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Activation of mucosal insulin receptor G

exacerbates intestinal inflammation
by promoting tissue resident memory T cells
differentiation through EZH2
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Abstract

Background Inflammatory Bowel Diseases (IBD), an autoimmune disease characterised by abnormal intestinal
immunity, are related to vital morbidity around the world. However, therapeutic agents for IBD have not achieved
desired benefit. Exploring new therapeutic targets for IBD, especially based on its abnormally intestinal immunity,
could alleviate the flare-up and worsening of IBD. Tissue resident memory T cells (TRM) are core of multiple autoim-
mune diseases, including IBD. However, the mechanism of TRM differentiation remains to be investigated.

Methods The alterations in mMRNA and IncRNA profile of intestinal intraepithelial lymphocytes (IELs), the largest
component of intestinal TRM, were analyzed in DSS-induced chronic colitis. Based on it, we examined the function
of rectal insulin instillation in a dextran sodium sulfate (DSS) induced chronic colitis. Furthermore, we investigated
the downstream-target of the insulin pathway—EZH2 and the crucial role of EZH2 in intestinal tissue resident
memory T cell differentiation by utilizing EZH2"CD4“® mice.

Results Insulin receptor (INSR) expression was found to be significantly reduced. Activation of mucosal insulin path-
way by rectal insulin instillation exacerbated colitis by disrupting IELs subgroups and up-regulating TNF-a and IL.-17
expression. Rectal insulin instillation promoted EZH2 expression and EZH2 inhibition alleviated chronic colitis. EZH2"
fIcD4 mice restored the normal IEL subgroups and suppressed TNF-a and IL-17 expression, exhibiting alleviated
colitis. IELs from EZH2"1CD4® mice exhibit significant changes in TRM related phenotype. CD4*TRM was significantly
increased in chronic colitis and decreased in EZH2"1CD4 mice.

Conclusion Insulin receptor of intestinal mucosal T-cells could promote intestinal TRM differentiation via EZH2. Our
discoveries suggest that therapies targeting colonic INSR and EZH2 could be potential treatment for IBD based on its
regulatory effects on TRM. Insulin receptor inhibitors rather than insulin should be applied during colitis-active phase.
In addition, EZH2 shows to be a downstream signal of the insulin pathway and EZH2 inhibitor could alleviating intes-
tinal inflammation. However, the critical role of EZH2 in TRM differentiation restricts the anti-tumor effects of EZH2
inhibitor in vivo.
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Background

Inflammatory Bowel Diseases (IBD), represented by
Crohn’s Disease (CD) and Ulcerative Colitis (UC), are
related to vital morbidity in developed countries and with
rapidly growing incidence in the developing world [1].
Uncontrolled activation of intestinal immune cells which
inflicting self-destruction is the core of IBD genesis and
advancement [2, 3]. Therapeutic agents for IBD include
5-aminosalicylate, glucocorticoids, immunosuppressants,
and biological agents, all of which act on different aspects
of intestinal immunity. However, about 40% of patients
treated with 5-aminosalicylate [4] or glucocorticoids [5]
experienced relapse. Even with biological agents (inf-
liximab), more than 30% of patients with severe disease
still fail to achieve remission [6]. Therefore, it is of great
importance to explore novel IBD pharmaceuticals, espe-
cially gut immunity-based pharmaceuticals.

The mechanism below intestinal immune abnormality
has not yet been elucidated thoroughly. Although many
mucosal immune cells, including T help cells [7], regu-
latory T cells (Treg) [8], innate lymphoid cells(ILCs) [9],
and macrophages [10] are involved in the pathogenesis
of IBD, the short life span of most immune cells makes
it difficult to explain the persistent immune abnormality
in IBD. Generated from effector T cells, tissue resident
memory T cells(TRM) characterized by persistent colo-
nization, long life span, self-proliferation, and secretion
of inflammatory cytokines, which is extremely compat-
ible with the pathological characteristics of IBD [11]. In
recent years, the important role of TRM in IBD has been
demonstrated continually [11-13]. Research by Lamb
et al. showed that high expression of CD103, one of the
intestinal TRM markers, in intestinal CD4*T cells was
associated with increased production of pro-inflamma-
tory cytokines and decreased expression of immunoregu-
latory markers in UC patients [14]. Bishu et al. found that
CD4*TRM is the major source of the inflammatory fac-
tor TNF in CD patients [15]. Zundler et al. showed that
the core marker of intestinal TRM, CD69 and CD103,
was significantly increased in IBD patients, and CD4
TRM was directly related to the recurrence of IBD; TRM
depletion alleviates colitis by reducing inflammatory fac-
tors and lymphocyte infiltration [12].

As a major component of intestinal TRMs, intesti-
nal intraepithelial lymphocytes (IELs) are the largest
population of the intestinal immune system [16]. IELs
locate between the basolateral surfaces of the intestinal
epithelial cells. Based on its intimate association with

intestinal epithelial cells in space, IELs interact closely
with intestinal epithelial cells and is essential for the
maintenance of gut homeostasis and inflammation [17-
19]. Previous studies in IBD have demonstrated that
diverse subgroups of IELs exhibit unique effect in intes-
tinal inflammation and IBD. Briefly, CD8aa ™ TCRafp™*
and CD8aa™TCRy8" IELs play an anti-inflammatory
effect caused by the immune-suppressive effect of
CD8aa; CD4" and CD8uafB*IELs exerts a pro-inflam-
matory effect through the secretion of inflammatory
factors [16, 20-23]. However, how TRM and IELs are
increased and transformed into pathogenic cells in IBD
has not been elucidated.

In recent years, expanding studies have shown the
critical role of metabolism in the regulation of immu-
nity [24]. The insulin pathway is the master pathway in
the regulation of glucose metabolism and also shows a
regulatory function in mucosal immunology [25]. High
glucose intake, which is tightly controlled by the insulin
pathway, exacerbates autoimmunity by inducing Th,,
cells through ROS-dependent TGF-f activation [26].
Furthermore, insulin receptor signaling reinforces a
metabolic program that supports T cell nutrient uptake
and associated glycolytic and respiratory capacities
[27]. However, insights into the insulin receptor (INSR)
as the potential IBD therapeutic target is still lacking.

Multiple mechanisms, including epigenetics, are
involved in the metabolic regulation of immunity [28].
Histone modification is an integral component of epi-
genetics, which could promote/repress gene expression
through the regulation of DNA transcription. Enhancer
of zeste homolog 2 (EZH2) is an enzymatic catalytic
subunit of Polycomb repressive complex 2(PRC2) that
can alter gene expression by trimethylation of Lys-27 in
histone 3 (H3K27me3) [29, 30], and also could activate
downstream genes in a PRC2-independent manner [31,
32]. EZH2 works as a key regulator of T cell differentia-
tion and function, including CD8*T cell [33, 34], Treg
[35] and follicular helper T cells [36]. However, avail-
able studies indicate a paradoxical role for EZH2 in
intestinal inflammation. Macrophage/microglial EZH2
facilitates autoimmune inflammation [37]and EZH2
inhibitor GSK343 alleviates experimental colitis by
promoting the development of Myeloid-derived sup-
pressor cells [38], indicating a pro-inflammatory effect
of EZH2. However, suppressed EZH2 by Fbxw7 in mac-
rophages promoted intestinal inflammation [39], and
inactivation of EZH2 in epithelial cells sensitizes mice
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to experimental colitis, indicating an anti-inflammatory
effect of EZH2 [40]. Despite the known positive and
negative effects of EZH2 on intestinal inflammation,
whether EZH?2 exerts its effects during the differentia-
tion of TRM has not been illustrated.

