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KEY WORDS Abstract Phosphodiesterase-4 (PDE4) functions as a catalyzing enzyme targeting hydrolyzation of
intracellular cyclic adenosine monophosphate (cAMP) and inhibition of PDE4 has been proven to be a
competitive strategy for dermatological and pulmonary inflammation. However, the pathological role
e of PDE4 and the therapeutic feasibility of PDE4 inhibitors in chronic ulcerative colitis (UC) are less
Gt e clearly understood. This study introduced apremilast, a breakthrough in discovery of PDE4 inhibitors,
Epithelial barrier to explore the therapeutic capacity in dextran sulfate sodium (DSS)-induced experimental murine chronic
UC. In the inflamed tissues, overexpression of PDE4 isoforms and defective cAMP-mediating pathway
were firstly identified in chronic UC patients. Therapeutically, inhibition of PDE4 by apremilast modu-
lated cAMP-predominant protein kinase A (PKA)—cAMP-response element binding protein (CREB)
signaling and ameliorated the clinical symptoms of chronic UC, as evidenced by improvements on
mucosal ulcerations, tissue fibrosis, and inflammatory infiltrations. Consequently, apremilast maintained
a normal intestinal physical and chemical barrier function and rebuilt the mucosal homeostasis by inter-
fering with the cross-talk between human epithelial cells and immune cells. Furthermore, we found that
apremilast could remap the landscape of gut microbiota and exert regulatory effects on antimicrobial re-
sponses and the function of mucus in the gut microenvironment. Taken together, the present study
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revealed that intervene of PDE4 provided an infusive therapeutic strategy for patients with chronic and

relapsing UC.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Phosphodiesterase-4 (PDE4) functions as an infusive and
competitive target in several inflammatory disorders, including
asthma, psoriasis, psoriatic arthritis, allergic dermatitis, and
chronic obstructive pulmonary disease'. Increased activity of
PDE4 leads to overproduction of proinflammatory cytokines and
chemokines in several inflammatory cells and epithelial cells,
which contribute to further activation and infiltration of immune
cells in the inflamed tissues’. Inhibition of PDE4 is well-defined
to accumulate the intracellular level of cyclic adenosine mono-
phosphate (cAMP), a critical downregulatory signal in sup-
pressing the production of interferon-y (IFN-v), tumor necrosis
factor-a (TNF-«), interleukin-17 (IL-17), and promoting the
synthesis of IL-10*". Given the anti-inflammatory properties of
PDE4 inhibitors, up to now, roflumilast, apremilast, and crisa-
borole have been approved by U.S. Food and Drug Adminis-
tration (FDA) for attenuating bronchial and dermatological
disorders'. Whereas, the pathological role of PDE4 and the ef-
ficacy of PDE4 inhibition in chronic ulcerative colitis (UC) need
to be fully understood.

The intestinal tract is a physiological symbiotic system con-
sisting of epithelium, mucus layer, resident microbiota, and im-
mune cells, which facilitate tolerance of mucosal immunity,
nutrient recycling, and defense function®’. Chronic and relapsing
UC 1is characterized by ulcerations, diarrhea, hematochezia,
abnormal pain, and emaciation, which are linked with compli-
cated and multilevel interactions between disturbance of mucosal
immune homeostasis, dysfunction of colonic epithelial barrier,
and genetic susceptibility™’. Under pathological conditions, the
intestinal epithelial cells and other functional cells, including
goblet cells and intestinal secretory cells, are intended to undergo
apoptosis or necrosis in the presence of excessive damage asso-
ciated molecular patterns (DAMPs) and pathogen associated
molecular patterns (PAMPs)'®. Meanwhile, macrophages, den-
dritic cells (DCs), and neutrophils in the lamina propria (LP) of
intestinal anatomical positions significantly expand and are acti-
vated upon Toll-like receptors'""'?. Additionally, innate lymphoid
cells (ILCs), the novel cell types in modulating mucosal inflam-
mation, are enriched in intestinal mucosa and play an essential
role in responding to microbial and environmental stimuli'*'*. As
a consequence, overexpression of inflammatory cytokines and
chemokines further promote the recruitment of innate immune
cells, T helper cells, natural killer (NK) cells, and other he-
matopoietic cells from peripheral circulatory system or lymphatic
vessels, which collectively lead to outbreak of tissue damage and
inflammation in UC'>'>"'°,

Humans and microbes have coexisted for a long time and live
in a beneficial symbiotic association during evolution and main-
taining the homeostasis of the gut microenvironment. Whereas,
the microbiome manifests as a fragile balance and deranged
communication between host and microorganism is thought to
provoke the immune system and increase the permeability of

intestinal epithelial barrier in the development of UC'”'®, In the
previous research, the population of probiotics, which promote
nutrients absorption and improve the antioxidative capacity,
obviously decreased in UC patients. Restoration of gut microbiota
symbiosis provides an alternative strategy to prevent UC, which
has been verified by the therapeutic feasibility of fecal microbiota
therapy (FMT) strategy'® "

Recently, a 12-week phase II clinical trial revealed meaningful
improvements on several efficacy indicators in active UC patients
treated with apremilast (clinicaltrials.gov, NCT02289417).
Compared with the placebo group (3.4%), the serious side effects
occurred with alower incidence in the 30 mg (0%) and 40 mg (1.8%)
group, which indicated apremilast functioned as a safe and well-
tolerant drug for UC patients**. Besides, the long-term efficacy
and safety profile for an overall duration of 2 years are ongoing®>. In
the previous study, we have demonstrated that inhibition of PDE4 by
apremilast exhibited the dose-dependent therapeutic effects on
attenuating murine experimental acute mucosal inflammation, as
evidenced by inhibiting the recruitment of inflammatory cells,
maintaining the epithelial integrity, and suppressing the inflamma-
tory responses in macrophages>>. However, the pathological role of
PDE4 in regulating the communication between epithelial barrier
and immune system in the microecological environment of chronic
UC remains ill-defined. Hence, in line with our previous work,
dextran sulfate sodium (DSS)-induced murine chronic UC model
was applied to reveal the effects and potential mechanism of inhi-
bition of PDE4 by apremilast.

2. Methods and materials

2.1.  Human studies

Colonic samples from patients with UC (n = 5) and healthy
controls (n = 4) attending for clinically indicated endoscopy
procedures were collected (Supporting Information Table S1).
The biopsy samples were analyzed after obtaining informed
written consent according to the approval of the Ethics Com-
mittee of the Ruijin Hospital Affiliated to Shanghai Jiao Tong
University School of Medicine (Shanghai, China). Endoscopic
biopsies were obtained from two sites: the active inflammatory
site and fibrosis site.

2.2.  Animals

All animal studies in this article are reported in compliance with
the animal research: reporting of in vivo experiments (ARRIVE)
guidelines. All experiments were conducted according to the
National Institutes of Health Guide for Care and Use of Labora-
tory Animals, with the approval of the Bioethics Committee of
Shanghai Institute of Materia Medica (SIMM), Chinese Academy
of Sciences (CAS) (Shanghai, China). Male wide-type C57BL/6
mice (6—8 weeks old, 22—24 g, IACUC: 2018-11-TW-15),
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obtained from Shanghai Laboratory Animal Center of Chinese
Academy of Sciences (Shanghai, China), were used for the present
studies. Animals were maintained with a 12-h/12-h light/dark
cycle, 24 = 2 °C and 55% =+ 5% relative humidity.

