. Characterization of CD127 expression among UC lamina propria cells. (A) Representative t-distributed stochastic neighbor embedding (tSNE)
analysis showing single-cell intensity of CD127 among CD45* lamina propria leukocytes from UC inflamed colon (n = 3 UC patients). (B) Left: Major immune
populations were manually gated and identified on the tSNE map on the basis of canonical marker expression patterns. Right: Heatmap showing the
corresponding color-coded normalized expression of canonical markers in gated immune populations. (C) Histograms showing medians of CD127 signal
intensity within each of the immune populations defined in B. (D) Frequencies of CD127* lymphocyte populations among lamina propria leukocytes. Bars
correspond to the mean + SEM (n = 3 UC patients). (E) Phenograph analysis identifies 3 clusters of CD127* T cells in UC inflamed colon. Each column cor-
responds to a cluster. Rows indicate the color-coded normalized mean expression intensity of indicated markers in each cluster. CD127* T cell clusters are
indicated with arrows. (F) CD127 expression on lamina propria remnant EPCAM- epithelial cells or EPCAM- stromal cells.

transcription PCR (RT-qPCR) on freshly isolated mucosal colon
biopsy specimens from UC (n = 21) or CD (n = 24) patients with
active disease (based on clinical and endoscopic findings) and
treated with immunosuppressive or anti-TNF therapies (Supple-
mental Table 1). Paired biopsies from both uninvolved (healthy)
and involved (diseased) colonic areas of IBD patients were ana-
lyzed and compared with those from non-IBD control patients
(n = 20) who underwent endoscopy at Nantes University Hospi-
tal in France. This analysis confirmed significantly higher expres-
sion of IL7, IL7R, and IL2RG (y chain) in involved colon mucosa
of patients with immunosuppressive- or anti-TNF-refractory UC
and CD, compared with uninvolved paired tissue from the same
patients or non-IBD controls (Figure 3, A and B, and Supplemen-
tal Figure 11). The TSLPR chain, which also forms a heterodimer
with IL-7Ra (18), was also elevated in the inflamed colon of IBD
patients (Supplemental Figure 11). In line with a previous report
(54), full-length TSLP cytokine transcripts were not significantly
different, while the short-form TSLP variant, which does not
signal IL-7Ra/TSLPR but has characteristics of an antimicrobial
peptide (55), exhibited reduced mRNA levels in both healthy and
inflamed colonic areas of UC and CD patients (Supplemental Fig-
ure 11). In parallel, we found increased mRNA expression of ITGA4
(o, integrin) and ITGB7 (B, integrin) as well as TNF and TNF
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receptors (TNFRI and TNFR?2) in involved IBD samples, confirm-
ing the inflammatory profile of these biopsies. Both IL7 and IL7R
mRNA expression significantly correlated with ITGA4/ITGB7 and
TNF/TNFR expression (Supplemental Figure 12) with a marked
correlation for o, B, integrin. Several IL-7 and IL-7Ra splice vari-
ants have been described (56, 57), including a functional soluble
IL-7Ra isoform (58). Expression of membrane-bound IL7R and
full-length IL7 strongly correlated with IL7R and all IL7 variants
by RT-qPCR analysis, suggesting that alternative splicing is not
modified in inflammatory settings (Supplemental Figure 13).

We then confirmed increased IL-7Ra expression at the protein
level first by immunohistochemistry in colon biopsy specimens
of active UC and CD patients as compared with inactive IBD or
non-IBD controls (Figure 3C). IL-7Ra staining was mainly present
on inflammatory infiltrates in these biopsies as well as by some
epithelial cells in the inflammatory microenvironment. To deci-
pher which immune cell types express IL-7Ra in inflamed colon,
mass cytometry (CyTOF) analyses, using a panel of 30 detection
antibodies, were performed on human lamina propria cell suspen-
sions prepared from the colon of UC patients (n = 3) before treat-
ment with immunotherapy. IL-7Ra expression was observed only
on mucosal CD4* or CD8* T lymphocytes as well as ILCs but not
on other leukocyte cell types (Figure 4, A-C). Remnant epithelial
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Figure 5. IL-7 controls o B, expression on human effector, but not regulatory, T lymphocytes. (A) Surface expression of a,, B, and o,p, integrin hetero-
dimers on human T lymphocytes from the blood of healthy volunteers cultured for the indicated periods of time in medium alone (white bars) or
supplemented with recombinant human IL-7 at 1 ng/ml (green), 5 ng/ml (blue), or 25 ng/ml (red). Data are expressed as median fluorescent intensity +
SEM measured by flow cytometry (n = 6). (B) Human T cells were cultured for 3 days with 5 ng/ml of recombinant human IL-7 and a blocking anti-human
IL-7Ra mAb at different concentrations. ITGA4 (squares) and ITGB7 (circles) overexpression was normalized to the condition without anti-I1L-7Ra. mAb
and expressed as mean + SEM. Dotted line represents basal level expression at t0. (C) Surface expression of o, and f, integrin on human T lymphocytes
cultured for 48 hours in medium alone (gray) or supplemented with recombinant human IL-7 at 1 ng/ml (green), 5 ng/ml (blue), or 25 ng/ml (red) and,
when indicated, with 10 pg/ml JAK1/2 inhibitor (ruxolitinib), 5 uM JAK3 inhibitor (CAS 202475-60-3), 5 uM STATS inhibitor (CAS 285986-31-4), or 12.5 uM
PI3K inhibitor (LY294002). Data are expressed as median fluorescent intensity + SEM measured by flow cytometry. (D) Human effector (CD25-CD127") and
regulatory (CD25MCD127°) CD4* T cells, purified by flow cytometry using a nonantagonistic anti-human CD127 (IL-7Ra) mAb, were cultured with medium
alone (gray histogram) or supplemented with 1 ng/ml (green), 5 ng/ml (blue), or 25 ng/ml (red) of human IL-7. IL-7 signaling (STATS phosphorylation) was

