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Abstract

Background The incidence of inflammatory bowel disease (IBD) is on the rise in developing countries, and inves-
tigating the underlying mechanisms of IBD is essential for the development of targeted therapeutic interventions.
Interferon regulatory factor 7 (IRF7) is known to exert pro-inflammatory effects in various autoimmune diseases, yet its
precise role in the development of colitis remains unclear.

Methods We analyzed the clinical significance of IRF7 in ulcerative colitis (UC) by searching RNA-Seq databases
and collecting tissue samples from clinical UC patients. And, we performed dextran sodium sulfate (DSS)-induced
colitis modeling using WT and Irf7”~ mice to explore the mechanism of IRF7 action on colitis.

Results In this study, we found that IRF7 expression is significantly reduced in patients with UC, and also demon-
strated that /rf7~~ mice display heightened susceptibility to DSS-induced colitis, accompanied by elevated levels

of colonic and serum pro-inflammatory cytokines, suggesting that IRF7 is able to inhibit colitis. This increased suscep-
tibility is linked to compromised intestinal barrier integrity and impaired expression of key molecules, including Muc2,
E-cadherin, B-catenin, Occludin, and Interleukin-28A (IL-28A), a member of type lll interferon (IFN-III), but independ-
ent of the deficiency of classic type I interferon (IFN-I) and type Il interferon (IFN-II). The stimulation of intestinal
epithelial cells by recombinant IL-28A augments the expression of Muc2, E-cadherin, 3-catenin, and Occludin. The
recombinant IL-28A protein in mice counteracts the heightened susceptibility of /rf7 7~ mice to colitis induced by DSS,
while also elevating the expression of Muc2, E-cadherin, 3-catenin, and Occludin, thereby promoting the integrity

of the intestinal barrier.

Conclusion These findings underscore the pivotal role of IRF7 in preserving intestinal homeostasis and forestalling
the onset of colitis.
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New and noteworthy

The present study demonstrates that IRF7 exerts an inhib-
itory effect on colitis pathogenesis by inducing the expres-
sion of Muc2, E-cadherin, B-catenin, and Occludin via
upregulation of IL-28A, thereby enhancing the integrity
and functionality of the intestinal epithelial barrier. These
findings provide novel preclinical evidence for the poten-
tial therapeutic targeting of IRF7 in patients with IBD,
representing a significant advancement in the field.

Introduction

IBD encompasses Crohn’s disease (CD) and UC, is a per-
sistent and relapsing inflammatory disorder of the gas-
trointestinal tract, characterized by aberrant immune
responses to microbial and environmental factors in
genetically susceptible individuals. The pathogenesis of
IBD is acknowledged to involve the interplay between
intestinal microorganisms or microbial products, intesti-
nal epithelial cells, and the local immune system, which
leads to an aberrant mucosal immune response and the
subsequent overproduction of inflammatory cytokines
[1]. Several investigations have demonstrated that the
degradation of the colonic mucus layer is particularly evi-
dent in individuals with IBD, and the extent of intestinal
epithelial barrier disruption is directly correlated with an
imbalance of inflammatory cytokines [2].

The generation of inflammatory cytokines necessitates
the activation of transcription factors, such as nuclear
factor kappa-B (NF-«B) and interferon regulatory factors
(IRFs). NF-«B serves as a crucial regulator of transcrip-
tion for inflammatory cytokines and chemokines, and is
highly activated during the host immune response. Its
primary function is to promote inflammation, which can
result in tissue damage, or to maintain tissue homeostasis
[3]. Various studies have demonstrated that the admin-
istration of antisense oligonucleotides of NF-kB p65 or
peptides that bind to NEMO and inhibit Ikk can effec-
tively reduce the severity of chemically induced and IL-10
deficiency induced murine colitis [4, 5]. Additionally, the
nuclear hormone receptor Rev-erba has been shown to
mitigate colitis by inhibiting NF-xB p65 transcription
and NLRP3 activation [6].

Interferon regulatory factors (IRFs) are a versatile fam-
ily of transcription factors that encompass IRF1-9. These
factors regulate the production of interferons (IFNs)
through their DNA binding domains and are extensively
involved in innate and acquired immunity [7]. IRF7, in
particular, plays a direct role in inducing the produc-
tion of IFN-I and IFN-III (Interferon-lambda, IFN-)),
but not IFN-II (Interferon-gamma, IFN-y) [8—10]. IFN-
I, which includes IFN-a and IFN-B, and IFN-III, which
includes IL-29 (IFN-A1), IL-28A (IFN-A2), and IL-28B
(IFN-A3), are crucial factors in the antiviral and various
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inflammatory responses. Although sharing similarities in
their activation pathways, IFN-I and IFN-III exhibit dis-
tinct functions. Specifically, both IFN-I and IFN-III are
capable of inducing the expression of interferon-stim-
ulated genes (ISGs), suppressing cell proliferation, and
inhibiting cell death [11-13]. Moreover, the absence of
both IFN-I and IFN-III receptors in mice has been shown
to result in heightened barrier destruction and increased
susceptibility to colitis [14]. However, IFN-I has been
observed to primarily act on cells in the lamina propria,
while IFN-III predominantly targets epithelial cells [15,
16]. Furthermore, the kinetics and magnitude of ISG
induction in response to IFN-I and IEN-III may differ, as
previously noted [17].

IRF7 and IRF3, which exhibit high structural homol-
ogy, serve as major mediators of IFN-I induction down-
stream of various pattern recognition receptors (PRRs),
including Toll-like receptors, AIM2-like receptors, and
RIG-I-like receptors [18]. However, their expression pat-
terns differ, with IRF3 being ubiquitously expressed in
many resting cells, while IRF7 is expressed at low levels
in the absence of stimulation [19]. Additionally, IRF7 can
function as both a homodimer and heterodimer with
IRF3 [20].

Prior research has demonstrated the widespread
involvement of IRF7 in inflammatory diseases. Spe-
cifically, IRF7 activation has been found to facilitate
macrophage inflammation and contribute to diabetic
atherosclerosis [21]. Additionally, activated IRF7 in plas-
macytoid dendritic cells has been implicated in the pro-
motion of experimental autoimmune pancreatitis [22].
Furthermore, certain investigations suggest that IRF7
transcriptionally upregulates chemoattractant protein-1
(MCP-1) mRNA levels in adipocyte monocytes, poten-
tially playing a role in obesity-associated adipose tis-
sue inflammation [23]. Our recent research findings
indicate that the activation of mTORC1 and inhibition
of autophagy by IRF3 and IRF7 exacerbate pulmonary
inflammation induced by diesel exhaust particles [24].

Conversely, a previous study has demonstrated that
IRF3 plays a role in mitigating colitis by regulating the
production of thymic stromal lymphopoietin (Tslp) gene
mediated by microbiota [25]. To date, a direct evaluation
of the involvement of IRF7 in the pathogenesis of coli-
tis has not been conducted, and the precise mechanism
by which IRF7 modulates colitis development remains
unclear.

The present investigation sought to elucidate the spe-
cific contribution of IRF7 to colitis development by utiliz-
ing Irf7~'~ mice. Our findings indicate that Irf7~/~ mice
exhibit heightened susceptibility to DSS-induced colitis
and impaired intestinal integrity. The administration of
recombinant IL-28A protein reversed this phenotype and
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restored intestinal integrity. Consistently, IL-28A levels
in sera of UC patients were significantly lower than those
in sera of healthy controls. This investigation highlights
the significant role played by IRF7-induced IL-28A in the
preservation of intestinal epithelial integrity.

