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IL-3 has been reported to be involved in various
inflammatory disorders, but its role in inflammatory
bowel disease (IBD) has not been addressed so far.

Here, we determined IL-3 expression in samples from
patients with IBD and studied the impact of //3 or //3r
deficiency on T cell-dependent experimental colitis. We
explored the mechanical, cytoskeletal and migratory
properties of //3r™~ and //3r"* T cells using real-time
deformability cytometry, atomic force microscopy,
scanning electron microscopy, fluorescence recovery after
photobleaching and in vitro and in vivo cell trafficking
assays. We observed that, in patients with IBD, the

levels of IL-3 in the inflamed mucosa were increased. /n
vivo, experimental chronic colitis on T cell transfer was
exacerbated in the absence of II-3 or II-3r signalling. This
was attributable to II-3r signalling-induced changes in
kinase phosphorylation and actin cytoskeleton structure,
resulting in increased mechanical deformability and
enhanced egress of Tregs from the inflamed colon
mucosa. Similarly, IL-3 controlled mechanobiology in
human Tregs and was associated with increased mucosal
Treg abundance in patients with IBD. Collectively, our
data reveal that IL-3 signaling exerts an important
regulatory role at the interface of biophysical and
migratory T cell features in intestinal inflammation and
suggest that this might be an interesting target for future
intervention.

INTRODUCTION
The pathogenesis of inflammatory bowel diseases
(IBD) such as Crohn’s disease (CD) and ulcer-
ative colitis (UC) is still incompletely understood.
According to current concepts, a multifactorial
interplay of genetic susceptibility, barrier break-
down and environmental factors associated with
intestinal dysbiosis triggers inadequate and pro-
inflammatory immune responses in the gut resulting
in tissue destruction and symptomatic disease.'™
Dissecting the mechanisms of pathologic immune
cell communication via cytokines in experimental
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Interleukin (IL)-3 has been suggested to
be involved in the pathogenesis of several
immune-mediated inflammatory diseases, but
its role in chronic intestinal inflammation is
unclear.

WHAT THIS STUDY ADDS

= IL-3 receptor signalling counteracts
experimental colitis.

= Mechanistically, IL-3 receptor signalling controls
the mechanobiology of regulatory T cells (Tregs)
and impedes mucosal Treg egress to restore
the balance of pro-inflammatory and anti-
inflammatory T cells. Thus, for the first time, we
identify a factor controlling intestinal mucosal
tissue egress of Tregs.

= Our data support a fundamentally new concept
of immune cell motility as a consequence of the
cellular biophysical features

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= IL-3 emerges as a potential future therapeutic
strategy in IBD.

= Approaches locally modulating the mechanical
properties of immune cells in the inflamed
mucosa seem highly promising to mitigate
intestinal inflammation.

colitis and human IBD has previously led to
important insights into these pathogenetic events
and has facilitated the development of current back-
bones in the therapy of IBD such as anti-tumour
necrosis factor-o. antibodies or anti-interleukin
(IL)-12/23 antibodies.* In particular, signalling
of cytokines regulating T cell function and diver-
sity such as IL-12, IL-23 or transforming growth
factor (TGF)-B as well as T cell effector cytokines
including IL-9, IL-17 or IL-10 via their respective
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Inflammatory bowel disease

receptors have been implicated in chronic colitis.* Of note,
similar roles of many of these cytokines have been described
in related immune-mediated inflammatory diseases.® However,
despite having been described back in the 1980s”® and reported
to be involved in pathologies such as experimental inflammatory
arthritis,” '° the role of IL-3 signalling via the IL-3 receptor (IL-
3R) in the development and perpetuation of chronic intestinal
inflammation remains largely unexplored.

So far, IL-3 is mainly known as a hematopoietic growth factor,
which is expressed by activated T cells."' TL-3R is constitu-
tively expressed on basophils, myeloid precursors, plasmacytoid
dendritic cells as well as neoplastic mast and B cells, but the
expression on regulatory T cells (Tregs) in mice’ and on prolif-
erating'? and activated T helper (Th) cells with a Th2 phenotype
in the human blood" has also been described.

Driven by the successful implementation and use of the
anti-04B7 integrin antibody vedolizumab,'* ** another aspect
that has gained substantial attraction in the field of IBD in
recent years is immune cell trafficking. Immune cell trafficking
comprises all processes controlling immune cell locomotion
such as tissue homing, retention or egress.'® Although previous
research led to a detailed characterisation of the interaction
of surface molecules like integrins, cell adhesion molecules or
selectins in cell trafficking,'” cell-intrinsic processes regulating
trafficking properties have only poorly been investigated.
Particularly, hampered by missing appropriate techniques until
recently, cell mechanical properties such as cell elasticity have
only begun to be linked with biological processes like immune
cell trafficking.

In this study, we aimed to explore the role of IL-3 signalling
via IL-3R in experimental colitis as well as human IBD. We show
that IL-3 expression is increased in colitis in mice and humans
and that II-3r signalling in T cells alleviates chronic colitis by
instructing specific mechanical properties modulating the tissue
egress capacity of Tregs. Our findings suggest novel approaches
for future therapy of IBD by locally modulating mechano-
migratory characteristics of immune cells.

METHODS

Methods are available as online supplemental file.