Here, we defined that the INSR of intestinal mucosal
T-cells could promote intestinal TRM differentiation
via EZH2 and exacerbate chronic colitis. Firstly, this
study clarified the changes of IEL-related RNA pro-
files in DSS-induced chronic colitis. Multiple metabolic
pathway alterations were revealed and the expression
of INSR was found to be significantly reduced in both
intestinal intraepithelial lymphocytes and lamina pro-
pria lymphocytes. Second, rectal insulin instillation
led to disrupted phenotype and increased inflamma-
tory cytokines in IELs, which could exacerbate colitis.
Furthermore, rectal Insulin instillation promotes EZH2
expression and the EZH2 inhibitor GSK126 alleviates
colitis. Finally, by using EZH21CD4™® mice, we dem-
onstrated that EZH2 is essential for the induction of
intestinal CD4 and CD8 TRM cells. Disrupted IELs’
subgroup and increased inflammatory cytokines by rec-
tal insulin instillation were resulted from promoted dif-
ferentiation of colonic TRM through EZH2.

Material and methods

Animal and DSS-induced chronic colitis

EZH2VCD4® were a gift from Dr Lilin Ye (Army
Medical University, Chongqing, China) and a total of
5 mice at least per group were used to establish ani-
mal models(except BM chimeras). C57BL/6 mice were
obtained from the Experiment Animal Center for ani-
mal models (Army Medical University, Chongqing,
China) and a total of 10 mice per group were used to
establish animal models. All procedures in animal
models were approved by the University Committee
on the Use and Care of Animals of the Army Medical
University.

The DSS-induced chronic colitis model was con-
structed as a protocol published by Neurath [41].
Briefly, mice in the DSS-induced chronic colitis group
(DSS group) was treated with 3 cycles of DSS. Each
cycle consists of 7 days of drinking water containing 2%
DSS and 2 weeks of standard drinking water followed.
The Control group used standard drinking water con-
sistently (Additional file 1: Figure S1A). Animal models
of DSS+ high-glusose, DSS+IPHG and DSS +insulin
was constructed as shown in each Figure. In particular,
insulin concentration gradients for rectal insulin instil-
lation were set at 2, 6, and 12U/Kg, which based on the
inhibitory effect on tumor genesis at 6U/Kg in previous
research.
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Isolation and purification of IELs

Intestinal epithelial cell isolation was performed as pre-
viously described 39. Briefly, the colon was removed and
placed in a tissue culture medium (RPMI 1640, with 2%
fetal calf serum). Then, the colon was cut into 5-mm
pieces followed by extensively rinsed with ice-cold PBS
containing 2% fetal calf serum. The rinsed pieces were
then incubated in Ca2*- and Mg2*-free PBS containing
5 mM EDTA, 2 mM DTT and 10% fetal calf serum for
20 min at 37 °C with continuous brisk stirring. Then, the
supernatant was collected and filtered through both 70
and 30 pm MACS SmartStrainers (Miltenyi Biotec) to
remove debris and pellets. Intestinal epithelial cells and
IELs obtained by centrifugation of collected supernatant
can be used directly for flow staining.

After centrifugation, the IELs were purified by 40%/70%
Percoll (GE Healthcare Bio-sciences) from Intestinal epi-
thelial cells. Then, the CD3e MicroBead Kit (Miltenyi
Biotec) was used to select CD3" intraepithelial lympho-
cytes according to the manufacturer’s instructions. The
purity of the IELs was detected by flow cytometric analy-
sis. The IELs were stained with Bv421 anti-mouse CD3
(BD Biosciences) according to the manufacturer’s proto-
col. The acquisition and analysis were performed using
Beckman Coulter Gallios Flow Cytometer (Beckman
Coulter).

Isolation and purification of lamina propria lymphocytes
The lamina propria lymphocytes (LPLs) isolation was
performed after the IELs Isolation. Firstly, the intesti-
nal segments undergoing IEL isolation were thoroughly
washed with PBS to remove EDTA. The intestinal seg-
ments were then putted in a gentle MACS Dissociator
(Miltenyi Biotec) and 5 mL of RPMI containing 1 mg/
mL collagenasel was added. The gentle MACS Dissocia-
tor is then placed on the gentleMACS Octo Dissociator
with Heaters (Miltenyi Biotec). Set the mode to "intes-
tine" and start digestion. After digestion, the supernatant
was collected and filtered through both 70 and 30 pum
MACS SmartStrainers (Miltenyi Biotec). Lamina propria
cells obtained by centrifugation of collected supernatant
can be used directly for flow staining. LPLs were puri-
fied from Lamina propria cells by 40%/70% Percoll (GE
Healthcare Bio-sciences). Purified LPLs were used for
qPCR.

Differentially expressed genes (DEGs) and KEGG pathway
analysis

The analysis for DE mRNA and DE IncRNA was per-
formed using R package edgeR. Differentially expressed
genes with |log2(FC)| value>1 and p<0.05 were consid-
ered as significantly modulated and retained for further
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analysis. This choice is motivated by the decision to max-
imize the sensitivity of this analysis, in order to perform
a massive screening and identify candidate genes to be
validated with a wider sample population with real-time
PCR analysis. the KEGG pathway analysis (http://www.
genome.ad.jp/kegg) were performed via enrich R pack-
age. p<0.05 was considered to be a statistically signifi-
cant enrichment.

mRNA and IncRNA joint analysis

To analyze the cis regulation of IncRNAs, the Integra-
tive Genomics Viewer was used to show the genomic
loci containing IncRNAs and their adjacent genes. About
100 kb upstream or downstream sequences of IncRNAs
were retrieved to search their Candidate mRNA targets.
Trans regulation was based on the principle of sequence
complementation between mRNA and IncRNA. RNA-
plex software was used to calculate the thermodynamic
parameter value of the complementary pairing, and a
parameter value less the — 40 was selected as the target
gene of IncRNA.

To identify interactions among the differentially
expressed IncRNAs and mRNAs, we constructed a co-
expression network based on a Pearson correlation analy-
sis of the differentially expressed IncRNAs and mRNAs.
Pearson’s correlation coefficients equal to or greater than
0.9 were used to identify the IncRNA and protein-coding
genes.