measured after 15 minutes of culture, while ITGA4 and ITGB7 expression was evaluated at 48 hours. Data show 1 representative of 5 experiments.
*P < 0.05; **P < 0.01 between indicated groups, Kruskal-Wallis test with post hoc Dunn’s multiple comparisons test.

(EPCAM*CD45") or stromal cells (EPCAM-CD45") in these lamina
propria cell suspensions did not express IL-7Ra (Figure 4F). As
anticipated, ILCs expressed the highest level of IL-7Ra. However,
the low abundance of ILCs within mucosal leukocytes (Figure 4D)
is unlikely to explain overexpression in the bulk transcriptomic
data set. Phenograph analysis identified 3 clusters of IL-7Ra* T
lymphocytes, 2 of them corresponding to mucosal CD4* or CD8* T
cells coexpressing mucosal integrins a,, and f, (Figure 4E). In con-
trast, the mucosal CD4* T cell subset expressing the highest level
of CD25 (IL-2R), which might be enriched in regulatory T cells,
did not express a significant level of IL-7Ra, confirming that Tregs
in inflamed mucosal tissues do not express IL-7R. Altogether, our
biocollection transcriptomic and proteomic analyses confirmed
that IL-7Ra is overexpressed in inflamed colon mucosa from IBD
patients and that IL-7Ra is mainly expressed by mucosal ILCs and
T lymphocytes coexpressing mucosal integrins such as B, integrin.

IL-7 signaling controls o 8, gut-homing integrin expression on
effector human T cells. Our validation transcriptional analysis

of colon biopsies and CyTOF analysis of mucosal leukocytes
revealed a marked correlation between IL-7/IL-7Ra and a3, inte-
grin expression in humans. Injection of recombinant IL-7 has
recently been shown to provoke rapid and significant T cell accu-
mulation in the gut of macaques and chronically HIV-infected
patients (59, 60). Another study described that in vivo IL-7 treat-
ment increased o,f, expression on circulating T cells from HIV-
infected individuals (61). Based on these findings, we aimed to
further decipher the relationship between IL-7/IL-7Ra and a,f,
integrin expression in the human setting. Indeed, the link between
IL-7 and a B, expression could not be easily deduced from previ-
ous experimental models, since we found that mouse IL-7 did not
regulate mouse T lymphocyte o, and B, expression at the mRNA
or protein level (Supplemental Figure 14). We first confirmed that
human and mouse IL-7 dose-dependently and selectively induced
in vitro a,, p,, and o, B, heterodimer expression on the surface of
human T lymphocytes from healthy donors (Figure 5A and Sup-
plemental Figure 15, A and B). As expected, IL-7Ra expression was
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Figure 6. IL-7/I1L-7Ra. pathway controls human T cell-mediated colon inflammation. (A and B) Survival (A) and colon length (B) of immunodeficient
NOD-scid IL-2Ry~"- (NSG) mice reconstituted with 10 x 10 freshly purified human PBMCs from healthy donors (white squares; n = 11) or the same cells
cultured 3 days with 5 ng/ml of recombinant human IL-7 (black circles; n = 13). Colon length was measured when mice had lost 20% of body weight. (C)
Survival of NSG mice reconstituted with 50 x 10° freshly purified human PBMCs from healthy donors and treated 3 times per week for 4 weeks from day

0 with 5 mg/kg of a blocking anti-human IL-7Ra mAb (black squares; n = 19) or equivalent volume of excipient (vehicle; white circles; n = 14). (D) Colon
length and colon histological GVHD score of the same NSG mice as in € that were sacrificed when they had lost 20% of their body weight or after 3 months
without clinical signs of GVHD. (E) Representative images of human CD3* T cell infiltration (green) in the colon of NSG mice treated with excipient or anti-
IL-7Ra mAb. Blue staining represents nuclei. (F) Histological human T cell infiltration score in colon, intestine, liver, and lung tissues of NSG mice as in C.
Each symbol represents 1 mouse; horizontal bars indicate the mean + SEM. *P < 0.05; **P < 0.01.

downregulated. However, no modification was observed for other
major gut-homing receptors (a,, CCR6, CCR9, or GPR15), other
homing receptors (CCR5, CXCR3), nor p, integrin, which asso-
ciates with a, (Supplemental Figure 16). IL-7-induced o, over-
expression was long-lasting and required continuous stimulation,
since removal of IL-7 after 24 hours dramatically prevented main-
tenance of o B, overexpression (Supplemental Figure 17A). Simi-
larly, an anti-human IL-7Ra antagonist mAb dose-dependently
prevented IL-7-induced a,f, overexpression (Figure 5B).