RESULTS

IL-3 expression is increased in IBD

To explore the potential involvement of so far unaddressed cyto-
kines in the pathogenesis of IBD, we re-analysed a previously
published microarray data set'® including biopsies from a cohort
of patients with UC, CD and non-IBD controls. Consistent with
previous reports,””! the expression of cytokines like IL-17A,
IL-6 or IL-26 was increased in the gut of patients with IBD
(figure 1A). However, although an implication in IBD has not
yet been described, we also found a significant upregulation of
IL-3 both in CD and UC compared with control patients, where
mucosal IL-3 expression was low. Thus, we further analysed the
expression of IL-3 in colon tissue obtained from biopsies from a
local patient cohort (online supplemental table 1). We detected
substantially higher IL3 messenger RNA (mRNA) expression
in patients with UC or CD compared with non-IBD control
donors. Moreover, IL3 mRNA expression in patients with active
disease was significantly higher than in patients with inactive
disease (figure 1B). To validate this finding on protein level and
to determine the source of IL-3 in the gut, we stained colonic
specimens of patients with active IBD and non-IBD controls for
CD4, CD14 or CD19 and IL-3. We found a marked increase

in the number of CD4*IL-3" T cells in samples from patients
with CD and UC (figure 1C), whereas only a few CD14" macro-
phages and CD19" B cells co-expressed IL-3 (figure 1D, online
supplemental figure 1A). IL-3 was also detectable in the serum
of patients with IBD and control donors, but without relevant
differences (online supplemental figure 1B, online supplemental
table 2). Thus, these data suggested that CD4" T cells are a major
source of IL-3 in the inflamed colon and indicated a potential
involvement of IL-3 in the local signalling in the intestine in IBD.

II-3 is selectively upregulated in the colon of mice with
chronic colitis and counteracts inflammation

To address the functional role of 1l-3, we explored its impact
on experimental T cell transfer colitis. We did not detect II3
mRNA expression in intestinal tissues or lymphoid organs of
unchallenged Rag1™~ mice and only in the thymus, but not in
the spleen of wild-type mice. However, I3 was expressed in
colonic lamina propria mononuclear cells (LPMCs) of Ragl ™~
mice with colitis after the transfer of naive CD4™ T cells from
the spleen of wild type donor mice (figure 2A,B). Moreover,
II3 mRNA expression by LPMCs increased over the course of
transfer colitis (figure 2C). On protein level, we were also able
to detect substantial secretion of 1I-3 by re-stimulated LPMCs,
but not splenocytes from Ragl™~ mice with transfer colitis
(figure 2D).

Having shown that 1I-3 is specifically expressed in the colon
during transfer colitis, we subsequently compared the phenotype
of transfer colitis in Ragl ™™ mice after transfer of naive CD4"
T cells from Il-3-deficient (II377) and wild-type (II3%'") mice.
On colonoscopy, mice having received II37/~ T cells displayed
increased signs of inflammation such as fibrin exudates, intes-
tinal wall thickening and soft stool. Consistently, histological
inflammation scores were higher in these mice (figure 2E) and
in vivo imaging demonstrated the increased presence of reactive
oxygen species (ROS; online supplemental figure 2A). This was
accompanied by increased numbers of CD4" and myeloperoxi-
dase™ (MPO™) cells in the colon of mice that had received 137/~
T cells (online supplemental figure 2B).

We further sought to confirm this phenotype in another T
cell-dependent colitis model. Accordingly, we performed oxaz-
olone colitis with I/3™"* and II37~ mice and similarly observed
increased signs of inflammation in /3™~ mice on endoscopy,
histology and in vivo imaging of ROS (online supplemental
figure 3A,B).

To address whether, consistently, the exposure to 1l-3 might
mitigate colitis, we chose an overexpression approach based on
minicircle vectors containing I1-3 complementary DNA. This led
to efficient production of 1I-3 (online supplemental figure 3C)
and on subsequent induction of oxazolone colitis, mice with II-3
vector treatment lost less weight (online supplemental figure 3D)
and showed lower endoscopic and histological disease activity
than mice having been treated with a mock vector (online
supplemental figure 3E).