Flow cytometry and antibodies

Flow cytometry data were obtained with Beckman
Coulter Gallios Flow Cytometer (Beckman Coulter)
and analyzed using FlowJo software. Surface stain-
ing was performed in PBS containing 2% fetal bovine
serum (wight/vol) on ice. Intracellular staining of Foxp3,
EZH2, IL-17, TNF-a, IFN-y and Granzyme B was per-
formed using the Foxp3/Transcription Factor Staining
Buffer Set (00-5523; eBioscience). Fixable Viability Dye
eFluor® (eBioscience) was added to exclude dead cells.
The following antibodies were used for flow cytometry:
CD3 (BV421, BDbioscience, clone 145-2C11, dilution
1:100), CD69(PE-cy7, BDbioscience, clone H1.2F3, dilu-
tion 1:100), CD103 (PE, Biolegend, clone 2E7, dilution
1:100), Klrgl(BV421, BDbioscience, clone 2F1, dilution
1:100), CD25(APC, BDbioscience, clone PC61, dilu-
tion 1:100), CD4(APC-cy7,BDbioscience, clone GK1.5,
dilution 1:200), CD8a(Percp-cy5.5,BDbioscience, clone
53-6.7, dilution 1:200), ifn-y (FITC, BDbioscience, clone
XMG@G1.2, dilution 1:50), EZH2 (PE, BDbioscience, clone
11/EZH2, dilution 1:100), CD8a(PE, BDbioscience, clone
GK1.5, dilution 1:200), TCRB (APC, Biolegend, clone
53-6.7, dilution 1:200), CD44(APC, Biolegend, clone
IM7, dilution 1:200), CD3 (PE-cy7, Biolegend, clone
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17A2, dilution 1:200), TNF-a (FITC, Biolegend, clone
MP6-XT22, dilution 1:50), CD8p (FITC, Biolegend, clone
YTS156.7.7, dilution 1:100), TCRyS (FITC, Biolegend,
clone GL3, dilution 1:100), GRANZYME B (FITC, Bio-
legend, clone GB11, dilution 1:100), CXCR6 (PE, Bioleg-
end, clone SA051D1, dilution 1:100).

Full-thickness colonic tissue culture and CBA
Full-thickness colonic tissue culture was operated as
described in previous study [41]. A 1 cm colon was taken
from the same colonic region. Remove residual stools
by performing three washes with ice-cold PBS contain-
ing 20 pg/mL gentamycin. Generate three to four defined
circular biopsies with a 3-mm dermal punch tool. Move
the individual biopsies to a well of a 48-well plate con-
taining 0.5 mL of sterile RPMI culture medium. Incubate
for 12-24 h in a cell culture incubator at 37 °C. Discard
the biopsies, and freeze media supernatants at — 20°C for
storage.

BD™ Cytometric Bead Array (CBA) Mouse Th1/Th2/
Th17 CBA Kit (BD560485) was used for CBA test and
analysis as its guidelines. The concentration of detec-
tion sample was determined by the standard curve of the
mean fluorescence intensity.

Bone marrow (BM) chimeras

Bone marrow (BM) chimeras was operated as described
in previous study [36]. The femurs of mice were isolated
under sterile conditions and the muscle and fibrous tis-
sue from the bones were cut off. Femurs were placed in
culture dish and 5-7 mL of RPMI complete medium was
added. Cut off both ends of the femur were cut off. Using
a 10-mL syringe, 5 mL of RPMI complete medium was
aspirated and mounted with a 25-gauge needle. Care-
fully flush the bone marrow out. The flushing out was
repeated until the bone was white. Bone marrow tissue
was mashed and passed through a 70 pum MACS Smart-
Strainers (Miltenyi Biotec). The bone marrow cells were
centrifuged and resuspended. A total of 2x 106 BM cells
harvested from Ezh2fl/fICD4-Cre (CD45.2%) mice and
C57BL/6] wild-type (WT) (CD45.1%) mice were mixed
at a ratio of 4:6. Mixed BM cells were then intravenously
injected into lethally irradiated (two doses of 550 rads
each) CD45.17 WT recipients. After 2-month DSS-
induced colitis, the colonic TRM were analyzed.

Statistical analysis

Statistical analyses were conducted with Prism 8.0 soft-
ware (GraphPad). An unpaired two-tailed t-test with a
95% confidence interval was used to calculate P-values.
For BM chimera experiments, and a paired two-tailed
t-test with the 95% confidence interval was used to
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calculate P-values (ns, P>0.05;*P<0.05; **P<0.005;
*#P < 0.0005).

Results

mRNA profiles of colonic IELs in DSS-induced chronic colitis
DSS-induced colitis is remarkably comparable to ulcer-
ative colitis and is the most commonly used animal
models in the studies of IBD. Since IBD is a chronic
disease, chronic colitis induced by multiple DSS cycles
matches human IBD more closely. RNA-seq analysis
was performed previously to identify the dysregulated
RNA profile using the whole colon RNA. However,
the differential expression can be attenuated or elimi-
nated completely due to the diversity of cell types
in the whole colon. The role of the IELs in IBD has
not received adequate attention and there have been
no studies of IELs related mRNA and long no coding
RNA (IncRNA) profiles in colitis or IBD [41]. Thus, we
investigated the alteration in mRNA and IncRNA pro-
files of intestinal intraepithelial lymphocytes (IELs) in
the context of DSS-induced chronic colitis. A DSS-
induced chronic colitis is constructed as shown in
Additional file 1: Figure S1. One week after last DSS
cycle, intraepithelial lymphocytes (IELs) were isolated
from the colons of two groups. A total of 28,673 mRNA
and 70,251 IncRNAs in IELs of DSS group and Control
group were analyzed by high-throughput sequencing. 6
differentially expressing mRNA (DEmRNA) and 8 dif-
ferentially expressed IncRNA (DEIncRNA) were chosen
randomly for verification. The results of qRT-PCR veri-
fication were consistent with sequencing results (Addi-
tional file 1: Figure S2).

The heat map, scatter plot, volcano plot of mRNA was
shown in Fig. la—c. KEGG and GSEA pathway analysis
was performed on significantly dysregulated mRNAs.
As shown in Fig. 1d, GSEA pathway analysis showed
that the Inflammatory Bowel Disease, T Cell Recep-
tor Signaling Pathway, NF-kappa B Signaling Pathway,
and Intestinal Immune Network for IgA production
were enriched in DSS group. As shown in Fig. le, the
KEGG pathway analysis was performed to show that
the DE mRNAs were enriched in NF-kappa B signal-
ing pathway, Natural killer cell mediated cytotoxicity,
Leukocyte transendothelial migration, Systemic lupus
erythematosus. Among the TOP30 KEGG enrich-
ment pathways, 8 were directly related to metabolism:
Tryptophan metabolism, Sulfur metabolism, histidine
metabolism, Nitrogen metabolism, Porphyrin and chlo-
rophyll metabolism, ascorbate and aldarate metabo-
lism, pentose and glucuronate interconvenrsions, and
Selenocompound metabolism, suggesting a metaboli-
cally altered of IELs in chronic colitis.
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Joint analysis of DE mRNA and DE IncRNA

For IncRNAs, the heat map, scatter plot, volcano plot
was shown in Fig. 1f-h. In order to detect the expression
characteristics of DE IncRNAs, the length distribution of
the up-regulated and categories of IncRNAs was analyzed
(Fig. 1i, j). DEIncRNA and DEmRNA joint analysis were
operated to identify interactions among the DEIncRNAs
and DEmRNAs as described in Material and Methods.
The pairs of DEIncRNA and its targeting DEmRNA were
identified and a KEGG pathway analysis was performed
on significant DEmRNAs above (Fig. 1k). KEGG path-
way analysis showed that the DEmRNAs have enriched in
Leukocyte transendothelial migration, NF-kappa B sign-
aling pathway, Natural killer cell mediated cytotoxicity,
mTOR signaling pathway.