IL-7 induced not only upregulation but also functional activa-
tion of the human o, 8, heterodimer, since it increased the binding to
mucosal vascular addressin cell adhesion molecule-1 (MADCAM1),
the specific ligand of o B, (Supplemental Figure 18A). Expression
of a, and B, protein levels did not differ after cell permeabilization,
suggesting the absence of a preformed intracellular pool that might
be mobilized by IL-7 (Supplemental Figure 18, B-D). In contrast,
we found that ITGA4 mRNA expression increased in human T
cells within 2 hours after IL-7 exposure while ITGB7 mRNA levels
remained unmodified (Supplemental Figure 19A). Using chemi-
cal inhibitors for each step of protein synthesis, we confirmed that
IL-7-induced o, expression required DNA transcription, RNA trans-
lation, and endoplasmic reticulum and post-Golgi protein export
(Supplemental Figure 19B). While IL-7 differentially regulated a,
and B, transcription, similar results were obtained with protein syn-
thesis inhibitors for a, and B, expression, suggesting that IL-7 only
indirectly controlled p, RNA translation (Supplemental Figure 19C).

jci.org  Volume129  Number5  May 2019

Because IL-7 did not regulate ITGA4 expression on mouse
T cells (Supplemental Figure 14), we explored species-specific
transcription factors. The transcription factor CREB is predicted
to bind to the human but not the mouse ITGA4 gene promoter
(Gene Transcription Regulation Database [GTRD]; http://gtrd.
biouml.org). Previous genome-wide analysis of CREB occupancy
and phosphorylation showed ITGA4 gene activation in human
cells and tissues (62) but not in mouse (63). We found that a
CREB/CBP association inhibitor prevented o, f, overexpression
in humans (Supplemental Figure 17B), while a CBP/P300 histone
acetyltransferase inhibitor had no effect (Supplemental Figure
17C), implicating CREB in o, expression. In addition, blocking the
JAK/STAT pathway using JAK1/2, JAK3, or STATS inhibitors or
the PI3K pathway with specific inhibitors prevented IL-7-induced
a,fB, overexpression, demonstrating that it requires complete
IL-7R signaling (Figure 5C).

Finally, one potential advantage of IL-7Ro-targeted therapy
is that it specifically spares Tregs over effector T cells (21), based
on a high differential expression level (14, 15). We found that IL-7
was able to dose-dependently induce STAT5 phosphorylation in
Tregs, in spite of the low expression level of its receptor on these
cells, but did not induce o, B, overexpression in contrast to its
effect on effector T cells (Figure 5D).

A pathogenic role of the IL-7Ra pathway in colon inflammation of
humanized mice. Specific control of human effector T cell upregu-
lation of o, B, integrin expression via the IL-7/IL-7Ro. axis suggests
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Figure 7. IL-7Ro. blockade efficiency in vivo in humanized acute TNBS colitis. (A and B) Weight variation (mean + SEM) (A) and colitis score (mean +

SEM) (B) of NSG mice previously reconstituted with 50 x 10° human cord blood CD34* hematopoietic stem cells and challenged several months later with
intrarectal administration of 5 mg of 2,4,6-trinitrobenzenesulfonic acid (TNBS) reconstituted in 50% ethanol. Mice were treated intraperitoneally 3 times

a week from day 0 with control vehicle (white circles; n = 14), 5 mg/kg of blocking anti-human IL-7Ro. mAb (black squares; n = 16), or blocking anti-human
a,pB, (vedolizumab) mAb (gray triangles; n = 6). (C) Paracellular and transcellular intestinal permeability (mean + SEM) measured in vivo in NSG mice as in A
after oral administration of sulfonic acid-FITC (SAF) and horseradish peroxidase (HRP) performed at day 0 and 1 week after TNBS/ethanol injection,

and measured in sera 2 hours after oral administration. Results were normalized for each mouse to day 0. (D) Left: Representative colon hematoxylin-
eosin-safranin staining (top) and cyan blue coloration (bottom) for each group 1week after TNBS injection. Right: Histological and inflammatory mucosal
score quantification. Scale bar: 250 um. *P < 0.05 between indicated groups, Kruskal-Wallis test with post hoc Dunn’s multiple comparisons test.

that a possible pathogenic role for the IL-7R pathway in human
IBD was not previously appreciated in conventional rodent colitis
models. To further explore the possible link between IL-7/IL-7Ra,
a,f, integrin expression, and IBD, we reconstituted NOD-scid
IL-2Ry”/- (NSG) immunodeficient mice with human peripheral
blood mononuclear cells (PBMCs) from healthy donors. In this
model, human T cells led to xenogenic graft-versus-host disease
(GVHD) with significant infiltration of colon, small intestine, liver,
and lung as previously described (64). We found in a suboptimal
GVHD model induced by 10 x 10° human PBMCs that pretreat-
ment of human PBMCs with human IL-7 upregulated a,f, expres-
sion and led to a reduced colon length in recipient mice, a hallmark
of colonic inflammation (Figure 6, A and B). This, however, did not
accelerate the lethality of GVHD. Conversely, in accordance with
the observation that mouse IL-7 could also induce o, expression
on human T cells (Supplemental Figure 15A) and the confirmation
in the literature (65) and experimentally that human a,f, integrin
could interact with mouse MADCAM!1 (Supplemental Figure 15C),
in the severe GVHD model induced by 50 x 10¢ human PBMCs,
administration of an antagonist anti-human IL-7Ro mAb signifi-