Collectively, these data suggested that I1-3 alleviates experi-
mental colitis

II-3 receptor signalling in T cells reduces intestinal
inflammation

Since T cell transfer colitis is crucially driven by T cells, we
wondered whether signalling of 1l-3 via II-3r on intestinal T cells
might be responsible for the above effects. Thus, we generated
a new mouse line specifically lacking the 1I-3 receptor (II377/~;
online supplemental figure 4A-C) and isolated naive CD4*
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Figure 1 IL-3 is upregulated in inflamed tissue of patients with IBD. (A) Microarray analysis of the publicly available data set GSE97012: mean
values of selected cytokines plotted for patients with non-IBD (CON, n=27) versus UC (left, n=22) or patients with CD (right, n=19). Genes are
ordered from low to high p values (top to bottom) with the black line separating genes with and without significantly different expression (above/
below). (B) /L3 mRNA expression in colon tissue from patients with colonic CD (n=41), UC (n=68) and CON (n=21) donors as determined by qPCR.
Comparison of levels between the entities (left) and comparison of levels between inactive and active disease (right); Kruskal-Wallis test with Dunn’s
multiple comparisons post hoc test. (C,D) Immunofluorescence of cryosections from patients with CD (n=5-8), UC (n=5-6) and CON (n=5-8) for
IL-3 (green) and CD4 (C, red) or CD14 (D, red); counterstaining with Hoechst (blue). Left: representative images, white arrowheads highlight double
positive cells, scale bars — 25 um; right: quantification of double positive cells per high power field (HPF); one-way analysis of variance with Tukey's
multiple comparisons post hoc test. CD, Crohn'’s disease; CON, non-IBD control IL, interleukin; mRNA, messenger RNA; gPCR, quantitative PCR; UC,
ulcerative colitis.
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Figure 2  II-3 alleviates T cell transfer colitis. (A) //3 mRNA expression in tissue from various organs of unchallenged C57BL6/J mice as determined
by qPCR. n=6-10 per group. (B) /3 mRNA expression in tissue from various organs of unchallenged Rag? ™"~ mice (pre transfer, /eft, n=5-6) and
Rag1~"~ mice with established T cell transfer colitis (post transfer, right, n=3-11) as determined by gPCR. (C) Time course of //3 mRNA expression in
lamina propria mononuclear cells (LPMCs) of Rag7 ™"~ mice with T cell transfer colitis; n=3—11 per time point. (D) Concentration of II-3 in supernatants
of splenocytes and LPMCs re-stimulated with anti-CD3/28 antibodies at different time points of T cell transfer colitis as determined by ELISA; n=2-5
per time point. (E) Colitis in Rag7™"~ mice after transfer of naive CD4" T cells from //3*'* and //3~ mice. Upper panels: mini-endoscopy. Lower panels:
histology of colon tissue. Left: representative images (scale bars — 12.5 ym), right: quantitative endoscopic and histological scores of disease severity.
n=14-15 per group, unpaired t-test. (F—H) Colitis in Rag7~"~ mice after transfer of naive CD4* T cells from //3r*'* and //3r"~ mice. (F) Mini-endoscopy
(top) and histology of colon tissue (bottom). Left: representative images (scale bars — 12.5 ym), right: quantitative endoscopic and histological scores
of disease severity. n=16-17 per group, Mann-Whitney (endoscopy) and unpaired t-test (histology). (G) Representative in vivo IVIS luminescence
imaging of reactive oxygen species after i.p. injection of L-012. (H) Weight course. Normalisation to weight on the day adoptive T cell transfer was
performed. n=16-17 per group, mixed-effects analysis with Sidak post hoc test. IL, interleukin; i.p., intraperitoneal; mLN, mesenteric lymph node;
mRNA, messenger RNA; MPO, myeloperoxidase; pLN, peripheral lymph node; gPCR, quantitative PCR.
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Figure 3  //3r alters T cell recirculation. (A) Immunofluorescence staining for CD4 (left, red) and MPO (right, red) in colon tissue of RagI"‘ mice
after transfer of naive CD4* T cells from //3r*'* and //3r™"~ mice counterstained with Hoechst (blue). Left panels: representative images, white arrows
highlight CD4* or MPO™ cells. Right panels: quantification of CD4* and MPO™ cells per high power field (HPF). n=11-12 per group, unpaired t-test
(CD4) and Mann-Whitney (MPO); scale bars — 50 um. (B) Migration of //3r™"~ or /3r*'* thymus T cells over porous membranes towards rm Ccl19.
Upper panels: representative flow cytometry. Lower panel: quantification of Ccl19-specific transmigration; n=8-9 per group, Mann-Whitney test.
(C) Recirculation of FarRed-stained //3r~ and CFSE-stained //3r*"* thymus T cells after i.p. injection. Upper panels: representative flow cytometry of
peritoneal, blood and splenic cells. Lower panel: quantification; n=6-7 per group, paired t-test. i.p., intraperitoneal; MPO, myeloperoxidase.

T cells from these mice for transfer colitis in Ragl ™™ mice.
Consistent with the phenotype driven by II37~ T cells, mice
that received 1137~ CD4" T cells suffered from severer T cell
transfer colitis than mice that received II37** CD4* T cells as
demonstrated by endoscopy, histology, i vivo imaging of ROS
and weight course (figure 2F-H). Thus, we concluded that II-3r
signalling in T cells seems to be important for II-3-driven effects
in experimental colitis.

1137~/ "-driven transfer colitis was marked by increased accu-
mulation of CD4% and MPO™ cells in the inflamed colon
(figure 3A). However, the number of apoptotic CD4* cells in

the large intestine as determined by terminal desoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling (TUNEL)
staining was comparable between mice with I137™'~ and II37*'*
CD4™ T cells (online supplemental figure 4D), the in vitro prolif-
eration of I/37™'~ and II377/* T cells was similar (online supple-
mental figure 4E) and T cell differentiation as determined by
the expression of key T cell transcription factors such as Tbet,
Rorgt or Gata3 did not differ (online supplemental figure 4F).
We therefore hypothesised that, while the local T cell turnover
did not seem to be affected by II3r deficiency, this might be due
to altered T cell influx or efflux during trafficking.
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//3r deficiency increases T cell recirculation

To address this hypothesis, we systematically investigated key
steps of intestinal T cell trafficking. Using the spleen as a major
source of circulating lymphocytes potentially infiltrating the gut
in analogy to transfer colitis, we did not detect any differences in
the expression of integrins relevant for homing to the gut such as
o4, B7 or B1 (online supplemental figure SA). We further ruled
out differential conformational regulation of a4 integrin depen-
dent on II-3r signalling (online supplemental figure 5B). Consis-
tently, we observed no differences in the dynamic adhesion of
113r™~ and 1377/ CD4" T cells to endothelial cell adhesion
molecules such as mucosal addressin cell adhesion molecule 1
(MAdCAM-1) and vascular cell adhesion molecule 1 (VCAM-1)
(online supplemental figure 5C). We also employed an estab-
lished in vivo model of T cell homing to the inflamed gut* to
study the infiltration of I/37-proficient and I/37-deficient CD4*
T cells to the inflamed colon and found no differences (online
supplemental figure 5D).

