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Pediatric Crohn’s Disease Subjects

Xin Chen?t, Joanne Lai'", Ying Song?, Nan Yang*®>®, Sacha Gnjatic®’, Virginia Gillespie®,
William Hahn', Ezra Chefitz', Nanci Pittman’, Jacqueline Jossen', Keith Benkov',
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York, NY, United States, ° Academy of Chinese Medicine, Henan University of Chinese Medicine, Zhengzhou, China,

4 Microbiology and Immunology, New York Medical College, Valhalla, NY, United States, ® General Nutraceutical Technology,
Elmsford, NY, United States, ° Division of Hematology and Medical Oncology, New York, NY, United States, ” The Precision
Immunology Institute, The Icahn School of Medicine at Mount Sinai (ISMMS), New York, NY, United States, € Department of
Comparative Pathology, The Icahn School of Medicine at Mount Sinai (ISMMS), New York, NY, United States

Background: TNF-a has a major role in the pathogenesis of Crohn’s disease (CD).
In contrast, GM-CSF may be beneficial for its anti-inflammatory role in a subset of
patients with CD with antibodies against GM-CSF as seen in prior trials of GM-CSF which
resulted in clinical improvement in CD. We developed butanol purified Food Allergy Herbal
Formula-2 (B-FAHF-2) by refining FAHF-2. FAHF-2 suppressed TNF-a production by
human peripheral blood mononuclear cells (PBMCs) and colonic mucosa, and abrogated
colitis in a murine model. We sought to examine the effect of B-FAHF-2 and the herbs
that comprise it on TNF-a and GM-CSF production as a potential herbal therapy for the
treatment of CD.

Methods: B-FAHF-2 was examined using high pressure liquid chromatography (HPLC)
and compared to the original formulation, FAHF-2. PBMCs from pediatric patients with
CD were cultured with lipopolysaccharide and B-FAHF-2, individual herbs or medium
alone. Colonic biopsy specimens were cultured with or without B-FAHF-2. TNF-a and
GM-CSF were measured by enzyme-linked immunosorbent assay (ELISA). B-FAHF-2
efficacy was tested in vivo in the CD45Rb" transfer model.

Results: B-FAHF-2 had a similar HPLC fingerprint as FAHF-2 but decreased TNF-a
production by PBMCs and colonic mucosa from pediatric CD subjects at 20% of
the FAHF-2 dose. B-FAHF-2 increased GM-CSF production by PBMCs and colonic
mucosa from pediatric CD subjects including those with antibodies to GM-CSF. Of
B-FAHF-2’s herbal constituents, only Huang Bai suppressed TNF-a and increased
GM-CSF production. In the murine model, B-FAHF-2 treatment alleviated colitis.
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Conclusions: B-FAHF-2 decreased TNF-a production by PBMCs and colonic mucosa
from pediatric subjects at a lower dose than FAHF-2. B-FAHF-2 also increased GM-CSF
production by PBMCs independent of antibodies. B-FAHF-2 may have a benefit in

CD patients.

Keywords: Crohn’s disease, herbal therapy, pre-clinical drug testing, immunomodulatory, drug development

INTRODUCTION

Crohn’s disease (CD), a form of inflammatory bowel disease
(IBD), is a life-long disease characterized by chronic and
relapsing inflammation of the gastrointestinal tract. The
prevalence of CD varies based on region, race, age, and
environment. The annual incidence of CD ranges from 16.7 to
318.5 per 100,000 in North American, 0.6 to 322 per 100,000
in Europe, and 0.88 to 67.9 per 100,000 in Asia and the
Middle East (1). Among CD patients, 20-25% are diagnosed
before 17 years old. The incidence of pediatric CD is steadily
increasing (2). CD has multiple clinical phenotypes and disease
severities that determine which therapy is utilized. Currently,
there are numerous treatment options for children and adults
with moderate-to-severe CD, but few that are approved to
treat those with mild-to-moderate disease. The only FDA
approved medication for treatment of mild-to-moderate CD
in children 8 years and older is Entocort EC (budesonide).
The indications allow for up to 10 weeks of use in active
disease but not for use as a maintenance therapy in children.
Budesonide is a steroid compound and as such may have the
same side effects as corticosteroids. Other medications including
immunomodulators and biologics are used off-label for mild-
to-moderate CD in children and have risks for significant
adverse effects. Thus, there is a need for the development of
new therapies.

Herbal therapies may fill this therapeutic void and there is a
growing interest in complementary treatments (3). Food Allergy
Herbal Formula-2 (FAHF-2) is composed of nine Chinese herbal
medications that are originally part of the traditional Chinese
herbal formula, Wu Mei Wan, that has been used safely to treat
colitis in China and Japan for thousands of years (4). FAHF-2 has
been shown in both murine and human studies of food allergy
to inhibit both adaptive and innate immune pro-inflammatory
cytokine responses in peripheral blood mononuclear cells
(PBMCs) and in vivo (5-10). Interestingly, in food allergic
subjects, FAHF-2 induced potent suppression of TNF-a, one of
the major inflammatory cytokines involved in the pathogenesis
of IBD. Anti-TNF antibody-based biologics are one of the most
efficacious groups of medications currently in use to treat IBD.
That led to our investigation on the effects of FAHF-2 in IBD.
We showed that FAHF-2 suppresses TNF-o, IFN-y, IL-1f, IL-
6, IL-12 and IL-17 production from both PBMCs and inflamed
colonic mucosa from pediatric subjects with CD, and abrogates

Abbreviations: FAHF-2, Food Allergy Herbal Formula-2; B-FAHF-2, butanol
purified FAHF-2; IBD, inflammatory bowel disease; CD, Crohn’s disease; HPLC,
high pressure liquid chromatography; PBMCs, Peripheral blood mononuclear
cells.

murine colitis in the CD45RBM transfer model (5). FAHF-2
affects immune responses by disrupting the NF-kB pathway (5).

FAHF-2s effects are immunomodulatory and not globally
immunosuppressive as evidenced by the effect FAHF-2 has on the
production of IFN-y in different inflammatory diseases. In food
allergy, FAHF-2 stimulates increased production of IFN-y (8, 11),
whereas in CD it decreases IFN-y production (5). In addition,
FAHEF-2s effects on chemokines and growth factors shown
here for the first time, demonstrate that FAHF-2 suppresses
production of numerous chemokines (IP-10, MIP-1, eotaxin,
RANTES, MIG, MCP-1, and MIP-1a) and stimulates production
of granulocyte-macrophage colony-stimulating factor (GM-CSF)
by PBMCs from pediatric subjects with CD.

GM-CSF in particular plays an integral role in intestinal innate
immunity, immune tolerance and the induction of intestinal
regulatory T cells (12, 13). Pediatric and adult CD patients with
ileal and stricturing or penetrating disease were shown to have
higher levels of GM-CSF autoantibodies (14). A recombinant
human form of GM-CSE sargramostim, had positive effects
in a small pilot study of CD patients. A subsequent larger
placebo-controlled trial showed that GM-CSF therapy decreased
disease severity and induced mucosal healing, but failed to
demonstrate a clinical response (15). The larger study failed to
target subjects with deficiencies or antibodies against GM-CSF
and this may have been the reason for its failure. Heterogeneity
in pathogenic mechanisms exists. Thus, an increase in GM-
CSF may be therapeutic for a subgroup of CD patients, and we
therefore continued to investigate the ability of FAHF-2 and its
derivatives to alter GM-CSF.

FAHF-2 shows promise as a possible therapy for CD. Clinical
trials of FAHF-2 in food allergy however, revealed that the
high burden of pills needed in clinical trials contributed to
non-compliance (16). Our goal was to lower the pill burden
needed to use FAHF-2 in treatment protocols. We therefore
developed butanol purified FAHF-2 (B-FAHF-2) which could
be used at a fraction of the dose. We also tested the
individual herbs that comprise FAHF-2 and B-FAHF-2 for
their effects on TNF-a and GM-CSF as representative of their
ability to modulate the immune response in CD. We found
that the purified form, B-FAHF-2, significantly suppressed
the production of TNF-a by PBMCs and intestinal mucosal
from pediatric subjects with CD and abrogated colitis in
a murine model at a much lower dose than FAHF-2. B-
FAHF-2 also increased production of GM-CSF by PBMCs
and intestinal mucosa and this was also true in a small
subset of our CD subjects with antibodies against GM-
CSF. Consistent with traditional Chinese medicine practices,
the individual herbs within FAHF-2 and B-FAHF-2 were
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TABLE 1 | The composition of FAHF-2.

Latin name Chinese name Plant part Occupied
percent
Prunus mume Wu-Mei Fruit 20%
Zanthoxylum schinifolium Chuan-Jiao Pericarp 2%
Angelica sinensis Dang-Gui Root 6%
Zingiber officinalis Gan-Jiang Root 6%
Cinnamomum cassiae Gui-Zhi Burgeon 4%
Phellodendron chinense Huang-Bai Cortex 4%
Coptis chinensis Huang-Lian Root 6%
Panax ginseng Hong-Shen Root 6%
Ganoderma lucidum Ling-Zhi Mushroom 46%

not as effective as the whole in suppressing TNF-a and
increasing GM-CSF.

MATERIALS AND METHODS

FAHF-2 and B-FAHF-2 Production, Quality

Control, and Dose Derivation

FAHF-2 and B-FAHF-2 were obtained from Xiyuan Chinese
Medicine Research and Pharmaceutical Manufacturer, Chinese
Academy of Chinese Medicine Sciences, Beijing, China, a
good manufacturing practice (GMP) certified facility. Herbal
components of FAHF-2 are listed in Table 1. All herbs were
inspected for identity and quality by licensed pharmacists. All
plant names have been checked with http://www.theplantlist.org
except for Ganoderma lucidum which is a fungus and not listed
there. Voucher specimens of the raw herbs were archived in
the laboratory of Dr. Xiu-Min Li. The manufacturing process of
FAHEF?2 is as follows: Ganoderma lucidum powder was generated
by decoctions by boiling small pieces Ganoderma lucidum twice
(2h each time). Panax ginseng was extracted twice with 80%
aqueous ethanol, then filtered, combined, and evaporated until
there was no residual ethanol. The other 7 herbs were combined
and boiled twice in water (1.5h each time). The decoction was
collected, combined, and purified by ethanol precipitation. Panax
ginseng was mixed with the 7 herbs extract, dried into a powder,
and then combined with the Ganoderma lucidum powder to form
FAHF-2 (17, 18).

Extensive quality control, analytical chemistry data and batch
consistency pertaining to the formula have been published
previously (11). We identified chemical markers by high-pressure
liquid chromatography (HPLC) and liquid chromatography (LC)
mass spectrometry. Endotoxin levels were measured using the
Pyrogent Plus assay kit (Lonza, MA) and were below 0.03 EU/ml,
the limit of sensitivity for this kit.

Given the generally favorable safety profile, the dose ranges
of most Chinese herbal formulations are wide. Initially, the dose
used in our FAHF-2 studies was converted from the human
daily dose of the Wu Mei Wan formula and Ling Zhi extract
at a medium to high dose range using a conversion table of
equivalent effective dose ratios from humans to animals based
on body surface area (19). This dose was consistently effective

in protecting peanut allergic mice from anaphylaxis, and at
abrogating colitis in a murine model (5). B-FAHF-2 is 20% of
FAHF-2 by weight because of the elimination of non-medicinal
components and thus the dose used in our experiments is derived
by using 20% of the dose of FAHF-2 (250 wg/ml). The effective
dose (60 jLg/ml) of B-FAHF-2 was found to be 20% that of FAHF-
2 based upon cell culture assays and in vivo models of peanut
allergy (6). For the individual herbs within FAHF-2 and B-FAHF-
2, the doses used correspond to the equivalent dose found in the
full compound. Equivalent doses were as follows: Wu Mei (WM)
50 pg/ml, Chuan Jiao (HJ) 125 pg/ml, Dang Gui (DJ) 125 pg/ml,
Gan Jiang (GJ) 125 pg/ml, Gui Zhi (GZ) 125 pg/ml, Huang Bai
(HB) 125 pg/ml, Huang Lian (HL) 125 pug/ml, Hong Shen (HS)
125 pg/ml, and Ling Zhi (LZ) 125 pg/ml.

HPLC of FAHF-2, and B-FAHF-2

The instruments used were a Waters 2690 HPLC system coupled
to a 2996 PDA detector (Waters, Milford, MA). B-FAHF-2
tablets were ground, and a 22.5 mg/mL solution was prepared
using 1:1 ratio of mobile phase mixture. The B-FAHF-2 solution
was centrifuged at 10,000 rpm for 10 minutes. 10uL of the
supernatant was injected into the HPLC system and separated
on a ZORBAX SB-C18 (4.6x 150mm, 5pum) column (Agilent,
Santa Clara, CA). The mobile phase A was made of 0.1% of
formic acid aqueous solution. Mobile phase B was acetonitrile.
The separation was performed at 1 min/mL flow rate following
a linear gradient elution of 2-25% mobile phase B in 45 min,
25-35% B in the following 25 min, 35-55% in the next 15 min,
55-75% in another 10 min. This mobile phase composition
was maintained for 5min and then rapidly switched to 2%
mobile phase B. An equivalent amount of FAHF-2 formula, 99
mg/mL, was also prepared following the same procedure as for
B-FAHF-2. 10nL of FAHF-2 supernatant was analyzed on the
HPLC system. Data was collected and processed with Waters’
Empower software.