cantly delayed GVHD development in NSG mice reconstituted
with unmanipulated human PBMCs (Figure 6C). It also prevented
colon retraction and histological lesions of colon GVHD (Figure
6D) as well as specifically reduced human T lymphocyte infiltra-
tion in the colon but not in other target tissues of GVHD (Figure 6,
E and F). To determine whether anti-IL-7Ra therapy in this model
also acts systemically, we performed a back-to-back comparison
with the anti-a,f, mAb vedolizumab (Entyvio, Millennium Phar-
maceuticals). Surprisingly, we found that unlike the anti-IL-7Ra.
mAb, vedolizumab had no effect on GVHD and colon inflamma-
tion (Supplemental Figure 20), suggesting also a systemic action
of IL-7 besides a,f, upregulation in this humanized GVHD model.
IL-7Ra blockade protects from colitis in humanized mice. We
next sought to address whether the local and systemic effects of
IL-7Ra blockade would be effective in a more relevant colitis model
in humanized mice containing both innate and adaptive immune
cells. We therefore used NSG mice reconstituted with hematopoi-
etic CD34" cord blood stem cells and induced colitis by intrarectal
injection of the haptenating substance TNBS in ethanol. Ethanol is
required to break the mucosal barrier, whereas TNBS is believed
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Figure 8. IL-7Ra blockade efficiency ex vivo in human UC organ cultures. (A) Immune cell signature enrichment scores and CD8* T cell exhaustion sig-
nature using NanoString transcriptional analysis of inflamed colon fragments from UC patients (n = 6). Samples from each patient were cultured ex vivo
at 37°C for 24 hours in medium with 10 ug/ml of control IgG mAb or blocking anti-human IL-7Ra mAb. (B) Individual expression of exhaustion molecules
in anti-1L-7Ro-treated conditions normalized to isotype control. (C) IFN-y cytokine concentration measured by ELISA in the supernatant of UC (n = 10)
inflamed colon fragments in the same assay. Each pair of symbols represents samples from the same patient. *P < 0.05; **P < 0.01, Mann-Whitney U

test. TILs, tumor-infiltrating lymphocytes.

to haptenize colonic autologous and/or microbiota proteins, ren-
dering them immunogenic to the host immune system (66). In
this humanized mouse model, human T cell subsets (CD4* and
CDS8" naive, central memory, and effector memory T cells) as well
as human ILC subsets (ILC1, ILC2, ILC3 NCR*, and ILC3 NCR)
located in the spleen expressed membrane IL-7Ra, except
CD4*CD25" T cells, since, as anticipated, this last subset is enriched
in Tregs expressing low levels of IL-7Ra (Supplemental Figure 21).
While ILCs were undetectable in colon mucosa from humanized
mice, we found that mucosal human T cells expressed a high level
of IL-7Ra as compared with peripheral human T cells from the
same humanized mice (Supplemental Figure 22).

While the immunodeficient NSG mice dramatically suc-
cumbed to TNBS/ethanol injection, the humanized mice were
partially protected, but developed acute signs of colitis includ-
ing diarrhea and delayed weight recovery (Figure 7, A and B),
in accordance with a dual protective and deleterious role for
immune cells in gut homeostasis and inflammation (67). Sim-
ilarly to vedolizumab, administration of anti-human IL-7Ra
mAbs from day O was already effective from day 3 after injec-
tion in this acute humanized colitis model, since mice started
to recover weight and presented significantly less diarrhea (Fig-
ure 7, A and B). Although it did not reach significance because
of the limited number of humanized mice analyzed and inter-
individual variability, we observed that intestinal epithelial
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barrier homeostasis returned to basal levels with either therapy,
as measured by the paracellular and transcellular intestinal per-
meability (Figure 7C) and the significant reduction of histological
inflammatory score (Figure 7D) 1 week after treatment.

Finally, we explored the use of blocking anti-human IL-7Ra
mAbs in vivo in a treatment model using immunodeficient NSG
mice previously reconstituted with a low number (2.5 x 10°) of
human PBMCs and receiving a chronic cycle of dextran sulfate
sodium (DSS; 1% in drinking water). Humanized mice received
vehicle or 5 mg/kg anti-IL-7Ra mAbs at the initiation of the sec-
ond cycle of DSS and until the end of the protocol. No colitis stool
score difference was observed between vehicle and anti-IL-7Ro~
treated mice before treatment, whereas after treatment initiation
mice treated with anti-IL-7Ro mAbs displayed significantly lower
signs of diarrhea and mucosal histological lesions as compared
with control mice in response to the iterative chronic cycle of DSS
(Supplemental Figure 23).