Materials and methods

Human specimens and data

To assess the association between IRF7 expression and
UC patients, we retrieved previously published publicly
available transcriptional data with the archive number
GSE105074. Then, colon tissue sections (lesions and
non-lesions) from 16 patients with chronic persistent
and acute fulminant UC were obtained from the Sixth
Affiliated Hospital of Sun Yat-sen University (Guang-
zhou, Guangdong). After excluding samples with miss-
ing clinical information, suffering from underlying
diseases, and after follow-up or medication, 32 dis-
eased/non-diseased tissue slides from patients were
obtained.

Mice

The Irf7~/~ mice and corresponding wild-type (WT) mice
were generously provided by Dr. Xiaopeng Qi from the
Kunming Institute of Animal Science, Chinese Acad-
emy of Sciences, Kunming, Yunnan, China and were
previously described [24]. The present study employed
mouse strains of C57BL/6 background, which were
selected based on age (6—-8 weeks old) and gender (male
or female) matching. The mice were housed in the SPF
facility of the Experimental Animal Center of Gannan
Medical University, Ganzhou, Jiangxi, China, under con-
ditions that simulated normal day and night cycles, and
were provided with ad libitum access to sterile drinking
water. The Ethics Committee of Gannan Medical Univer-
sity granted approval for the study.

The establishment of experimental colitis

The survival experiments were conducted by administer-
ing 4% DSS to the mice via drinking water for a period of
5 days, followed by normal drinking water without DSS.
The survival of mice was monitored. Additionally, experi-
mental colitis was induced in mice by administering 3%
dextran sodium sulfate (DSS, Molecular mass 36—40 kDa;
MP Biologicals) in their drinking water for a period of
five days, followed by normal drinking water without DSS
for an additional three days. Body weights were moni-
tored and recorded throughout the experiment. On the
eighth day following the initial DSS exposure, mice were
sacrificed and colon tissues were collected for analysis.
Colon lengths were measured and clinical scores for stool
consistency and rectal bleeding were determined using
previously established methods [26]. The methodology
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employed in this study involved the determination of
stool scores, which were assigned based on the following
criteria: 0 denoted well-formed pellets, 1 indicated semi-
formed stools that did not adhere to the anus, 2 repre-
sented semiformed stools that adhered to the anus, and
3 signified liquid stools that adhered to the anus. Bleed-
ing scores were also determined, with O indicating the
absence of blood as detected by hemoccult (Beckman
Coulter), 1 indicating a positive hemoccult result, 2 indi-
cating the presence of blood traces in stool that were vis-
ible, and 3 indicating gross rectal bleeding.

Histopathological analysis

Colonic tissues were collected and subjected to forma-
lin fixation for 24 h. The fixed tissues were then embed-
ded in paraffin, sectioned to a thickness of 5 um, and
stained with hematoxylin and eosin (H&E). The result-
ing sections were evaluated for histopathological scor-
ing based on the extent of inflammatory infiltration,
ulceration, mucosal hyperplasia, and lesion severity. The
inflammation scoring criteria were categorized as fol-
lows: normal (score of 0), inflammation infiltration to
the lamina propria (score of 1), inflammation infiltra-
tion to the submucosa (score of 2), and inflammation
infiltration to the entire layer (score of 3). Ulcer degree
score: normal=0, 1-2 ulcers and less than 20 crypts=1,
1-4 ulcers or 20—40 crypts=2, greater than 4 ulcers or
40 crypts=3. Mucosal hyperplasia degree: normal=0,
2-3 times thickness=1, 2- threefold thickness, epithe-
lial staining, cupped cell reduction or glandular branch-
ing=2, fourfold thickness, epithelial staining, cupped cell
reduction, nuclear division or glandular branching=3.
Extent of lesion: 0=0, 0-30%=1, 31%-70% =2, greater
than 71%=3. The histopathology score of the section is
the sum of the four scores, with a maximum score of 12.
Goblet cells were stained by PAS using PAS staining solu-
tion kit (Servicebio, Wuhan, China) following the manu-
facturers’ instructions.

RT-qPCR

The extraction of colonic RNA was performed using
TRIzol, followed by cDNA transcription using a cDNA
reverse transcription kit (TaKaRa AJG1624A) as per
the manufacturer’s instructions. The detection of gene
expression was carried out using SYBR Green fluores-
cence quantification reagent (Applied Biosystems), with
primer sequences listed in Supplemental Table 1 and Sup-
plemental Table 2.

ELISA

The quantification of cytokines in colon tissue homoge-
nate, serum, or cell supernatants was determined by
ELISA. The colon tissues were homogenized in RIPA lysis
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buffer containing PMSE, protease inhibitor, and phos-
phatase inhibitor using a cryogenic freeze grinder (Jin-
gxin, Shanghai, China). After centrifugation, both serum
and cell supernatants were collected. The ELISA kit infor-
mation for IL-6 (Signosis, EA-2206), TNF-a (Signosis,
EA-2203), IL-1B (Signosis, EA-2508), IFN-a (Jingmei, M-
02649M1), IFN-f (Jingmei, JM-02407M1), IFN-y (Cloud-
Clone, SEA049Mu), IL-33 (Elabscience, E-EL-M2642c),
IL-28A (Cloud-Clone, SEB689Mu), and IL-28B (Cloud-
Clone, MEC028Mu) were listed. IL-28A in sera from UC
patients and healthy individuals were determined by IL-
28A ELISA kits (Cloud-Clone, SEB689Hu). The ELISA
procedures were carried out in accordance with the man-
ufacturers’ instructions.

In vivo intestinal permeability measurement

Intestinal permeability was assessed using the FITC-
dextran assay, as previously described [27]. Following an
overnight fast, mice were administrated with FITC-dex-
tran (3-5 kDa, Sigma-Aldrich, BCBW4673, 60 mg/100 g
body weight) orally, three hours prior to necropsy. Sub-
sequently, the mice were sacrificed and serum samples
were collected. The concentration of FITC-dextran in the
serum was determined using fluorescence spectropho-
tometry (490/520 nm).

Western-blot

The samples were lysed using RIPA lysis buffer containing
PMSEF, protease inhibitor, and phosphatase inhibitor. To
quantify protein using the BCA method, the samples were
diluted to a uniform concentration through the addition of
4X Loading buffer. The resulting protein samples (20 pg/
well) were then separated through electrophoresis on a 10%
SDS-PAGE gel and transferred onto a PVDF membrane.
Following a 1-h blocking period in 5% milk, the membranes
were incubated overnight at 4 °C in a shaker with primary
antibodies, including p-actin (Proteintech, 66,009—-1-
Ig), Muc2 (abcam, ab272692), E-cadherin (CST, 3195),
[-catenin (CST, 8480 s), and Occludin (abcam, ab216327).
The membranes underwent a washing procedure fol-
lowed by incubation with HRP-labeled secondary antibody
(1:5000). Subsequently, they were developed using enhanced
chemiluminescence (ECL) contrast solution. Finally, protein
quantification was conducted by measuring the absorbance
of the protein bands through Image J software.

Immunofluorescence analysis

The colon tissues were obtained, formalin-fixed, paraf-
fin-embedded, sectioned (5 pm). Following this, they
were dewaxed and antigen-retrieved. Slides were incu-
bated in 3% bovine serum albumin (BSA) at room tem-
perature for 1 h, followed by overnight incubation at 4 °C
with primary antibodies, including Muc2 (1:500, abcam,
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ab272692), E-cadherin (1:1000, CST, 3195), p-catenin
(1:200, CST, 8480 s), or Occludin (1:100, abcam,
ab216327). Subsequently, slides treated with secondary
antibody (1:200) labeled with fluorescence (DyLight 488)
for 1 h at room temperature. After washing, anti-fluores-
cence attenuation blocker (containing DAPI) was added
dropwise, and the slides were analyzed using the Pano-
ramic Tissue Cell Quantification System (TissueFAXS
Plus, TissueGnostics, Austria).