Since these data made it unlikely that T cell recruitment into
the inflamed tissue differs between 1137~ and II37"'" T cells, we
considered T cell recirculation from the intestine as an alterna-
tive trafficking step controlling T cell abundance in the gut. Due
to the large T cell numbers required for the assays and to mimic
the local exposure to 11-3, we used T cells from the thymus
(enriched for CD4" T cells to >95%; online supplemental
figure 5E), since II-3 is expressed there similar to the inflamed
colon (figure 2A,B). Indeed, the migration of II37™'~ T cells over
porous membranes towards the mesenteric lymph node (mLN)
chemokine Ccl19 was increased compared with II377* cells,
although the expression of Ccr7 as the respective receptor was
similar (figure 3B, online supplemental figure SF).

Seeking to test whether the motility of these cells is also altered
in vivo, we adoptively co-transferred differentially labelled
11377~ and I137*'* T cells to the peritoneum of Rag1 ™'~ mice and
competitively measured their appearance in the spleen 72 hours
later. Consistently, these analyses demonstrated that more 137/~
than II377" T cells migrated there (figure 3C) despite similar
expression of various genes coding for potentially involved traf-
ficking molecules as determined by RNA sequencing and flow
cytometry (online supplemental figure 6). In synopsis, these data
were consistent with a model, in which the recirculation of II37-
deficient T cells is increased.

//3r deficiency instructs altered cytoskeleton architecture and
dynamics
Having shown that, we sought to identify the mechanism for
increased Ccl19-directed motility and increased recirculation
of 1I3r-deficient compared with II3r-proficient T cells. To this
end, we profiled unchallenged II37™"~ and II3#"" T cell from
the thymus by bulk RNA sequencing,” which revealed 624
differentially expressed genes. Pathway enrichment analysis
with the Database for Annotation, Visualization and Integrated
Discovery (DAVID) demonstrated a substantial number of differ-
entially expressed genes linked to the cytoskeleton (figure 4A,B),
whereas the genes of key surface molecules involved in T cell
trafficking including Ccr7 were similarly expressed (online
supplemental figure 6). This finding was consistent with the idea
that cell-intrinsic processes rather than the interaction of surface
molecules drive differential trafficking of II37~'~ and II377/* T
cells.

To further investigate this idea, we performed a kinome
assay assessing the activity of various kinases in unchallenged
1137~ and 11377 T cells from the thymus. Overall, it showed

differential activation for numerous members of the protein
tyrosine kinases (PTK) and serin/threonine kinase family (STK)
for II3r™'~ compared with II377/* cells (figure 4C). Again,
pathway annotation analysis with DAVID revealed an enrich-
ment in kinases associated with cytoskeleton regulation such as
Rho kinase 1 and 2 (figure 4D).

We therefore aimed to study the Il-3r-dependent regulation
and function of the cytoskeleton in more detail. Since small
GTPases are known as key regulators of the cytoskeleton,** we
determined their expression in [I3#7* and I3~ T cells by
immunofluorescence, but detected no differences (online supple-
mental figure 7A). However, well in line with a previous study,”
pull-down assays showed increased functional activity of Racl,
a Rho GTPase with particular relevance in T cells,”® in [I377/~
compared with 1137 T cells (online supplemental figure 7B),
suggesting that Rac1 function rather than Racl expression is a
target of Il-3r signalling. To investigate how this reflects in the
actual cytoskeleton architecture, we employed scanning electron
microscopy and studied the actin cortex of II37~~ and II3#7/" T
cells. It turned out that the mesh-hole area of the actin cortex
of 1137/~ T cells is substantially higher than that of II3** T
cells (figure 4E). In a further series of experiments, we addition-
ally used fluorescence recovery after photobleaching (FRAP) to
explore whether I1-3r signalling also affects the dynamics of the
actin cortex. Actually, the half-time recovery period for the actin
cortex of 11377~ T cells was clearly longer than for II377/* T cells
(figure 4F). Collectively, these data indicated that II37 deficiency
results in altered cytoskeleton regulation including disturbed
architecture and dynamics of the actin cortex.