Down-regulation of insulin receptor in DSS-induced
chronic colitis

Among the pairs screened by DEmRNA and DEIncRNA
joint analysis, both INSR and the INSR-regulating
IncRNA, MSTRG.175050.1, showed highly significant
down-regulated fold changes in colitis (INSR toplO,
MSTRG.175050.1 top30, Additional file 1: Table S1). A
protein—protein interaction and ceRNA network of INSR
were shown in Additional file 1: Figure S3. As previously
described, IELs is metabolically altered in chronic colitis.
Insulin pathway is the master regulator of glucose metab-
olism [25]. On the other hand, the role of insulin and glu-
cose metabolism in inflammation has received increasing
attention in recent years [26, 27, 42]. However, the role
and mechanism of intestinal mucosal insulin pathway in
colitis and IBD have not been elucidated.

Since insulin receptor (INSR) expression was sig-
nificantly reduced in IELs in DSS-induced colitis, INSR
expression was analyzed in 6 human sequencing data of
UC mucosa from the GEO database to verify whether this
trend is equally present in human (Fig. 2a—f). Consist-
ent with results in animal model, it was found that INSR
expression was significantly lower in patients with active
UC compared to healthy controls in all 6 databases. In
particular, INSR expression was also significantly lower
in inflamed sites than non-inflamed sites from same UC
patient (Fig. 2a). However, since these human sequencing
results were obtained from colon tissue rather than single
cells, it remains unknown whether the decrease in INSR
is universal in colon or limited to specific cells.

To further explore the cellular specificity of down-
regulated INSR, the expressions of INSR in lymphocytes
from different layer of colon mucosa (IELs from epithe-
lial layer and lamina propria lymphocytes (LPLs) from
lamina propria) were analyzed by qPCR. The expression
of INSR was found to be down-regulated in both IELs
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and LPLs in DSS-induced chronic colitis (Fig. 2g). Finally,
we examined the protein expression of INSR in different
layers and cell types by INSR and CD45 flow staining. In
isolated cells from epithelial layer, expression of CD45%
represents IELs and CD45- represents epithelial cells.
As in isolated cells from lamina propria layer, expres-
sion of CD45" represents LPLs and CD45- represents LP
cells without lymphocytes. In agreement with the qPCR
results, INSR expression was found to be down-regu-
lated in both IELs and LPLs in chronic colitis. However,
epithelial cells and lamina propria cells without lym-
phocytes showed no significant difference in the expres-
sion of INSR in chronic colitis (Fig. 2h, i). In conclusion,
INSR was specifically down-regulated in lymphocytes in
chronic colitis, whereas other colonic cells showed no
significant change.

Stimulation of endogenous insulin secretion by different
ways of glucose intake shows distinct effects

on DSS-induced chronic colitis

To investigate the roles of insulin pathways on intestinal
inflammation, the effects of endogenous insulin in intes-
tinal inflammation were analyzed firstly. Endogenous
insulin secretion is positively correlated with blood glu-
cose levels. High-sugar diets stimulate insulin secretion,
thereby increasing endogenous insulin acquisition in the
colon. Previous studies reported that a high-sugar diet
aggravated colitis through intestinal microbiota [43].

An animal model of high-sugar drinking water com-
bined with DSS-induced chronic colitis was estab-
lished. Three groups of animal models (Control, DSS
and DSS+ high-glucose) were established in Additional
file 1: Figure S4a. High sugar drinking was found to sig-
nificantly exacerbate DSS-induced chronic colitis, as rep-
resented by higher mortality (all mice dead after the 2nd
cycle of DSS), high Disease activity index(DAI) scores
and shorter colonic length(Additional file 1: Figure S4b—
e). An increased mRNA expression of IL-6 and TNF-a
was also detected by qPCR (Additional file 1: Figure S4f).
However, animal model with high-sugar drinking water
inevitably alters the intestinal microbiota, which could
not demonstrate the precise effect of the insulin pathway
on intestinal inflammation.

An intraperitoneal high glucose (IPHG) was adminis-
tered to increase endogenous insulin secretion without
altering the intestinal microbiota. Three groups of ani-
mal models (Control, DSS and DSS+IPHG) were estab-
lished as Additional file 1: Figure S4g. It was found that
intraperitoneal high glucose solution injection failed
to affect the severity of DSS-induced colitis, as repre-
sented by no significant difference in weight, DAI scores,
colonic length, expression of IL-6 and TNF-a and HE
staining (Additional file 1: Figure S4h-1). However, pro-
longed intraperitoneal administration of glucose resulted
in ascites in mice. As insulin receptors are widely dis-
tributed throughout the body, the tolerated dose of
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intraperitoneal glucose may not be sufficient to trigger
enough insulin secretion to alter intestinal inflammation.

Activation of insulin receptor by rectal insulin instillation
exacerbates DSS-induced chronic colitis

Since the intestinal effects of endogenous insulin were
limited due to the distribution of insulin receptors
throughout the body, regional administration improves
the specificity of insulin. Notably, insulin is unable to
enter the circulation system through the intestinal bar-
rier. Therefore, rectal insulin instillation can avoid the
systemic effects of insulin and target on colonic mucosal
specifically. Mohammad Yassin et al. reported a protec-
tive effect of rectal insulin instillation in colon tumor
genesis, but its role in colitis remains to be further stud-
ied [41]. Therefore, rectal insulin instillation was used to
specifically activate the colonic mucosal insulin receptor
to investigate the effect of INSR on the intestinal mucosa,
especially on mucosal immunity.

Three groups of animal models (Control, DSS and
DSS+insulin) were established in Fig. 3a. The severity
of the colitis was evaluated by body weight, colon length,
DAI score, HE staining and expression of TNF-a and
IL-6. Compared with the DSS group, it was observed that
mucosal infiltrating lymphocytes and tissue inflamma-
tory cytokines were increasing with insulin concentration
in DSS+insulin group (Fig. 3e, f). DSS+insulin(12U/
Kg) group showed the most down-regulated body
weight and colonic length, an up-regulated DAI score
as well as expression of TNF-a and IL-6 (Fig. 3b—e).
The most severe intestinal villin destruction and
mucosal inflammatory infiltration also occurred in the
DSS+insulin(12U/Kg) group. These results suggest that
rectal insulin instillation could aggravate DSS-induced
chronic colitis.