Immunohistochemistry analysis

The colon tissues were obtained, formalin-fixed, paraffin-
embedded, sectioned (5 pum). Following this, they were
dewaxed and antigen-retrieved. Slides were incubated in 3%
H,0, at room temperature for 20 min, followed by incuba-
tion in 10% BSA at room temperature for 30 min, and then
incubated overnight at 4 °C with primary antibody (IRF7
(1:200, invitrogen, PA5-102,832)). Subsequently, slides were
incubated with enzyme-labeled goat anti-mouse/rabbit IgG
polymer (ZSGB-BIO, PV-6000) at room temperature for
1 h. After PBS washing, DAB color development solution
(ZSGB-BIO, ZLI-9019) was added dropwise. Hematoxylin
staining, dehydration, transparency, and sealing.

Slides were analyzed using the Panoramic Tissue Cell
Quantification System (TissueFAXS Plus, TissueGnos-
tics, Austria). Scoring criteria: the intensity of expression
is categorized as low (1 point), medium (2 points) and
high (3 points), and the range of expression is catego-
rized as<10% (1 point), 10-50% (2 points) and>50% (3
points). The expression range was divided into<10% (1
point), 10-50% (2 points) and>50% (3 points), and the
expression intensity multiplied by the expression range
was the protein expression level of the tissue.

Stimulation of bone marrow-derived macrophages
(BMDM)

BMDM were procured from the femur and tibia of
mice and cultured in a medium supplemented with
1929 supernatant, as previously described [27]. At spe-
cific time intervals, BMDM were stimulated with 1 pg
poly(I:C) (1 pg/pL) (Peprotech, 250-33), and the cell
supernatants were collected post-stimulation.

Cell culture and treatments

The human colorectal cancer epithelial cell lines HCT116
and Caco2 were procured from the American Type Culture
Collection (ATCC, Manassas, VA, USA). HCT116 cells
were cultured in 1640 medium (VivaCell, C3010-0500) sup-
plemented with 10% inactivated fetal bovine serum (FBS)
(VivaCell, C04001-500) and 1% penicillin—streptomycin
Liquid (100x) (Solarbio, P1400). Caco2 cells were cultured
in MEM medium (Procell, PM150410) supplemented
with 20% inactivated fetal bovine serum (FBS) (VivaCell,
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C04001-500) and 1% penicillin—streptomycin Liquid (100x)
(Solarbio, P1400). The cells were seeded at a density of
5%10° cells/well in 12-well plates Subsequently, 1 pg of
the pcDNA3.1-IRF7 plasmid, which was constructed for
overexpression of IRF7, was combined with the transfec-
tion reagent PEI (polyethylenimine) to transfect HCT116
cells. The control group, on the other hand, was transfected
with 1 pg of PRK mixed with PEI and incubated for 24 h.
The efficiency of IRF7 transfection was assessed using the
RT-qPCR method. Following this, the HCT116 cells were
stimulated with 1 pg of poly(L:C) for 3 h, and subsequently
collected for RT-qPCR analysis. Additionally, HCT116 and
Caco?2 cells were treated with 100 ng and 300 ng of IL-28A
recombinant protein (PeproTech, 250-33), respectively.

In vivo injection of recombinant IL-28A

On the fifth day following DSS treatment, Irf7~/~ mice
were administered intraperitoneal injection of IL-28A
recombinant protein (2 pg/mice, PeproTech, 250-33)
or 1xPBS. Daily recordings were made of body weight,
fecal viscosity score, and rectal bleeding score. On the
eighth day, colonic tissues and sera were collected from
the mice to measure colon length, the concentration of
FITC-dextran, IL-28A, and other relevant proteins at
three days post-injection.

Statistical analysis

Data analysis was conducted using Prism 8.0 software
and expressed as meants.e.m. The Kaplan—Meier test
was utilized to analyze group survival rates. The study
utilized a two-way ANOVA to assess the differences
among multiple groups with two factors, and a student’s ¢
test was employed for comparisons between two groups.
P<0.05 was considered statistically significant.

Results

Irf7~/~ mice show enhanced susceptibility to DSS-induced
colitis

To investigate the role of IRF7 in the host resistance
to colitis, we compared gene expression differences in

(See figure on next page.)
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RNA-seq data from colon tissues of healthy individuals
and UC patients by reviewing databases. The expres-
sion of IRF7 was significantly reduced in UC patients
(Fig. 1A) (GSE105074). To further validate the role
of IRF7 in colitis, we collected colon tissue sections
(lesions and non-lesions) from 16 patients with chronic
persistent and acute fulminant UC at the Sixth Affiliated
Hospital of Sun Yat-sen University. It was likewise found
by immunohistochemical staining that IRF7 expression
was significantly reduced in UC patients (Fig. 1B, C).
This suggests that IRF7 may have an important role in
the development of UC. We then modeled DSS-induced
colitis in WT mice. It was found that IRF7 expression
was significantly downregulated in mice that had con-
sumed DSS compared to mice that had not consumed
DSS (Fig. 1D).

In this regard, we performed the further investiga-
tion to determine the role of IRF7 in the development
of colitis by subjecting Irf7~/~ mice and corresponding
WT mice to DSS-induced colitis. Survival rates were
monitored in mice treated with 4% DSS in their drink-
ing water. Results showed that 82.6% (19/23) of Irf7~/~
mice died within 10 days, while 33.3% (5/15) of WT
mice died (Fig. 1E). Subsequently, an assessment was
conducted on mice treated with 3% DSS to determine
their increased susceptibility to DSS-induced colitis
in Irf7~/~ mice. Notably, Irf7~/~ mice exhibited a sig-
nificant decline in body weight on day 6, 7, and 8 fol-
lowing the initiation of DSS treatment, as compared
to WT mice (Fig. 1F). Furthermore, Irf7~~ mice dem-
onstrated elevated scores for fecal viscosity and rectal
bleeding, surpassing those of DSS-treated WT mice
(Fig. 1G, H). Colon shortening is a primary character-
istic of DSS-induced colitis, and on day 8 after the ini-
tiation of DSS treatment, mice were sacrificed for the
evaluation of colon length. The present study revealed
that the colons of Irf7~/~ mice exhibited a statisti-
cally significant reduction in length when compared
to those of WT mice (Fig. 1I). Additionally, the colons
of Irf7~/~ mice displayed a dark red coloration, along

Fig. 1 /rf7”~ mice show enhanced susceptibility to DSS-induced colitis. A Irf7 mRNA expression in colonic tissues of UC patients compared

to healthy individuals. B Immunohistochemical staining to compare IRF7 levels in diseased and non-diseased colonic tissues from UC patients,
with a scale bar of 20 um. C Immunohistochemical staining scores. D RT-qPCR to detect Irf7 expression in colonic tissues of WT mice drinking/not
drinking (n=11) 3% DSS. E The survival rates of wild-type (WT) mice (n=15) and Irf7”~ mice (n=23) were assessed following treatment with 4%
DSS. F The change in body weight, G stool consistency scores, H bleeding scores, and I colon length of both WT and /rf7~~ mice were measured
on day 8 after treatment with 3% DSS. J Representative images of the colons from | were obtained. K The histological scores of the colon on day
8 were determined. L Representative images of haematoxylin and eosin (H&E) staining of the distal colon on day 8 were captured, with a scale
bar of 100 um. In (F-I, K), data were collected from WT (n=5) and Irf7~ (n=5) mice. The experiment was independently repeated three times.
The data presented in (A, C-1, K) are expressed as the mean+s.e.m. NS, not significant, *P<0.05, **P< 0.01, ***P<0.001, ****P < 0,0001. Unpaired
two-tailed student’s t-test (A, D, I, K), paired two-tailed student’s t-test (C), Log-rank (Mantel-Cox) test (E), and two-way ANOVA with Holm-Sidak’s

multiple comparisons test (F-H)
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with a swollen and hemorrhagic intestinal wall, which
is indicative of colitis (Fig. 1J). Furthermore, histo-
logical examination of the colons of Irf7~~ mice dem-
onstrated a higher incidence of histological lesions,
characterized by the loss of crypt structure in colonic
tissue and the presence of ulcers, when compared to
WT mice (Fig. 1K, L). These findings suggest that
IRF7 can inhibit DSS-induced colitis.
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Increased levels of IL-6, TNF-a, and IL-1f in Irf7~~ mice
during colitis development