2.3.  Establishment and treatment of chronic ulcerative colitis

Experimental chronic UC was induced in the light of previous re-
ports by Wirtz et al.”*. Briefly, mice were obtained with three cycles
of 2% DSS (36—50 kDa, MP Biomedicals, Irvine, CA, USA) in the
drinking water for five days, which were closely followed by
normal drinking water for successive 14 days. All mice, treated
with DSS, developed severe colitis, and then were randomly
divided into two experimental groups (DSS and DSS plus apre-
milast administration at the dose of 25 mg/kg) with 10 mice per
group. Apremilast (Selleck, Houston, TX, USA) was orally
administrated by gavage once daily at on Days 13—43, lasting for
30 days. Apremilast was dispersed in 0.5% carboxymethylcellulose
sodium/0.25% Tween 80 (Sigma—Aldrich, St. Louis, MO, USA). In
the end of experiment, blood samples were collected and centri-
fuged for determination of inflammatory cytokines.

For co-housing experiments, all mice were randomly divided

into four groups, namely normal (housed separately, n = 8),
vehicle (housed separately, n = 8), apremilast-treated group
(housed separately, n = 8), and co-housing groups [8 mice

received the solvent and 8 mice received apremilast (25 mg/kg)].
2.4.  Bioluminescent imaging and intestinal permeability assay

In vivo living imaging with fluorescent fluorescein isothiocyanate
(FITC)-dextran (Sigma—Aldrich) and chemiluminescent reagent
L-012 sodium (Novus, Littleton, CO, USA) using IVIS Spectrum
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CT system were performed as previous reports®>>*

2.5.  Morphological and histological examination

During induction of chronic UC, disease activity index (DAI),
including body weight loss, stool consistency, and occult blood, were
monitored blind by 3 independent investigators according to the
well-defined criterion®*>". By the end of experiment, murine colon
tissues were removed for the following analysis. After recording the
length of colons, the proximal colonic biopsy tissues were fixed in
10% formalin, buffered with phosphate buffered saline (PBS), and
5 pum slices were cut and incubated with hematoxylin and eosin
(H&E). The severity of colonic inflammation and tissue damage
were scored by 3 investigators from the Center for Drug Safety
Evaluation and Research, SIMM, CAS (Shanghai, China).

2.6.  Full-thickness colonic explants culture

Tissue parts (1 cm) were cut at the similar positions of colons and
then cultured for 24 h in 1 mL of RPMI-1640 media (Gibco,
Grand Island, NY, USA) in the presence of 10% fetal bovine
serum (FBS, Hyclone, South Logan, UT, USA) in a humidified
incubator of 5% CO, at 37 °C. The supernatants were centrifuged
and stored for inflammatory mediators measurement.

2.7.  Compositional analysis of the gut microbiota and data
analysis

Next-generation sequencing library preparations and Illumina
HiSeq 2500 sequencing were conducted at Shanghai Sangon

Biotech Co., Ltd. (Shanghai, China). Fecal DNA extractions were
performed as previously described”®. Quality-tested libraries were
sequenced using Illumina HiSeq 2500 and the extracted DNA
from each sample was used to perform 16S rRNA analysis using
PCR primers toward the V3—V4 regions. PCR products were
detected on 1% agarose gels and then sequenced by MiSeq
sequencer (Illumina, San Diego, CA, USA). Taxonomic analysis,
heat map of species abundance cluster, principal coordinates
analysis (PCoA), unweighted pair-group method with arithmetic
mean (UPGMA), non-metric multidimensional scaling (NMDS),
and analysis of similarities were performed.

2.8.  Transmission electron microscopy

For ultrastructural analysis, mouse colonic tissues were excised
and fixed in 2% paraformaldehyde and 2% glutaraldehyde (Sig-
ma—Aldrich) in PBS according to previous description®’. Tissue
sections were monitored under a transmission electron microscopy
(Philips Tecnai 20 U-Twin, Holland).

2.9.  Preparation of single cell suspensions and flow cytometry
analysis

Mesenteric lymph nodes (MLNs) and Peyer’s patches (PP) were
isolated sterilely and mononuclear cell suspensions were prepared as
described****®. Isolation of colonic LP was performed by successive
digestions. Briefly, luminal contents and extraintestinal fat tissues of
colonic biopsies were wiped off and subsequently colonic tissues
were cut into small parts. Then, the tissues were first treated with
HBSS (without Ca>" and Mg>", Gibco) including 10% FBS and
5 mmol/L EDTA at 37 °C and shaken 15 min for three times to
remove the mucus and epithelial cells, and subsequently, the pieces
were digested by 0.5 mg/mL type IV collagenase (Sigma—Aldrich),
3 mg/mL dispase II (Sigma—Aldrich), and 0.1 mg/mL DNase I
(Roche) in the RPMI-1640 media containing 10% FBS for 30 min.
Digested cell suspensions were filtered with 70-pum cell strainers and
applied to the following staining. Single cell suspensions were
stained as previous reports”. Flow cytometry analyses were per-
formed on BD LSRFortessa (BD Biosciences, San Jose, CA, USA)
and all data were analyzed on FlowJo software (Tree Star, Ashland,
OR, USA).

2.10. CD4" T cells purification and ex vivo stimulation

The CD4" T cells were purified from MLNs by using EasySep™
Mouse CD4" T Cell Isolation Kit (Stemcell, Vancouver, BC,
Canada) according to the directions and ex vivo stimulated as
previous description™.

2.11.  Cell cultures and treatment

HT-29 cells (Cat. HTB-38), human colon cancer cell line, U937 cells
(Cat. CRL-1593), human myeloid leukemia cell line, THP-1 cells
(Cat. TIB-202), human monocytic cell line, and Jurkat T cells (Cat.
CRL-8129), human immortalized T cell line, were purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA).
HT-29 cells were cultured in McCoy’s 5a Medium (Gibco), and
U937, THP-1, and Jurkat T cells were maintained in RPMI-1640
media including 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin in a humidified and homothermic incubator of 5% CO,
at 37 °C. HT-29 cells were incubated with apremilast at the indicated
concentrations with or without 100 ng/mL of TNF-« for 24 h
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incubation for Western blot assay and for 3 h for real-time PCR (RT-
PCR) assay. Additionally, siRNA transfected-HT-29 cells were
treated with apremilast (10 pmol/L) and/or forskolin (adenylate
cyclase activator, 10 pmol/L, Sigma—Aldrich) for additional 30 min
to measure the phosphorylation of cAMP-response element binding
protein (CREB).

2.12.  SiRNA transfection in human epithelial cells

To knock down the catalytic subunit of PKA, human HT-29 cells
were transfected with siRNA targeting PKA C-« (Cell Signaling
Technology, Danvers, MA, USA), which was mixed in the Lip-
ofectamine® RNAIMAX Reagent (Thermo Fisher Scientific,
Waltham, MA, USA). HT-29 cells were collected and measured
for PKA C-a expression after 48 h incubation.