Subjects

Human studies were approved by the Institutional Review
Board of the Icahn School of Medicine at Mount Sinai
(No. 11-00808). All participants provided written informed
consent for participation in the study. Blood samples (n =
29) and inflamed colonic biopsy specimens (n = 20) were
collected from newly diagnosed pediatric CD patients (8-
19 years old) naive to medications that could alter immune
responses including: immune-modulators, biologics or steroids.
CD patients were diagnosed based on standard clinical,
radiographic and endoscopic criteria. Blood and colonic biopsy
specimens were also collected from non-IBD control subjects (n
= 12). Patient characteristics are outlined in Table 2.

PBMC Separation, Cell Culture and
Cytokine, Chemokine, and Growth Factor
Measurements

PBMCs were isolated by Ficoll Hypaque (Pharmacia, Piscataway,
NJ) with density gradient centrifugation. Purified PBMCs were

cultured in medium containing 5% FBS with or without
FAHF-2 (250 pg/ml), B-FAHF-2 (60 pg/ml), individual herbs
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TABLE 2 | Subject characteristics based upon the Montreal classification for CD.

CD (n =29) Non-IBD (n = 12)
Gender (male/female) 21/8 6/6
Age, mean + SD 13+ 3.2 168+ 25
Location (L2/L3) 6/23 N/A
Behavior (B1/B2/B3) 26/0/3 N/A
Perianal (N/Y) 26/3 N/A

L2, colonic; L3, ileocolonic; B1, non-stricturing, non-penetrating;, B2, stricturing;
B3, penetrating.

TABLE 3 | Real-time PCR primer sequences.

Target Forward sequences (5'-3') Reverse sequences (5'-3')

TGF-p1 CCCGAAGCGGACTACTATGC CGAATGTCTGACGTATTGAAGAACA

TGF-p2 CACCCAGCGCTACATCGATAG ~ CAGCGTCTGTCACGTCGAA
IL-10  TTTGAATTCCCTGGGTGAGAA  GCTCCACTGCCTTGCTCTTATT
Foxp3 ACTGGGGTCTTCTCCCTCAA CGTGGGAAGGTGCAGAGTAG

Gapdh GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT

in B-FAHF-2 (doses noted above) or dexamethasone (1073
wM/ml, positive control) for 24h followed by LPS (2 pg/ml)
stimulation or no stimulation for an additional 24h (8).
Cytokine, chemokine and growth factor levels in the culture
supernatants were determined by ELISA per the manufacturer’s
instructions (BD Biosciences), by multiplex immunoassay or by
cytometric bead array. Multiplex assays were performed per the
manufacturer’s instructions (Luminex Human assay, Invitrogen,
Grand Island, NY). Cytometric bead array was performed per the
manufacturer’s instructions (BD Biosciences).

Biopsy Preparation and Culture

Colonic biopsies were washed with PBS and then cultured
with or without B-FAHF-2 (60 ug/ml) in complete RPMI
(10% FBS and GPS) with phosphatase and protease inhibitors
overnight. The volume of culture medium was based upon the
weight of each sample so that the size of the biopsies could
be standardized. Supernatants were filtered and TNF-a and
GM-CSF were assessed by ELISA (BD Biosciences) per the
manufacturer’s instructions.

GM-CSF Antibody Measurement

Serum was tested by ELISA. Briefly, samples were diluted serially
in 4-fold increments from 1/100 to 1/25,000 and assayed for
the presence of IgG and IgA against GM-CSF (Sargramostim,
Genzyme), as well as irrelevant control recombinant proteins.
Each plate included positive control sera from patients with
pulmonary alveolar proteinosis as well as a negative control
healthy donor serum pool, expected, respectively, to react or not
with GM-CSF.

CD45RB" T Cell Transfer Model of Colitis

Animal studies were approved by the Institutional Animal
Care and Use Committee at Mount Sinai. Cells were obtained

from C57BL/6 wild type mice and enriched using an EasySep
Cell Isolation Kit (STEMCELL Technologies Inc., Vancouver,
CA) that depletes CD8', CD11b*, CDllc*, CD19*, and
B2207 cells by negative selection. The resulting CD4™" enriched
population was labeled with FITC-conjugated anti-CD4 Ab,
APC-conjugated anti-CD62L Ab and PE-conjugated anti-
CD45RB Ab (eBiosciences). Subpopulations of CD4™ cells were
sorted by flow cytometry. CD4TCD45RBhi T cells (3.5 x 10°)
were adoptively transferred by intraperitoneal injection into
recipient RAG1™/~ mice. Transfer was confirmed by flow
cytometry of peripheral blood in all mice after 2-4 weeks. To
prevent the progression to colitis, the recipient mice were fed B-
FAHF-2 (50 mg/day) daily by gavage 24 h after CD4*CD45RBhi
T cells transfer. Control mice received water by gavage. Weights
were recorded semi-weekly. All mice were sacrificed once any
mouse lost 20% of their initial weight. Colonic histology was
scored for inflammatory infiltrates and epithelial damage by a
pathologist blinded to the treatment group (20, 21). A total score
with a maximum of 20 was determined by the summation of
the following sub-scores: mucosal involvement: 0 = normal, 1
= 3-10 mucosal neutrophils/hpf, 2 = more than 10 mucosal
neutrophils or rare crypt abscesses, 3 = multiple crypt abscesses
or erosion; submucosal involvement: 0 = normal,]1 = focal
aggregates of neutrophils, 2 = neutrophil infiltration with
expansion of submucosa, 3 = diffuse neutrophil infiltration;
muscularis: 0 = normal, 1 = scattered neutrophils within the
muscularis, 2 = neutrophil infiltration with focal effacement
of the muscularis, 3 = extensive neutrophil infiltration with
transmural effacement of the muscularis; crypt damage: 0 =
normal, 1 = loss of the basal one third, 2 = loss of the basal
two thirds, 3 = entire crypt loss, 4 = crypt loss with surface
erosion, 5 = confluent, extensive erosion; ulcerations: 0 =
absence of ulceration, 1 = one to two ulcer foci, 2 = three to four
ulcer foci, 3 = confluent extensive ulceration. Colonic samples
were cultured overnight in medium containing phosphatase
and protease inhibitors. Cytokine secretion was measured in
the supernatants (IL-4, IL-6, IL-10, IL-12, TNE-8, IFN-y, IL-
17A) by cytometric bead array (BD Biosciences) and ELISA for
GM-CSF (BD Biosciences) per the manufacturer’s instructions.
RT-PCR was performed to look at regulatory elements within
the colonic mucosa including TGFB1, TGFP2, Foxp3, and
IL-10. Colon samples RNA extraction and complementary
DNA (cDNA) transcription were performed as previously
described. (22) SYBR™ Green Master Mix (Thermo Fisher
Scientific, Fair lawn, NJ) was used to perform RT-PCR.
The target gene mRNA expression was normalized to the
untreated group and calculated with the Ao CT method. The
primer sequences are listed in Table 3. Immunofluorescence
(IF) staining of mouse colon sections was performed according
to the previously described protocol with slight modifications
(23). Paraffin embedded slides were dewaxed by serial xylene,
xylene/ethanol (1:1), 100% ethanol, 95% ethanol, 70% ethanol,
and H,O. Then slides were unmasked in heat antigen retrieval
solution in the microwave. After permeabilization for 10 min
at room temperature (RT), the slides were blocked with
20% goat serum in PBS for 1h at room temperature, and
then incubated with CD4-FITC and F4/80-APC (eBiosciences,
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FIGURE 1 | HPLC fingerprints of B-FAHF-2 (top) and FAHF-2 (bottom) demonstrating the presence of the same compounds. The HPLC major peaks in three key
herbs of FAHF-2 and B-FAHF-2, Huang-Bai, Ling-Zhi and Wu-Mei overlap with FAHF-2 and B-FAHF-2 in on-line ultraviolet (UV) spectra and retention time (tg).
Huang-Bai contributes to peaks 1, 5-8, 12-14. Ling-Zhi contributes to peaks 1-4, 7, 13, 16-19, 31, 32, 35, 36. Wu-Mei contributes to peak 1-6.

San Diego, CA) overnight at 4°C. DAPI was used to stain
cell DNA.

Statistics

Paired T-tests with Wilcoxon signed-rank test were used when
comparing the same samples without and with treatment.
Comparisons between multiple groups were done using
one-way ANOVA. This was followed by either non-parametric

Mann-Whitney U test or Bonferroni analysis when appropriate.
Statistical differences between groups for the colitis model
were determined by Mann-Whitney T-test assuming non-
normally distributed data. Data analysis was done using
Prism software (GraphPad, San Diego, CA). A value of p
< 0.05 was considered statistically significant. P-values are
indicated by *p < 0.05, **p < 0.01, **p < 0.001, “***p
< 0.0001.
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FIGURE 2 | B-FAHF-2 suppressed production of TNF-a by PBMCs and by colonic mucosa from pediatric subjects with CD. (A) TNF-a levels from PBMCs after
stimulation with LPS in CD and non-IBD controls and then after treatment with B-FAHF-2 (CD n = 29, Non-IBD n = 12). (B) TNF-a levels from colonic biopsies from
pediatric subjects with CD cultured in medium or with the addition of B-FAHF-2 (n = 20) "p < 0.001, *p < 0.01, *p < 0.05).

RESULTS significantly suppressed the production of TNF-a from inflamed
. biopsies from subjects with CD (p < 0.05) (Figure 2B).

B-FAHF-2 Contained the Same Thus, like FAHF-2, B-FAHEF-2 significantly suppressed TNF-

Compounds as FAHF-2 and Suppressed a production by PBMCs and inflamed colonic mucosa from

TNF-o Production by PBMCs and Colonic pediatric subjects with CD.

Mucosa From Pediatric Subjects With CD B-FAHF-2 Stimulated Increased Production

at 20% of the Dose of FAHF-2 .
After butanol extraction of FAHF-2 was completed, B-FAHF- of GM-CSF by PBMCs and Colonic Mucosa

2 and FAHF-2 were examined by HPLC to ensure that From Pediatric Subjects With CD

FAHF-2 had an immunomodulatory effect that is best

demonstrated by its stimulation of increased production of

units and retention times, indicating that they contain the ~GM-CSF while at the same time suppressing production of

same compounds. multiple inflammatory chemokines (IP-10, MIP-1f, eotaxin,
FAHF-2 suppressed production of TNF-a IFN-y, and IL-12 RANTES, MIG, MCP-1, and MIP-1a) and HGF from PBMCs

from PBMCs from pediatric subjects with CD (5) and therefore from pediatric subjects with CD (Figure 3).

we examined B-FAHF-2’s effects on TNF-a production as a Therefore, using GM-CSF as representative of the
representative cytokine. We first tested the effect of B-FAHF-2 ~ immunomodulatory capacity FAHF-2, we tested the effect
(60 jLg/ml) on TNF-a secretion by PBMCs from 29 CD subjects of B-FAHF-2 on GM-CSF secretion by unstimulated PBMCs
and 12 non-IBD controls (Table 2). PBMCs from CD subjects from all 29 pediatric subjects with CD. PBMCs cultured with
secreted significantly more TNF-a upon LPS stimulation as B-FAHF-2 produced more GM-CSF than when cultured in
compared to non-IBD controls (p < 0.01) (Figure 2A). TNF-a medium alone (Figure 4A) (p < 0.05). B-FAHF-2 also stimulated
levels were significantly reduced when CD PBMCs were cultured significantly increased production of GM-CSF from biopsies
with B-FAHF-2 (p < 0.001) (Figure 2A). No cytotoxicity was from pediatric subjects with CD (Figure 4B) (p < 0.05).

detected (Data not shown). B-FAHF-2 Increased GM-CSF Production

To be effective at treating CD, B-FAHF-2 should have effects . . . N
on intestinal mucosa and inflammatory cytokine secretion. by PBMCs From Pediatric Subjects With

FAHEF-2 suppressed production of TNF-a, IL-1f, IL-6, and IL- CD Who Have GM-CSF Antibodies

17 from inflamed colonic mucosa from pediatric subjects with ~ Given the effect of B-FAHF-2 on GM-CSF and the possibility
CD (5) and therefore we examined B-FAHF-2s effects on TNF-a  that it might be beneficial in a subset of patients with GM-CSF
production as a representative cytokine. We incubated inflamed  antibodies, we tested the serum from all subjects. We found that
colonic mucosa from subjects with CD with and without B-  four of the 29 subjects with CD had GM-CSF antibodies. B-
FAHF-2 and quantified TNF-a from the supernatant. B-FAHF-2 ~ FAHF-2 significantly increased GM-CSF production by PBMCs

the compounds were similar. HPLC fingerprints (Figure 1)
demonstrate similar patterns with peaks at similar absorbance
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FIGURE 3 | FAHF-2 modulated chemokine and growth factor production by PBMCs from pediatric CD subjects. Production of IP-10, MIP-18, Eotaxin, RANTES,
MIG, MCP-1, MIP-1a, HGF and GM-CSF by LPS- stimulated PBMCs from pediatric CD subjects was significantly altered when cultured with FAHF-2 (LPS+FAHF-2)
versus without it (LPS) (n = 14, ns, not significant, *o < 0.05, **p < 0.0001).

from these 4 subjects (p < 0.05) (Figure 5) despite them having
antibodies to GM-CSF.