During the progression of colitis, the compromised intes-
tinal barrier may facilitate the infiltration of pathogenic
microorganisms, which in turn activate transcription fac-
tors such as IRF7 and stimulate the production of pro-
inflammatory cytokines [28]. Among these cytokines,
IL-6, TNF-q, and IL-1P are recognized as key mediators
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~ mice were

administered 3% DSS, and on days 0 and 8, sera and colons were collected. The expression of colonic inflammatory cytokines at the gene

and protein levels was quantified using RT-gPCR and ELISA, respectively, while the protein levels of serum inflammatory cytokines were measured
using ELISA. Specifically, the colonic gene expression of (A) /16, B Tnf,and C I/1b, serum protein levels of D IL-6, E TNF-a, and F IL-13, and colonic
protein levels of G IL-6, H TNF-a, and I IL-13 were assessed. The sample sizes for each group at each time point were as follows: DO: WT (n=4),
Irf7”~ (n=4) and D8: WT (n=5), Irf7”~ (n=5). The data are expressed as the mean +s.e.m. NS, not significant, *P<0.05, **P<0.01, ***P <0.001,
**¥%P < 0.0001. Two-way ANOVA with Holm-Sidak’s multiple comparisons test (A-l)
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in the pathogenesis of inflammatory disorders. In this
study, we employed RT-qPCR to assess the expression
levels of 116, Tnf, and Il1b in colonic tissues of Irf7~/~
mice on day 0 and 8 after 3% DSS treatment. Our results
revealed a significant upregulation of these genes in the
aforementioned tissues on day 8, in comparison with W'T
mice (Fig. 2A—C). In accordance with these observations,
the levels of serum and colonic IL-6, TNF-q, and IL-1p
secretion in Irf7~/~ mice were significantly elevated com-
pared to WT mice on day 8, but not on days 0 (Fig. 2D-
I). The findings of this study indicate that a deficiency
in IRF7 leads to an increase in the production of pro-
inflammatory cytokines, such as IL-6, TNF-q, and IL-1f,
in DSS-induced colitis, thereby exacerbating both local
and systemic inflammation.

The epithelial integrity and the expression level of barrier
relevant genes are decreased in Irf7~/~ mice during colitis
development

Notably, intestinal permeability can be exacerbated by
various external factors during the development of IBDs,
and has been observed in asymptomatic patients years
prior to the onset of clinical symptoms [29, 30]. In order
to examine the potential impact of IRF7 on the perme-
ability of intestinal epithelial cells, we orally administered
FITC-dextran to both non-DSS-treated and DSS-treated
WT and Irf7~'~ mice. After three hours, we collected
serum samples and quantified the concentration of FITC-
dextran using fluorescence spectrophotometry. Our
findings indicate that the values of FITC-dextran were
comparable between WT mice and Irf7~'~ mice without
DSS treatment. This suggests that the deletion of Irf7
alone does not have an effect on the function of the intes-
tinal epithelial barrier. However, the results of WT mice
and Irf7~'~ mice treated with DSS showed a significant
increase in FITC-dextran values of Irf7~/~ mice com-
pared with WT mice. This implies that the absence of Irf7
can substantially enhance intestinal permeability in DSS-
induced colitis (Fig. 3A). Consequently, the capacity of
IRF7 to suppress DSS-induced colitis may be attributed,

(See figure on next page.)

Fig. 3 The alteration in expression level of genes associated with intestinal epithelial integrity in Irf77~
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at least partially, to its role in preserving the integrity of
the intestinal epithelial barrier.

Furthermore, we assessed the pertinent cytokines that
are associated with the maintenance of epithelial integ-
rity. IL-33 has the potential to stimulate epithelial repair
and restitution, thereby enhancing gut mucosal heal-
ing during DSS-induced colitis [31]. The ELISA results
revealed that there was no statistically significant dif-
ference in the secretion of IL-33 in colonic tissues of
Irf7'~ mice when compared to WT mice (Supplemen-
tal Fig. 1A). Furthermore, the expression levels of other
cytokines, such as 1l12a, II22, and 1l4, which are associ-
ated with the maintenance of barrier integrity, were not
significantly altered in Irf7~'~ mice in comparison to W'T
mice (Supplemental Fig. 1B-D).

The intestinal epithelial barrier, which separates the
intestinal lumen and the mucosa, plays a crucial role in
protecting the host against microbial infections. The
intestinal barrier is comprised of a single, intact layer
of intestinal epithelial cells (IECs) and their secreted
mucus proteins, as well as tight junction (T]) proteins
such as E-cadherin, B-catenin, Occludin, and ZO-1, des-
mosomes, and anti-microbial peptides [32]. Previous
studies have demonstrated that Occludin and Claudin-5
play a role in regulating intestinal epithelial integrity
[33, 34]. To investigate which genes associated with
the intestinal barrier are defective in Irf7~'~ mice dur-
ing colitis development, we analyzed the gene expres-
sion of mucus-related genes (including Mucl, Muc2,
Muc3, and Muc4), tight junction-related genes (including
Cdhl(E-cadherin), Ctnnbl(-catenin), Cldnl(Claudinl),
Cldn2(Claudin2), Cldn3(Claudin3), Cldn4(Claudin4),
Cldn5(Claudin-5), Cldnll(Claudinll), Ocln(Occludin),
Tjpl(Zol), and Desmocollinl, Desmocollin2, Desmocol-
lin3, Desmoplakin), and other related genes (includ-
ing Vim(Vimentin), Tff3, S100a8, S100a9, Reg3f3, Reg3y
and Lcn2). The findings indicate that the gene expres-
sion of Muc2, Cdhl, Ctnnbl, and Ocln was significantly
decreased in the colon tissues of Irf7~'~ mice compared
to WT mice, while the expression levels of other genes

mice after DSS treatment. Six mice,

including 3WT and 3 Irf7~~ mice, were subjected to a treatment regimen consisting of 3% DSS for five days followed by regular water for 3 days.
The other 6 mice (including 3 WT mice and 3 /rf77~ mice) were treated with regular water without DSS. On day 8, all mice were administered
FITC-Dextran via gavage, and serum samples were collected 3 h later for the detection of FITC-dextran (A). The expression levels of colonic
mucus-related genes, namely Mucl, Muc2, Muc3, and Muc4, were determined using RT-gPCR (B-E). Additionally, the expression levels of epithelial
cell junction-related genes, including Cdh1 (E-cadherin), Ctnnb1 (B-catenin), Cldn1 (Claudin1), Cldn2 (Claudin2), Cldn3 (Claudin3), Cldn4 (Claudin4),
Cldn5 (Claudin-5), Cldn11 (Claudin11), Ocln (Occludin), Tip1 (Zo-1), Desmoplakin, Desmocollin1, Desmocollin2, and Desmocollin3 were also assessed
via RT-gPCR (F-S). In (B-S), DO: WT (n=4), Irf77/~ (n=4), D8:WT (n=5), Irf7”~ (n=5). The experiment was independently repeated two times. In
(A-S), the data are expressed as mean +s.e.m. NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. Unpaired two-tailed student’s t-test (A), Two-way

ANOVA with Holm-Sidak’s multiple comparisons test (B-S)
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remained unaltered due to IRF7 deficiency (Fig. 3B-S,

Supplemental Fig. 2A-G).