2.13.  Leukocyte’s chemotaxis

Human HT-29 cells were treated with apremilast at the indicated
concentrations in the presence of recombinant TNF-« (100 ng/mL).
Human U937, THP-1, and Jurkat T cells were added into the upper
chambers of Trans-well plates (Corning, NY, USA) in which the
supernatants from TNF-a-primed HT-29 cells were plated into the
lower chambers. After 2 h for chemotaxis, cells were amounted
using hemocytometers.

2.14.  Immunostaining analysis and immunohistochemistry

For colonic fibrosis, paraffin-embedded colon sections were stained
with the picrosirius red reagents and the positive area of collagen
deposition was observed under Olympus IX73 microscope (Tokyo,
Japan). Mucus visualization was performed with Alcian blue stain-
ing. Briefly, the colonic sections were dewaxed, and then stained with
Alcian blue/Nuclear Fast Red. For immunostaining of goblet cells,
tissue sections were subjected to Periodic Acid-Schiff (PAS)/hema-
toxylin and the populations of PAS™ goblet cells were observed under
a light microscope (Olympus 1X73). For immunohistochemistry,
colonic slices were blocked with 3% H,0, and soaked in citrate buffer
solution for heat-induced epitope retrieval. Then, the sections were
stained at 4 °C overnight with anti-a-smooth muscle actin («-SMA)
antibodies (Cell Signaling Technology, Cat. 19245) or anti-
phosphodiesterase 4D (PDE4D) antibodies (Proteintech, Cat.
12918-1-AP, Wuhan, China), followed by incubation with
streptavidin-horseradish peroxidase for 1 h. Then, the positive areas
of colonic sections were developed using a diaminobenzidine sub-
strate and the representative pictures were monitored under the
Olympus [X73 microscope. For immunofluorescent determination,
the sections were stained with anti-E-cadherin antibodies (Cell
Signaling Technology, Cat. 3199), anti-occludin antibodies (Abcam,
Cat. ab216327, Cambridge, MA, USA), anti-zonula occludens-1
(ZO-1) antibodies (Proteintech, Cat. 21773-1-AP), anti-CD11b an-
tibodies (Abcam, Cat. ab18273), anti-Ly6G antibodies (BioLegend,
Cat. 127609, San Diego, CA, USA), anti-CD3 antibodies (Abcam,
Cat. ab5690), anti-intercellular adhesion molecule 1 (ICAM-1) an-
tibodies (Abcam, Cat. ab179707), and anti-C-C chemokine receptor
type 5 (CCRS) antibodies (Abcam, Cat. ab11466) overnight. The
fluorescent signals were visualized by further conjugation with FITC
or Alexa Fluor 647 anti-rabbit secondary antibodies and then coun-
terstained with DAPI to visualize the nuclei (Abcam). The repre-
sentative pictures were monitored under the Leica TCS SPS
microscope (Wetzlar, Germany).

2.15.  Inflammatory mediators determination

Colonic tissues were weighed and homogenized in PBS solution,
then centrifuged at 16,260 xg for 10 min and the supernatants
were stored for the assays. Cytokines in murine tissue homoge-
nates and colon explants supernatants were quantified by mouse
IFN-y, TNF-«, IL-6, IL-12p40, and IL-17A enzyme-linked
immunosorbent assay (ELISA) kits (BD Pharmingen, San Diego,
CA, USA), mouse IL-18, and IL-23 ELISA kits (Thermo Fisher
Scientific). The supernatants from human HT-29 cells were
assayed by human IL-8 and CXCL10 kits (BioLegend). Cytokines
level in serum and colonic homogenates from UC patients were
quantified by Luminex assay on the Luminex 200 instrument
(Merck Millipore, Billerica, MA, USA) according to the manu-
facturer’s directions.

2.16. RT-PCR analysis

Total RNA, extracted from colonic tissues by RNAsimple Total
RNA Kit (Tiangen, Beijing, China), were reverse transcribed into
cDNA using Hifair™ cDNA Synthesis Kit (Yeasen, Shanghai).
Real-time quantitative PCR analysis was performed by SYBR®
Green Realtime PCR Master Mix (Yeasen) plus 7500 Fast Real-
Time PCR System (Applied Biosystems, Foster city, CA, USA)
with gene-specific primers (Supporting Information Table S2).
The expression level of genes was normalized to the internal
housekeeping genes [glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) for human samples or (-actin for mouse samples].

2.17.  Western blot assay

Colonic tissues and HT-29 cells were lysed with SDS lysis buffer,
centrifuged, and then homogenized by Pierce BCA protein assay kit
(Thermo Fisher Scientific). The protein samples were boiled for
10 min, electrophoresed in 10% SDS-PAGE, and then transferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The blots
were blocked with SuperBlock™ T20 blocking buffer (Thermo
Fisher Scientific) and incubated at4 °C with the appropriately diluted
primary antibodies overnight. The signals were developed using the
under ChemiDoc™ MP Imaging System (Bio-Rad).

2.18.  Statistical analysis

Data are shown as mean =+ standard error of the mean (SEM).
Pearson correlation was performed using GraphPad Prism
(Version 8.0, La Jolla, CA, USA). Statistical significance was
determined by Student’s #-test between two groups or one-way
ANOVA with Dunnet’s multiple comparisons test among three
or more groups by GraphPad Prism 8.0 with no significant vari-
ance inhomogeneity in groups of more than two. P < 0.05 was
considered statistically significant.

3. Results

3.1.  Identification of the pathological role of PDE4 in chronic
and relapsing UC patients

To reveal the pathological role of PDE4 in the colonic lesions of
chronic and relapsing UC, the colonic biopsies from Chinese UC
patients (Table S1) were collected and subjected to the following
investigations. In line with the histopathological examinations that
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mounting areas of mucosal ulcerations, loss of crypts and depo-
sition of collagens were observed in the UC patients (Fig. 1A), we
firstly identified the abnormal expression of PDE4 and dysfunc-
tion of signaling transduction in the colonic biopsies from UC
patients (Fig. 1B and C). As illustrated in Fig. 1B—D, by contrast
to the heathy individuals, PDE4A, PDE4B, PDE4C, and PDE4D
were highly expressed in both the inflammation and inflammation-
related fibrosis sites of UC patients, and consequently, the phos-
phorylation of CREB was decreased along with the pathological
changes of PDE4. Moreover, Pearson correlation demonstrated
that the expression levels of PDE4A, PDE4C, and PDE4D were
positively correlated with the Mayo score of UC (Fig. 1D).
Inspired by the findings, we further confirmed that destruction of
epithelial barrier (Fig. 1B and C), mucosal inflammation, and
recruitment of inflammatory cells emerged in the chronic UC
patients (Fig. 1E and F). Taken together, our data represent the
first study to reveal the pathological role of PDE4 in the gut
microenvironment of UC patients.