To investigate the underlying immunological mecha-
nisms of colitis aggravated by rectal insulin instillation,
inflammatory factors in the colon were detected by full-
thickness colonic tissue culture and Cytometric Bead
Array [39]. The concentration of TNF-q, IL-6, IL-17,
IFN-y, IL-10, IL-4 and IL-2 in the supernatant of intes-
tinal segment culturing medium was detected by Cyto-
metric bead array (CBA). We noticed that the expression
of IL-6, TNF-a and IL-17 was significantly up-regulated
in DSS +insulin(12U/Kg) group compared with the DSS
group (Fig. 3g). Whereas expression of IFN-y, IL-2, IL-4
and IL-10 showed no significant difference between two
groups. TNF-a and IL-17 are the most important proin-
flammatory cytokines in IBD.TNF-a targeted drugs has
been used clinically (infliximab) [6, 7]. The increased
TNEF-a and IL-17 contribute to the aggravation of intesti-
nal inflammation directly.
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Rectal insulin instillation leads to disrupted subgroups

and promoted inflammatory cytokines secretion in IELs
Since biomolecules such as insulin are difficult to pass
through the intestinal barrier, IELs, which localize
between the intestinal epithelium and sense intestinal
luminal molecules [44], are the most possible immune
target cells and source of Inflammatory cytokines in
rectal insulin instillation. Therefore, we detected the
subgroups and the secretion of inflammatory cytokines
in IELs. As shown in Fig. 4a, b, an increased percent-
age of CD8af and TCRy8"CD8, an decreased per-
centage of CD8aa and TCRy8*CD8", and unchanged
CD4* and total TCRy8" were detected. As previously
described, CD4*t and CD8(x[3+IELs show a pro-inflam-
matory effect by secreting inflammatory cytokines rep-
resented by TNF-a and IL-17, and CD8aa™ IELs show
an anti-inflammatory effect [16, 21, 23]. These observed
changes in IEL subgroups represent an increase in a pro-
inflammatory subgroup and a decrease in an anti-inflam-
matory subgroup (Fig. 4a, b). Then, the expression of
TNF-a and IL-17 in CD4" and CD8af* IELs was tested
by intracellular staining. Compared with the DSS group,
the DSS +insulin group showed more TNF-a secretion
in both CD4 and CD8af IELs. Besides, IL-17 was not
expressed in CD8ap™ IELs, but a significantly up-reg-
ulated expression in CD4* IELs was detected (Fig. 4c,
d). Notably, the percentage of CD4' IEL remained
unchanged while its inflammatory factor secretion was
significantly up-regulated. Taken together, these results
indicate that disrupted subgroups and increased TNF-a
and IL-17 in IELs contribute to exacerbated colitis.

Since Treg resides in lamina propria and MLNs are
pivotal for intestinal immunity and IBD [8], flow stain-
ing of lamina propria and mesenteric lymph node
CD3*"CD41Foxp3™ Treg cells was operated. An increase
of Treg in the DSS +insulin group was detected (Fig. 4e,
f). By comparison of lamina propria Treg with mesenteric
lymph node Treg, it was found that intestinal lamina pro-
pria Treg express klrgl instead of classic marker CD25.
In addition, Klrgl® Treg was significantly upregulated
after rectal insulin instillation (Fig. 4e, f). Available stud-
ies suggest that klrgl*Treg is more profoundly activated
and more immunosuppressive than klrgl ™ Treg [45, 46].
The mechanisms of the altered Treg phenotype require
further study.

Insulin is unable to cross the intestinal barrier and
theoretically does not act on secondary lymphoid tis-
sue. To investigate whether rectal insulin instillation
affected the mesenteric lymph nodes, we examined
changes in TNF-qa, IL-17 secreting cells and Treg in
MLN. No significant changes in the MLN were found
following rectal insulin instillation (Additional file 1:
Figure S5), suggesting that rectal insulin instillation
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Fig. 3 Activation of insulin receptor by rectal insulin instillation exacerbates DSS induced chronic colitis. A animal model schematic outline

of Control group, DSS group and DSS +insulin group. 2U, 6U, 12U/Kg insulin were used in different DSS +insulin groups. Five mice at least per group
were analyzed. b—d Weight change, DAI score and colon length of Control group, DSS group and DSS +insulin group. n>5. @ mRNA expression

of IL-6 and TNF-a in Control group, DSS group and DSS +insulin group were analyzed by qPCR. n > 3. f representative histological sections

of the colon from Control group, DSS group and DSS +insluin group. Sections were stained with hematoxylin and eosin. g Concentration of TNF-a,
IL-6, IL-17, IFN-y, IL-10, IL-4 and IL-2 in colon segment culture supernatant were analyzed by Cytometric Bead Array(CBA). n=3

targets the colonic mucosa specifically. In conclusion,
rectal insulin instillation increased the proportion
of pro-inflammatory IEL subpopulations as well as
inflammatory factor secretion, and decreased the pro-
portion of the anti-inflammatory IELs, leading to the
exacerbation of colitis.

Rectal insulin instillation enhances EZH2 expression

and EZH2 inhibitor GSK126 reverses colitis exacerbation
induced by rectal insulin instillation

We expected to use INSR-specific inhibitors and further
investigate their effects on colitis. However, there is no
specific INSR inhibitor at present due to the similarity
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between INSR and insulin-like growth factor receptor
(IGF-R) [47]. GSK1904529A is a co-inhibitor of INSR and
IGF-R [48]. We attempted to use GSK1904529A by rec-
tal instillation and detect the severity of colitis. However,
by comparing the DSS group and DSS+ GSK1904529A
group in terms of colon length, body weight and DAJ, it
was found that GSK1904529A rectal instillation did not
reduce colitis but rather aggravated it (Additional file 1:
Figure S5).

To explore INSR and insulin pathway-based drugs for
IBD, the mechanism underlying disrupted IELs’ sub-
groups and promoted inflammatory cytokines were
further investigated. As previously described, glucose
metabolism leads to epigenetic alterations in T cells [24,
28].EZH2 is a key factor in regulation of H3K27 meth-
ylation modifications, one of major pattern of epigenetic
modification [33, 49, 50]. Here, we show that EZH2 con-
tribute to the disruption of IEL subgroups and the pro-
motion of inflammatory factors induced by rectal insulin
instillation.

The insulin pathway is inhibited in type 1 and type 2
diabetes. By analyzing sequencing data of type 1 and type
2 diabetes patients from GEO Databases, EZH2 expres-
sion was found to be reduced in PBMC of both type 1
diabetes and type 2 diabetes patients (Fig. 5a). We fur-
ther examined whether rectal insulin instillation caused
alterations in EZH2 expression. It was detected that the
expression of EZH2 mRNA in IELs was significantly
upregulated after rectal insulin instillation. LPLs exhib-
ited the same tendency but to a lesser extent (Fig. 6b).
Furthermore, the expression of EZH2 in the protein level
was examined by Flow staining. A significant upregula-
tion in IELs was detected, but no significant difference
in LPLs (Fig. 5¢c, d). The difference in EZH2 expression
alternation between IELs and LPLs is resulted from the
different mucosal localization. Rectal insulin instillation
act directly on the epithelium, whereas it can only act on
the lamina propria at the site with a broken epithelium
barrier [51].