Additionally, the protein expressions of Muc2, E-cad-
herin, B-catenin, and Occludin were measured in colonic
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tissues of mice on day 0 and 8 after DSS treatment using
Western-blot and immunofluorescence assay. The results
revealed a marked reduction in Muc2, E-cadherin,
B-catenin, and Occludin in Irf7~'~ mice in comparison to
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WT mice (Fig. 4A-F). The PAS staining analysis revealed
that Irf7~/~ mice exhibited compromised intestinal epi-
thelial barrier integrity and less mucus secretion from
goblet cells in comparison to WT mice (Fig. 4G). These
findings suggest that the suppression of Muc2, E-cad-
herin, B-catenin, and Occludin in Irf7~'~ mice may result
in the disruption of the epithelial barrier, leading to bac-
terial invasion and ultimately triggering the release of
inflammatory cytokines or related molecules, thereby
increasing susceptibility to colitis.

The enhanced susceptibility of DSS-induced

colitis in Irf7~/~ mice is associated with the defect

in the production of IFN-III, but not IFN-I or IFN-II

We then aim to elucidate the underlying mechanism
by which IRF7 regulates Muc2, E-cadherin, B-catenin,
and Occludin to enhance epithelial integrity. During the
advanced stages of infection, the translocation of acti-
vated IRF7 to the nucleus results in the induction of
interferon production [35]. Type I interferons, namely
IFN-a and IFN-B, exhibit diverse biological activities and
play a crucial role in maintaining immune homeostasis
following intestinal epithelial injury [36]. Consequently,
we evaluated the gene and protein expression levels of
IFN-a and IFN-f in the colonic tissues and sera of both
WT and Irf7/~ mice. However, no significant difference
in the levels of IFN-a and IFN-f was observed in the sera
and colonic tissues of Irf7~/~ and WT mice (Fig. 5A-F).
The expression of Type II interferons, specifically IFN-
Y, did not exhibit any significant changes between the
experimental and control groups (Fig. 5G-I). These find-
ings suggest that the augmented susceptibility of Irf7~/~
mice to DSS-induced colitis may not be linked to IFN-I
or IFN-II production.

As previously mentioned, IRF7 plays a role in regulat-
ing the production of IFN-III (IL-29, IL-28A, and IL-
28B), which are implicated in intestinal integrity and
inflammatory responses [37, 38]. However, the extent
to which IRF7 regulates IEN-III in the development of
colitis remains unclear. In light of the absence of IL-29
expression in mice, we conducted an investigation into
the gene and protein levels of IL-28A and IL-28B in
the colonic tissues of both WT and Irf7~'~ mice dur-
ing the progression of colitis. Our findings revealed that

(See figure on next page.)

Fig. 4 The protein expression of molecules associated with epithelial barrier in Irf7~~
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Irf7~'~ mice exhibited significantly lower levels of IL-28A
at both the gene and protein levels in comparison to WT
mice. However, there was no significant alteration in the
expression of IL-28B between the two groups (Fig. 5]—
M). In addition, there were no significant gene expression
differences in IL-28RA and IL-10RB, the heterodimeric
receptor complexes for IL-28A (Supplementary Fig. 2H,
I). This suggests that Irf7 may mediate IL-28A produc-
tion but does not affect IL-28A receptor expression. The
above results suggest that the heightened susceptibil-
ity of Irf7~'~ mice to colitis is not reliant on IFN-I and
may instead be attributed to the deficiency in IFN-III
production.

It is noteworthy that macrophages were the primary
source of IEN-III [39]. To further investigate the potential
direct regulation of IFN-III expression in macrophages
by IRF7, we cultured BMDM from both WT and Irf7~/~
mice and stimulated them with poly(I:C). The secreted
IL-28A of BMDM was subsequently examined at 0 and
24 h after poly(I:C) treatment. Our findings indicate that
the secreted IL-28A, but not IL-28B, in BMDM from
Irf7”'~ mice was significantly attenuated at 24 h after
stimulation compared to BMDM from WT mice (Fig. 5N,
O). Furthermore, we observed a noticeable inhibition of
IFN-a and IFN-P gene and protein expression in BMDM
from Irf7~'~ mice compared to BMDM from WT mice
after Poly(l:C) stimulation (Supplemental Fig. 3A-D).
The findings obtained from in vitro experiments were
consistent with prior literature [40], however, they were
incongruent with our in vivo results as depicted in Fig. 5.
This discrepancy may be attributed to the dissimilar com-
position of BMDM and colon tissues.

Additionally, the levels of gene expression of pro-
inflammatory cytokines, such as 1l6, Tnf, Il1b, KC, and
MCP-1, did not exhibit any significant difference between
Irf7~'~ mice and WT mice. This could be due to the fact
that BMDM, which were stimulated by poly(I:C), did
not have a significant impact on the pro-inflammatory
cytokine production pathway (Supplemental Fig. 4A-E).

To investigate whether IRF7 promotes IL-28A expres-
sion in other cell types, such as intestinal epithelial cells,
we transfected the pcDNA3.1-IRF7 plasmid into the
human epithelial cell line, HCT116, for 24 h prior to
Poly(I:C) stimulation to assess the expression of IRF7,

mice after DSS treatment. WT and Irf7 7~ mice were

administered 3% DSS, and subsequently, sera and colons were collected on days 0 and 8. Colonic samples were collected, extracted and tested
for protein levels of Muc2, E-cadherin, 3-catenin and Occludin by Western-blot (A-E) and Immunofluorescence analysis (F). Detection of goblet
cells by PAS staining (G). Scale bar, 50 um. DO: WT (n=4), Irf77~ (n=4), D8 WT (n=5), Irf7”~ (n=5). The experiment was independently repeated two
times. The data are expressed as mean +s.e.m. NS, not significant, **P < 0.01, ***P <0.001, ****P <0.0001. Two-way ANOVA with Holm-Sidak’s multiple

comparisons test (B-E)
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IL28RA, IL28A, and IL28B. The overexpression of IRF7
was confirmed using RT-qPCR (Supplemental Fig. 5A).
The results revealed that HCT116 cells exhibited expres-
sion of IL28 receptor, and upon poly(l:C) stimulation,
cells transfected with pcDNA3.1-IRF7 plasmid demon-
strated significantly lower levels of IL28A expression in
comparison to the control group, while IL28B expression
remained unchanged (Supplemental Fig. 5B-C). These
findings suggest that IRF7 may primarily induce IL-28A
expression in macrophages. However, this conclusion
needs to be further verified using tools such as Irf7"/-
Lyzcre mice.

IL-28A treatment enhances the expression of molecules
associated with barrier function in intestinal epithelial cells
As previously mentioned, IL-28A plays a crucial role
in regulating intestinal epithelial barrier function. To
confirm this, we first backfilled HCT116 cells with
recombinant IL-28A and detected the expression of
intestinal epithelial barrier-related genes by RT-qPCR
to determine the role of IL-28A on the intestinal epi-
thelial barrier. Our findings indicate a significant
up-regulation in the expression of MUC2, CDHI,
CTNNBI1, and OCLN following the administration
of IL-28A. Conversely, no notable differences were
observed in the expression of other genes (Supplemen-
tary Fig. 6A-R). To further confirm this, we again stim-
ulated intestinal epithelial cells, including HCT116
and Caco2 cells, with recombinant IL-28A, and
detected the levels of intestinal epithelial barrier-asso-
ciated proteins by Western-blot to further substantiate
its function. The Western-blot analysis revealed that
the stimulation of IL-28A significantly upregulated
the expression of Muc2, E-cadherin, B-catenin, and
Occludin in both HCT116 (Supplemental Fig. 7A-E)
and Caco2 cells (Supplemental Fig. 7F-]), suggest-
ing a direct enhancement of the molecules associated
with intestinal epithelial cell barrier functions. These
results suggest that IL-28A exerts regulatory control
over Muc2, E-cadherin, B-catenin, and Occludin at
both the protein and gene levels.