3.2.  Inhibition of PDE4 attenuated the experimental
manifestations of chronic UC

Taken the pathological changes of PDE4 into consideration in
chronic UC, inhibition of PDE4 by apremilast was conducted to
uncover the therapeutic outcomes in DSS-induced chronic intes-
tinal tissue damages. Compared to the vehicle controls (DSS
only), oral administration of apremilast remarkedly attenuated the
pathological features and disease severity of murine chronic UC,
including body weight loss, gross bleeding, diarrhea, and colon
shortening (Fig. 2A—C). Histopathological examination demon-
strated that the vehicle mice exhibited obvious mucosal ulcera-
tions, loss of epithelium and crypt’s structure, as well as
inflammatory cell infiltrations (Fig. 2D), which were consistent
with the manifestations in UC patients (Fig. 1A). Whereas,
apremilast-treated mice showed lesser tissue damages and lower
histological scores than the vehicle mice (Fig. 2D). Additionally,
colonic fibrosis and incapacitation are considered as the critical
performances in the exacerbation of UC?. Picrosirius red staining
and immunostaining with a-SMA indicated that apremilast could
decrease the collagen depositions and activation of mucosal fi-
broblasts (Fig. 2E). Taken together, our findings implicated that
inhibition of PDE4 by apremilast could ameliorate the chronic
intestinal inflammation in experimental murine UC, which was
further confirmed by in vivo imaging using the bioluminescent
probe (Fig. 2F).

3.3.  Abnormal expression of PDE4 was observed and inhibition
of PDE4 modulated cAMP-predominant PKA—CREB signaling in
chronic UC

Previous research has identified that apremilast is a highly specific
PDE4 inhibitor with excellent suppressive effect on PDE4 enzy-
matic activity and displays effect to downregulate the expression
of PDE4 isoforms in several inflammatory diseases™’. To gain
evidence toward the pathologic changes of PDE4 expression in the
development of murine chronic UC models and whether apremi-
last exhibited suppressive effects on PDE4 isoforms expression,
the mRNA and protein expression of PDE4 were investigated in
this study. As illustrated in Fig. 2G, by contrast to normal mice,
higher expression of Pde4a, Pde4b, and Pde4d were identified in
DSS-treated mice. Consistently, the level of colonic cAMP
(Fig. 2H) and phosphorylation of CREB were decreased (Fig. 2I),

which could largely mimic the clinical features of UC patients
(Fig. 1B—D). Inhibition of PDE4 by apremilast was able to
decrease both the mRNA and protein level of PDE4 and subse-
quently promote the accumulation of cAMP and phosphorylation
of CREB in the inflamed colonic tissues (Fig. 2G—J). Moreover,
apremilast treatment could rectify the expression of cAMP-
mediators, Epacl and Epac2 (Fig. 2I). In accordance to our pre-
vious research, inhibition of PDE4 by apremilast could further
directly lead to phosphorylation of CREB in human intestinal
epithelial cells, HT-29 cells, without impacts on total CREB and
PKA (Fig. 2K), which could be promoted by activation of ade-
nylyl cyclase with forskolin (Fig. 2K). Whereas, phosphorylation
of CREB could be blocked largely when the catalytic subunit of
PKA was knocked down by siRNA transfection (Fig. 2K).
Collectively, inhibition of PDE4 by apremilast displayed the
impressive  therapeutic  effects through cAMP-dominant
PKA—CREB signaling in chronic UC.

3.4.  Inhibition of PDE4 maintained the intestinal mucosal
physical barrier function in chronic UC

As the vital physical and chemical defense against heterologous
antigens, the intestinal barrier is extremely indispensable to main-
tain the mucosal homeostasis’'. To clarify the effects of inhibition
of PDE4 on mucosal barrier function in chronic UC, we conducted
in vivo fluorescent imaging and intestinal permeability assay
through FITC-dextran administration. The results demonstrated that
inhibition of PDE4 by apremilast obviously reduced the accumu-
lation of positive signals in the abdominal mucosa (Fig. 3A) and the
serum fluorescence degree of FITC (Fig. 3B) in chronic UC.
Transmission electron microscopy (TEM) observations showed that
by contrast to normal controls, the intestinal epithelial cells were
disordered with vesicular or vacuolated mitochondria and other
organelles and enlarged cell junctions in vehicle mice (Fig. 3C).
Consistently, apremilast exhibited capacity to improve the ultra-
structural abnormalities of the epithelial cells (Fig. 3C). Further in
situ visualization, protein and mRNA expression assay of tight
junction proteins confirmed that apremilast protected the architec-
ture and integrity of epithelium in the inflamed colonic tissues
(Fig. 3D—F). Moreover, abnormal expression of claudins, including
decreased claudin-1 and increased claudin-2, and increased
expression of matrix metalloproteinases (MMPs) were also
redressed following apremilast treatment (Fig. 3E—G), which were
in line with the evidence that apremilast dose-dependently reduce
the level of MMP3 from TNF-a-driven human HT-29 cells
(Fig. 3H).

3.5.  Inhibition of PDE4 rebuilt the mucosal immune
homoeostasis in chronic UC

Disturbed physical barrier function pathologically results in
exposure of PAMPs and DAMPs and burst of mucosal inflam-
mation®”. We then rationalized that inhibition of PDE4 exerted
improvement on mucosal homeostasis. As observed in colonic LP,
myeloid cells, neutrophils, macrophages, DCs, and monocytes
were obviously increased in chronic UC, and apremilast treatment
could reverse these changes (Fig. 4A), which were confirmed by
immunofluorescent visualization with CD11b and Ly6G (Fig. 4B).
Consistently, decreases of the population of myeloid cells, neu-
trophils, macrophages, and DCs upon apremilast treatment were
also seen in the surrounding lymphoid organs of intestine,
including mesenteric lymph nodes (MLNs) and PP (Supporting
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Figure 1  Abnormal expression of PDE4 and signaling transduction were observed in chronic UC patients. (A) Representative images of H&E,

Masson, and Sirius red staining of the colonic biopsies of UC patients. Scale bar: 100 pm. (B) Western blot analyses of protein expression of the colonic
biopsies. (C) Quantification analyses of Western blot results. (D) Pearson correlation of PDE4 expression and Mayo score of UC. P values represented the
significance level and r values represented the coefficient of association. (E) The inflammatory cytokines in colonic homogenates of UC patients were
examined by Luminex assay. (F) The chemokines and adhesive molecules in colonic homogenates of UC patients were examined by Luminex assay. Data

are presented as mean = SEM; n = 4 for healthy controls, n = 5 for UC patients. *P < 0.05, **P < 0.01, ***P < 0.001 vs. healthy controls.
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Figure 2  Apremilast attenuated the clinical manifestations and mucosal inflammation in chronic UC. (A) Body weight change, indicated as the

percentage of initial weight. (B) Disease activity index (DAI). (C) Representative colon pictures and colonic length. (D) Representative H&E
staining (40x and 200 x magnification), and histopathological scores. Scale bar: 250 um (upper), and 75 pm (bottom). (E) Representative staining
of picrosirius red (upper, 200x magnification) and a-SMA (bottom, 200x magnification). Scale bar: 50 pm. (F) Representative pictures of
bioluminescent imaging with L-012. (G) The mRNA expression of the isoforms of PDE4. (H) The cAMP levels in the inflamed colonic tissues. (I)
Western blot analyses of PDE4 and its related proteins. (J) Representative staining of PDE4D in colonic sections. Scale bar: 50 um. (K) Western
blot assay of phosphorylation of CREB in apremilast and/or forskolin treated siPKA transfected-HT29 cells. Data are presented as mean £+ SEM;
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Apremilast maintained the intestinal barrier function and protected the epithelial integrity in chronic UC. (A) Representative
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ultrastructure under a transmission electron microscope (6400x magnification). Scale bar: 2 pm. (D) Representative immunofluorescent
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Information Fig. S1). Besides, apremilast could also interfere with
the infiltration and activation of NK cells, referring to CD27 and
CD335 expression on CD3 NK1.1% cells from the inflamed LP,
MLNs, and PP (Fig. 4C and Supporting Information Fig. S2). In
addition to innate immunity, abnormal activation of adaptive im-
munity also plays an important role in the deterioration of chronic
UC. In the present study, we found that apremilast could suppress