Only B-FAHF-2 and Huang Bai Were
Effective at Both Suppressing TNF-o
Production and Inducing GM-CSF
Production by PBMCs From Pediatric

Subjects With CD
Given the potent suppressive effect of FAHF-2 and B-FAHF-
2 on TNF-a production, (5) each herb that comprises them

[Prunus mume (Wu Mei), Zanthoxylum bungeanum (Chuan
Jiao), Angelica sinensis (Dang Gui), Zingiber officinalis (Gan
Jiang), Cinnamomum cassia (Gui Zhi), Phellodendron chinense
(Huang Bai), Coptis chinensis (Huang Lian), Panax ginseng
(Hong Shen) and Ganoderma lucidum (Ling Zhi)] was tested for
the ability to suppress production of TNF-a from LPS stimulated
PBMCs from pediatric subjects with CD. LPS caused a marked
increase in production of TNF-a. B-FAHF-2, Dexamethasone
(Dexa), Huang Bai (HB), Huang Lian (HL) and Dang Gui (DG)
significantly reduced production of TNF-a (p < 0.0001, p <
0.001, p < 0.01, p < 0.05, and p < 0.05 respectively) (Figure 6A).

Frontiers in Medicine | www.frontiersin.org 11

November 2021 | Volume 8 | Article 782859


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Chen et al. B-FAHF-2 for Crohn’s Disease
A B
* *
45001 5000+
4000 7
= 2000 = 4000
T o001 . £
£ 1000 £
2 7507 2 3000-
e ®
8 500 Q 2000+
= 5
O 2501 —— 1000+
0-

+B-FAHF2

CD cultured in medium or with the addition of B-FAHF-2 (n = 20) (*p < 0.05).

FIGURE 4 | B-FAHF-2 stimulated increased production of GM-CSF by PBMCs and colonic mucosa from pediatric subjects with CD. (A) GM-CSF levels from PBMCs
from pediatric subjects with CD cultured in medium or with the addition of B-FAHF-2 (n = 29). (B) GM-CSF levels from colonic biopsies from pediatric subjects with

Medium +B-FAHF2

*
800 -

=

E 600

—~—

o

Qo

N

w 4001

3

5 2004

0 T
Medium B-FAHF2

FIGURE 5 | B-FAHF-2 caused increased GM-CSF production by PBMCs from
pediatric subjects with CD who have GM-CSF antibodies. GM-CSF levels from
PBMCs from four pediatric subjects with CD and GM-CSF antibodies cultured
in medium alone or with the addition of B-FAHF-2 (n = 4, *p < 0.05).

We then tested the effect of B-FAHF-2 and each herb that
comprises it on the production of GM-CSF. B-FAHF-2, Ling
Zhi (LZ) and Huang Bai (HB) induced significantly increased
production of GM-CSF by unstimulated PBMCs from pediatric
subjects with CD (p < 0.05, p < 0.001, and p < 0.05, respectively)
(Figure 6B).

Overall, only B-FAHF-2 and Huang Bai (HB) could both
decrease TNF-a and increase GM-CSF production by PBMCs
unlike any of the other individual herbs.

B-FAHF-2 Alleviated Colitis in a Murine
Model

In the CD45RBM T cell transfer model of colitis, treatment with
FAHF-2 decreased colitis progression as evidenced by decreased
weight loss, histological inflammation and production of TNF-
o, IFN-y, IL-6, and IL-17 from the colon (5). Therefore, we

assessed the effect of B-FAHF-2 in vivo using the CD45RBM T
cell transfer model of colitis, which exhibits features like those
found in CD including transmural colitis and elevated levels
of TNF-a. B-FAHF-2 treated mice trended toward less weight
loss (Figures 7A,B) and had significantly less colon shortening
than untreated controls (p < 0.05) (Figure 7C). The B-FAHF-
2 treated mice had significantly less histological inflammation
with less muscularis inflammatory infiltrates, crypt damage, and
ulceration (p < 0.05, p < 0.05, p = 0.0548, and p < 0.01,
respectively) (Figures 7D-F). The scoring system used takes into
account changes in neutrophil infiltrates. Thus, we also looked
by IF at CD4™ T cell and macrophage infiltrates and found that
both were decreased in the B-FAHF-2 treated group (Figure 7F).
Inflammatory cytokine production by colonic tissue in B-FAHF-2
treated mice was reduced: TNF-a, IFN-y, and IL-6 (p < 0.05, p <
0.05, p < 0.01, respectively) (Figure 7G). Levels of IL-17 and IL-
10 were not detectable in both groups (data not shown). Finally,
to examine if B-FAHEF-2 affects regulatory T cells, we examined
TGE- B1, TGF-B2, Foxp3, and IL-10 by RT-PCR and found no
significant differences between the groups (data not shown).
Thus, B-FAHF-2 alleviates colitis and inhibits
inflammatory milieu associated with colitis.

the

DISCUSSION

In this continuation of our studies on FAHF-2 as a potential
treatment for CD, we first sought to lessen the pill burden
of FAHF-2 required for human trials by purifying the active
compounds and then by examining the individual herbs. Our
data demonstrates that the purified product, B-FAHF-2, was
effective at suppression of TNF-a production by both PBMCs
and mucosal biopsies from pediatric subjects with CD at 20% of
the dose of FAHF-2. In a murine model, B-FAHF-2 was effective
at alleviating colitis at this same dose. B-FAHF-2 also caused
an increase in GM-CSF production even in those subjects with
antibodies against it. Of the individual herbs within FAHF-2 and
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FIGURE 6 | Only B-FAHF-2 and Huang Bai suppressed TNF-a and induced GM-CSF production by PBMCs from pediatric subjects with CD. (A) TNF-a levels from
PBMCs from pediatric subjects with CD stimulated with LPS and treated with B-FAHF-2, dexamethasone (Dexa), Ganoderma lucidum/Ling Zhi (LZ), Panax
ginseng/Hong Shen (HS), Phellodendron chinense/Huang Bai (HB), Coptis chinensis/Huang Lian (HL), Prunus mume/Wu Mei (WM), Zingiber officinalis/Gan Jiang
(GJ), Cinnamomum cassia/Gui Zhi (GZ), Zanthoxylum bungeanum/Chuan Jiao (HJ), or Angelica sinensis/Dang Gui (DG). (B) GM-CSF levels from PBMCs from
pediatric subjects with CD treated with B-FAHF-2, dexamethasone (Dexa), Ganoderma lucidum/ Ling Zhi (LZ), Panax ginseng/ Hong Shen (HS), Phellodendron
chinense/Huang Bai (HB), Coptis chinensis/Huang Lian (HL), Prunus mume/Wu Mei (WM), Zingiber officinalis/Gan Jiang (GJ), Cinnamomum cassia/Gui Zhi (GZ2),
Zanthoxylum bungeanum/Chuan Jiao (HJ), or Angelica sinensis/Dang Gui (DG) (n 7-28) (***p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05 as compared with LPS
stimulated PBMCs for TNF-a or as compared to medium alone for GM-CSF).

B-FAHF-2, only Huang Bai was effective at both suppressing  involved in a subset of IBD cases (14). A recombinant human
TNF-a and stimulating GM-CSF production. form of GM-CSE, sargramostim, had positive effects in a pilot
Purification of FAHF-2 using butanol extraction did not affect  study of patients with CD but larger trials did not show improved
the ability of B-FAHF-2 to suppress TNF-a production ex vivo  clinical outcomes (26, 27). This is likely due to heterogeneity
from human PBMCs and colonic mucosa nor its ability to  in pathogenic mechanisms. Therefore, GM-CSF may be an
abrogate colitis in a murine model. The components removed by ~ appropriate therapy for a subgroup of CD patients which the
butanol purification were non-medicinal components including  larger clinical trial did not target specifically. We demonstrate for
fiber, wax, proteins and starch. Given that B-FAHF-2 has  the first time, that B-FAHF-2 increases production of GM-CSF
a similar HPLC fingerprint as FAHF-2, and similar effects from PBMCs and from colonic mucosa from children with
on TNF-a suppression (5), B-FAHF-2 likely has similar ~ CD. The most likely therapeutic target for this increase would
immunomodulatory effects beyond what we have shown here. ~ be a subset of CD patients who have been shown to have
Importantly, the in-vitro dose of FAHF-2 that inhibited 60—  antibodies against GM-CSF and thus low levels of GM-CSF. In
70% of TNF-a production was 700 pg/mL whereas that of B-  our study population, only 4 children had significant antibodies
FAHEF-2 is only 60 pg/mL. In human trials this equates to a  against GM-CSF and, independent of the presence of antibodies,
pill burden reduction from 36 pills daily for FAHF-2 to 10  B-FAHF-2 significantly increased production of GM-CSF by
pills maximum per day for B-FAHF-2 (6). This reduction would =~ PBMCs from these subjects.
allow clinical trials to proceed with better participant compliance. The complexity of Traditional Chinese Medicine makes these
An even more purified version of B-FAHF-2 is currently in a  therapies particularly difficult to study. Each herbal formulation
phase II trial as an adjunct therapy for children and adults with  including B-FAHF-2, incorporates multiple herbs, which in turn
multiple food allergies (24), and a clinical trial in patients with ~ are made up of numerous chemicals. The active components
mild-to-moderate CD, where there is a lack of FDA approved  of these complex mixtures work synergistically and removal of
medications, is about to begin (25). some components, even if inactive, can destabilize the active
Our results on the effect of FAHF-2 on chemokines components (28). In addition, many of the components may
and growth factors showed that the formulation is be transformed in vivo into more complex active metabolites
immunomodulatory and not broadly immunosuppressant.  that could be eliminated unintentionally. Thus, we were not
Studies have shown that alterations of GM-CSF function may be  surprised that only one of the individual herbs, Huang Bai,
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FIGURE 7 | B-FAHF-2 alleviated colitis in the CD45RB" transfer model. (A) Weight curves of mice treated (+B-FAHF-2) or untreated with B-FAHF-2. (B) The final
percentage of initial body weight as measured at the time the mice were sacrificed. (C) Colon length of mice treated (+B-FAHF-2) or untreated with B-FAHF-2. (D) The
total histological scores of inflammation of the colon of mice treated (+B-FAHF-2) or untreated. (E) The histological sub-scores for inflammation in the mucosa,
submucosa, and muscularis as well as for crypt damage and the extent of ulceration in mice treated (+B-FAHF-2) or untreated. (F) A representative H & E stained
histological figure demonstrating the untreated specimen with marked inflammatory infiltrate including neutrophils (red arrow), loss of crypts (blue arrow), crypt
distortion, and ulceration (green arrow) of the mucosa vs. the B-FAHF-2 treated specimen which has significantly less inflammatory infiltrate and disordered crypts but
no ulceration and minimal loss of crypts. Immunofluorescence staining for CD4* T cells and macrophages (F4/80) in untreated and +B-FAHF-2 groups. (G) Cytokine
production by colonic mucosa from mice treated (+B-FAHF-2) or untreated with B-FAHF-2 (n = 10 per group, ns, not significant, *o < 0.05, **p < 0.01).
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could both suppress TNF-a and stimulate GM-CSF production
although not with the same effect as B-FAHF-2. Other individual
herbs were able to either suppress TNF-a or increase GM-
CSF production but none did both. Interestingly, our group
has attempted to isolate active compounds within this complex
formulation but has not shown that individual compounds or
smaller combinations of them have the same effects as the
entire mixture together. In addition to the complexity of the
formulation which makes it difficult to study, further challenges
to performing clinical trials include obtaining reliable sources
for the raw herbal components, ensuring no pesticide or heavy
metal contamination, and confirming consistency of the chemical
makeup of each batch of herbal medicine. Finally, herbal
formulas have often been found to have hepatotoxicity. FAHF-
2 and B-FAHF-2 were made with the removal of potentially
hepatoxic herbs and data in prior murine and human studies have
shown no hepatoxicity as evidenced by this formulation receiving
an Investigational New Drug status from the FDA (8, 29).

Our study is the next step toward the development
of this formulation into an herbal therapy for CD but
additional refinement of the formulation and further larger
studies must be performed. This study has several other
limitations. We used TNF-a and GM-CSF as surrogate
markers for the immunomodulatory capabilities of B-FAHEF-
2 but examination of a multitude of cytokines, chemokines
and growth factors should be examined as was done with
FAHF-2. In prior studies we examined the mechanism of
how FAHF-2 suppressed inflammatory cytokine production
and found that the NFkB pathway was inhibited. This
is unlikely to explain the mechanism causing increases in
GM-CSF production and will need to be investigated in
future studies. In addition, we had only a small sample of
subjects with antibodies against GM-CSF. The effects of B-
FAHF-2 in this sub-group should be confirmed in larger
patient populations.

CONCLUSIONS

In conclusion, B-FAHF-2 suppresses production of TNF-qa, a
major inflammatory cytokine involved in the pathogenesis of
CD, to a similar extent as FAHF-2 but at a lower dose. B-
FAHF-2 warrants further clinical investigation to determine
its efficacy in CD. B-FAHF-2 also increased production of
GM-CSF and thus warrants further investigation in a sub-
group of CD patients who have low levels of or antibodies
against GM-CSF.
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Inflammatory bowel disease (IBD), as a global disease, has attracted much research
interest. Constant research has led to a better understanding of the disease condition
and further promoted its management. We here reviewed the conventional and
the novel drugs and therapies, as well as the potential ones, which have shown
promise in preclinical studies and are likely to be effective future therapies. The
conventional treatments aim at controlling symptoms through pharmacotherapy,
including aminosalicylates, corticosteroids, immunomodulators, and biologics, with other
general measures and/or surgical resection if necessary. However, a considerable
fraction of patients do not respond to available treatments or lose response, which
calls for new therapeutic strategies. Diverse therapeutic options are emerging, involving
small molecules, apheresis therapy, improved intestinal microecology, cell therapy, and
exosome therapy. In addition, patient education partly upgrades the efficacy of IBD
treatment. Recent advances in the management of IBD have led to a paradigm shift
in the treatment goals, from targeting symptom-free daily life to shooting for mucosal
healing. In this review, the latest progress in IBD treatment is summarized to understand
the advantages, pitfalls, and research prospects of different drugs and therapies and to
provide a basis for the clinical decision and further research of IBD.