(See figure on next page.)
Fig. 5 The enhanced susceptibility of DSS-induced colitis in Irf77~
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Amelioration of the high susceptibility of Irf7~/~ mice

to DSS-induced colitis by IL-28A supplement

To validate the in vivo functionality of IL-28A, we admin-
istered IL-28A recombinant protein to DSS-treated
Irf7~'~ mice via intraperitoneal injection on day 5 after
DSS treatment. We confirm successful establishment of
IL-28A recombinant protein injection in Irf7~/~ mice, as
evidenced by significantly increased serum levels of IL-
28A in comparison to PBS-injected mice (Fig. 6A). More-
over, there was no significant gene expression difference
in IL-28RA and IL-10RB. This suggests that injection of
IL-28A recombinant protein does not affect the expres-
sion of IL-28A receptors (Supplemental Fig. 8A—B). Sub-
sequent observation revealed a decrease in body weight
of DSS-fed mice, with Irf7~~ mice exhibiting more
severe weight loss on days 5-8 post-treatment than their
IL-28A-injected counterparts (Fig. 6B). Consistently,
following DSS treatment, Irf7~'~ mice administered
with IL-28A recombinant protein exhibited heightened
resistance against colitis, as evidenced by improvements
in fecal viscosity, rectal bleeding scores, and increased
colon length (Fig. 6C-F). Additionally, histological analy-
sis via H&E staining revealed a reversal of the previously
observed tissue damage following IL-28A treatment
(Fig. 6G). These findings suggest that the supplementa-
tion of IL-28A may effectively ameliorate the heightened
susceptibility of Irf7~/~ mice to DSS-induced colitis.

Supplement of IL-28A attenuates the intestinal epithelial
permeability and suppresses the expression of intestinal
barrier-associated molecules in Irf7~/~ mice during colitis
development.

To determine whether IL-28A mediates the protective
effect of IRF7 in preserving intestinal epithelial integrity
and shielding mice from DSS-induced colitis, we con-
ducted an investigation into the intestinal epithelial per-
meability of mice that received IL-28A injections. Our
findings indicate that the serum concentration of FITC-
dextran was significantly reduced in Irf7~/~ mice that
received IL-28A injections, as compared to those that did
not receive IL-28A injections (Fig. 6H). This suggests that

mice is associated with the defect in the production of IFN-III, but not IFN-|

or IFN-Il.WT and /rf7”~ mice were administered 3% DSS, and subsequently, sera and colons were collected on days 0 and 8. The expression levels
of Ifna and Ifnb1 genes in colon tissues were detected by RT-gPCR (A, B). The levels of IFN-a and IFN-{3 proteins in colon tissues and sera were
measured by ELISA (C-F). The expression levels of Ifng gene in colon tissues were detected by RT-gPCR (G). The levels of IFN-y protein in colon
tissues and sera were measured by ELISA (H, I). The expression levels of /128a and 1128b genes in colon tissues were detected by RT-gPCR (J, K). The
levels of /128a and 1128b proteins in colon tissues were measured by ELISA (L-M). DO: WT (n=4), 77~ (n=4), D8:WT (n=5), Irf7”~ (n=5) of RT-gPCR.
DO:WT (n=3), Irf7”~ (n=3), D&:WT (n=5), Irf7”~ (n=5) of ELISA. BMDM of WT and /rf7~~ mice were stimulated with 1 g Poly(l:C) for 0 h and 24 h,
and then supernatants were collected to detect IL-28A and IL-28B protein levels using ELISA (N-O). WT and /rf7~ BMDM at each time point,
n=3at each time point in both groups. The experiment was independently repeated two times. The data are expressed as mean+s.e.m. NS,

not significant, *P < 0.05, **P <0.01. Two-way ANOVA with Holm-Sidak’s multiple comparisons test (A-O)
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the administration of IL-28A mitigated the intestinal epi-
thelial permeability caused by DSS treatment. Moreover,
the administration of IL-28A supplement resulted in a
significant upregulation of Muc2, E-cadherin, -catenin,
and Occludin expression levels in the colonic tissues of
Irf7~'~ mice following DSS treatment (Fig. 6I-M). This
reduction in epithelial permeability could potentially
impede bacterial invasion, immune cell activation, and
inflammatory cytokine secretion in the intestine. It is
noteworthy that the IL-28A recombinant protein-medi-
ated enhancement of intestinal epithelial barrier-related
molecules was consistent both in vitro and in vivo, thus
underscoring the pivotal role of IL-28A in maintaining
the integrity of the intestinal epithelial barrier. Overall,
IRF7 may stimulate the production of IL-28A, which in
turn upregulates the expression of Muc2, E-cadherin,
[-catenin, and Occludin, thereby promoting the integrity
of the epithelial barrier and mitigating intestinal inflam-
mation (Supplemental Fig. 9).

Discussion

The incidence of IBD has been on the rise in developing
countries [41], and its pathogenesis is linked to genetic
anomalies, immune dysregulation, gut microbiota, and
environmental factors [42—44]. Therefore, it is crucial to
investigate the underlying mechanisms of IBD to facili-
tate the development of targeted therapeutic interven-
tions. The interplay between the immune system and
intestinal microbiota plays a crucial role in the develop-
ment of IBD. In both normal and abnormal physiological
states, pathogen-associated molecular patterns (PAMPs)
of bacterial and viral origin, such as lipopolysaccharides,
proteins, and nucleic acids, are detected by PRRs. This
triggers the activation of downstream signaling path-
ways, including the NF-«xB and IFN pathways, leading to
the production of inflammatory cytokines and IFNs, ulti-
mately resulting in intestinal inflammation [45].

Results from both human disease databases and clini-
cal patients suggest that IRF7 expression is significantly
reduced in UC patients. Similarly, our experimental
findings indicate that Irf7~~ mice exhibit a heightened
susceptibility to DSS-induced colitis, as evidenced by a

(See figure on next page.)

Fig. 6 Supplementation of IL.-28A recombinant protein reduces the susceptibility of /rf77~

Page 14 of 19

range of phenotypic markers such as increased mortal-
ity, weight loss, fecal viscosity, and rectal bleeding scores.
These results suggest that IRF7 plays a crucial role in host
resistance to DSS-induced colitis, potentially by modu-
lating the microenvironment and suppressing inflamma-
tion. Previous studies have shown that IRF7 can induce
abnormal IFN-I expression, leading to enhanced inflam-
mation in conditions such as systemic sclerosis and
autoimmine pancreatitis [22, 46]. Additionally, IRF7 pro-
duced by BMDM in a cholesterol-rich environment may
contribute to the development of atherogenesis [21]. In
the context of adipose inflammation associated with obe-
sity, the expression of MCP-1, an adipokine, is induced
by IRF7, leading to inflammation [23]. Another study
found that IRF7 upregulates SLC11A2 transcription by
inhibiting miR-375-3p expression, which promotes iron
death and UC progression in colonic epithelial cells of
DSS-treated mice [47]. However, our findings demon-
strate that IRF7 inhibits the progression of DSS-induced
colitis. This may be attributed to the different system for
Irf7 (Injection of overexpression vector versus knock-
out mice), which reinforces the fact that the role of IRF7
is complex and controversial, and needs to be further
explored.