the polarization of Thl and Th17 cells in LP (Fig. 4D). In line
with flow cytometry analysis, colonic sections staining with CD3
revealed that T cells were mostly scattered across the mucosal and
submucosal layers and the total number of T cells in apremilast-
treated mice was lower than that in vehicle mice (Fig. 4E).
Meanwhile, apremilast treatment reduced the percentage of IFN-y
and IL-17-producing cells in MLNs and LP (Supporting
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Figure 4  Apremilast maintained the mucosal immune homeostasis in chronic UC. (A) The percentage of myeloid cells (CD11b™), neutrophils

(CD11b"Gr-1"), macrophages (CD11b"F4/80™), dendritic cells (CD11b"CD11c™), and monocytes (CD11b"Ly6C™), in colonic lamina propria
(LP). (B) Representative CD11b and Ly6G (200x magnification), and quantitative statistics. Scale bar: 75 um. (C) The percentage of NK cells
(CD3"NK1.1") and flow cytometry analysis of activation of NK cells (CD27 and CD335 positive expression) in colonic LP. (D) The expression of
IFN-y and IL-17 in CD3™ T cells in colonic LP, analyzed by flow cytometry. (E) The representative images of immunofluorescent staining with
CD3 (200x magnification) and quantitative statistics. Scale bar: 100 um. (F) Flow cytometry analysis of the population of innate lymphoid cells
(ILCs) in Peyer’s patches (PP), mesenteric lymph nodes (MLNs), and colonic LP. (G) The mRNA expression of transcriptional factor related to
activation of NK cells and ILCs. (H) The level of inflammatory cytokines in the colonic explants. Data are presented as mean + SEM; n 10
mice per group. *P < 0.05, **P < 0.01, ***P < 0.001.
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Information Fig. S3A and B). Moreover, compared to vehicle
mice, the proliferation and cytokines release capacity of CD4" T
cells, purified from MLNs, were largely impeded in mice-received
apremilast (Supporting Information Fig. S3C and D).

Increasing evidence suggested that ILCs functioned as the
important regulators in the pathological process of mucosal
inflammation and barrier function, mainly due to the rapid
initiation of cellular responses to internal or extra signals such as
neuronal mediators, alarmins, and microbial environmental cues
in the gut lumen'>'*?> Herein, we identified the well-considered
population of ILCs, labelled as lineage CD127" on CD45"
leukocytes, which were highly increased in the inflamed LP,
MLNSs, and LP and were reversed following apremilast treatment
in chronic UC (Fig. 4F). Furthermore, apremilast decreased the
specific transcriptional factors, including NK cell p46-related
protein (Nkp46), killer-cell lectin like receptor Gl (Klrg-1),
suppression of tumorigenicity 2 (S72), and eomesodermin
(Eomes) (Fig. 4G). Given the accumulative effects of multiple
immune cell infiltrations with in the gut microenvironment, we
further measured the inflammatory cytokines, such as TNF-a,
IFN-v, IL-18, IL-17A, and IL-23p19, in the colonic explants and
colonic homogenates. As presented in Fig. 4H and Supporting
Information Fig. S4, by contrast to vehicle mice, both the mRNA
and protein level of several cytokines were reduced in
apremilast-treated colitic mice.

3.6.  Inhibition of PDE4 modulated the communication between
epithelial and immune cells in chronic UC

To gain detailed molecular mechanism for immune cell re-
cruitments, mRNA and protein levels of adhesive molecules,
chemokines, along with the corresponding receptors were moni-
tored (Fig. 5). Therapeutically, apremilast treatment could sup-
press the mRNA levels of several chemokines and chemokine
receptors (Fig. 5A and C), which were affirmed by immunofluo-
rescent staining with CCRS (Fig. 5B). Moreover, we also found
that apremilast could downregulate the expression of adhesive
molecules, Icam-1, mucosal vascular addressin cell adhesion
molecule 1 (Madcam-1), and Cd62e (Fig. SD—F). In vitro, the
communication between human epithelial cells, HT-29 cells, and
immune cells, Jurkat T, U937, and THP-1 cells, was performed to
directly verify our findings. As illustrated in Fig. 5G—I, TNF-«
obviously led to Jurkat T, U937, and THP-1 cells migrating to the
monoculture of HT-29 cells and apremilast displayed a dose-
dependent manner to inhibit chemotaxis of immune -cells,
mainly attributing to suppressing the expression of ICAM-1,
CD62E, IP-10, and IL-8 from TNF-a-primed human HT-29 cells.

3.7.  Inhibition of PDE4 modulated the diversity and
composition of gut microbiota in chronic UC

Mucosal homeostasis refers to the crosstalk and communications
between the gut lumen and intestinal mucosa. To deeply understand
the role of apremilast in the intestinal microecological environment,
gut microbiota, a principal factor in the pathogenesis of UC, was
assessed by 16S rRNA sequencing analysis in the fecal samples of
chronic UC. In total, 885,121 useable reads and 265 operational
taxonomic units (OTUs) were obtained from 9 samples by Illumina
HiSeq 2500, which revealed that 242, 249, and 234 OTUs were
presented in the normal, vehicle, and apremilast-treated mice
(Fig. 6A). PERMANOVA analysis indicated there existed a differ-
ence among the composition of microbiota from three groups

(Fig. 6B). Meanwhile, the system clustering tree based on un-
weighted pair-group method with arithmetic mean verified the results
and further suggested that the distance from the normal group to the
apremilast-treated group was smaller than that to vehicle group
(Fig. 6C), which were also revealed in the heatmap of sample clus-
tering (Fig. 6D). Moreover, PCoA (Fig. 6E) and NMDS (Fig. 6F)
analysis showed a markedly distinct gut microbial landscape in the
normal, vehicle, and apremilast-treated groups. We further investi-
gated the gut microbiota species and their relative abundance. At the
genus level, over 20 genera could be found in all samples and the most
abundant genera in all samples were Muribaculaceae, Akkermansia,
and Lactobacillus (Fig. 6G). Relative to vehicle mice, apremilast
treatment decreased the genus levels of colitis-related microbes, but
increased the levels of beneficial microorganisms, such as Lactoba-
cillus and Bifidobacterium (Fig. 6G). The detailed composition and
abundance in species level were illustrated as heat map of sample
clustering in Fig. 6H. In summary, our results showed that apremilast
treatment could modulate the gut microbiota composition in exper-
imental chronic UC.