Keywords: inflammatory bowel di , Crohn di , ulcerative colitis, therapeutics, recent advance

INTRODUCTION

Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), is a
chronic and recurrent inflammatory disease that mainly relates to the intestinal tract. Over recent
decades, the epidemiology of IBD has changed considerably. The early twenty-first century has
witnessed a rapidly rising incidence in newly industrialized countries (1). The morbidity of IBD
was about 1.74 per 100,000 person-years in China (2). Although the morbidity turns to be stable
in western countries, burden remains high as prevalence exceeds 0.3% (1). As a global disease, IBD
not only seriously endangers human health but also brings heavy financial burdens to individuals,
families, and society.

The exact cause of IBD remains indistinct, but it is generally accepted that its etiopathology is
multifactorial, involving genetic predisposition, mucosal barrier dysfunction, disturbances in the
gastrointestinal microbiota, dysregulated immune responses, environmental, and lifestyle factors
(3, 4).

The past few years have seen an expansion in IBD therapeutic options. Conventional treatments
control symptoms through pharmacotherapy, including aminosalicylates, corticosteroids (CSs),
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immunomodulators, and biologics, with other general measures
and/or surgical resection if necessary. The introduction of
specific inhibitors of tumor necrosis factor (TNF) is a
groundbreaking achievement, enabling long-standing remission,
and modification of the IBD course in a significant fraction of
patients (5). However, primary non-response to TNF inhibitors
was observed in up to 40% of patients in clinical trials and
10-20% patients in clinical series; secondary loss of response
occurred in ~23-46% of patients after 1 year of treatment
(6), which calls for new therapeutic strategies. New therapeutic
strategies are emerging, involving small molecules, apheresis
therapy, improved intestinal microecology, cell therapy, and
exosome therapy. In addition, patient education on diet and
psychology appears to benefit IBD treatment.

Recent progress in therapeutic approaches, especially
the emergence of biologics, has not only promoted the
transformation of the treatment mode in IBD, but also changed
the perspective of IBD therapy. Traditionally, the therapeutic
effects are mainly evaluated through clinical symptom score.
Nowadays, the disease activity can also be assessed by objective
indicators such as endoscopic findings and biomarkers (7).
The goals are not only to induce and maintain remission in
symptom, to prevent and treat complications but also to achieve
mucosal healing. Mucosal healing refers to the elimination
of local mucosal inflammation and the restoration of the
normal mucosal structure. Although there is still no unified
criteria for the determination of mucosal healing, it is usually
characterized by the disappearance of endoscopic ulcer (8).
Multiple studies are emerging to show that mucosal healing
may be associated with reduced rates of clinical recurrence,
hospitalization, surgery and disability, and a good long-term
prognosis (9-11).

In this review, we not only focus on drugs and therapies that
have been approved, but also focus on the potential methods for
the treatment of IBD, providing a comprehensive overview for
clinicians of available therapies and drugs for IBD treatment.

From the database’s inception until October 2021, we
conducted a comprehensive search in PubMed and Web of
Science. The retrieval strategy is based on Medical Subject
Headings (MeSH) and corresponding free words. The major
search terms are as follows: “Inflammatory Bowel Disease,”
“Bowel Diseases, Inflammatory, “IBD,” “Crohn’s Disease,”
“Crohn’s Enteritis,; “Ulcerative Colitis,” “Colitis  Gravis,”
“Aminosalicylates,”  “Mesalazine,” “5-Aminosalicylic  Acid,
“Corticosteroids,” “Thiopurines;,” “Methotrexate,” “Calcineurin
Inhibitors,” “Biologics,” “Janus Kinase inhibitors,” “Ozanimod,”
“Etrasimod,”  “Surgical ~Procedure,”  “Apheresis,;  “Blood
Component Removals,” “Antibiotics,” “Antibacterial Agents,”
“Probiotics,” “Prebiotics,” “Synbiotics,” “Postbiotics,” “Fecal
Microbiota Transplantation,” “Stem Cell Transplantations,’
“Exosomes,” “Diet.” The above search terms were connected
by the logical operators “OR” or “And.” The research focused
on the treatment of IBD. A total of 9,885 references were
retrieved. Studies, which are old, repetitive and non-English
and those without clear information were excluded. We selected
some representative scientific papers and 257 references were
finally quoted.

PHARMACOLOGICAL INTERVENTION

At present, pharmacological intervention is important for IBD
treatment. The medications mainly include aminosalicylates,
CSs, immunomodulators, biologics, and oral small molecules.
We mainly introduced their mechanism of action, efficacy, and
safety in UC or CD.

Aminosalicylates

Aminosalicylates for IBD mainly include traditional sulfasalazine
(SASP) and other types of 5-aminosalicylic acid (5-ASA) drugs.
SASP is composed of 5-ASA and sulphapyridine (SP) by diazo
bonding and has been used to treat IBD for 80 years. In the
treatment of IBD, SASP is the prodrug, SP is the carrier, and
5-ASA is the active part. The mechanisms of action (MOA) of
5-ASA and SASP include interference with the metabolism of
arachidonic acid (conversion to prostaglandin and leukin-triene),
scavenging of reactive oxygen species, and effects on the function
of white blood cells and the production of cytokines (12). Oh-oka
et al. have proposed a novel anti-inflammatory mechanism in the
colitis treatment: 5-ASA could induce regulatory T cells (Tregs)
in the colon through the aryl hydrocarbon receptor pathway,
followed by the activation of transforming growth factor (TGF)-
B (13).

Studies on the efficacy and safety of 5-ASA preparations
in the treatment of IBD are summarized in Table 1. Recent
studies have reported that oral 5-ASA has better efficacy in
UC treatment than placebo and shows similar effects (clinical
remission rates) between once-daily dosing and conventional
(twice or three times daily) dosing (14). The efficacy of SASP
in UC treatment is similar to that of other 5-ASA preparations.
However, taking costs into account, SASP may be the preferred
option in clinical application, because other 5-ASA preparations
are more expensive (14). A case-control study has reported that
5-ASA maintenance therapy can reduce the risk of colorectal
cancer by 75% in UC patients (15). A meta-analysis has proved
the efficacy of topical 5-ASA in preventing relapse of UC (16).

The therapeutic efficacy of aminosalicylic acid preparations
for CD remains controversial. A review has suggested that oral 5-
ASA preparations have no significant advantage in maintaining
remission in patients with CD (17). However, a retrospective
study in the UK found that 5-ASA was widely used as a long-
term treatment for CD as about a quarter of patients continued to
use 5-ASA for more than 10 years (18). 5-ASA therapy for more
than a year could reduce the consumption of related medical
resources (including referrals, hospitalization, and surgery) (18).
Gjuladin-Hellon et al. have reported the benefit of 5-ASA in
preventing relapse of CD in remission after surgery (19). Coward
et al. in their Bayesian network meta-analysis found that high-
dose mesalamine is an option for inducing remission among
mild-to-moderate CD patients preferring to avoid steroids (20).
Other studies have also reported the treatment effectiveness of
aminosalicylates in CD (21, 22).

Side effects associated with 5-ASA, including flatulence,
nausea, abdominal pain, diarrhea, and headache, are generally
mild. In contrast, the side effects of SASP, such as infertility,
hemolytic anemia, photosensitization, and granulocytosis, are
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TABLE 1 | Aminosalicylates.
Type of study Patients Treatment Therapy Results/Conclusion References
period
A review UC patients Oral 5-ASA NA 5-ASA was more effective than placebo. There was (14)
no difference in clinical remission rates between
once-daily dosing and conventional (twice or three
times daily) dosing. Other 5-ASA formulations
appeared to be as efficacious as SASP
A case-control UC patients 5-ASA NA Regular 5-ASA therapy reduced colorectal cancer (15)
study risk by 75%
A meta-analysis Patients with 5-ASA 6-24 months Topical 5-ASA was effective in preventing relapse of (16)
quiescent UC UC in remission
A systematic CD patients Oral 5-ASA NA No significant advantage was found in oral 5-ASA (17)
review for the maintenance of medically-induced remission
A retrospective Adults with CD 5-ASA NA 5-ASA was widely used as a long-term treatment (18)
study for CD. The use of CD-related healthcare resources
decreased significantly in the year following 5-ASA
initiation
An updated CD patients in Oral 5-ASA NA 5-ASA drugs were superior to placebo for (19)
cochrane review remission after maintaining surgically-induced remission of CD.
surgery 5-ASA formulations appeared to be safe when
compared with placebo, no treatment or biologics
A bayesian Mild-to-Moderate Mesalamine, 8-17 weeks CSs and high-dose budesonide were effective (20)
network CD patients SASP, CSs, and treatments for inducing remission in
meta-analysis budesonide mild-to-moderate CD. CSs were more effective than
high-dose mesalamine, but high-dose mesalamine
was an option among patients preferring to avoid
steroids
A systematic Adults with luminal 5-ASA NA 5-ASA was of modest benefit in preventing relapse (21)
review and CD in remission of quiescent CD after a surgical resection
meta-analysis after a surgical
resection
A systematic Patients with Aminosalicylates NA For induction therapy of mild to moderate CD, SASP (22)
review mildly to had modest efficacy and high dose mesalamine
moderately active (8-4.5 g/day) was not superior to placebo.
CD

UC, ulcerative colitis; 5-ASA, 5-aminosalicylic acid; NA, not applicable; SASF, sulfasalazine; CD, Crohn’s disease; CSs, corticosteroids.

much more than those of 5-ASA (12). However, a few
patients may develop nephrotoxicity within 1 year of 5-ASA
administration (23).

CSs

Oral CSs have been used for IBD treatment since the 1950s
(24, 25), and can effectively induce remission when a flare occurs.
CSs combine with CSs receptors in the cytoplasm, and then
CSs receptors are activated. The activated CSs receptors could
get into the nucleus and interact with specific proinflammatory
transcription factors (such as nuclear factor-kappaB and activator
protein-1), which will recruit co-activator complexes (for e.g.,
histone deacetylation enzymes) to inhibit the transcription of
some inflammatory genes (26). Moreover, activated CSs receptors
can also bind to specific response elements in the promoter
region of anti-inflammatory genes in the nucleus to regulate
the expression of anti-inflammatory genes. In addition, the
anti-inflammatory effect of CSs may be mediated by different
membrane receptors (27).

CSs may be a kind of treatment selection for patients
with UC who have not responded to mesalazine within 2-4
weeks, and those with mild-to-moderate CD, especially with
extensive lesions (28). CSs have no proven efficacy in maintaining
remission in IBD and should not be used for this purpose.
Systemic oral CSs may result in numerous side effects, such as
opportunistic infections, diabetes mellitus, hypertension, ocular
effects, venous thromboembolism (VTE), osteoporosis, etc (29,
30). Steroid dependency or excess was found in ~15-40% of IBD
patients (31, 32). Further investigation should define appropriate
corticosteroid use and find measures for the improvement in CSs
prescription management.

Studies related to CSs’ efficacy in IBD are presented in Table 2.
Systematic reviews and metanalyses have proved the benefits
of CSs in inducing remission of IBD (33). A recent study
demonstrated that CSs were more effective than 5-ASA in the
treatment of CD (20). Other studies have also reported the
efficacy and safety of CSs in IBD treatment (34-40).