To investigate whether EZH?2 is involved in the exacer-
bation of colitis by INSR, the role of EZH2 in colitis was
examined by using the EZH2-specific inhibitor GSK126
[52]. The experiment was constructed as shown in Fig. 5e.
GSK126 was injected intraperitoneally and the severity of
colitis was measured as mentioned before. EZH2 inter-
vention could alleviate the exacerbation of colitis caused
by rectal insulin installations, as evidenced by less weight
loss, less DAI score, fewer inflammatory cytokines, and
a longer colon length (Fig. 5f-h). These results suggest
that rectal insulin instillation promotes EZH2 expres-
sion in intestinal mucosal T cells and inhibition of EZH2
could reverse exacerbated colitis induced by rectal insu-
lin instillation.
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EZH2 knockout alleviates colitis and exhibits

the opposite phenotype to rectal insulin instillation

To investigate the effect and mechanism of EZH2 on
regulating IELs and colitis, T cell EZH2-specific knock-
out mice (EZH2CD4™) were constructed by crossing
EZH2Y! mice with CD4"® mice. Since both CD4 and
CD8 T cells experienced thymic agonist selection, EZH2
was eliminate in both CD4" and CD8" T cells. In DSS-
induced chronic colitis, EZH21CD4" mice showed less
severity of colitis than control mice (EZH2Y%), exhibit-
ing less weight loss, DAI score, inflammatory cytokines,
and longer colon length (Fig. 6a—d). Furthermore, flow-
staining revealed a significantly decreased CD8af3 IELs
and an increased CD8aaTCRyd IELs, which is opposite
to the IEL phenotype in rectal insulin instillation (Fig. 6e,
f). A decrease in TNF-a and IL-17 secreting CD4 IELs
was also detected, while there was no significant differ-
ence in TNF-a or IL-17 secreting CD8af IELs (Fig. 6g,
h). The alternations of IELs subgroups and inflammatory
cytokines showed in EZH2 knockdown mice are oppo-
site to those in rectal insulin instillation, suggesting that
EZH?2 may act as a downstream molecule of insulin path-
way. These results identified increased EZH2 expression
contributes to the alternations of IELs’ subgroups and
inflammatory cytokines by rectal insulin instillation.

Disrupted IELs’ phenotype and increased inflammatory
cytokines by rectal insulin instillation originated

from upregulated colonic tissue resident memory T cells
To further investigate the mechanism of EZH2 in regu-
lating the subgroups of IELs and inflammatory cytokines,
functional marker of T cells [16] including IFN-y, Gran-
zyme B, CD44, CD49, Klrgl, CD69, CXCR6 were ana-
lyzed in CD4*IELs and CD8*IELs from EZH2V1(WT)
and EZH2YCD4¢ (KO)mice. As shown in Fig. 7a,
CXCR6, Granzyme B expression was significantly
decreased in CD4"and CD8"IELs from KO mice.CD69
expression was significantly decreased in CD4"IELs from
KO mice, but not in CD8"IELs.No significant differences
were detected in the expression of IFN-y, CD44, CD49
and Klrgl between KO and WT mice.

Current studies have shown that both CXCR6 and
CD69 are highly expressed in intestinal resident mem-
ory T cells (TRM), which is crucial for the induction of
IBD-related chronic inflammation [12]. CXCR6 is one
of the representative markers of TRM, which is closely
related to T cell colonization, survival and proliferation
[53]. Expression of CXCR6 represents T cell coloniza-
tion and long-term presence in colonic mucosa. CD69, a
crucial maker for T-cell activation, is the most important
marker of TRM. Highly expressed CD69 in TRM repre-
sents its activated state including secretion of inflamma-
tory cytokines and cytotoxic effects [11]. Multiple studies
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have shown the powerful capacity of TRM in secreting
TNF-a and IL-17, especially CD4TTRM [15, 54, 55]. In
the current study, it was also found that most intestinal
mucosal TNF-a or IL-17-secreting T cells highly express
CD69 (Additional file 1: Figure S7).

The alternations of TRM-related phenotype suggest
the disrupted IELs’ subgroups and increased inflamma-
tory cytokines after rectal insulin instillation may result

from the increased TRM promoted by EZH2. During
ongoing intestinal inflammation, Naive T cells acti-
vate into effector T cells and migrate to the intestine.
Effector T cells could further differentiate into TRM
[56]. The increased TRM colonized in intestinal epi-
thelial layer or lamina propria layer, which turned into
IELs or LPLs respectively. Increased TRM in IELs or
LPLs altered the subpopulation of IELs (increased pro-
inflammatory) and up-regulated the intestinal mucosal
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inflammatory factors (IL-17, TNF), which ultimately
led to exacerbation of intestinal inflammation.

To investigate the role of rectal insulin instillation in
the regulation of TRM, the alterations of colonic TRM
within IELs after rectal insulin instillation were exam-
ined. As expected, rectal insulin instillation was found
to induce a significant increase of CD4* TRM, while no
significant difference was found in CD8" IELs (Fig. 7b, c).

Furthermore, to investigate the role of EZH2 in the
regulation of TRM, the alterations of TRM in the epi-
thelial and lamina propria of the small intestine from KO
and WT mice were tested. T cell-specific knockdown of
EZH2 resulted in a significant reduction of CD4" TRM
in both the epithelial and lamina propria layers of the
small intestine. However, CD8" TRM showed a rela-
tively small reduction in the epithelial layer of the small
intestine (Fig. 7d, e). These results suggest that EZH2
expression contributes to the differentiation of CD4"
and CD8'TRM in small intestine, especially for CD4*
TRM. In conclusion, these results identified rectal insulin
instillation could promote TRM differentiation through
EZH2, thus leading to the disrupted IELs’ subgroups and
increased inflammatory cytokines.

Requirement for EZH2 expression in the differentiation

of colonic mucosal CD4 and CD8 tissue resident memory T
cells

To investigate the role of EZH2 in regulating TRM and
colitis, colonic epithelium and lamina propria CD4%t
and CD8* TRM in chronic DSS-induced colitis were
detected by flow staining in EZH2"1 (WT) and EZH2
fiC D4 (KO)mice. By comparing control(CON) and
chronic colitis(DSS) group in WT mice, CD4"TRM was
found to be significantly increased in either the epithe-
lium or lamina propria in chronic colitis, whereas CD8™"
TRM did not show significant alterations in chronic coli-
tis, suggesting that CD4"TRM exhibits a more promi-
nent role for in chronic colitis. Conversely, in EZH2-KO
mice, colonic epithelial and lamina propria CD4t TRM
did not show significant upregulation in DSS group com-
pared with CON group, suggesting that EZH2 knock-
down inhibited the upregulation of CD4*TRM in chronic
colitis (Fig. 8a—c).

(See figure on next page.)
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By comparing TRM in WT and KO mice, it was found
that EZH2 knockdown resulted in a significant downreg-
ulation of CD4TTRM in both IELs and LPLs, whether in
CON or DSS group. EZH2 knockdown similarly resulted
in a significant decrease in CD8" TRM in the colonic
lamina propria in CON or DSS group. However, neither
chronic inflammation nor EZH2 knockdown leads to sig-
nificant alterations in CD8' TRM in the intestinal epithe-
lium layer (Fig. 8c). These results suggest that increased
EZH2 expression contributes to TRM differentiation,
especially for CD4*TRM.