//3r-deficient T cells exhibit increased deformability, which is
particularly pronounced in Tregs

We then wondered how these findings might affect the postu-
lated difference in trafficking of II37~/~ and II37*/* T cells. Since
cell deformation is an important part of T cell egress from tissues
as cells cross the basement membrane and undergo reverse tran-
sendothelial migration,”” we explored whether cell mechanical
properties might differ. To this end, we used real-time deforma-
bility cytometry (RT-DC), a microfluidic technique suitable for
high throughput assessment of cell elasticity™® (figure SA). While
we observed a very homogenous phenotype of 113" lympho-
cytes from thymus, transfer colitis colon and peripheral lymph
nodes (pLN) with only low deformation, a subset of II37™/~
lymphocytes from the thymus and the inflamed colon (where
11-3 is both expressed), but not pLNs (where Il-3 is not expressed,
figure 2A,B) displayed high deformability (figure 5B,C). To
corroborate this finding, we employed atomic force microscopy
(AFM) using a wedged cantilever measuring the forces necessary
to squeeze lamina propria CD4" T cells from mice with estab-
lished transfer colitis. Again, we found a higher deformability of
11377~ compared with II37"* T cells (i.e. less force was required
for deformation; figure 5D).

In a next step, we wondered whether these alterations
in cell mechanical properties might be differentially
pronounced in pro-inflammatory and anti-inflammatory T
cells and might thereby drive the phenotype observed in
experimental colitis. Indeed, confirming previous data,” we
found increased expression of I1-3r on Tregs compared with
non-Tregs (figure SE). Consistently, the increase in deform-
ability of 1137/~ T cells was clearly more pronounced in
isolated Tregs as determined by AFM (figure SF) as well as
in CD25" compared with CD25~ lamina propria T cells as
determined by RT-DC coupled with fluorescence (figure 5G).
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Figure 4 /I3r-deficiency alters structure and dynamics of the cytoskeleton. (A,B) Differentially expressed genes in RNA sequencing of //3r™"~ or /I3r*'*
thymus T cells (n=3 per group). (A) Volcano plot of the top 4245 regulated genes, grey line indicates significance threshold. Significantly differentially
expressed cytoskeleton-related genes (as identified by Database for Annotation, Visualization and Integrated Discovery (DAVID) annotation analysis,
n=90) highlighted in red, selected gene names indicated. (B) Heatmap of normalised log(fold change) of 90 cytoskeleton-related genes as identified
by DAVID annotation analysis. (C) Coral Kinome Tree plotted with data from a Pamgene kinome analysis of //3r™"~ vs /13r*'* thymus T cells. Kinases

are highlighted red. (D) Left panels: volcano plots showing

with lower activity in //3r

-

are highlighted in blue, kinases with higher activity in //3r
all differently activated serin/threonine kinases (STK) and protein tyrosine kinases (PTK) in //3r

/-

~/- +H+

versus /I3r

thymus T cells. Cytoskeleton-associated

kinases are highlighted in blue. Right panels: heatmaps of mean kinase statistics for cytoskeleton-associated STK and PTK. (E) Scanning electron
microscopy (SEM) of the actin cortex in /13r™' or //3r*"* thymus T cells. Upper panels: representative SEM pictures (left, scale bars — 2 ym) and
magnifications with representative FINTA software-based quantification grids (right, scale bar — 1 ym). Lower panel: quantification of the mean mesh
hole area; n=7-9 per group, unpaired t-test. (F) Fluorescence recovery after photobleaching (FRAP) of the actin cortex in 113r~" or I13rt* thymus T
cells. Schematic representation of FRAP experiment (upper panel) and quantification of the half-time recovery period (lower panel); n=6-8 per group,

unpaired t-test.
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Figure 5 Increased deformability of //3r™~ lymphocytes. (A) Schematic representation of RT-DC measurement. Cells from a reservoir are pumped

through a narrow constriction in a polydimethylsiloxane (PDMS)-based microfluidic chip (15 um capillary) and deformation ensuing due to
hydrodynamic stresses is analysed; figure drawn with licensed BioRender software. (B) Representative RT-DC scatter plot of deformation versus
cell size (cross-sectional area) of thymus T cells from //3r~ and //3r*"* mice highlighting representative cells of the populations. (C) Representative
kernel density estimate (KDE) plot (with grey isoelasticity lines) of thymus T cells from //3r~'~ and //3r*'* mice (left) and quantification of the
calculated Young's modulus of lymphocytes from thymus and pLN as well as pregated CD3*CD4* lamina propria T cells from mice with transfer
colitis. Quantification normalised to the mean of the //3r"'* cells in each independent experiment; n=7-12 per group, Mann-Whitney test; effect size:
Cohen’s d=1.468 (Thymus), d=1.363 (CD3"CD4" LP), d=0.065 (pLN). (D) Schematic representation of atomic force microscopy (AFM) cantilever and
cell deformation (left). Quantification of the elasticity of CD4* lamina propria lymphocytes from mice with established transfer colitis with //3r~'~ and
13r"* T cells by AFM; n=212 each, Mann-Whitney test. (E) Histograms of Cd123 expression on CD3*CD4* Treg (CD25*CD1277) or non-Treg (CD257)
113r*"* thymocytes as determined by flow cytometry. Data are representative for six mice from four independent experiments. (F) Quantification of
the calculated Young's modulus of total CD4* and regulatory CD4* T cells (right) from //3r™~ and //3r""* mice by AFM; n=100-172 per group, Mann-
Whitney test. (G) Representative RT-DC KDE plot (upper panel) and quantification of the calculated mean Young's modulus (lower panel) of splenic
CD3*CD4* CD25* and CD25" lymphocytes from //3r”~ and //3r*'* mice; n=6-10 per group, two-way analysis of variance with Tukey's multiple
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Taken together, our findings indicated that defective Il-3r
signalling in T cells and particularly in Tregs modulates cell
mechanical properties and increases their deformability,
which might explain altered trafficking features.