Second-generation oral CSs, such as budesonide, are
becoming available and may have better safety and tolerability
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TABLE 2 | Corticosteroids.
Type of study Patients Treatment Results/Conclusion Adverse events References
A review IBD patients CSs and There were numerous adverse events of CSs: opportunistic (29)
aminosalicylates CSs, particularly at high doses and infections, diabetes mellitus,
prolonged treatment. Therapy with hypertension, ocular effects
budesonide may result in a better safety (glaucoma and cataracts),
profile. 5-ASA treatment is usually psychiatric complications,
well-tolerated, but with regard to the rare hypothalamic-pituitary-
nephrotoxic events adrenal axis suppression
and increased fracture risk
A systematic review UC patients Second- Beclomethasone dipropionate and Altered glucose (80)
Generation oral budesonide MMX have better efficacy in concentration, constipation,
CSs the induction of remission in UC than menorrhagia, UC
placebo or mesalazine. exacerbation, headache,
Second-generation CSs have a more nausea
favorable safety and tolerability than
systemic CSs
A multi-center audit IBD patients CSs 14.9% of British patients with IBD NA (31)
experienced steroid dependency or
excess
A systematic review IBD patients CSs CSs were beneficial for inducing remission NA (83)
and meta-analysis in UC, and might be effective in CD.
Standard CSs were more effective than
budesonide
A prospective Adult outpatients Oral prednisone CSs was associated with high rate of Frequentmood changes (34)
observational study with UC or CD (40 mg/day for 2 mood change in IBD patients when
weeks, followed disease flares
by a tapering
course of 5
mg/day reduction
every week)
A systematic review IBD patients with CSs, TPs, TNF Exposure to CSs or TPs, but not anti-TNF CMV reactivation (35)
and meta-analysis CMV antagonists drugs, was associated with an increased
risk of CMV reactivation in IBD patients
A retrospective review IBD patients CSs Prolonged use of CSs was associated VTE, fragility fracture, (36)
with significant harm to IBD patients infections
A retrospective survey UC patients Oral or intravenous The majority of UC patients primarily NA 387)
CSs responded to CSs. But after 1 year of
treatment, nearly half of patients were
assessed as CS dependence
A retrospective study Adults with IBD CSs The use of CSs significantly increased the VTE (38)
risk of VTE
A population-based Incident IBD Systemic oral CSs Oral CSs were associated the increase risk Diabetes, chronic (39)
cohort study with a patients aged >66 of serious infections in elderly-onset IBD respiratory diseases,
nested case-control years patients chronic kidney diseases,
analysis cancer
A retrospective cohort UC patients CSs About half of newly-diagnosed patients NA (40)
study with UC required CSs. Among CS users,
one third of the patients had a sustained
response after the initial CSs course while
two-thirds required further CSs therapy
Two randomized, Patients with Budesonide MMX Budesonide MMX 9 mg resulted in Headache, nausea, (41)
double-blind, mild-to-moderate (9 or 6mg once significantly higher combined clinical and abdominal pain,
placebo-controlled, active UC daily) colonoscopic remission rates (P = 0.0002) nasopharyngitis
phase 3 studies
A phase I, Patients with Budesonide MMX Budesonide MMX 9 mg appeared to be Headache, flatulence, (42)
randomized, active, (9 mg/day) safe and more effective than placebo at nausea, blood cortisol
double-blind, mild-to-moderate inducing combined clinical and decrease

double-dummy;,
placebo-controlled,
parallel-group trial

uc

endoscopic remission in patients with
active, mild-to-moderate UC

IBD, inflammatory bowel disease; CSs, corticosteroids; 5-ASA, 5-aminosalicylic acid; UC, ulcerative colitis; MMX, Multi Matrix; NA, not applicable; CD, Crohn’s disease; CMV,

cytomegalovirus; TNF, tumor necrosis factor; VTE, venous thromboembolism.
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profile than conventional CSs. Target delivery of steroids to the
site of inflammation potentially reduces systemic side effects
(30). Budesonide is a synthetic CS with a high affinity for CSs
receptors. While pH-dependent budesonide capsules restrict the
release of budesonide to the distal ileum and ascending colon,
budesonide Multi Matrix (MMX) is released throughout the
entire colon. The tolerability of budesonide MMX at 8 weeks was
similar to that of placebo, mesalazine (41), and pH-dependent
budesonide (42), which may prompt the use of budesonide
in patients who are not suitable for conventional CSs. For the
mild-to-moderate CD of the ileum and/or ascending colon, 9 mg
budesonide once daily for 8 weeks is recommended with a 2
week taper (28).

Immunomodulators

Immunomodulators are important for patients with IBD
and mainly include thiopurines (TPs), methotrexate (MTX),
calcineurin inhibitors, and Janus Kinase (JAK) inhibitors. The
studies on the efficacy and safety of immunomodulators in IBD
are summarized in Supplementary Table 1.

TPs

During the progression of IBD, activated T lymphocytes
infiltrate the inflammatory site of the intestinal mucosa
and produce a variety of cytokines, further aggravating
intestinal inflammation. TPs, including azathioprine (AZA), 6-
mercaptopurine (MP), and 6-thioguanine (TG) could control
intestinal inflammation by inhibiting T lymphocyte proliferation
and activation. These inactive 6-TP prodrugs are metabolized
into pharmacologically active deoxy-6-thioguanosine phosphate
(deoxy-6-TGNP). Deoxy-6-TGNP can interfere with DNA
synthesis and inhibit lymphocyte proliferation. Besides, 6-TGNP
can bind to Racl to form the 6-TGNP-Racl complex, thus
blocking the activation of Racl in T lymphocytes and inhibiting
the survival and function of T lymphocytes (43).

It has been proved that AZA has a favorable and similar
therapeutic effect on CD and UC, which helps reduce
hospitalization and surgery rates of IBD patients (44-46). A
meta-analysis has indicated that AZA/6-MP is more effective
in preventing UC recurrence than placebo (OR = 2.59, 95%
CI: 1.26-5.3) (47). A retrospective cohort study has shown TP’s
long-term efficacy on UC patients, with a 7-year maintenance
remission rate of 43.9% and a colectomy-free survival rate of 88%
(48). A prospective, observational study has reported that 70% of
steroid-dependent CD patients treated with AZA achieved a 60
month steroid-free remission (49).

However, TPs have many adverse side effects, such as bone
marrow suppression (50), liver injury (51), and gastrointestinal
intolerance (44), etc. It has been reported that up to 39% of
patients with IBD discontinue using TPs due to adverse reactions,
most of which occur within 3 months of treatment (44). The
use of TPs in IBD treatment has declined due to concerns about
adverse drug reactions.

MTX
Low doses of MTX can inhibit the function of several enzymes
related to DNA synthesis, and downregulate a variety of

inflammatory cytokines [such as interleukin (IL)-1, IL-2, IL-6,
IL-8, etc.], thus inhibiting the proliferation of T lymphocytes
and inflammatory response (52). A study has found that 72%
of patients with active CD achieved clinical remission after 3
months of MTX treatment (53). A randomized controlled trial
has shown that in patients with CD who have clinical remission
after intramuscular treatment with 25 mg MTX per week, the rate
of maintenance remission at 40 weeks of intramuscular treatment
with 15 mg MTX per week is 65%, higher than that of the control
group (39%, P = 0.04) (54). MTX has not been proven to have
efficacy in inducing remission in UC (55). In addition, MTX
can cause fatigue, nausea, vomiting, diarrhea, peritoneal abscess,
hypoalbuminemia, atypical pneumonia, severe rash, etc. (27, 55).

Calcineurin Inhibitors

Calcineurin,  activated by calmodulin, can induce
dephosphorylation and activation of the nuclear factor of
activated T cells (NFAT). Then the activated NFAT will
move from cytoplasm to nucleus and combine with the gene
regulatory regions to regulate gene transcription of a variety
of inflammatory cytokines [TNF-a, interferon (IFN)-c, IL-2,
etc.] (56). Calcineurin inhibitors, including Cyclosporine A
(CsA) and Tacrolimus (TAC) interfere with the signaling
pathway, and therefore inhibit the inflammatory response.
CsA and TAC bind to intracellular Cyclophilin A and FK
binding protein 12, respectively, forming complexes that
inhibit NFAT dephosphorylation (56). In addition, it has been
reported that TAC not only has an immunosuppressive effect
on T cells, but also inhibits the activation and promotes the
apoptosis of macrophages, thereby inhibiting the production of
pro-inflammatory cytokines (IL-12/IL-23 and TNF-a) (57).

A randomized controlled trial demonstrated that more than
80% of patients with severe acute refractory UC responded to
CsA (58). It has been reported that the 8-day clinical remission
rate (84.2 vs. 85.7%) of patients with severe UC treated with
intravenous 4 mg/kg CsA is similar to that of patients treated
with intravenous 2 mg/kg CsA (59). Stange et al. performed a
randomized controlled trial to delineate the long-term effect of
CsA on chronic active CD and found that CsA combined with
low-dose steroids had no advantage over the sole use of low-dose
steroids (60).

Although the MOA of TAC is similar to that of CsA, the
immunosuppressive effect of TAC is much higher than that of
CsA and is 10-20 times in vivo and 30-100 times in vitro,
respectively (61). Additionally, TAC is well-absorbable through
the intestine, and it is similarly effective for refractory UC
whether administered intravenously or orally (62). Multiple
studies have confirmed the effectiveness of TAC in patients with
refractory UC (63-67). A randomized controlled trial showed
that 68.4% of patients with refractory UC taking TAC orally after
2 weeks had an improved disease activity index (DAI) score (>4
points, all categories improved), but in the control group, only
10% of patients’ score was improved (P < 0.001) (63). Yamamoto
et al. have revealed that 77.8% of patients with refractory UC
respond to TAC and 70.4% of patients have clinical remission
within 30 days (64). Komaki et al. performed a systematic review
and meta-analysis to exam the efficacy of TAC as rescue therapy
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for active UC and found that the 2-week clinical response rate of
TAC was significantly higher than that of placebo (RR = 4.61,
95% CI: 2.09-10.17) (67). The clinical response rates at 1 and
3 months were 73% (95% CI: 64-81%) and 76% (95% CI: 59—
87%), and the colectomy-free rates at 1, 3, 6, and 12 months
were 86, 84, 78, and 69%, respectively. However, the efficacy
of TAC in CD treatment remains controversial. McSharry et al.
have systematically reviewed the studies assessing the potency
of TAC in the treatment of luminal CD and found that the
roughly computed remission rate was 44.3% (7-69%) and the
partial response rate was 37.1% (14-57%) (68). Iida et al. have
probed into the studies from 1950 to December 2017 to show
the efficacy of TAC in CD treatment and found that the clinical
remission rates for luminal CD patients systemically treated with
TAC, perianal CD patients with systemic TAC treatment, and
localized CD patients with topical administration of TAC were
37.1, 32.0, and 22.7%, respectively (69).

TAC has a high incidence of adverse side effects, including
tremor, renal function damage, infectious diseases, hot flashes,
hyperkalemia, headache, etc (63, 64), which should be taken
into consideration during clinical practice. Besides, the blood
concentration and the patient’s general status should be
closely monitored when using TAC. The optimal blood trough
concentration appeared to be 10-15ng/ml during remission-
induction therapy for refractory UC (63). Recently, a study has
reported that the use of calcineurin inhibitors makes 1-year
colectomy rates of UC patients who are previously exposed to
biologics significantly higher than those of patients who are
biologic-naive (70). Clinical studies exploring the efficacy and
safety of CsA and TAC in the treatment of IBD are rare, and more
randomized controlled trials are needed.

Biologics

Biologics mainly include pro-inflammatory cytokine inhibitors
and integrin antagonists. The pro-inflammatory cytokines, TNF-
a and IL-12/23, play an important role in the pathogenesis
of IBD. Studies on the efficacy and safety of biologics in IBD
treatment are summarized in Supplementary Table 2.

Anti-TNF Therapy

TNF-a is a prototypic member of a large family of cytokines that
play important roles in inflammation, apoptosis, proliferation,
invasion, etc. (71) Overexpression of TNF-a can cause chronic
inflammation and lead to autoimmune diseases and tissue
damage. Anti-TNF-a monoclonal antibodies, such as Infliximab
(IFX) and Adalimumab (ADA), exert therapeutic effects
by inhibiting TNF-a-associated inflammatory responses and
tissue damage.

IFX therapy may be applied for the treatment of patients
who are intolerant or do not respond well to CSs and
immunomodulators and are steroid-dependent. A randomized
controlled trial evaluating the efficacy of IFX in patients with
moderate to severe UC demonstrated that colorectomy rates
decreased by 7% after 54 weeks of IFX treatment. UC-related
hospitalization and surgery rates saw a decrease as well (72).
Present et al. found that the clinical response rate of patients
with CD was 68% after intravenous injection of 5 mg/kg IFX,

and the complete healing rate of the fistula was 55% (73). The
efficacy of IFX was shown in about 2 weeks, and the median time
of fistula closure was 3 months. Golimumab is a fully human
IgG1 monoclonal antibody against TNF-a with good efficacy
and safety. It is approved for use in patients with moderate to
severe UC (74, 75) and CD (76, 77), who fail to respond to
conventional therapy.

Anti-TNF treatment is not all-encompassing despite its vital
role in IBD treatment. Up to 40% of patients do not respond
to TNF inhibitors, and nearly 23-46% of patients experience
secondary loss-of-response 1 year after anti-TNF-a treatment
(6). It may be possible to achieve long-term remission through
dose escalation, shorter intervals between infusions (78) or
combination therapy (79). Due to anti-TNF agents’ dose-related
therapeutic benefit, measurement of serum trough level and
anti-drug antibody is advocated (80, 81).

Anti-IL-12/23 Therapy

IL-12 and IL-23 are important pro-inflammatory cytokines in
intestinal inflammation, mainly produced by antigen-presenting
cells. IL-12 is composed of the p35 and p40 subunits, and
IL-23 is composed of the p40 and pl9 subunits. Preclinical
studies have suggested that IL-12 and IL-23 are involved in
the pathophysiological process of IBD and play a role in the
induction and maintenance of intestinal inflammation (82). In
addition, genomic studies have shown an association between the
IL-12/IL-23 pathway and CD (83).

Ustekinumab is a fully humanized IgG1 monoclonal antibody
that binds to the common p40 subunit of IL-12 and IL-23 to
inhibit the binding of IL-12 and IL-23 to the IL-12 receptor on the
cell membrane surface of T cells and NK cells, thereby inhibiting
intestinal inflammation. Ustekinumab has been approved be
effective for the treatment of moderate to severe CD and UC (84).
Rutgeerts et al. conducted three-phase randomized controlled
clinical trials and found that the 8-week simplified endoscopic
activity score for CD decreased by 2.8 in the ustekinumab group
while the decrease in the control group was only 0.7 (P = 0.012),
showing that ustekinumab had a better treatment efficacy than
placebo in patients with CD (85). Feagan et al. reported that for
patients with moderate to severe CD, the clinical response rates at
week 6 in the intravenous ustekinumab group were significantly
higher than those in the control group, and the clinical remission
rates at week 44 of patients receiving intravenous ustekinumab
were also higher than those of patients receiving placebo (86).