To evaluate the role of cell-autonomous EZH2 more
precisely in the mechanism regulating endogenous TRM
differentiation, we generated BM chimeras by mixing
congenitally marked BM cells from KO mice (CD45.2,
40%) with BM cells from WT mice (CD45.1, 60%)
(Fig. 8d). After 9 weeks of DSS-induced chronic colitis, a
decreased percentage of TRM in CD4"IELs, CD4*LPLs
and CD8'LPLs were observed among T cells originat-
ing from Ezh2fl/fl ERT2-Cre mice compared with that
of cells of WT origin. However, there is still no signifi-
cant difference in CD8¥IELs (Fig. 8e, f). Altogether, these
data highlighted the importance of cell-intrinsic EZH2
in the regulation of TRM differentiation in intestinal
inflammation.

Discussion

Metabolism profoundly regulates the function of immune
cells [24, 57, 58]. Metabolic therapy had achieved remark-
able success in enhancing the efficacy of immunoonco-
logical therapies such as PD-1, CART and oncolytic virus
[24, 59, 60]. However, different subsets of differentiated T
cells utilize distinct metabolic programmes [61, 62]. Con-
ventional naive T cells exist in a resting state with mini-
mal metabolic activity; activated T cells (effector T cells)
in inflammation or cancer rapidly upregulate glucose
uptake, and turn on aerobic glycolysis and tricarboxylic
acid (TCA) cycle, which enables nucleotide synthesis for
rapid proliferation and ATP production [63, 64]; a certain
number of effector T cells differentiate into TRM [11],
however, insights into the metabolic mechanism of TRM
differentiation are still lacking. Here, we show that insu-
lin, master regulator of glucose metabolism, can regulate

Fig. 7 Disrupted IELs'Phenotype and increased inflammatory factors by rectal insulin instillation originated from upregulated colonic TRM.

a Representative plots of staining of IFN-y, Granzyme B, CD49, CD44, Klrg1, CD69 and CXCR6 of colonic IELs from KOEZH2VCD4“)mice

and WT(EZH2"Mmice. n> 3. IELs were gated on CD3+live cells. b Representative plots of cell-surface staining of CD69, CD103 of colonic IELs

in DSS group and DSS +insulin(12U/Kg) group. IELs were gated on CD3 + live cells. ¢ Percentages of the CD69+CD103 + cells of colonic IELs in DSS
group and DSS+insulin (12U/Kg) group. Two independent experiments were performed with similar results (n > 3), and one experiment were used
for statistic. d Representative plots of cell-surface staining of CD69,CD103 of small intestine IELs from EZH2YACD4“® mice and EZH2 mice. IELs
were gated on CD3 + live cells. e Percentages of the CD69 +CD103 + cells of small intestine IELs from EZH2"1CD4<® mice and EZH2"" mice. Two
independent experiments were performed (n > 3), with similar results, and one experiment were used for statistic
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the differentiation of TRM in intestinal mucosa through
the histone methylation regulator EZH2. This study pro-
vides a novel strategy for immunometabolic therapies in
inflammation and cancer therapy (fig. 9).

Drug repurposing is defined as the exploration of alter-
native indications for already approved drugs, which has
been also studied in autoimmune disease research [65].
Drug repurposing could greatly reduce the time and
funds in drug development. The wide distribution of
insulin receptors throughout the body and their potent
metabolic regulation suggest that they may play an cru-
cial role in a variety of diseases. On the other hand, insu-
lin has a well-proven clinical safety profile and a robust
industrial production system. Thus, insulin fits extremely
well with drug repurposing. Based on the systemic effects
of the insulin, we believe that use of insulin as repurpos-
ing drug should be based on the targeted delivery sys-
tems such as nanomaterials, which could act specifically
on certain tissues or cells.

RNA-seq analysis was performed to identify the dys-
regulated RNA profile using the whole colon RNA iso-
lated from the mouse models of colitis or IBD patients.
However, the differential expression can be attenuated or
eliminated completely due to the diversity of cell types in
the whole colon. For the first time, this research revealed
the RNA profile alternations of IEL in intestinal inflam-
mation by studying the changes of IEL-related mRNA
and IncRNA profiles in chronic inflammation caused by
DSS-induced chronic colitis. It is necessary to emphasize
that different IEL subpopulations exhibit significant het-
erogeneity based on adaptation to the complex environ-
ment of the intestinal lumen. Further studies are required
to analyze the role and regulatory mechanisms of differ-
ent IEL subgroups in IBD through single-cell sequencing
or spatial transcriptome.

KEGG analysis showed that the NF-kappa B signal-
ing pathway, Natural killer cell mediated cytotoxic-
ity, and Leukocyte transendothelial migration pathway
were enriched in both mRNA enrichment and mRNA-
IncRNA joint analysis enrichment. The NF-kappa B
signaling pathway is a classical inflammatory pathway.
Previous studies have shown a range of phenotypic and
functional similarities between IEL and NK cells [16].

(See figure on next page.)
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The Leukocyte transendothelial migration pathway was
the most significantly upregulated pathway, suggest-
ing a potent recruitment and infiltration ability of IEL in
colitis. As previously mentioned, IELs in chronic colitis
demonstrate alterations in multiple metabolic pathways,
including Tryptophan metabolism, Sulfur metabo-
lism, Histidine metabolism, Nitrogen metabolism et al.
Numerous studies have confirmed that tryptophan and
its metabolites play a central role in intestinal immunity
via the AhR receptor [66, 67]; Sulfur metabolism [68],
histidine metabolism [69], and Nitrogen metabolism [70,
71] has also been reported to be involved in intestinal
inflammation and immunity. However, the effect of other
pathways in immunity remains to be further studied.

High-sugar diets directly contribute to increased
endogenous insulin. In line with our results, several stud-
ies have shown that high-sugar diets significantly exacer-
bate experimental colitis based on microbiota [43, 72, 73].
However, inhibition of the insulin pathway also exacer-
bated colitis: streptozocin-induced Typel Diabetes mice
(endogenous insulin deficiency) exhibited significant
exacerbation of colitis and hyperglycemia (relative inhibi-
tion of the insulin pathway) is a direct cause of disruption
of the intestinal barrier and exacerbation of enteric infec-
tions [74]. As insulin can hardly cross the intestinal bar-
rier, delivery by enema or nano-loaded drugs can achieve
precise drug targeting to the intestinal mucosa. On the
other hand, high-sugar diet is an important feature of
“Western diet”, which showed exacerbating effect on car-
diovascular, cancer, and autoimmune diseases. Insulin
may participate in the pathological process of above dis-
eases as one mechanism of Western diet.