Altered tissue egress of /37"~ T cell to mLNs in experimental

colitis disturbs Treg proportions in the inflamed gut

Although demonstrating altered mechano-migratory proper-
ties of 1137~/ T cells, our findings did so far not answer the
question, why experimental T cell transfer colitis is aggra-
vated after transfer of II37™'~ cells. In view of the pronounced
mechanical phenotype of II37™'~ Tregs, we hypothesised
that their higher deformability might predispose them for
increased egress from the colon to mLNs compared with
other T cells, which might lead to an enhanced dysbalance
of pro-inflammatory and anti-inflammatory T cells in the
gut.

To explore this question, we used Ragl™~ mice with
established I137*'* or 11377/~ T cell transfer colitis and
performed recirculation assays by injecting anti-a4p7 inte-
grin antibodies (DATK32) to block T cell gut homing and
the sphingosine-1-phosphate receptor (S1PR) agonist ozan-
imod to block T cell recirculation from mLNs. In this situ-
ation, changes occurring in the T cell composition of mLNs
should largely be attributable to T cell egress from the gut,
since upstream and downstream pathways are unavailable
(figure 6A). Consistently, whole organ imaging of mLNs
from mice with transfer colitis using lightsheet fluores-
cence microscopy demonstrated Lyve-1-expressing afferent
lymph vessels and infiltrating CD4* T cells (figure 6B).
In further experiments, we stained mLNs for Lyve-1
and CD25. Analysis by lightsheet microscopy suggested
increased infiltration of II377/7, but not II3r"* CD25"
Tregs to mLNs 16 hours after combined DATK32 and ozan-
imod treatment compared with control mice treated with
placebo (figure 6C). To quantify these changes in T cell
composition, we determined the fraction of CD25  Foxp3™*
Tregs in mLNs and spleens of mice with transfer colitis
after treatment with DATK32/ozanimod or with placebo.
Interestingly, in mice with II377~ T cells, the Treg frac-
tion in mLNs, but not in spleens, increased after DATK32/
ozanimod treatment compared with placebo, while it rather
decreased in mice with I137*'* T cells. Consistently, when we
compared the ratio of Tregs in DATK32/ozanimod-treated
and placebo-treated mice between I/37*/*-dependent and
113r7'"-dependent transfer colitis, we detected a significant
difference in mLNs, but not in spleen (figure 6D).

These data suggested that the egress of II37”~ Tregs from the
inflamed colon to draining mLNs surpasses that of /37"~ non-
Tregs. To evaluate the consequences of this observation for T cell
composition in the inflamed colon, we stained Foxp3 on colon
cryosections from mice with transfer colitis (without additional
treatment, as shown in figure 2F-H). We observed a clear reduc-
tion of Foxp3™ Tregs in the colon of Ragl ™™ mice with II377/~
compared with II37"" T cells resulting in a decreased ratio of Tregs
to total CD4™ T cells (figure 6E). Importantly, Treg differentiation
and effector cell suppression per se were not altered by 1137 defi-
ciency and addition of II-3 (online supplemental figure 8A,B).

Thus, together, these findings suggested that aggravated inflam-
mation in I/37~'"-dependent T cell transfer colitis can be explained
as a result of increased Treg egress to mLNs leading to reduced
anti-inflammatory activity in the gut with consecutively enhanced
effector T cell activity.

//3r-dependent mechanical and migratory properties are
recapitulated in human T cells and IL-3 expression in the
intestine is associated to Treg abundance

We next sought to answer the question whether similar mecha-
nisms apply for human T cells. To this end, we isolated CD4* T
cells from the peripheral blood, stimulated them with anti-CD3/
CD28 antibodies to induce IL-3R expression (online supple-
mental figure 9A), and treated them with or without IL-3.

In a first series of experiments, we confirmed that IL-3 does
not impact on the expression of gut homing markers or the
dynamic adhesion to MAACAM-1 and VCAM-1 similar to the
situation in mice (online supplemental figure 9B,C). We then
characterised their mechanical phenotype by RT-DC. Consis-
tent with the findings in mice, IL-3-exposed T cells exhibited
lower deformability, whereas IL-6 or interferon-y did not induce
similar changes (figure 7A, online supplemental figure 9D).
AFM corroborated decreased deformability of IL-3-exposed
cells (figure 7B). Although phalloidin staining revealed similar
expression of total actin in T cells treated with or without IL-3
(online supplemental figure 9E), separation of globular (G-) and
filamentous (F-) actin from these cells and subsequent western
blot demonstrated increased G-actin in IL-3-unexposed CD4™"
T cells (figure 7C). This was fitting to the concept that IL-3R
signalling also triggers cytoskeletal alterations in human T cells
as it does in mice.

We further aimed to investigate the impact of IL-3R signal-
ling on human T cells on a functional level. Thus, we investi-
gated their migration over porous membranes towards the mLN
chemokines CCL19 and CCL21 on previous incubation with
or without IL-3. Indeed, fewer IL-3-exposed T cells migrated
through those membranes than unexposed T cells (figure 7D),
suggesting that lower deformability results in reduced motility
similar to the situation in mice.