IL-7Ra mAb alters mucosal effector T cells in UC biopsies cultured
ex vivo. To evaluate the local protective effect of the anti-IL-7Ra
antagonist, we used fresh mucosal biopsies from UC patients as an
exvivo inflammatory model of human IBD as previously described
(68). Anti-human IL-7Ro mAb (10 pg/ml) or isotype control (10
pg/ml) was added to organ-cultured samples from 10 patients
with UC (Supplemental Table 2). After 24 hours of culture, super-
natants were analyzed by ELISA, and 6 pairs of biopsies were pro-
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cessed for NanoString transcriptional technology analysis using a
panel of 255 human genes related toinflammation. Transcriptomic
analysis first showed that samples clustered by donor origin and
not by treatment conditions, confirming high interindividual vari-
ability in these biopsies (Supplemental Figure 24). Nevertheless,
using the NanoString immune cell signature, the analysis revealed
that the relative fraction of T cells tended to decrease in the anti-
IL-7R condition (not significantly) without impacting Tregs (Fig-
ure 8A). Hence, the relative frequency of Tregs among total T cells
or effector CD8" T cells significantly increased in the anti-IL-7R
condition. We also observed a significant increase of the exhaus-
tion signature within CD8" T cells, in particular due to the over-
expression of PD-1 and TIM-3 as compared with isotype control
(Figure 8B). Finally, in accordance with the result on effector T cell
exhaustion, we found that anti-IL-7R significantly inhibited IFN-y
secretion in the supernatant (Figure 8C). Altogether, this analysis
showed that anti-IL-7Ro mAb acts locally and rapidly in UC colon
samples grown ex vivo and alters effector T cells while tipping the
immune balance toward regulatory T cells.

Discussion

Since IBD is characterized by chronic inflammation, most targeted
therapies are directed to dampen downstream effectors of dysreg-
ulated immune responses (i.e., inflammatory cytokines). How-
ever, these strategies are not particularly effective in a substantial
proportion of patients, and significant rates of acquired resis-
tance are observed. The identification of alternative therapeutic
approaches targeting more upstream mechanisms is desired to
prevent relapse and maintain patients under long-term remission.
Our study elucidates a previously unknown dysregulated path-
way in human IBD, whereby IL-7R signaling specifically regulates
human effector but not regulatory T cell homing to the gut through
a species-specific control of o, and B, integrin expression. Impor-
tantly, while an association of IL-7 and colitis has been consistently
described in rodents, in humans this pathway has not been stud-
ied in IBD tissues, and its impact on anti-TNF responsiveness has
not previously been evaluated.

Excepting a meta-analysis reporting 29 additional UC risk
loci including the IL7R gene (39), only one study has reported an
association between the IL-7 pathway and severe IBD, whereby
the transcriptional profile of circulating T cells correlated with the
clinical course in UC and CD (40). Our analysis of 7 transcriptional
data sets of mucosal biopsies from UC and CD patients, and val-
idation with local cohorts by RT-qPCR quantification and protein
detection by immunohistochemistry, revealed that the IL-7R sig-
naling signature is reproducibly altered in colon mucosa of active
diseases and clearly discriminates the disease status from inac-
tive states or non-IBD controls. This is not the case for mucosal
ileal biopsies, suggesting a specific association of the IL-7/IL-7R
pathway with colonic IBD inflammation. Furthermore, several
components of the entire pathway were found to be reproducibly
associated and overexpressed, suggesting a potential biologically
active pathway specifically located in diseased tissues. Our study
revealed that key players of the IL-7R signaling signature and,
notably, individual expression of IL7R at baseline are reproducibly
and strongly associated with a considerable risk of resistance to
anti-TNF in 3 different cohorts of UC and 1 cohort of CD. Associ-
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ation of the IL-7R pathway with resistance to anti-a,f, therapy has
also been observed, although it remains to be confirmed since only
1 cohort has been available so far. In an additional UC cohort (43),
the IL-7R signature was elevated in nonresponder patients after
anti-TNF therapy, and IL7R was significantly associated with non-
response to anti-TNF treatment, but with substantially elevated
IL7R seen only in primary nonresponders at baseline (Figure 1,
G-I). It should be noted that for previous cohorts, an anti-TNF or
anti-o,f, response was defined by complete endoscopic and histo-
logical mucosal healing, while in this different cohort the defini-
tion of responsiveness was less robust since it was based only on
reduction of the clinical Mayo score and rectal bleeding subscore
(43). Our data also highlight potentially useful biomarkers of colon
inflammation capable of discriminating patients who will achieve
full remission from those who will be completely nonrespon-
sive following therapy. Colon fibrosis has also been associated
with stenosis and high need of surgery in CD patients treated with
anti-TNF (69), and nonresponse to anti-TNF has recently been
associated with higher fibronectin and collagen deposition in
comparison with responder patients (70). Even if it is impossible
to formally rule out the presence of significant fibrosis based on
the available data concerning the patients included in the meta-
analysis and the meta-cohort, the predominance of UC patients
makes it unlikely since fibrosis in UC is much less common and
benign stenosis is rarely detected. A recently published observa-
tion concerning the oncostatin M (OSM) pathway, where 64 can-
didate cytokines have been profiled, also includes IL7, which was
not discriminant among the top cytokines differentially expressed
in IBD biopsies (48). While we found significantly increased IL7
cytokine expression by RT-qPCR in our local cohort, IL7 cytokine
expression assessed in previous studies was found to be signifi-
cantly increased in only 2 of 7 data sets. In response to commensal
microflora invasion, gut epithelial cells were shown to produce IL-7
(23,71, 72) and to regulate the proliferation of intestinal mucosal
lymphocytes (38) as well as production of inflammatory cytokines
by human ILC3s also expressing IL-7R (73). Thus, it is conceivable
that high IL7 expression in the colon is more related to bacterial
tissue invasion, while our results reproducibly show an IL7R and
IL-7R signaling signature accumulation that is associated with
clinical IBD status and nonresponsiveness to anti-TNF therapy.
Systemic IL-7is known for its deleterious role in chronic colitis
in rodents (74, 75). In this study we have unraveled an important
species difference, whereby IL-7 imprints gut-homing specificity
on T cells in humans by upregulating o, B, integrin expression, a
phenomenon not observed in rodents. We show that this is due
to the recruitment of CREB to the ITGA4 promoter in humans
but not in mice. Other major integrin or chemokine receptors
implicated in T cell homing to tissues were not modified, sug-
gesting a specific control of T cell entry in the gut in humans in
response to IL-7 consumption. Confirming this IL-7 mechanism
of action, human CD127* T lymphocytes analyzed by CyTOF in
the inflamed lamina propria of colon UC patients predominantly
expressed also the mucosal integrin .. Besides IL-7, to our knowl-
edge only retinoic acid has been previously described to control
a,f, integrin expression (76). Interestingly, similar to our results
for IL-7, retinoic acids control both o, and B, protein expression
by directly controlling a,, but not B, gene transcription (77). Reti-
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noic acids control both effector and Treg o, B. integrin expression
(78). We found that in spite of the low expression of IL-7Ra, IL-7
still induced signaling in Tregs, however without modulating a,
and B, expression. This suggested that IL-7 selectively imprints
effector, but not regulatory, T lymphocyte migration to the gut.
These results confirm data by Fischer et al., who studied integrin
and chemokine receptor expression on effector and regulatory
T cells from UC patients (65). In particular, this study demon-
strated that an anti-o,p, mAb (vedolizumab) impairs gut hom-
ing of both human effector and regulatory T cells in humanized
mice, and confirmed recent observations that colitis is exacer-
bated in B_-knockout mice as a result of deletion of the colonic
Treg population (79).