Mirikizumab is a humanized monoclonal antibody that targets
the unique p19 subunit of IL-23. In a phase 2 trial, patients with
moderate to severe UC were randomly divided into 4 groups
and were given intravenous placebo, 50 mg mirikizumab, 200 mg
mirikizumab, and 600 mg mirikizumab, respectively (87). It was
reported that clinical remission rates of patients given 200 mg
mirikizumab at week 12 were significantly higher than those
of patients given placebo. The clinical remission rates of the
other two mirikizumab groups were not significantly different
from those of the placebo group. No serious adverse events or
unexpected safety problems occurred in any groups during the
induction and maintenance treatment.
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Risankizumab, a humanized IgG monoclonal antibody against
the p19 subunit of IL-23, undergoes phase 2 and phase 3 clinical
evaluation. A randomized, double-blind, placebo-controlled
phase 2 study demonstrated that risankizumab was superior to
placebo in inducing clinical remission in patients with moderate
to severe CD (88). Feagan et al. conducted an open-label
extension study in patients with moderate to severe CD. It was
proved that extended intravenous induction with risankizumab
effectively increased clinical response and remission rates at week
26 and subcutaneous maintenance therapy with risankizumab
achieved sustained remission until week 52 in ~70% of patients
were in clinical remission at week 26 (89).

Multiple studies have suggested that IL-12/23 and IL-23
antagonists are potential therapeutic options for IBD treatment.
Experts recommended IL-12/23 and IL-23 antagonists as a first-
or second-line therapy because of their efficacy in biologic-naive
and experienced patients (90).

Anti-integrin Therapy

Integrin, a cell surface glycoprotein receptor, mediates the
homing of leucocytes into surrounding tissues by binding to
tissue-specific cell adhesion molecules (CAMs). a4p7 integrin
plays a key role in the homing of leucocytes to the intestinal
mucosa and related lymphoid tissues. The homing of intestinal
selective leucocytes is mediated by the binding of a4p7 integrin
and mucosal addressin cell adhesion molecule (MAdCAM)-1
(91). The degree of a4P7+ cell infiltration and MAdCAM-1
expression are increased in the intestinal tracts of IBD patients.

Additionally, the specific binding of oEB7 integrin on
leukocytes to E-cadherin on epithelial cells (especially intestinal
epithelial mucosal cells) is thought to mediate cell retention (92).
The accumulation of leukocytes in the intestinal tract aggravates
intestinal inflammatory response. Under this condition, T
lymphocytes produce more pro-inflammatory cytokines (IFN-
Y, TNF-a, and IL-17A) and IL-9, a cytokine that inhibits
epithelial cell repair. These produced cytokines are considered
to be important in the pathogenesis of IBD (93). Anti-integrin
therapy blocks the effect of integrin on the surface of leucocytes
and endothelial CAMs, thereby inhibiting leukocytes from
interacting with the intestinal mucosa.

Vedolizumab, a recombinant human IgGl monoclonal
antibody, specifically inhibits the binding of a4f7 integrin to
MAdCAM-1, preventing lymphocyte migration to the intestinal
tissue, and thereby alleviating local intestinal inflammation. The
three-phase randomized controlled clinical trials have proved
the effectiveness of vedolizumab in inducing and maintaining
remission in patients with IBD (94, 95). In a comprehensive
study, vedolizumab has shown great tolerability and safety (96),
which may be due to that the intestinal selectivity help to avoid
adverse effects of systemic immunosuppression. Based on these
findings, vedolizumab has been approved in the United States
and Europe to be applied for adult patients with moderate
to severe UC and CD showing no response or tolerance to
conventional therapy or anti-TNF-a monoclonal antibodies
(97). Vedolizumab can only block lymphocyte migration to
the intestinal tract and does not directly control the mucosal
inflammatory response. Vedolizumab in combination therapy

with calcineurin or TNF-a inhibitors is another choice for
patients with refractory IBD (98, 99).

Etrolizumab is a monoclonal antibody that selectively targets
the B7 subunit of both a4p7 and aEB7 integrins. Its gut-selectivity
and the dual mechanism of action make it an alternative option
for IBD treatment (93). A randomized, double-blind, placebo-
controlled, phase 2 study indicated that etrolizumab was more
effective than placebo in inducing clinical remission at week 10
for patients with moderate-to-severe UC (100). Phase 3 clinical
trials are ongoing and several of them have demonstrated that
etrolizumab is more effective than placebo in inducing remission
for patients with moderate to severe UC (101). The efficacy of
etrolizumab in maintaining remission remains to be confirmed.
No major safety issues have been found to date.

Carotegrast Methyl (AJM300) is an orally active small
molecule inhibitor that specifically targets the o4 subunit of
a4p7 and a4f1. A double-blind, placebo-controlled, phase 2a
study demonstrated that AJM300 was more effective than placebo
at week 8 for patients with UC and had an acceptable safety
profile (102).

Additionally, PF-00547659, a fully human monoclonal
antibody targeting MAdCAM-1, has been proved to be well-
tolerated and effective in inducing remission in patients with
moderate to severe UC (103). PN-943 is another emerging orally
administered a4p7 antagonist peptide and it has been confirmed
that PN-943 is effective for the induction of remission in UC
(104). A phase 2 study is ongoing to evaluate the effects of PN-
943 (150 and 450 mg twice daily) on moderate to severe UC
patients (NCT04504383).

Biological agents are expensive despite the advantages of high
selectivity, high efficiency and low toxicity. Besides, primary
no-response, secondary loss-of-response, and therapeutic
intolerance in IBD treatment with biologics urge researchers to
actively explore other therapies.

Small Molecules

Orally absorbed small molecules have attracted great interest of
researchers because of the convenience of oral administration.
Studies on the efficacy and safety of small molecules for IBD are
listed in Table 3.

JAK Inhibitors

As novel therapeutic drugs, JAK inhibitors can block multiple
signaling pathways. JAK family kinases JAK1, JAK2, JAK3, and
tyrosine kinase 2 (TYK 2) target a variety of cytokine pathways
through cytokine receptors. JAKI, JAK2 and TYK2 are widely
expressed in all kinds of cells, but the expression of JAK3
is limited within hematopoietic cells. They interact with the
common gamma chain subunit of six cytokine receptors (IL-
2, IL-4, IL-7, IL-9, I1L-15, and IL-21) that have a crucial role in
lymphopoiesis and homeostasis (112).

Tofacitinib is an oral small-molecule JAK inhibitor that can
inhibit all JAKs, preferentially JAK1 and JAK3 and the efficacy
of tofacitinib for the treatment of moderate to severe active
UC has been approved (113). Sandborn et al. completed three-
phase, randomized, and double-blind placebo-controlled trials
of tofacitinib therapy in adults with UC and found that in
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TABLE 3 | Small molecules.
Type of study Patients Treatment Median Median Results/Conclusion  Adverse events References
treatment follow-up
duration duration
Three phase 3, Adults with UC Tofacitinib 8, 8, 52 8, 8, 52 Tofacitinib appeared Increased lipid levels, (105)
randomized, (induction weeks weeks more effective in infections, cardiovascular
double-blind, therapy:10 mg inducing and events
placebo-controlled twice daily for 8 maintaining remission
trials weeks; in patients with active
maintenance CD compared with
therapy: either 5 placebo
or 10mg twice
daily for 52
weeks)
A phase 2, Patients with Filgotinib 10 weeks 20 weeks Filgotinib was more Infections (106)
double-blind, moderate-to-severe CD  (GLPG0634, effective for inducing
randomized, GS-6034) remission than
placebo-controlled (200mg once placebo, and it had an
trial daily) acceptable safety
profile
A multicenter, Adults with moderately ~ Upadacitinib 8 weeks 8 weeks Upadacitinib (45 mg) Increased serum lipid levels (107)
double-blind, to severely active UC (7.5, 15, 30, or was more efficacious and creatine
phase 2b study and an inadequate 45mg once as induction therapy phosphokinase, herpes
response, loss of daily) than placebo zoster, pulmonary
response, or embolism, deep venous
intolerance to CSs, thrombosis
immunosuppressors,
and/or biologics
A double-blind, Adults with Ozanimod 32 weeks 32 weeks Ozanimod at a daily Pyrexia, arthralgia, alanine (108)
placebo-controlled moderate-to-severe UC  (RPC1063) (0.5 dose of 1mg resulted  aminotransferase increased,
phase 2 trial or 1 mg daily) in a slightly higher rate  rash, vomiting, orthostatic
of clinical remission of  hypotension, aspartate
UC than placebo aminotransferase increased,
hyperbilirubinemia,
insomnia, nasopharyngitis,
proctalgia
A phase 3, Patients with Oral ozanimod 10, 10, 52 10, 10, 52 Ozanimod resulted in Elevated liver (109)
multicenter, moderately to severely  hydrochlorid weeks weeks significantly increased  aminotransferase levels,
randomized, active (1 mg once daily) incidences of clinical nasopharyngitis, headache,
double-blind, for induction response and clinical arthralgia
placebo-controlled therapy remission for both
trial induction and
maintenance period
A single-arm, Adults with moderately ~ Ozanimod 12 weeks 112 weeks Endoscopic, CD(flare), abdominal pain, (110)
phase 2, to severely active CD (0.25mg daily for histological, and clinical  lymphopenia, arthralgia,
prospective 4 days, followed improvements were nausea
observer-blinded by 3 days at seen within 12 weeks
endpoint study 0.5 mg daily, of initiating ozanimod
then 1.0 mg daily therapy in patients with
for a further 11 moderately to severely
weeks, followed active CD
by a 100-week
extension)
A phase 2, proof Patients with Etrasimod 12 weeks 12 weeks Erasimod 2 mg was Anemia, urinary tract (111)
of concept, moderately to severely  (APD334) (1 or more effective than infection, headache, blood
double-blind, active UC 2 mg once daily) placebo in producing creatine phosphokinase
parallel-group clinical and endoscopic increased,
study improvements gamma-glutamyltransferase
increased, sinusitis, fever,
hyperlipasemia
UC, ulcerative colitis; CD, Crohn’s disease; CSs, corticosteroids.
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the OCTAVE Induction 1 trial, the 8-week remission rate of
tofacitinib induction therapy was 18.5%, higher than that of the
control group (8.2%, P = 0.007) (105). In the OCTAVE Induction
2 trial, the 8-week remission rate was 16.6% in the tofacitinib
treatment group vs. 6.6% in the control group (P < 0.001). In
the OCTAVE Sustain trial, for UC patients with clinical responses
to tofacitinib induction therapy, the 52-week remission rates
of the 5mg tofacitinib group, 10 mg tofacitinib group, and the
control group were 34.3, 40.6, and 11.1%, respectively (P < 0.001,
compared with the control group) (105). According to the study
published recently, Tofacitinib has fast onset of action and seems
to be effective even in cases of acute severe UC or refractory
to anti-TNF-a (114, 115). The long-term safety of tofacitinib
remains unclear, and the main side effects are herpes zoster virus
infection and thrombosis (105). Therefore, clinical trials of other
subtypes of selective JAK inhibitors are still ongoing to improve
the benefit-to-risk ratio of JAK inhibitors.

Filgotinib is an oral selective JAK1 inhibitor. A phase 2,
double-blind clinical trial of CD patients reported that 47% of the
patients in the filgotinib group while 23% in the placebo group (P
= 0.0077) had clinical remission at 10 weeks (106).

Upadacitinib is another selective JAK1 inhibitor. Sandborn
et al. accomplished a phase 2b, multicenter and double-blind
clinical trial of patients with moderate-to-severe refractory UC.
No patients receiving placebo achieved clinical remission at
week 8 and the rates of clinical remission in patients receiving
7.5, 15, 30, or 45mg upadacitinib were 8.5, 14.3, 13.5, and
19.6%, respectively (P = 0.052, P = 0.013, P = 0.011, and P
= 0.002, compared with placebo). Additionally, 14.9, 30.6, 26.9,
and 35.7% of patients receiving 7.5, 15, 30, or 45 mg upadacitinib
achieved endoscopic improvement (endoscopic subscore < 1) at
week 8, while only 2.2% of patients receiving placebo achieved
endoscopic improvement (P = 0.033, P < 0.001, P < 0.001, and
P < 0.001, compared with placebo, respectively) (107). In the
45 mg upadacitinib group, one patient developed herpes zoster,
and another patient had pulmonary embolism and deep vein
thrombosis. In addition, increased serum lipid levels and creatine
phosphokinase were reported after upadacitinib treatment.

Deucravacitinib is a kind of highly selective TYK2 inhibitor
and exerts less or no activity toward JAK3 (116). Deucravacitinib
can significantly decrease the levels of IL-12 and IL-23 which may
be helpful for IBD treatment (117). However, the clinical trials for
deucravacitinib in IBD treatment are still ongoing and the efficacy
and safety of deucravacitinib should still be better evaluated.

Sphingosine-1-Phosphate Receptor Modulators and
Agonists
S1P is a lipid mediator which is derived from membrane sheath
lipid metabolism. S1P is produced intracellularly and can be
translocated to extracellular regions, where it plays a regulatory
role in the immune system by activating specific receptors.
Ozanimod (RPC1063) and Etrasimod (APD334), as S1P receptor
(S1PR) modulator and agonist, are already being studied for the
treatment of UC.