3.8.  Inhibition of PDE4 restored the colonic chemical barrier
function in chronic UC

Disturbance of gut microbiota is closely associated with dysfunc-
tion of mucins and antimicrobial peptides (AMPs), mainly derived
from goblet cells, which contribute to the destruction of mucosal
homeostasis in UC**. As presented in Fig. 7A and B, loss of goblet
cells and mucus by PAS and Alcian blue staining were observed in
colitic mice, and were attenuated upon apremilast therapy.
Accordingly, quantitative PCR results showed apremilast could
increase the expression of Mucin-2 (MUC2, Fig. 7C and D).
Meanwhile, apremilast also modulated the mRNA expression of
caudal type homeobox 2 (Cdx2), a positive indicator of MUC2
expression (Fig. 7E), and trefoil factor 3 (7ff3), a regulatory factor
mediating the mucosal barrier function (Fig. 7F). Furthermore, we
examined the production of AMPs and expression of S100 proteins
and alarmins, which demonstrated that increased levels of Capl8,
cathelicidin, and lysozyme (Fig. 7G), as well as S100A4, S100A8,
S100A9, S100A10, and heat shock protein 90 (Hsp90), were
aborted in apremilast-treated colitic mice (Fig. 7D, H, and I).
Consistently, apremilast could suppress the expression of SI00A9
from TNF-a-driven human HT-29 cells (Fig. 7J). Briefly, the find-
ings indicated that inhibition of PDE4 by apremilast could maintain
the intestinal physical and chemical barrier function in chronic UC.

3.9.  Gut microbiota is partially responsible for the therapeutic
effects of apremilast in chronic UC

To probe whether the rearranged gut microbiota was involved in
the effects of apremilast on mucosal homeostasis, we conducted
the transmissible nature of the gut microbiota by co-housing
apremilast-treated mice with colitic mice. Interestingly, in the
development of chronic UC, the body weight loss, diarrhea, stool
bleeding, colon shortening, and splenomegaly in co-housed
vehicle group were weaker than those in separately housed
vehicle group (Fig. 8A—C); On the contrary, the disease severity
in apremilast-treated group were worse than those in separately
housed apremilast-treated group (Fig. 8A—C). We also observed
significant increase of mucosal ulcerations and loss of epithelium
in apremilast-treated mice, compared with separately housed
mice, which suggested that the intestinal inflammation of chronic
UC in co-housed mice tended to be an intermediate state
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(Fig. 8D). Further 16S rRNA analysis revealed an equilibrated gut
microbial landscape in the co-housed mice (Fig. 8E and F) and
demonstrated that the abundance of some inflammation-associated
OTUs in apremilast-treated mice were increased after co-housing,
while the inflammation-associated OTUs were decreased in co-
housed vehicle mice (Fig. 8G—I).

Consistent with these findings, the modulatory effects of apre-
milast on mucosal homeostasis were compromised by co-housing, as
evidenced by the proportions of inflammatory cells in LP and
secretion of inflammatory cytokines in the colonic explants (Fig. 9).

In keeping with the results in Fig. 4, by contrast to separately housed
mice, the percentage of APCs, activated NK cells, Thl cells,
Th17 cells, and ILCs were obviously increased in co-housed apre-
milast-treated mice and decreased in co-housed vehicle mice
(Fig. 9A—D). Additionally, the production levels of TNF-«, IFN-v,
IL-12p40, and IL-17A were highly increased in co-housed apremi-
last-treated mice, compared to separately housed mice (Fig. 9E),
which collectively suggested that the transferred gut microbiota from
vehicle mice to apremilast-treated mice by co-housing contributed to
more severe symptoms and mucosal inflammation in chronic UC.



240 Heng Li et al.

A Normal Vehicle Apremilast C Colonic Muc2
2
E *
v 5
g 5 &101
< ©
25
€=
B 5 0.5
2=
g ®
2 K]
2 ®  0.0-
s >
< X
8 ‘4\" ‘;\é &
< @ S
Colonic Cdx2
A . s 1.59
D Normal Vehicle Apremilast E g
(%]
4
=
- Qo o
wo WIS PHET MM (P
s £
S100A9 . ng: -
4~_ S 8 0.5
v —— 2=
s10084 | . - - L.AJ £
- - K}
o 0.0-
GAPDH | W W ) S W S e s N =
& &
I
F : G . BT >
Colonic Tff3 Colonic Cap18 Colonic cathelicidin Colonlc lysozyme
s ¢ s 3 - 5
) - 2 2 . z
g 6 g _ ® 3 § _
g 8 I ] ©
25 4 g S é S 2 2 s
EZ £ £ €=
g g 2 o 2‘°4 1 [ é ] g 1
2 2 2 1 2
8 © © ©
] ] ] T
& 0 & 0 o« 0 o
> e X N X > X N X
2 X & & &
& & é@’ & & & & &
R & @ @& S @ && & & &6‘
H w* W W +®
Colonic S100A4 Colonic S100A8 Colonic S100A9 Colonic S100A10
5 3 S 80 5§ 200 5
a2 *k a * ﬁ *kk 2
g g £ .
F-3rmy 8 o 60 s o 150 2g 3
3 &2 32 3 & 3 g
© © © <
=X 25 £ £ 100 252
£z £EX £z EZ
o 1 o o
s= £=2 2= 50 2% a
5 5 k] &
[ [ [ [
-3 0 (-3 0 o 0 o
A A X > < X A A X (] X
(&"’ \‘) & &@ \(} & ,‘é"" \‘) & 0‘ z @ ((\\\,b«-,
& & && & & && & & && & & &
g ] o o o
I Colonic Hsp90
5 3 5 5 S100A9
@ @ 5 a 4
£ = * g, g
£ 2 30 £y 3
o c v o
<2 < S 3 < &
Z5 25 Z5 2
§z L35 ) z 35
g 1 E s E s
2= = LE
= * 3 1 =
] ® E
& 0 ° 0 ° 0
< M TNFa —  + + + + TNF-a —
Y 2 ‘.\‘)Q' .xg-: Apremilast — - 10 1 0.1 pmol/L Apremilast — 1 0 1 pmol/L
eo E© @6‘
&

Figure 7  Apremilast rectified the colonic mucus homeostasis and the expression of antimicrobial peptides in chronic UC. (A) Representative
PAS-stained goblet cell images (200 x magnification). (B) Representative images of Alcian blue-stained mucus layer (200 x magnification). Scale
bar: 50 um. (C) The mRNA expression of Muc2 in colonic tissues. (D) Western blot assay of MUC2, S100A4, and S100A9 in colonic tissues. The
mRNA expression of Cdx2 (E), Tff3 (F), antimicrobial peptides (G), S100 proteins (H), and Hsp90 (I) in colonic tissues. (J) The mRNA expression
of S100A8 and S100A9 in TNF-a-stimulated HT-29 cells. (A)—(I) Data are presented as mean = SEM; n = 10 mice per group. (J) Data are
presented as mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.