Finally, we confirmed a deleterious role for IL-7 in gut inflam-
mation mediated by human immune cells using different in
vivo humanized mouse models and ex vivo punch colon biopsy
cultures from UC patients. Human T lymphocytes overexpress-
ing a,f, after incubation with IL-7 induced colonic inflamma-
tion when transferred into immunodeficient mice. Blocking
IL-7Ra with an antagonistic mAb delayed human T lymphocyte-
mediated GVHD, with a prolonged action specifically in the colon.
In contrast, blocking a,B, using vedolizumab, which presumably
actslocally but not systemically, did not protect from chronic xeno-
geneic GVHD. Otherwise, anti-IL-7Ra therapy demonstrated in
vivo efficacy in restoring gut homeostasis in an acute and chronic
colitis humanized mouse model reconstituted with hematopoi-
etic stem cells or peripheral human leukocytes and challenged
by intrarectal ethanol/TNBS to induce acute colonic inflamma-
tion or receiving a chronic cycle of DSS to induce chronic colon
inflammation. Although IL-7R blockade shares some mechanism
of action with anti-o,f, on colon mucosa human T cell migration,
these humanized inflammatory models also showed that anti-
IL-7R has a broader impact, potentially through systemic mecha-
nisms on chronic inflammation.

While targeting a cytokine pathway known for its activity
on T cell homeostasis, we were surprised by the rapid action of
IL-7Ra blockade in the acute colitis humanized model. We there-
fore applied anti-IL-7Ra mAb on surgical specimens of mucosal
intestine from UC patients cultured ex vivo. We found that anti-
IL-7Ra mADb significantly inhibited IFN-y production in the culture
supernatant within 24 hours, which definitively demonstrated
that the anti-IL-7Ra therapy is efficient locally and rapidly on gut
mucosal inflammation. Transcriptional analysis revealed that
anti-IL-7Ro. mADb alters mucosal effector T lymphocytes while
respecting regulatory T cells and hence tips the balance toward
immune regulation. It showed also that IL-7Ra blockade seems to
induce a transcriptional program of T cell exhaustion (e.g., PD-1
and TIM-3 expression), which could also explain the inhibition of
IFN-y secretion. Close linkage between IL-7 and IFN-y secretion
has been previously proposed, since IL-7 production by human
intestinal epithelial cells in response to Citrobacter rodentium was
described to be dependent on IFN-y (71) and others demonstrated
that IFN-y directly enhanced IL7 mRNA expression in intestinal
epithelial cells (80). Finally, Shalapour et al. (23) suggested a feed-
back loop in which commensal bacteria drive IFN-y production
by lymphocytes, which in turn promotes epithelial cell IL-7 pro-
duction and IL-7-dependent local survival of lymphocytes. IL7R
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expression correlated also with OSM/OSMR gene expression in
colon biopsies of UC patients before anti-TNF therapy. It remains
to be explored whether blocking IL-7R or OSM pathways would be
active or induce similar clinical responses in the same subgroup
of patients. It was previously described that OSM and other mem-
bers of the IL-6 family could induce IL-7 secretion by fibroblasts
(81) and hence could increase proliferation of T lymphocytes.
Altogether, local production of IL-7 by stromal, myeloid, and/
or epithelial cells in response to danger or stress signals might
amplify the dysregulated Teff/Treg balance by increasing the
expansion of effector T lymphocytes, which in turn secrete more
IFN-y, initiating an inflammatory feedback loop.