Ozanimod is an oral and selective SIPR modulator that acts
on S1PR-1 and S1PR-5. It induces peripheral blood lymphocytes
to isolate in the lymph nodes, thereby reducing the number

of activated lymphocytes circulating to the inflammatory sites.
Sandborn et al. first studied the effect of ozanimod on UC (108).
This double-blind, placebo-controlled phase 2 trial showed that
patients receiving ozanimod (1 mg/day) had a higher rate of
clinical remission. In a recently published phase 3 multicenter
randomized, placebo-controlled study, a total of 1,012 patients
were included in the induction period and 457 patients in the
maintenance period (109). Results showed a significantly higher
clinical remission rate among patients receiving ozanimod than
those receiving placebo during induction (18.4 vs. 6.0%, P <
0.001) and maintenance (37.0 vs. 18.5% among patients with
a response at week 10, P < 0.001). The incidence of clinical
response was also tremendously higher with ozanimod than
with placebo during both the induction (47.8 vs. 25.9%, P <
0.001) and maintenance (60.0 vs. 41.0%, P < 0.001). Despite the
risk of raised liver aminotransferase levels, ozanimod was more
effective than placebo in inducing and maintaining the remission
of moderately to severely active UC. Feagan et al. conducted a
phase 2 prospective study to evaluate the effects of ozanimod in
moderate to severe CD. After induction therapy for 12 weeks,
23.2, 39.1, and 56.5% of the patients experienced endoscopic
response, clinical remission, and clinical response, respectively
(110). Despite the lack of a contemporaneous control group,
similar endoscopic and histopathology improvements to those
in controlled trials of effective agents verified the therapeutic
benefits of ozanimod. Additionally, the observer-blinded design
of this study makes the results more persuasive.

Etrasimod, an oral SIPRS agonist, is selective for S1PR-
1, S1IPR-4, and S1PR-5. A phase 2 randomized, double-blind,
placebo-controlled study was performed to assess the therapeutic
effects of etrasimod for patients with moderately to severely
active UC, which reported that patients receiving etrasimod at
a daily dose of 2mg achieved better clinical (P = 0.009) and
endoscopic improvements (P = 0.003) than patients receiving
placebo (111). There is no study reporting the treatment effects
of etrasimod in CD. More studies are needed to further evaluate
the efficacy and safety of ozanimod and etrasimod in IBD.

SURGICAL TREATMENT

With the development of biologics, significant progress has
been made in the drug treatment of IBD, but surgery is still
an important means for IBD treatment. Despite the increased
number of hospitalized patients in recent years, the rate of
surgery for CD has decreased from 10 to 8.8% (P < 0.001), and
that for UC has decreased from 7.7 to 7.5% (P < 0.001) (118).
A study in the New York State Database demonstrated that in
the era of biologics, the mortality rate of CD patients after non-
selective surgery declined, but that of UC patients increased to
15% (119). There is still room for improvement in surgical and
perioperative management.

The absolute indications of operation in UC patients
principally include complicated massive bleeding, intestinal
perforation, carcinogenesis and highly suspected carcinogenesis.
Relative indications include: (1) Patients with severe UC fail
to respond to active medical treatment, and patients with
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toxic megacolon have no response to medical treatment, earlier
surgical intervention is suggested. (2) The medical treatment
effect is poor and/or adverse drug reactions have seriously
affected the quality of life (120).

For localized ileocaecal CD patients who failed to respond
or relapse after initial medical therapy or preferred surgery to
continued drug therapy, laparoscopic resection is recommended.
Due to the poor long-term outcomes, surgical options for
perianal Crohn’s fistula can only be offered to a selected group
of patients after consultation, especially patients with complex
diseases and ongoing disease activity (120). One study showed
that the symptomatic recurrence rate of CD patients was 20%
at 1 year and 34% at 3 years after ileocolectomy, while the
endoscopic recurrence rate reached 73 and 85%, respectively
(121). Regular post-operative endoscopic examination may help
monitor recurrence and develop prevention and treatment plans.

NOVEL THERAPIES

Emerging therapeutic approaches, such as apheresis therapy,
improved intestinal microecology, cell therapy, and exosome
therapy, were reviewed in this section. More research on these
therapies may provide new treatment options for IBD, bringing
both opportunities and challenges.

Apheresis Therapy

Apheresis therapy is a novel treatment for IBD developed
in Japan, whose main mechanism is to reduce the local
inflammatory response by isolating and absorbing one or
more specific leukocytes (such as granulocytes, monocytes and
activated lymphocytes) in the peripheral blood (122).

Adsorptive granulocyte/monocyte apheresis (GMA) has been
shown to be effective in inducing remission in patients with UC
and CD. A meta-analysis showed that GMA was more effective
in inducing clinical remission in patients with active UC than
CSs (OR = 2.23, 95% CI: 1.38-3.60) and that the incidence
of adverse events associated with GMA was significantly lower
than that with CSs (123). The efficacy (overall efficacy rate of
about 70%) and safety of GMA were initially confirmed by a
multicenter clinical trial in China that involved 34 patients with
active UC (124). Motoya et al. found that the clinical remission
rate of UC treated with GMA was 46.4% with no increase of
adverse events in older patients with IBD (125). Recently, a
retrospective analysis showed that nearly 80% of patients with UC
achieved clinical remission after GMA treatment (126). Fukuchi
et al. investigated the efficacy of GMA combined with TPs in the
treatment of patients with early-diagnosed CD (127). The clinical
remission rate and mucosal healing rate during the 52-week long
treatment were 81.8 and 50%, respectively, without any serious
adverse reactions.

GMA is quite popular among patients with IBD. About half of
patients expressed their satisfaction with the effect of GMA after
treatment, and 80% showed agreement to be treated with this
technique again in the future, regardless of the response to the
treatment (128). However, evidence for the effectiveness of GMA
maintenance therapy is scarce and further studies are needed.

The Improvement of Intestinal

Microecology

Changes in the composition and function of the intestinal
microbiota were found in patients with IBD (129). Although
the specific mechanism of IBD remains unclear, the occurrence
of IBD is found closely related to the imbalance of intestinal
microecology. The imbalance between beneficial bacteria and
harmful pathogenic bacteria in patients can trigger abnormal
immune response in genetically susceptible people (129).
Meanwhile, the inflammatory cells and factors can cause the
intestinal mucosa injury. In IBD patients, the biodiversity of
intestinal microbiota was decreased, with the most pronounced
changes in the number of normal anaerobic bacteria such as
Bacteroides, Eubacteria and Lactobacilli. Mucosal inflammation
in IBD has been proved associated with the loss of these normal
anaerobic bacteria (130).

On the theoretical basis of intestinal microbiota disorder,
researchers have found potentially effective treatment methods
for IBD by improving intestinal microecology with progressive
achievements in recent years, including antibiotics, probiotics,
prebiotics, postbiotics, synbiotics, and fecal microbiota
transplantation (FMT).

Antibiotics

Researchers have made more efforts to explore the role of
antibiotics in the treatment of IBD. Antibiotics are expected
to be a future treatment choice for IBD, given their potential
influence on the intestinal microbiota composition. A systematic
review and meta-analysis published in 2011 demonstrated the
positive effects of antibiotics for both UC and CD (131). Uchino
et al. conducted a randomized controlled trial and proved that
combined oral and intravenous antibiotics in CD patients could
decrease the incidence of incisional infection (7.4 vs.16.6%, P
= 0.01) compared with intravenous antimicrobial prophylaxis
alone (132). They concluded the absence of oral antibiotics as an
independent risk factor for surgical site infections and revealed
the importance of preoperative oral antibiotics for CD patients.
In the 3rd European evidence-based consensus, the use of
antibiotics in CD patients is appropriate for septic complications,
symptoms attributable to bacterial overgrowth or perineal disease
(133). However, a Cochrane database systematic review in 2019
reported that the efficacy of antibiotics in inducing remission of
CD appeared be modest and might not be clinically meaningful
(134). The effect on the maintenance of remission and the risk
of severe adverse events in CD was unclear. Moreover, studies
on the effect of antibiotics in UC are insufficient to recommend
antibiotics for induction or maintenance of remission (135).

It is important to note that using antibiotics may be an
independent risk factor for IBD. Higher cumulative exposure
to systemic antibiotic therapy, particularly treatments with a
greater spectrum of microbial coverage, may be associated with
a higher risk of new-onset IBD (136). Compared with patients
taking no antibiotics, the patients taking antibiotics showed a
OR value of 1.88 (95% CI: 1.79-1.98) for the occurrence of IBD,
1.74 (95% CI: 1.64-1.85) for UC, and 2.27 (95% CI: 2.06-2.49)
for CD, respectively (136). Additionally, Shaw et al. found that
changes in intestinal symbiotic bacteria caused by antibiotics use
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in infants and children were associated with the development of
IBD (137). Of 36 children with IBD, 58% had received antibiotics
within the first year of life while only 39% of the 360 normal
children received that. Patients who received antibiotics within
the first year of life were 2.9 times more likely to develop IBD
than those who did (95% CI: 1.2-7.0). Moreover, Balram et al.
found that antibiotics use within 30 days of diagnosis appeared
to increase the risk of clostridium difficile infection (CDI) among
IBD patients (OR = 1.85, 95% CI: 1.36-2.52) (138). Therefore,
further emphasis should be attached to the management of
antibiotics use.

Probiotics, Prebiotics, Synbiotics, and Postbiotics
Probiotics are live microorganisms that are intended to have
health benefits when consumed or applied to the body. They can
reduce epithelial cell apoptosis and attenuate intestinal mucosal
inflammation (139). Probiotics are usually bacteria that produce
lactic acid, which can be obtained by ingesting fermented
foods, such as yogurt, fermented dairy products, and fermented
byproducts of cured meats (140). Prebiotics can be health-
promoting substrates selectively utilized by host microbes and
supplemented by the intake of legumes, fruits, and vegetables.
Generally, beneficial prebiotics includes polyols (sugar alcohols),
oligosaccharides, and soluble fiber (141). Synbiotics are the
synergistic combination of probiotics and prebiotics found in
foods, drugs, and supplements (142-144). The main microbial-
derived metabolites are postbiotics, including bile acids, short-
chain fatty acids, and tryptophan metabolites (145).

Probiotics, prebiotics, and synbiotics have been proved
beneficial in IBD, especially the combination ones in UC (140,
146). Subgroup analyses showed that synbiotics might be more
effective than probiotics or prebiotics in inducing or maintaining
IBD remission (140). Additionally, probiotics, prebiotics, or
synbiotics in combination with conventional drugs were superior
to conventional drugs alone (147). A randomized controlled trial
demonstrated that regular consumption of kefir (a fermented
probiotic dairy product) containing lactobacilli can modulate
intestinal biota so as to improve quality of life in patients with
IBD (148).

Multiple studies have shown the potential effects of probiotics
in UC but not in CD (146, 149-151). Some studies found
a beneficial effect of probiotics on active UC (149, 150), but
the effect showed little or no difference in clinical remission
compared to 5-ASA (149). Some studies suggested that probiotics
were as effective as 5-ASA in preventing the recurrence of
inactive UC but showed no benefit in inducing remission of active
UC over placebo (151). Bjarnason et al. conducted a single-center,
randomized, double-blind, placebo-controlled trial, and found
a multi-strain probiotic (Symprove™, Symprove Ltd, Farnham,
United Kingdom) might reduce the intestinal inflammation in
patients with UC (152). Many studies found no significant effects
of probiotics for the treatment of CD (153, 154).

Probiotics appeared to be safe and well-tolerated. In a
systematic review and meta-analysis, there was no significant
evidence to prove the risk for the overall side effects (RR =
1.35, 95% CI: 0.93-1.94) and for gastrointestinal symptoms
(RR = 1.78, 95% CI: 0.99-3.20) was higher in IBD patients

taking probiotics than in those exposed to placebo (155).
Probiotic supplements that were based on Lactobacillus and
Bifidobacterium or more than one strain were more likely to
be effective for IBD remission. It suggested the dose of 10'°-
10! CFU/day as a reference range for using probiotics to relieve
IBD (140).

Postbiotics could act as immunomodulators and motivate
anti-inflammatory response (156), suggesting that postbiotics
may be a treatment for IBD. A study assessing the potential role of
postbiotics in an ex-vivo organ culture model showed that potent
postbiotics could protect healthy tissue against inflammatory
attacks and concluded that postbiotics could be an effective and
safe choice for acute IBD (157). More in-depth studies are needed
to elucidate their role in the treatment of IBD.

FMT

FMT is a new therapy that transplants the functional
micromicrobiota from the feces of healthy donors into the
gastrointestinal tract of patients suffering from intestinal
microbiome disorders to reconstruct the intestinal microecology
and cure disease. FMT has been shown to be effective in the
treatment of recurrent and refractory CDI with a high success
rate of 90% (158). In recent years, the potential of FMT in the
treatment of IBD has been further unleashed. The Australian
consensus on the clinical use of FMT acknowledged for the first
time the efficacy of FMT in inducing remission in patients with
mild to moderate UC (159).

The main advantage of FMT lies in the complete ecosystem
it provides from healthy individuals, including the full
spectrum of microbial organisms, which may address intestinal
microdysbiosis and dysfunction in patients with IBD (160).
FMT has gained development and application for its efficacy and
safety in the treatment of IBD. FMT was superior to placebo in
achieving clinical remission at week 7 in a randomized study on
patients with active UC (161). A meta-analysis of the efficacy
of FMT in IBD demonstrated that the clinical remission rate in
UC and CD patients receiving FMT was 33% (95% CI: 23-43%)
and 52% (95% CI: 31-72%), respectively (162). Meanwhile, the
association between FMT and clinical remission in patients
with UC was discovered in a meta-analysis of 4 randomized
controlled trials (OR = 2.89, 95% CI: 1.36-6.13).