PDE4 inhibition attenuates chronic UC

241

A o o
120 & Vehicle 12 4
—&- Apremilast B F
¥ Co-housed vehicle 3 I
§ 110 —#- Co-housed apremilast E 3
S > ]
£ eI, 28 5 )
» CEE = 2
;, 100° 1+ .s. ]" é 2
o
g s e = ]‘“’
S 90 2 ]+ 31
g 3
80— ) o
175 9 1317 21 25 29 33 37 41 44 1 5 9 13 17 21 25 29 33 37 41 44 1 5 9 13 17 21 25 29 33 37 41 44
B Time (day) Time (day) Time (day)
Co-housed Co-housed c
Normal  Vehicle Apremilast vehicle apremilast
) = z
S x 20
- i
i) £ >
< c g
: £
5 a3
< B
o E
it
D Co-housed Co-housed
Normal Vehicle Apremilast vehicle apremilast
§
8 T
&
K-}
2
2
T
F &
Q@
a
N
&
‘,0
Co-vehicle
© Normal
o Vehicle F
E < Apremilast
A Co-vehicle .
v Co-apremilast Vehicle
o~ "
a Apremilast
=
- T
L] Normal
" Co-apremilast
34 !
I I I T I 1
; . . : 0 0.1 0.2 0.3 0.4 0.5
05 00 0s 10 .
s 4
NG
NMDS1 & e & S
G > oo 8 o ﬁ ©
(6‘ \ 2 ‘\\ *Z AN
& & YQ (Jo I I {f{@i ‘: {%@ 6 8 c@ &\0’&?‘@’1 :%‘%
-—- s Wb, sdneae
m"‘ﬁux“"" waersiiges / 74° 090900 §\== SN s s o
— E%uzg':'y" Clostridium X1 920 27000 0 NSNS o0 oMo
3 - Commizer £ 990" #9909 ;¢=\\§\=§§§§\\\\\ )
- 4 0 esch ,../s,, 7 N
E = - | (e nero seas e ;Sﬁ?'.’,’,’:‘;”’; ki m
H =R e 0 NN
o . e Sidchecirin 088478874° 7742059%8 SN NNy [0+
s - gt A 7NN
z B oo -y ?,,S,,dmmwm Streptococcus 27070 “46  “RUIsNnss N oo
s B Scmierabia " e ccomones @ 9984994 76 SASNRS N N
§ — . . Foseuric 0o 4077704 7 SSSS N NN
E fafg{, Faecalbacterlam 2 2577700/ LIRS
g _ km fim 1y Pambnzbemrd!s\ NN R84S /o s
£ ESEE= e RN s A
aemons SO S8 050 #5755 %00 | [
Prevotells SONSSNN NS SONS 97" 5,06 4070
Hicioes N ANNNNNNNMNNSS22202,700°05505 | |04
e NN 7% 7
costaumatia NN SN 9995877,°575 56 M o6
i S N saasaS\\est o 22 250,
R NN % 2| &
actobacilus LN NNNNNNNN 000000577 7
0 0.25 035 0.6 2.26 36.7 Allobaculum 9@, NS\ 00 _s00s 1

Figure 8

Gut microbiota is responsible for the therapeutic effects of apremilast in chronic UC. (A) Body weight change, DAI, and stool consistency

scores. (B) Representative colon pictures and colonic length. (C) Spleen index, indicated as the weight of spleens (mg)/body weight (g). (D)
Representative H&E staining (40 x and 200 x magnification) and histopathological scores. Scale bar: 250 pm (upper), and 50 um (bottom). (E) NMDS
analysis. (F) Unweighted pair-group method with arithmetic mean (UPGMA). (G) Composition of microbiota. (H) Heat map of cluster of microbiota
abundance. (I) Correlation of OTUs. (A)—(D) Data are presented as mean = SEM; n = 8 mice per group. (E)—(I) » = 3 mice per group. *P < 0.05,

P < 0.01; %P < 0.05, #P < 0.01.

4. Discussion

UC is one of the two major forms of inflammatory bowel diseases
(IBD), which are closely linked with the precise interaction be-
tween gut microbiota, intestinal epithelial barrier function and
mucosal immunity'®. It has been demonstrated that targeting the

cAMP-specific PDE4 displayed dramatic effects on suppression of
cytokines in multiple inflammatory cells, including macrophages,
NKT cells, neutrophils, and T helper cells, and intestinal epithelial
cells* . In the past decades, though the PDE4 inhibitors, roli-
pram, tetomilast, and roflumilast have been investigated in
experimental colitis, the adverse effects impeded the further
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clinical application'~*”. By contrast, apremilast is a well-tolerated
PDE4 inhibitor with little gastrointestinal side effects®®. In our
previous report, we elucidated that apremilast exerted protective
efficacies in murine acute UC, which is the first report to uncover
its therapeutic capacity in DSS-induced acute mucosal inflam-
mation”’. However, the pathological function of PDE4 in regu-
lating the communication between epithelial barrier and immune
system in the microecological environment of chronic UC, a more
complicated scenario than acute phase, remains undefined. Hence,
the present research was aimed to reveal the therapeutic effects
and the underlying mechanism of inhibition of PDE4 by apremi-
last, which indicated that apremilast could significantly alleviate
the pathological features and modulating the mucosal homeostasis
from the gut lumen to the mucosal immune system, including
ameliorating the disturbance of gut microbiota, dysfunction of
epithelial barrier, intestinal fibrosis, and overactivation of mucosal
immune cells (Fig. 9F).

Recently, single-cell RNA sequencing (scRNA-seq) revealed
that defective cAMP-response signaling pathway, referring to the
multiple intracellular defects and PDE4B/TNF-a-expressing
macrophages were found in pediatric-onset colitis and the phos-
phodiesterase inhibitor dipyridamole could improve the clinical
symptoms in DSS-induced murine colitis and pediatric colitis
patients’”. Moreover, genome-wide association studies (GWAS)
analysis identified a missense variant in ADCY7 that led to
distraction of cAMP production in UC'’. Consistently, we iden-
tified the decreased level of cAMP in the inflamed tissues of
murine chronic UC (Fig. 2H). Moreover, gene expression of PDE4
isoforms in peripheral blood mononuclear cells (PBMCs) from
adult patients with inflammatory diseases indicated that the
mRNA expression of PDE4C was largely increased in patients
with CD versus healthy individuals®. To gain evidence toward the
pathology of PDE4 in chronic mucosal inflammation, in-
vestigations were performed. It’s worth mentioning that over-
expression levels of PDE4 and defective cAMP-dominant
signaling pathway were firstly identified in chronic UC patients in
the present study. Moreover, dysfunction of PDE4 and its related
signaling pathway were observed in DSS-induced chronic UC,
which provide the critical clue for the pathological role of PDE4
in initiating the mucosal inflammation and disturbance of gut
homeostasis. Consistently, inhibition of PDE4 by apremilast could
downregulate the mRNA and protein expression of PDE4 and then
modulating the phosphorylation of CREB and the expression of
cAMP-mediators (Fig. 2G—K).

The epithelium is comprised by the formation of tight junc-
tions between the constitutive epithelial cells, which represents an
essential part in modulating the mucosal homeostasis. Up to now,
claudins, occludin, scaffold protein zonula occludens, and junc-
tional adhesion molecules have been well-identified in maintain-
ing the intestinal permeability’. In experimental chronic UC, we
identified the disarranged intestinal barrier function and abnormal
ultrastructure of epithelial cells (Fig. 3A—C). Apremilast treat-
ment could maintain a normal intestinal physical barrier function
by upregulating the expression of tight junction proteins (Fig. 3D
and E). Integrins are expressed at the cell surfaces through binding
to adhesion molecules and mediating inflammatory infiltrations'?.
Leukocytes migration from peripheral circulation into the
inflamed colonic tissues are tightly modulated by the precise
interaction between 487 integrin and its ligands, MadCAM-1.
Proinflammatory cytokines, including IL-1 and TNF-a could

upregulate the expression of ICAM-1, E-selectin, and MadCAM-1
and integrin-based therapeutic approaches have suggested positive
outcomes in patients with IBD*'. Accordingly, the expression of
ICAM-1, MadCAM-1, and E-selectin were increased in chronic
UC (Fig. 5D—F) and TNF-a-driven HT-29 cells (Fig. 5G).