Human infants with IL-7Ra mutations have severe T cell
lymphopenia necessitating bone marrow transplantation (82). In
contrast to most studies performed in rodent models where IL-7R
blockade also induces broad lymphodepletion (21), administra-
tion of high doses of anti-IL-7Ra antagonistic mAb in baboons
(83), cynomolgus monkey (84), or marmosets (85) did not induce
lymphopenia or a significant decrease in peripheral T lymphocyte
numbers. Similarly, early clinical results from phase I trials with
2 different antagonist anti-IL-7Ra mAbs, in healthy volunteers
(GSK2618960; NCT02293161, ClinicalTrials.gov) or in type 1
diabetic adult patients (PF-06342674; NCT02038764), did not
demonstrate induction of lymphopenia (86). No information in
the IBD population is available so far. Altogether these observa-
tions confirm that IL-7 biology in mice significantly differs from
that in humans, but the long-term impact of IL-7R blockade on the
human peripheral T cell pool will have to be closely examined.

Our results indicate that the IL-7R pathway is locally dysreg-
ulated in the colon of severe IBD patients and may contribute to
the maintenance of chronic inflammation. More importantly,
our study identified that a high colonic IL-7R signaling gene sig-
nature, particularly IL7R, is reproducibly and strongly associated
with the absence of response to anti-TNF and presumably also to
anti-a, B, therapies both in UC and CD patients before initiation
of the therapy, constituting potentially a new predictive biomarker
to identify these refractory patients. Finally, we have unraveled
human-specific IL-7 control of gut a,f, integrin expression and
confirmed in preclinical in vivo animal and ex vivo human models
the therapeutic potential of IL-7Ra blockade. Altogether, our find-
ings suggest that anti-IL-7Ro therapy may offer a novel therapeu-
tic opportunity to prevent relapse and reinstate immune tolerance
in IBD patients.

Methods

Data sets and anti-TNF or anti-a.f3, response criteria. Gene expression
data sets were obtained from the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/): GSE38713 (41) and GSE59071
(42) for colon biopsies from UC patients after treatment with immu-
nosuppressants and/or corticosteroids; GSE57945 (44) for ileal biop-
sies from pediatric healthy controls and patients with newly diagnosed
and untreated ileal CD, colonic CD, or UC; GSE16879 (46) for colon
biopsies from UC patients as well as colon and ileal biopsies from CD
patients before and 4-6 weeks after treatment with anti-TNF (inflix-
imab); GSE12251 (45) for colon biopsies of UC patients before anti-TNF
(infliximab) therapy; GSE23597 (43) for colon biopsies from UC patients
before and 8 weeks and 30 weeks after anti-TNF (infliximab) therapy;
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and GSE73661 (47) for colon biopsies from UC patients before and 4-6
weeks after treatment with anti-TNF (infliximab) as well as UC patients
before and 6 weeks and 52 weeks after treatment with anti-a,f, (vedol-
izumab). Patient characteristics as well as criteria and definition for
determining primary responsiveness to anti-TNF or anti-a B, therapy
are described in Supplemental Methods. Briefly, patients with active
IBD refractory to corticosteroids and/or immunosuppression under-
went biopsy collection within a week before anti-TNF or anti-o, 3, ther-
apy and at early (week 4-8) or late (week 30 or 52) time points after the
first infusion. In all cohorts except GSE23597 (43), anti-TNF or anti-a,f,
response was defined by complete histological and endoscopic heal-
ing. In GSE23597 (43), anti-TNF response was defined by a decrease
from baseline of the total Mayo score of at least 3 points and 30% with
an accompanying decrease of the bleeding subscore of at least 1 point
and an absolute bleeding subscore of O or 1. This cohort of UC patients
treated with anti-TNF was not included in our meta-analysis.

Ex vivo human colon culture model. Human colon tissues were col-
lected during endoscopy or during routine surgery. Biopsies or small
mucosal fragments were cut (3-mm? pieces) from resected intestinal
tissue collected from macroscopically and microscopically inflamed
areas of intestine from patients with either CD or UC. For UC patients,
6 patients gave biopsies and 4 gave resected bowel. For CD, 3 patients
gave biopsies and 7 gave resected bowel. When mucosal resection
tissue was used, small biopsy-size fragments were cut using scissors.
Biopsies or biopsy-sized fragments were placed (1 biopsy per well) in
24-well plates in 300 pl serum-free HL-1 medium (Lonza Bioscience)
supplemented with L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 50 pg/ml gentamycin (Sigma-Aldrich). Mucosal
explants were incubated for 24 hours at 37°C and 5% CO,. The anti-
human CD127 mAb (clone N13B2, OSE Immunotherapeutics) or IgG
control was added at 10 pg/ml into the medium at the beginning of
incubation time. Supernatants were collected after 24 hours of cul-
ture and stored at -70°C. Cytokine production in biopsy supernatants
was measured by ELISA. Human recombinant IL-8 (DY208) DuoSet
ELISA kit (R&D Systems) and human IFN-y (31673539, Immuno-
Tools) were used according to the manufacturer’s instructions.