Notably, IRF7 functions as a transcription factor that
facilitates the production of IFN-I during viral infec-
tions. It is noteworthy that the viral infection of mice
with WT, Irf3~"Irf7~~, Irf3~/~, and Irf7”/~ genotypes
did not exhibit any significant differences in viral load in
the airway epithelial cells and lung tissue of Irf3~/~ and
Irf7~/~ mice when compared to WT mice. However, the
viral load in the airway epithelial cells and lung tissue
of Irf3/~Irf7”/~ mice was significantly higher [48]. The
detection of IFN-a revealed that the levels of IFN-a were
not significantly reduced in either Irf3~~ or Irf7”/~ mice
when compared to WT mice. In contrast, the levels of
IFN-a were significantly reduced in Irf3~~Irf7~/~ mice
[48]. This demonstrates that in certain instances, the
effective production of IFN-a necessitates the collabora-
tive function of both IRF3 and IRF7, and the absence of
one transcription factor alone may not result in a sub-
stantial reduction in IFN-I. Additionally, the removal of

mice to DSS-induced colitis by maintaining intestinal

epithelial barrier function. WT and Irf7~~ mice were administered 3% DSS, and then injected intraperitoneally with IL-28A recombinant protein

(2 pg/mice) on day 5. Mice were sacrificed on day 8 and sera were collected for measuring the IL-28A protein expression (A). B Body weight
change, C stool consistency scores; D bleeding scores, E colon length, F representative images of colon, G H & E staining of colon on day 8. Scale
bar, 100 um. FITC-dextran was gavaged on day 8 and sera was collected 3 h later to detect FITC-Dextran concentration (H). Colons were collected
to detect the protein expression levels using Western-blot. I, J Muc2, I, K E-cadherin, I, L 3-catenin, I, M Occludin protein expression were shown.
WT+DSS+PBS (n=4), Irf77~+DSS+PBS (n=5), Irf77~+DSS+IL-28A (n=5). The experiment was independently repeated two times. In A-E, H

and J-M, the data are expressed as mean+s.e.m. NS, not significant, *P <0.05, **P<0.01, ***P<0.001, ****P <0.0001. One-way ANOVA with Dunnett’s
multiple comparisons test (A, E, H, J-M) and Two-way ANOVA with Holm-Sidak’s multiple comparisons test B-D
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IRF7 in epithelial cells did not significantly impact IFN-a
production during viral infection [48]. Moreover, the
induction of IFN-B production in bone marrow-derived
dendritic cells (BMDC) from both WT and Irf7~ /~ mice
through LPS or fungal Curdlan stimulation did not
exhibit any noteworthy differences, indicating that IRF7
does not play a role in IFN- production by BMDC dur-
ing fungal infection [49, 50]. This suggests that, in specific
circumstances such as varying cell types or infections,
the production of IFN-I may not rely solely on the tran-
scription factor IRF7.

Our findings demonstrate that Irf7~~ mice did not
exhibit a significant reduction in IFN-a and IFN-f pro-
duction in colonic tissues during DSS-induced colitis
when compared to control mice. This disparity may be
attributed to the intricate cell types present in colonic
tissues or diverse environmental stimuli, such as gut
microbiota, or the dependence on both IRF7 and IRF3.
In our experiment, it was observed that BMDM from
Irf7~~ mice exhibited a significant reduction in IFN-I
production as compared to WT mice when subjected
to Poly(l:C) stimulation. This finding suggests that the
deletion of IRF7 has an impact on IFN-I production in
macrophages under specific ligand stimulation, which is
consistent with prior literature [50, 51]. Consequently,
we postulate that the IRF7-IFN-I pathway may not be the
primary mechanism through which IRF7 confers host
resistance to DSS-induced colitis.

DSS treatment can disrupt the intestinal epithelium,
leading to the loss of crypt structure and mucosal ulcera-
tion, which led to increased intestinal epithelial perme-
ability. The present study suggests that IRF7-mediated
IL-28A production in colonic tissues plays a crucial role
in safeguarding the integrity of the intestinal barrier.
Specifically, IRF7 was found to enhance the expression
of Muc2, E-cadherin, B-catenin, and Occludin, thereby
promoting the protection of the intestinal epithelial
barrier in colonic tissue. This may be different from the
previously reported tight junction of the intestine in
UC [52]. The intestinal barrier is composed of a singu-
lar, intact layer of intestinal epithelial cells (IECs) and
their secreted mucus proteins, along with tight junction
(TJ) proteins such as E-cadherin, B-catenin, Occludin,
and ZO-1, desmosomes, and anti-microbial peptides.
Yu M et al. study exhibited decreased levels of ZO-1,
Occludin, and Claudin-1 in DSS-induced colitis, conse-
quently leading to impaired functionality of the intesti-
nal epithelial barrier [53]. In a study conducted by Li X
et al. [54] on DSS-induced colitis, it was observed that
the levels of ZO-1 and Occludin were reduced, lead-
ing to an increase in permeability of the intestinal epi-
thelial barrier. Similarly, Samak G et al. [55] discovered
that DSS treatment resulted in the disruption of the
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intestinal epithelial barrier through the downregulation
of E-cadherin, -catenin, Occludin, and ZO-1. Addition-
ally, Zhang Z et al. [56] found that eicosapentaenoic acid
(EPA) administration could effectively upregulate Clau-
din-1 and Occludin, thereby mitigating the development
of DSS-induced colitis. Hence, it is our opinion that the
factors responsible for the disruption of the intestinal
epithelial barrier are not single, and the markers indicat-
ing barrier damage are not universally constant, mirror-
ing the intricate pathogenesis of UC and the potential
variability in molecular mechanisms. Consequently, tight
junction proteins may undergo alterations due to diverse
upstream signaling regulations, ultimately impacting the
integrity of the intestinal epithelial barrier. Notably, IFN-
III is primarily involved in intestinal mucosal immunity
[57], and previous research has demonstrated that IRF7
can limit the invasion of Salmonella and prevent dam-
age to human epithelial cells during Salmonella infection
[37]. Additionally, IRF7 has been shown to upregulate
the expression of Claudin-5 in endothelial cells and air-
way epithelial cells [33]. Furthermore, IL-28A has been
demonstrated to exhibit anti-inflammatory properties,
thereby inhibiting collagen-induced arthritis through
the suppression of IL-1p expression (58). Additionally,
IL-28A has been shown to regulate lung dendritic cells,
thereby suppressing airway allergic inflammation [59].
Currently, there is controversy regarding the role of IL-
28A on the intestinal epithelial barrier. A previous inves-
tigation conducted by Xu P et al. demonstrated that the
introduction of IL-28A (500 ng/mL for 24 h) to intestinal
organoids derived from CD patients could disrupt the
epithelial barrier. Additionally, the study revealed that
elevated concentrations of IL-28A (1000 ng/mL) yielded
similar outcomes in Caco?2 cells, whereas low concentra-
tions of IL-28A did not achieve disruption of the intes-
tinal epithelial barrier [60]. In an intestinal ischemia/
reperfusion (I/R) model, Li L et al. observed a reduction
in Claudin-1, Occludin, and ZO-1 expression, as well as
increased permeability, in the model group compared to
the control group. However, these effects were reversed
upon administration of recombinant IL-28A. Similar
findings were obtained through simultaneous incubation
of Caco2 cells with IL-28A (100 nM for 12 h), indicating
that IL-28A can effectively preserve the integrity of the
intestinal epithelial barrier [32]. These results suggest
that the functional role of IL-28A may vary depending on
its concentration. The results of our study indicate that
in DSS-induced colitis, the levels of Muc2, E-cadherin,
Occludin, and PB-catenin were significantly reduced in
Irf7/~ mice. However, when these mice were treated
with IL-28A recombinant protein, there was a significant
increase in the levels of these proteins, leading to a rever-
sal of the susceptibility to DSS-induced colitis. These
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findings suggest that IL-28A may play a role in maintain-
ing the integrity of the intestinal epithelial barrier by up-
regulating Muc2, E-cadherin, Occludin, and f-catenin.
Additionally, consistent results were obtained through
in vitro culturing of HCT116 and Caco2 cells follow-
ing the administration of IL-28A recombinant proteins
at doses of 100 ng/mL and 300 ng/mL, respectively. UC
and CD exhibit disparities concerning the site of onset,
breadth and depth of lesions, clinical manifestations, and
therapeutic strategies, and they may also exert diverse
effects through their regulatory mechanisms. Conse-
quently, while IL-28A has been demonstrated to impair
the integrity of the intestinal epithelial barrier in CD
patients, it seems that varying concentrations of IL-28A
might also contribute to the preservation of the intestinal
epithelial barrier in UC patients.