Finally, we aimed at elucidating whether these mechanisms
might also be relevant for human IBD. To this end, we stained
LPMC:s from colon biopsies of patients with IBD for flow cytom-
etry. Importantly, we could show increased expression of IL-3R
(CD123) on Tregs compared with conventional T cells in the
lamina propria (figure 7E). This suggested that IL-3 released in
the inflamed human gut can locally determine the mechanobi-
ology and motility of IL-3R-expressing Tregs.

Indeed, the expression of IL3 mRNA in the colon of patients
with IBD was significantly correlated with Treg cytokines such
as IL10 or TGFB,” but not with pro-inflammatory mediators
such as IL13 or IL18 (figure 7F, online supplemental figure 10).
Similarly, when we stained colon samples from patients with IBD
for CD4*Foxp3™ Tregs and for IL-37 cells, we observed a strong
correlation (figure 7G), which was consistent with the idea that
IL-3 promotes mucosal residence of Tregs also in the human gut.

DISCUSSION

Various cytokines have been implicated in the pathogenesis of
IBD,*® but the role of IL-3 remained to be explored until now. In
this study, we identify an important function of IL-3R signalling
in CD4™ T cells in experimental colitis and human IBD.

We observed increased expression of IL-3 in the inflamed
mucosa of patients with CD and UC, whereas IL-3 was barely
expressed in patients without IBD. Moreover, IL-3 was strongly
correlated to Treg cytokines and abundance. Thus, our data are
the first to provide evidence for a key role of IL-3 in the patho-
genesis of IBD.

Moreover, our findings uncovered a crucial role of IL-3
in driving Treg mechanobiology and tissue egress. To our
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Representative flow cytometry of mLNs (left, gated on CD3*CD4) and quantification of the CD25*Foxp3* regulatory T cell (Treg) index (right, Treg
fraction in 0zanimod/DATK32 per fraction in placebo) in mLNs (upper panel) and spleens (lower panel). n=4-5 per group, Mann-Whitney test. (E)
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Figure 7 IL-3 stiffens human CD4* T cells and correlates to Tregs in the inflamed gut. (A) Representative RT-DC kernel density estimate plot (with
grey isoelasticity lines) of CD4* peripheral blood T cells stimulated with anti-CD3/CD28 antibodies and treated with or without rh IL-3 (upper panel)
and quantification of the calculated mean Young's modulus normalised to values of untreated samples (lower panel); n=8 per group, Wilcoxon signed-
rank test; effect size: Cohen’s d=1.323. (B) Representative atomic force microscopy force curve (upper panel) and quantification of the calculated
Young's modulus relative to the mean of untreated cells (lower panels) of CD4" peripheral blood T cells stimulated with anti-CD3/CD28 antibodies
and treated with or without rh IL-3; n=59-62 per group, paired Mann-Whitney test. (C) Representative western blot analysis (upper panels) and
quantification (lower panels) of G-Actin and F-Actin (as well as GAPDH control) in CD4* T cells stimulated with anti-CD3/CD28 antibodies and treated
with or without rh IL-3; n=5-6 per group, Wilcoxon matched pairs signed-rank test. (D) Migration of CD4* peripheral blood T cells over porous
membranes towards rh CCL19 or rh CCL21. Left panels: Representative flow cytometry. Right panels: Quantification of transmigration; n=6 per group,
paired t-test. (E) Flow cytometry of lamina propria mononuclear cells isolated from biopsies of patients with IBD. Representative histogram of CD123
staining on CD4*CD25*Foxp3™ Treg cells and CD4*CD25 Foxp3~ non-Treg cells (left). Data are representative for five independent experiments.

(F) Correlation of /L3 mRNA with /L10 and TGFBT mRNA expression as determined by qPCR in colon tissue from patients with IBD (n=21-45).
Spearman’s R, significance levels and a regression line are indicated. (G) Immunofluorescence of cryosections from patients with IBD (CD or UC, each
n=>5) for CD4 (green) and Foxp3 (magenta) or IL-3 (green); counterstaining with Hoechst (blue). Left panels: representative images, scale bars — 25 pm;
right panel: correlation of IL-3* cells and CD4"Foxp3™ per total CD4* cells; Spearman’s R, significance levels and a regression line are indicated. CD,
Crohn’s disease; F-Actin; filamentous actin; G-Actin, globular actin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IBD, inflammatory bowel
disease; IL, interleukin; mRNA, messenger RNA; qPCR, quantitative PCR; rh, recombinant human; RT-DC, real-time deformability cytometry; TGF,
transforming growth factor; Tregs, regulatory T cells; UC, ulcerative colitis.
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knowledge, these observations identify the first factor controlling
mucosal tissue egress of Tregs and suggest new avenues to specif-
ically interfere with T cell trafficking in order to treat chronic
intestinal inflammation.