Exacerbation of colitis by INSR appears to contradict
with the downregulation of INSR in mucosal T-cells.
We believe that the downregulation of INSR in mucosal
T cells may act as a protective mechanism in colitis.
Pathogenic and protective factors are often upregulated
simultaneously in IBD, and the alternating dominance of
pathogenic and protective factors leads to the flare-up
and remission of IBD [2]. For example, both numbers and
function of Treg are increased in colitis, although Treg
shows a fundamental effect on suppressing autoimmun-
ity and relieving colitis. In addition, equal expressions of

Fig. 8 Requirement for EZH2 expression in differentiation of colonic mucosal CD4 and CD8 tissue resident memory T cells. Representative plots
of cell-surface staining of CD69, CD103 of colonic IELs and LPLs from EZH2YCD4% mice and EZH2"" mice with or without DSS induced chronic
colitis. IELs were gated on CD3+live cells. b, ¢ Percentages of the CD69 +CD103 + cells of colonic IELs from EZH2"ACD4“® mice and EZH2M mice
with or without DSS induced chronic colitis. Two independent experiments were performed (n > 3), with similar results, and one experiment were
used for statistic. d A animal model of BM chimeras. A BM chimeras were generated by mixing congenitally marked BM cells from Ezh2fl/fICD4-Cre
mice (EZH2 knockdown; CD45.2, 40%) with BM cells from WT mice (CD45.1, 60%).Three mice at least per group were analyzed. e Representative
plots of cell-surface staining of CD69,CD103 of colonic IELs and LPLs from BM chimeras mice in induced chronic colitis. IELs were gated

on CD3 +live cells. f Percentages of the CD69+CD103 + cells of colonic IELs and LPLs from BM chimeras mice in induced chronic colitis. n=3
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Fig. 9 Insulin receptor of intestinal T-cells promote intestinal TRM differentiation via EZH2 and consequently exacerbate intestinal inflammation.
In response to pathogen invasion following barrier damage, large numbers of effector T cells proliferate and localise in the gut. Insulin acting

on the insulin receptor and activating the insulin pathway, promoting up-regulation of EZH2 by effector T cells. EZH2 promotes the differentiation
of effector T cells into TRM through methylation of the H3K27 on specific genes locus.TRM can be permanently retained in the intestinal
interepithelial or lamina propria and continuously secrete inflammatory factors such as TNF and IL-17, which ultimately promote intestinal

inflammation and lead to the pathogenesis and development of IBD

INSR in intestinal epithelial cell and LP cells without lym-
phocytes was detected in control and DSS group. A rea-
sonable assumption is that the downregulation of INSR
by T cells facilitates the reduction of inflammation, while
the equal expressions of INSR by epithelial cells and LP
cells without lymphocytes facilitates intestinal barrier
repair and tissue remodeling. However, the mechanisms
that control the distinct changes of INSR in different cell
types are required to be further investigated.

Consistent with Zhang et al. this study showed that
INSR activation exacerbated experimental colitis [26].
However, Yassin reported that rectal insulin instillation
alleviates colitis and colorectal carcinogenesis [51]. The
difference may be attributed to the different timing of
rectal insulin instillation. In this study, the administration
was clustered in the inflammatory phase, while the pre-
vious study mainly administrated in the remission phase,
suggesting that different time of rectal insulin instilla-
tion administration may exhibit diverse effects. Expres-
sion of INSR in colonic T cells is higher than in colonic

epithelial cells, suggesting that rectal insulin instilla-
tion had a stronger effect on T cells than epithelial cells.
Therefore we hypothesize that, during the acute inflam-
matory phase, accompanied by massive effector T cells
infiltration, rectal insulin instillation promotes TRM dif-
ferentiation, especially CD4 TRM, which contributes to
the exacerbated inflammation and chronic inflammation
formation; while in the remission phase, with the reced-
ing of effector T cells and relatively increased expression
of INSR in intestinal epithelial cells, the effect of rectal
insulin instillation in exacerbating colitis diminishes and
instead manifests in promotion of intestinal epithelial
cells proliferation and intestinal barrier repair.

Current IBD therapeutic agents show an obvious
defect, high risk of relapse in long-term control due
to individual differences. Our study found that rec-
tal insulin instillation exacerbated colitis through the
regulatory effect of EZH2 on TRM, suggesting that
both insulin inhibitor and EZH2 inhibitor could be
potential drugs for IBD treatment. When patients were
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diagnosed with IBD by endoscopic biopsy, changes
in EZH2 and INSR expression could be detected by
immunohistochemistry or other methods. Patients
with EZH2 and INSR alterations could be treated with
INSR/EZH2 targeted therapy. Second, it was detected
that rectal insulin instillation in colitis-active phase
significantly exacerbated colitis, suggesting that rectal
insulin instillation should be forbidden during acute-
colitis phase of IBD, which complements the deficien-
cies of previous studies. Last but not least, considering
the lack of specific INSR inhibitor and the colitis-exac-
erbating effect of co-inhibitors, the development of
insulin-specific inhibitors is urgently needed to study
the INSR-targeted therapy for patients with IBD or
other autoimmunity disease.

Numerous studies have demonstrated the antitumor
effects of EZH2 inhibition therapy in vivo and immuno-
suppressed mice [29]. However, both clinical and animal
studies have shown that the anti-tumor effect of EZH2
inhibition therapy was significantly reduced in human
or normal mice [75, 76]. A major difference in tumor
growth in vivo and in vitro comes from immune system.
In recent years, the role of TRMs in tumor immunity
has been continuously defined [77, 78]. Tissue-resident
T cells were shown to be early responders to cancer
immunotherapy and potential cells for adoptive immu-
notherapy against cancer in latest studies [78, 79]. Our
study demonstrates the critical regulatory role of EZH2
on TRM. Thus, the use of EZH2 inhibitors in vivo sup-
pressed tumor growth, whereas TRM production and
tumor immunity were inhibited at the same time, ulti-
mately leading to the loss of tumor suppression. In the
study of EZH2 on tumor therapy, our study suggests that
specific inhibitors that can reduce its TRM-inhibitory
effect should be further developed, or act precisely on
tumor through targeted delivery systems such as nano-
materials. More broadly, since immune cells are also rap-
idly-proliferating cells, they tend to share certain same
pathways with tumor cells, such as MYC [80]. Therefore,
in addition to tumor-suppressive effects, more attention
should be paid to the immune-regulatory effects in the
study of tumor-targeting drugs.

Inevitably, there are some limitations to this research.
Although we used human databases, we were unavailable
to validate the specific up-regulation of INSR in colonic
mucosal lymphocytes in IBD specimens due to the con-
straints of funding and human ethical. As for the specific
mechanisms underlie the regulation of EZH2 in TRM
differentiation, this study was not able to provide a clear
explanation due to time and financial constraints. EZH2
may be engaged to TRM differentiation through the reg-
ulation of TRM core transcription factors such as Hobit,
Blimp in a way of histone modification or non-histone
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modification, which will be further elaborated in subse-
quent research.

Conclusion

In conclusion, activation of the insulin pathway upreg-
ulates EZH2 expression in intestinal mucosal T cells
during inflammation, which in turn promoted TRM dif-
ferentiation and disrupted subgroups of IELs and inflam-
matory cytokines, ultimately exacerbated colitis. This
study suggests that the intestinal insulin pathway exac-
erbate colitis during the inflammatory phase; EZH2 is
one of the key downstream mechanisms in the regulation
of intestinal immunity by insulin pathway; CD4"TRM
shows a key role in the induction of chronic inflamma-
tion and were regulated by insulin pathway and EZH2;
the diminished anti-tumor efficacy of EZH2 inhibition
therapy in vivo may be due to its suppressive effects on
TRM.
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