Further investigation is necessary to explore the find-
ings presented herein, which indicate that IL-28A may
stimulate the expression of Muc2, E-cadherin, B-catenin,
and Occludin. Muc2 is secreted by goblet cells, while
E-cadherin, B-catenin, and Occludin are expressed in
epithelial cells. IL-28A is involved in the development
of colitis and a more comprehensive analysis is required
to elucidate the mechanisms by which macrophage IL-
28A regulates the expression of Muc2 in goblet cells and
E-cadherin, B-catenin, and Occludin in epithelial cells.
As mentioned above, IL-28A upregulates Claudin-1
expression and maintains intestinal epithelial barrier
function through the p-STAT1 pathway [32]. Therefore,
we hypothesized that IRF7 can promote IL-28A expres-
sion, which promotes STAT1 phosphorylation through
downstream signaling pathways, such as the JAK-STAT
pathway, which in turn regulates T] proteins such as
[-catenin and ultimately protects the intestinal epithelial
barrier. Nonetheless, an examination of the activation of
pathways in Irf7~/~ mice during DSS-induced colitis has
yet to be conducted.

To summarize, this investigation has established the
involvement of IRF7 in the regulation of IL-28A expres-
sion, thereby safeguarding the integrity of the epithelial
barrier and diminishing the host’s vulnerability to colitis
development. The innovative roles of IRF7 may present a
fresh immune target for the management of IBD.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-024-05673-y.

Supplementary file 1.

Supplementary file 2: Supplemental Figure 1. The effect of Irf7 deficiency
on some cytokine expression during colitis development. WT and Irf7~/~
mice were administered 3% DSS and colons were collected on days 0 and
8 after DSS treatment, respectively, for detecting the cytokine expression
levels by ELISA or RT-gPCR assays. (A) IL-33 protein expression. (B) 1112a, (C)
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1122, (D) ll4. DO: WT (n=4), Irf7~'~ (n=4) and D& WT (n=5), Irf7~~ (n=5). The
data are expressed as mean + s.e.m. NS, not significant. Two-way ANOVA
with Holm-Sidak’s multiple comparisons test (A-F). Supplemental Figure 2.
The alteration in expression level of genes associated with intestinal epi-
thelial integrity and IL-28A receptor in Irf7~/~ mice after DSS treatment. WT
and Irf7~~ mice were administered 3% DSS and colons were collected on
days 0 and 8 after DSS treatment. (A) Tff3, (B) Vim (Vimentin), (C) S100a8, (D)
S100a9, (E) Reg3B, (F) Reg3y, (G) Len2, (H) 1110rb and (1) IfnlrT were detected
by RT-qPCR. DO: WT (n=4), Irf7™~ (n=4), D8: WT (n=5), Irf7”~ (n=5). In

(A-1), the data are expressed as mean + s.e.m. NS, not significant. Two-way
ANOVA with Holm-Sidak’s multiple comparisons test (A-l). Supplemental
Figure 3. /rf7”~mouse BMDM are defective in IFN-a and IFN-3 expression
under poly(:C) stimulation. WT and /rf7”~ mouse BMDM were stimulated
with 1 ug of poly(l:C). Cells were collected at 0, 1, 2 and 4 hours after
stimulation, and (A) Ifna and (B) Ifnb1 gene expression were detected
using RT-gPCR. Cell supernatants were collected at 0, 8, and 24 h and (C)
IFN-a and (D) IFN-{ protein levels were measured using ELISAWT and
Irf7~~ BMDM at each time point, n=3.The data are expressed as mean +
s.e.m. NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Two-way ANOVA with Holm-Sidak’s multiple comparisons test (A-D). Sup-
plemental Figure 4. Irf7”~ and WT mouse derived BMDM have similar lev-
els of inflammatory cytokines expression under poly(l:C) stimulation. WT
and Irf7~~ mouse BMDM were stimulated with 1 ug of poly(l:C). Cells were
collected at 0, 1, 2, and 4 hours after stimulation and (A) /16, (B) Tnf, (C)

116, (D) KC, and (E) MCP-1 gene expression were detected using RT-qPCR.
WT and Irf7~/~ BMDM at each time point, n=3. The data are expressed

as mean + s.e.m. NS, not significant. Two-way ANOVA with Holm-Sidak’s
multiple comparisons test (A-E). Supplemental Figure 5. The effect of

IRF7 on IL-28A production in intestinal epithelial cells. HCT116 cells were
transfected with 1 ug pcDNA3.1-IRF7 plasmid, and then 1 g poly(::C)
stimulation was given after 24 hours. Cells were collected after 3 hours
and the expression of IRF7 (A), IL28RA (B), IL28A (C), IL28B (D) was detected
via RT-qPCR. Cell experiments at each time point, n=3.The data are
expressed as mean + s.e.m. NS, not significant, *P < 0.05. Unpaired two-
tailed student’s t-test (A), and two-way ANOVA with Holm-Sidak’s multiple
comparisons test (B-D).. Supplemental Figure 6. IL-28A can upregulate

the expression of Muc2, Occludin, 3-catenin, and E-cadherin. Recombi-
nant IL-28A protein was utilized to stimulate HCT116 for a duration of

24 hours. Following cell harvesting, RT-qPCR was performed to measure
intestinal epithelial barrier-related gene expression. MUCT (A), MUC2 (B),
MUC3 (C), MUC4 (D), CDH1 (E), CTNNBT (F), OCLN (G), CLDN1 (H), CLDNZ2 (1),
CLDN3 (J), CLDN4 (K), CLDN5 (L), CLDN11 (M), TJPT (N), DESMOCOLLINT (O),
DESMOCOLLIN2 (P), DESMOCOLLIN3 (Q), and DESMOPLAKIN (R). In (A-S), the
data are expressed as mean =+ s.e.m. NS, not significant, **P < 0.01, ***P <
0.001. Unpaired two-tailed student’s t-test (A-R).. Supplemental Figure 7.
IL-28A upregulates the protein levels of Muc2, Occludin, 3-catenin, and
E-cadherin. Recombinant IL-28A protein was utilized to stimulate HCT116
and Caco?2 cells for a duration of 24 hours. Following cell harvesting,
Western-blot analysis was conducted to measure the levels of intestinal
epithelial barrier-related proteins. (A) Representative images, (B) Muc2, (C)
E-cadherin, (D) B-catenin and (E) Occludin protein levels in HCT116 cells.
(F) Representative images, (G) Muc2, (H) E-cadherin, (I) B-catenin and (J)
Occludin protein levels in Caco2 cells. The data are expressed as mean +
s.e.m. NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Unpaired two-tailed student’s t-test (B-E, G-J). Supplemental Figure 8. IRF7
does not affect the gene expression of IL-28A receptors. WT and /rf7~/~
mice were administered 3% DSS, and then injected intraperitoneally with
IL-28A recombinant protein (2 ug/mice) on day 5. Mice were sacrificed

on day 8. (A) Il10rb expression; (B) Ifnir1 expression. WT+DSS+PBS (n=4),
Irf77/~ +DSS+PBS (n=5), Irf7~/~ +DSS+IL-28A (n=5). In A-B, the data are
expressed as mean + s.e.m. NS, not significant. One-way ANOVA with Dun-
nett's multiple comparisons test (A-B). Supplemental Figure 9. IRF7 inhibits
the development of colitis. IRF7 may stimulate the production of IL-28A,
which in turn upregulates the expression of Muc2, E-cadherin, 3-catenin,
and Occludin, thereby promoting the integrity of the epithelial barrier and
mitigating intestinal inflammation.
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