We observed an increase of II-3 expression during experi-
mental T cell transfer colitis suggesting that IL-3 and associated
IL-3R signalling not only impacts on human disease but also on
experimental models of IBD. Compatibly, II-3 had previously
been linked with experimental models of several other immune-
mediated inflammatory diseases such as rheumatoid arthritis,
lupus erythematodes, asthma or multiple sclerosis,” '© 3! %2
whereas insights into chronic intestinal inflammation apart from
an established role on basophil expansion®® had been lacking so
far. Taking advantage of two T cell-dependent models covering
different aspects of intestinal inflammation,™ ** our further
experiments revealed that II-3 and Il-3r signalling counteract
intestinal inflammation. Regarding the marked upregulation
of IL-3 expression particularly in active IBD, this might appear
counterintuitive on first view. However, one has to consider that
active inflammation also triggers regulatory pathways, which
limit tissue destruction and may lead to resolution of inflamma-
tion.”® Consistently, increased expression of the key Treg cyto-
kine IL-10 and an increased presence of functional Tregs in active
IBD have earlier been demonstrated® *” and IL-3 was strongly
correlated with Treg cytokines and abundance. However, in
the inflammatory network present in the mucosa in IBD, such
compensatory attempts fall short of controlling disease due
to an even more pronounced expansion of pro-inflammatory
signalling and cells.” *” Thus, we interpret our findings in human
IBD as the abortive effort of the intestinal immune system to
mount anti-inflammatory strategies to resolve inflammation.
This idea is also promoted by the virtual absence of IL-3 expres-
sion in the uninflamed gut suggesting that IL-3 does not control
homeostasis, but is released as a counter-regulatory signal in
inflammation.

Of note, the role of IL-3 seems to differ between different
organs and contexts. Whereas detrimental effects have been
suggested in diseases such as chronic inflammation of the central
nervous system,’' other authors report a regulatory role, for
example, in asthma.” ** >’ Importantly, many of the latter reports
associate the regulatory function with Tregs. Thus, our data
further underscore that the role of IL-3 in various pathologies
is pleiotropic, but match well with other settings, where IL-3
restrains inflammation.

On a mechanistic level, our studies implicate IL-3 in the regu-
lation of T cell trafficking, particularly in the prevention of
Treg egress from the colon lamina propria. This observation is
noteworthy for two reasons: (1) T cell egress from the intestine
has barely been studied so far and (2) our data suggest that cell-
intrinsic processes rather than the interaction of surface mole-
cules orchestrate this effect.

In the light of an anti-04B7 integrin antibody (vedoli-
zumab) and an S1PR agonist (ozanimod) being available for
the treatment of IBD' % and other anti-trafficking agents
in the pipeline,*" ** T cell trafficking has gained increasing
attraction in the field. However, while previous research
extensively studied T cell homing and retention for their role
in regulating the in situ T cell pool in the intestine,”* ** ** T
cell egress from that pool has largely been neglected. While
a role of Ccr7 and sphingosine-1-phosphate (S1P) have
been demonstrated as in other organs,* *® dedicated studies
on local factors calibrating intestinal T cell egress in IBD
are missing. This even capitalises in the so far unanswered
question, whether clinically available and investigated STPR

agonists might also impact on T cell recirculation from the
mucosa in addition to recirculation from secondary lymphoid
organs. Thus, our data provide important new insights into
a so far understudied aspect of T cell trafficking. Of note,
in line with our data suggesting that deficient /37 signal-
ling induces a preferential increase of Treg egress, a previous
study has demonstrated that Treg recirculation between the
colon and mLNss is vital in experimental colitis.*’

Moreover, despite recent major breakthroughs in the
technical prerequisites and equipment to assess cell mechan-
ical properties,”” the functional role of cell mechanics
for different cellular functions such as cell migration and
motility has so far largely been studied in cancer,*® but not
sufficiently in T cells and in chronic inflammation. In fact,
to our best knowledge, our study is the first to show the
impact of a specific cytokine on the mechanical phenotype
of T cells. Mechanistically, this seems to be driven by Il37-
dependent signalling altering the architecture and dynamics
of the cytoskeleton. This is well in line with concepts previ-
ously demonstrated in other cell types.*’

While we acknowledge as a potential limitation that some
of these characterisations were performed with non-intestinal
T cells and under unchallenged conditions, our data on the
biomechanics of lamina propria T cells and recirculation during
T cell transfer colitis strongly support that this concept is rele-
vant in intestinal inflammation. Essentially, by linking cytokine
signalling-dependent T cell mechanical properties with their
trafficking features and a resulting effect on chronic intestinal
inflammation, we underscore that the regulation of T cell traf-
ficking is not limited to the sole interaction of surface molecules,
but importantly involves intracellular events. Thereby, we also
provide a completely novel and orthogonal concept explaining
aspects of the pathogenesis of chronic intestinal inflammation.

Importantly, studies with human cells and tissue recapitulated
key aspects of the mechano-migratory phenotype imprinted on
T cells by IL-3R signalling in mice. Thus, they suggest that a
similar concept might apply in IBD. This might open avenues for
novel future approaches in patients with CD and UC. In partic-
ular, since it has previously been shown that Tregs are a useful
strategy for IBD therapy,’®*! it fuels the idea that locally modu-
lating mechanical Treg properties with IL-3 might be a suitable
and organ-selective treatment approach, for example, by appli-
cation via enema or by targeted delivery through engineered
commensal bacteria as previously suggested for IL-10.%>

Taken together, we demonstrate a beneficial role of IL-3 in
chronic intestinal inflammation that is driven by alterations in
the cytoskeleton promoting mucosal residence of Tregs. This
suggests novel treatment approaches for IBD and stimulates
necessary further studies in this direction
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