The gut microenvironment is characterized by the sophisti-
cated and complicated network between the epithelium and
microbiome, which plays a significant part in modulating the
mucosal homeostasis. The gut microbiota consists of a large
number of microbes of 10'? cells/g of the luminal contents, which
can be divided into two major bacterial phyla, namely Bacter-
oidetes and Firmicutes'’. Indeed, genetic and epidemiological
association have presumed several promising genetic and dietary
factors, altering the composition of gut microbiota, in UC**. It has
been reported that reduction of Prevotella and Ruminococcaceae,
as well as enrichment of Streptococcus and Enterococcus genera
occurred in adult UC patients'’. In addition, immunoglobulin A
(IgA) is extensively distributed in multiple mucosal layers to exert
protective effects against external pathogens. Okai et al.”' iden-
tified the IgA clone W27 displayed the extreme binding ability to
various commensal bacteria, while with a weak binding to bene-
ficial bacteria, including Bifidobacterium bifidum and Lactoba-
cillus casei. As expected, oral administration of W27 IgA could
dramatically ameliorate the development of experimental colitis
by maintaining the diversity of gut microbiota®'. Restoration of
gut microbiota dysbiosis provides an infusive strategy in pre-
venting and treating UC. In the present study, we indicated that a
markedly distinct gut microbial landscape was observed in the
normal, vehicle, and apremilast-treated groups (Fig. 6). In keeping
with the modulatory effects of apremilast on epithelial barrier
function and mucosal immune system, inhibition of PDE4 by
apremilast could decrease the relative abundance of colitis-
promoting microbes and upregulate the level of beneficial mi-
crobes in the gut lumen, which provided further evidence toward
the effects of apremilast on mucosal homeostasis. In presence of
gut microbiota alteration, the mucosal inflammation and further
tissue damage could be rectified following the intervention of
PDE4 inhibitor. In accordance, inhibition of PDE4 by apremilast
could regulate the antimicrobial responses in the mucus of colon,
as evidenced by modulating the tissue-residence of goblet cells,
expression of mucins and related genes, including MUC2, CDX2,
TFF3, CAMP, and lysozyme (Fig. 7A—G). However, when co-
housed with vehicle mice, the therapeutic effects of apremilast
on ameliorating mucosal inflammation and tissue damages were
largely compromised (Figs. 8 and 9), which indicated that gut
microbiota is responsible for apremilast to exert protective effects
in chronic UC.

Pathologically, breakdown of the tolerance and defense against
commensals and invading pathogens contributes to destroying
mucosal barrier function and initiating inflammatory responses in
the development of UC'®**. Once the intestinal barrier and
integrity are impaired, gut PAMPs and DAMPs, including high-
mobility group box-1 (HMGB1) and S100 proteins, are exposed
and bound to pattern recognition receptors (PPRs)**. Fujita et al.'”
found that RNFS5, an E3 ubiquitin ligase highly expressing in in-
testinal epithelial cells, could regulate the stability of its substrate,
S100AS8, and was decreased along with the development of severe
chronic inflammation. Upon inflammatory stimuli, RNF5/S100A8
communication led to activation of colonic DCs and Thl cells
responses'’. Consistently, administration of neutralization of
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S100AS8 antibodies displayed therapeutic effects on DSS-induced
colitis in Rnf5~'~ mice, indicating S100 proteins might be the
novel therapeutic targets or valuable biomarkers for IBD'. It’s
worth mentioning that S100A8 and S100A9 are principally
expressed in monocytes and neutrophils and increased in the
presence of inflammatory stimuli in the intestinal epithelial cells.
In our study, we found that expression of S100A4, S100AS8,
S100A9, and S100A10 were increased in the experimental chronic
UC (Fig. 7) and TNF-a could induce the overexpression of
S100A8 and S100A9 in human epithelial cells, HT-29 (Fig. 7J).
While, apremilast could inhibit the expression of S100 proteins
both in vivo and in vitro (Fig. 7).

Over the past decades, accumulating evidence demonstrated
that ILCs were widely distributed throughout non-lymphoid and
lymphoid organs and functioned as the critical regulators and
acquired the pro-inflammatory phenotypes in chronic mucosal
inflammation™***. Based on the specific transcription factors, T-
bet, GATA3, and ROR~t, respectively, ILCs could be divided
into three main groups, namely ILC1, ILC2, and ILC3'’. Pre-
vious study showed that Rag ™'~ immunodeficient mice suffered
from infection of Helicobacter hepaticus could lead to ILC3-
mediated chronic UC, which mainly referred to increased
expression of IL-17 and IL-23**. Interestingly, we found that
ILCs in LP, MLNSs, and PP were highly increased in colitic mice,
along with the overexpression of regulatory factors, including
KLRG-1, Eomes, ST2, and NKp46 (Fig. 4F and G), which
partially accounted for the dysbiosis of gut microbiota in chronic
UC. New data from IBD identified over 24 single nucleotide
polymorphisms (SNPs) were closely associated with Th17
intracellular signal transduction and transformation, in which gut
microbiota, dietary and energy components, including vitamins
A, B3, and D, short chain fatty acid (SFCA), and tryptophan
exhibited a central factor in dysfunction of mucosal inflamma-
tion*”. Additionally, attributing to dysfunction of intestinal bar-
rier function, disturbance of gut microbiota, and abnormal
expression of integrins and chemokines, the increased pop-
ulations of innate immune cells, activated NK cells, Thl,
Th17 cells were recruited into the mucosal and submucosal
layers (Fig. 4A—E). Apremilast exerted effects on reducing the
infiltrations of immune cells and attenuated the expression of
inflammatory cytokines in the inflamed colons (Fig. S3), which
were consistent with the findings that apremilast suppressed the
chemotaxis in HT-29 cells and modulated the interaction and
communication between epithelial cells and immune cells
(Fig. 5G—I). However, when co-housed with vehicle mice, the
modulatory effects of apremilast on intestinal mucosal immune
activation were largely counteracted (Figs. 8 and 9).

5. Conclusions

Our results demonstrated herein that inhibition of PDE4 by
apremilast modulated cAMP-predominant PKA—CREB signaling
and ameliorated the clinical symptoms of experimental chronic
UC, as evidenced by attenuation of mucosal ulcerations, tissue
fibrosis, dysfunction of barrier function, and inflammatory re-
cruitments. Furthermore, we suggested that apremilast could
remap the landscape of gut microbiota and rebuilt the mucosal
homeostasis by interfering with the cross-talk between human
epithelial cells and immune cells. Taken together, the present
study revealed that intervene of PDE4 provides an infusive ther-
apeutic strategy for patients with chronic and relapsing UC and is
more instrumental for the treatment of UC.
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