Animals. NOD.Cg-Prkdes? I12rg™Wil/Sz] (NOD-scid IL2Ry-null
[NSG]) immunodeficient mice were initially obtained from The Jack-
son Laboratory and then bred in the Humanized Rodent Platform of
LabEx IGO (University of Nantes). All animals were housed under
specific pathogen-free conditions, according to institutional guidelines.

Humanized GVHD model. Seven- to ten-week old NSG mice were
sublethally irradiated (1.5 Gy) and infused i.p. with 50 x 10° freshly
isolated human PBMCs from healthy donors (EFS [Etablissement
Francais du Sang]) as previously described (64). Mice were treated i.p.
3 times per week, from day O until day 28, with 5 mg/kg of anti-human
IL-7Ro. mAb (clone N13B2, OSE Immunotherapeutics), anti-human
a,p, mAb (vedolizumab, Entyvio), or equivalent volume of excipient
(vehicle). In some experiments, NSG mice were infused i.p. with 10 x
10¢ human PBMCs, pretreated or not overnight in vitro with 5 ng/ml
of recombinant human IL-7 (Bio-Rad). Animals were maintained in
aseptic conditions and were monitored 3 times a week for weight and
clinical evaluation. The endpoint for the survival study was set when
mice lost more than 20% of body weight.

Humanized TNBS-induced colitis model. Four-week-old NSG mice
were sublethally irradiated (1.5 Gy) and infused iv. with 50 x 103
human CD34* mononuclear cells from umbilical cord blood (University
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Hospital, Nantes). Humanized mice were included in the colitis
protocol after achieving sufficient immune blood reconstitution
defined by a human T lymphocyte engraftment superior to 10%. Coli-
tis was induced via intrarectal injection of 200 pl of a solution contain-
ing 5 mg of 2,4,6-trinitrobenzenesulfonic acid (TNBS) (Sigma-Aldrich,
France) in 50% ethanol (VWR International, France). Mice were also
treated i.p. from day -1 three times a week with 5 mg/kg of anti-human
IL-7Ra. mAb (clone N13B2, OSE Immunotherapeutics), anti-human
o,B, mAb (vedolizumab, Entyvio, Takeda, Osaka, Japan), or equivalent
volume of excipient (vehicle). Intestinal permeability was determined
after oral gavage at day O and day 7 with 150 pl of carboxymethyl cel-
lulose solution at 0.5% with sulfonic acid coupled to FITC (SAF) at 10
mg/ml (478.32 D, Thermo Fisher Scientific, Saint Aubin, France) for
paracellular permeability measurement and horseradish peroxidase
(HRP) at 10 mg/ml for transcellular permeability evaluation. The
concentration of SAF and HRP in plasma was evaluated 2 hours after
gavage using a Varioskan microplate reader (Thermo Fisher Scientif-
ic, Waltham, Massachusetts, USA). Animals were also monitored daily
for body weight and clinical evaluation. Mice were scored using a coli-
tis score that sums a clinical score and a stool score (clinical score: O,
normal behavior; 1, asthenia/low movement; 2, absence of movement;
3, tottering/lethargic; stool score: O, normal consistency; 1, soft con-
sistency but still formed; 2, diarrhea; 3, diarrhea with rectal bleeding).
Mice were sacrificed if they achieved up to 25% of body weight loss.

Statistics. Continuous variables are expressed as mean * SEM,
unless otherwise indicated, and compared with the nonparametric
Mann-Whitney 2-sided U test or Kruskal-Wallis tests with Dunn’s ad
hoc pairwise comparisons for more than 2 groups. Graft survival was
calculated using the Kaplan-Meier method. The log-rank test was used
to compare survival times between different groups. The Spearman
test was used for correlation analyses. P values of less than 0.05 were
considered statistically significant. All statistical analyses were per-
formed on GraphPad Prism (GraphPad Software).

Study approval. Animal studies were approved by the French
National Ethics Committee (CEEA-2012-155, CEEA-2013-779, CEEA-
2013-1466, and CEEA-2015-2926). Research ethics committee approv-
al (10/H0704/73) for studies using human tissue was obtained from
the NRES Committee London - City and East. The study was also
approved by the Queen Mary University of London (QMUL) Joint
Research and Development office of Barts and The London School of
Medicine and Dentistry. All aspects of the work described were per-
formed following Good Clinical Practice and Good Clinical Laboratory
Practice guidelines. All patients provided informed written consent
before participating in the study. Colonic biopsies were obtained and
stored in the biocollection of the IMAD. All patients whose samples
were included in the biocollection gave written and informed consent
before the endoscopic work-up. The clinical and demographic data
were collected at the time of colonoscopy and recorded in a comput-
erized database securely coupled to the biological collection. This bio-
collection was started in 2008 and was approved and registered by the
French Ministry of Science and Research (DC-2008-402).
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