Multiple studies confirmed that, the intestinal microbial
diversity of the recipient increased after FMT (162-164) and
showed a similarity to the microbiota of donor (162), thus giving
great importance of the selection of donor because the intestinal
microorganism status of the donor can affect the efficacy of
FMT. It was found that the higher the microbial richness
of the donor, the higher the success rate of transplantation
treatment (163). A double-blind, randomized controlled trial
reported that 27% of the patients allocated FMT and 8% of
those assigned placebo achieved steroid-free clinical remission
with endoscopic remission or response (RR = 3.6, 95% CI
1.1-11.9; p = 0.021) (165). A multicenter, randomized, double-
blind clinical trial was conducted to evaluate the efficacy of
FMT protocols in adults with mildly to moderately active UC
using an anaerobically prepared stool. The results proved that
patients receiving anaerobically prepared pooled donor FMT
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had a higher steroid-free remission rate (32%) than those (9%)
receiving autologous FMT processed under aerobic conditions at
week 8 (P = 0.03) (166).

The optimal route and regimen of FMT administration
requires further study. A meta-analysis suggested that FMT
administration via the lower gastrointestinal tract was more
effective than the upper gastrointestinal tract in patients with UC
(162). However, no unified standard has been made. Compared
with traditional drug therapy, the time-consuming and labor-
consuming colonoscopic FMT with the unknown safety of long-
term frequent operation cannot be used as a routine choice for
IBD treatment. The emergence of encapsulation methods, such as
liquefaction, freezing, and freeze-drying, provides new ideas for
the application of FMT in the maintenance treatment of IBD. The
clinical efficacy of oral capsule FMT in the treatment of refractory
CDI has been validated (167-169).

Combing FMT and antibiotics may improve the efficiency of
IBD treatment. A meta-analysis demonstrated that patients with
UC who received antibiotics before FMT had a higher rate of
clinical remission than patients who did not before FMT (54 vs.
25%, P = 0.03) (170). However, it remains unclear how to select
the appropriate antibiotics or combinations of antibiotics for
different patients to achieve the optimal intestinal microecology
after antibiotic treatment and FMT treatment. Bacteriological
and metabolic analyses of fecal samples before and after
FMT revealed that compared to patients who did not achieve
remission, patients achieving remission after FMT had higher
concentrations of Eubacterium hallii and Roseburia inulivorans
and increased levels of short-chain fatty acid biosynthesis and
secondary bile acids.

There are challenges before the application of FMT in the
treatment of IBD: (1) The long-term efficacy is unknown: most
clinical studies’ period is short with the longest ones lasting 1 year
in the treatment of UC (161, 166). (2) The safety is unknown: the
reported side effects of FMT treatment in IBD patients include
common gastrointestinal reactions (e.g., bloating, diarrhea, and
abdominal pain) (162), complications related to administration
route (e.g., aspiration pneumonia and intestinal perforation)
(163, 171), as well as IBD related ones (e.g., toxic hypercolon and
sepsis) (162). However, few long-term statistics on the safety of
FMT in patients with IBD have been collected. (3) The feasibility
of universal implementation and management is unknown: the
lack of unified standards for the use of FMT in IBD around the
world limits its further application (172).

In summary, FMT is expected to be a new option for IBD
treatment. Future research should focus on the donor-receptor
matching based on microbial characterization (165), selection of
administration routes, and determination of optimal intensity of
treatment. Meanwhile, additional preclinical studies and clinical
trials are necessary to provide data on the long-term efficacy and
safety of FMT.

Stem Cell Transplantation

Stem cells can differentiate into more than one type of cells in
the body and keep dividing and proliferating (173). Stem cell
transplantation can promote the regeneration of injured tissue
and help restore specific tissue functions, thus restoring the

integrity of the intestinal mucosal barrier in patients with IBD.
In recent years, advances in stem cell biology have opened new
grounds for the application of stem cells of different types in the
treatment of IBD.

The cells involved in the pathophysiological process of IBD
include inflammatory cells of the lamina propria, intestinal
mesenchymal cells and intestinal epithelial cells (IECs).
Therefore, haematopoietic stem cells (HSCs), mesenchymal stem
cells (MSCs), and intestinal stem cells (ISCs) are candidates for
IBD cell therapy.

HSCs Transplantation

HSCs have the ability to migrate to injured tissues and facilitate
tissue renovation, renewal, and regeneration (174, 175). We
usually choose autologous HSCs for HSCs transplantation
(HSCT) because of gastrointestinal disorders and even the
occurrence of IBD (176, 177) after allogeneic HSCT. Autologous
HSCT rebuilds the host’s immune system by generating new self-
tolerant lymphocytes after chemotherapy-induced elimination of
self- or auto-reactive lymphocytes (178). The tissue sources of
HSCs for therapeutic use are mainly derived from bone marrow,
umbilical cord and peripheral blood, with the most specific
marker of the cell surface glycoprotein CD34.

HSCT is the most widely used cell regeneration therapy
for its feasibility in clinical practice. Early reports showed that
2 patients with severe CD who had no response to anti-
TNF-a therapy achieved clinical remission and maintained for
more than 1 year after large dose of immunosuppression and
autologous HSCT (179). A European retrospective study of 82
patients with severe refractory CD showed 68% of patients had
complete remission or significant improvement in symptoms
after treatment with autologous HSCT, with a median follow-
up of 41 months (6-174 months) (180). Lindsay et al. found
that within 1 year after autologous HSCT, 38% of patients with
CD achieved a 3-month steroid-free remission, and about half
of these patients achieved mucosal healing (181). However, the
safety and long-term efficacy of HSCT in the treatment of IBD
call for further discussion. A retrospective study reported the
unpromising long-term remission of autologous HSCT because
most patients required salvage or maintenance treatment within
1 year after autologous HSCT (182). A cohort study showed
that although the majority of CD patients relapse within 5
years after autologous HSCT, 80% of relapsed patients returned
to clinical remission after re-treatment with HSCT (183). In
addition, infectious adverse events [viral infection (180), sepsis,
and pneumonia] were common within 100 days after autologous
HSCT (184). Some researchers believe that autologous HSCT
with low intensity is safe and effective for refractory CD (185).
In a study with 14 refractory CD patients, autologous HSCT
with low-dose cyclophosphamide was used (186). Compared
with previous studies using high-dose cyclophosphamide, the
duration of anemia and neutropenia was shorter. The lower
intensity cyclophosphamide still achieved an effective treatment
for refractory CD, with 13 patients achieving disease remission at
30 days.

In conclusion, although many studies have confirmed the
efficacy of HSCT in the treatment of some patients with
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refractory CD, caution should be exercised due to the high
risk of adverse events after HSCT. In addition, the number of
HSCs is limited, accounting for only 1/100,000 (187). Meanwhile,
patients’ unique conditions must be fully considered before
treated with autologous HSCT.

MSCs Transplantation

MSCs are widely distributed in various tissues (bone
marrow, peripheral blood, fat, skeletal muscle, etc.). They
have strong ability to proliferate and can differentiate into
various mesodermal cell types (adipocytes, osteoblasts, or
chondrocytes) under specific induction conditions in vitro (188).
Due to the low immunogenicity of MSCs, allogeneic MSCs
transplantation can be used safely without immunosuppression
(178). The superiority of MSCs also lies in their tissue-specific
differentiation, strong immunomodulation, and plentiful trophic
factor production (178).

The main tissue sources of MSCs used for treatment are bone
marrow, umbilical cord and adipose tissue, and other sources like
amniotic membrane and fetal membrane. Both adipose-derived
stem cells (ADSCs) and bone marrow mesenchymal stem cells
(BMSCs) showed the morphological and immunophenotypic
characteristics of MSCs, with positive expression of MSCs
markers and negative expression of hematopoietic markers
(189). Compared to BMSCs, ADSCs can secrete higher levels
of anti-inflammatory cytokines (IL-6 and TGF-B) involved
in immune regulation. Therefore, ADSCs may have stronger
immunomodulatory ability than BMSCs (190).

A phase 1 clinical study demonstrated the safety of autologous
BMSCs transplantation in patients with refractory CD (191).
A phase 2 clinical study showed that after intravenous
administration of allogeneic BMSCs for 4 weeks, 80% of patients
with refractory CD had a clinical response, and over half of
the patients achieved clinical remission. Additionally, 47% of
the patients had endoscopic improvement, with a low incidence
of adverse events (192). Dietz et al. explored the efficacy of
autologous MSCs on perianal fistula of patients with CD through
a phase 1 trial and recorded a clinical cure rate of over 80%
at 6 months (193). A phase 3 clinical trial demonstrated that
the healing rate of complex anal fistulas was ~40% after 6
months of allogeneic ADSCs transplantation (194). A meta-
analysis and systematic review reported that patients receiving
MSCs transplantation had a higher rate of fistula healing than
patients receiving placebo (61.75 vs. 40.46%, P < 0.05). MSCs
transplantation, especially ADSCs, was well-tolerated with a
lower incidence of adverse events than placebo (195).

MSCs regulate immune response by down-regulating the
levels of pro-inflammatory cytokines (TNF-a, IFN-y, 1L-12,
IL-17, etc.) and up-regulating the level of anti-inflammatory
cytokines (IL-10). MSCs directly target the Th-17 cells and
increase their expression of FoxP3 mRNA, thus switching them
into Tregs and inhibiting their production of inflammatory
cytokines. MSCs can also inhibit the Thl-driven autoimmune
response (196-198). The effect of donor MSCs on the recipient
is mainly through paracrine release of various cytokines (199),
which not only participate in the regulation of immune response
but also promote tissue repair (178). Intraperitoneal BMSCs

in mouse model of colitis localize to the peritoneum and
produce sufficient immunoregulatory molecules there (200).
Therefore, targeted transplantation is not necessary for MSCs
transplantation to work.

MSCs transplantation with immunomodulatory effects can
promote intestinal epithelial remodeling, which is expected to
be an effective method for the treatment of IBD. Available
clinical data have shown the potential therapeutic effect of MSCs
transplantation on IBD and its complications, but MSCs have
not been approved for clinical use. Therefore, more randomized
controlled studies are needed to provide data support for the
application of MSCs transplantation.

ISCs Transplantation

Intestinal epithelium consists of villi and crypt which is renewed
every 2-6 days in healthy individuals due to the continuous
proliferation of ISCs at the base of the intestinal crypt. ISCs
have the ability to regenerate and differentiate into different
types of IECs, such as goblet cells, endocrine cells, tuft cells,
and absorptive cells. IBD damages the intestinal epithelium.
Therefore, researchers hope to regenerate and repair the
damaged intestinal epithelium through the transplantation of
ISCs cultured in vitro, thus promoting the mucosal healing of
patients with IBD. However, culturing ISCs in vitro remains a
challenge in ISCs transplantation.

Sato et al. developed a technique for long-term culture of ISCs
in vitro by culturing ISCs in a 3D structure named organoid
that mimics the ISCs niche environment (201). The ecology
of the ISCs in vivo was simulated by providing appropriate
growth factors and the required extracellular matrix in vitro
(202). The source of ISCs specimens for in vitro culture were
the biopsy tissue of patients during endoscopic examination
(203). A study reported that the position-specific function of
adult ISCs was inherently programmed, and their differentiation
fate was independent of position-specific extracellular signaling
(204). These findings provided an important basis for the
use of ISCs as donor cells for cell transplantation therapy.
Another major breakthrough supporting the clinical application
of ISCs is that organoids grown in vitro can be transplanted
and integrated into the recipient intestinal epithelium. Yui et
al. transplanted the donor organoid cells into the colon of the
dextran sulfate sodium (DSS)-colitis mouse model using the
intraluminal transplantation method. Those cells engrafted and
covered the lesions in recipient mice and constituted a single-
layered epithelium, which formed self-renewing crypts that were
functionally and histologically normal (205).

However, several difficulties need to be overcome when
treating IBD with ISCs. First of all, research on ISCs
transplantation for IBD is still in its infancy with no clinical
trials and limited repeated animal experiments. Secondly, many
issues need to be addressed before establishing an accurate in
vitro culture scheme of human ISCs. Thirdly, it is not clear at
the moment whether autologous or allogeneic transplantation
of ISCs is favorable to treat IBD patients. Moreover, methods
to deliver the donor ISCs efficiently to the desired site, e.g.,
endoscopic technology, need to be established. Finally, the
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conditions under which patients can receive transplantation and
the contraindications to the procedure need to be specified.

Development in stem cell biology has improved the feasibility
of the culturing ISCs in vitro. However, there are many issues
to address before establishing a safe and effective transplantation
scheme for ISCs cultured in vitro to patients with IBD.

Exosome Therapy

Exosomes are nanoscale microvesicles released from various
types of cells and are widely distributed in biological fluids, which
contain important regulatory factors that act on adjacent or distal
cells through the systemic system and function in a variety of
biological signaling pathways. It has been demonstrated that
exosome-mediated immune responses play an important role in
the pathogenesis of IBD (206).

The lipid bilayer of exosomes encases various functional
components but no organelles. Their functions mainly depend on
their internal functional components, like proteins, nucleic acids,
and other substances. The structure of exosomes themselves
is also important. Studies have shown that exosome structure
can increase the stability of internal biological components
(207, 208). Exosomes are involved in numerous physiological
processes, such as immune regulation, tissue repair, and
regeneration (209). Therefore, exosomes have great clinical
potential in the treatment of IBD.

The main sources of exosomes are stem cells, immune cells,
IECs, body fluids, food and parasites. Stem cell-derived exosomes
contribute to stem cell self-renewal, injury repair, and immune
regulation. Mao et al. found that exosomes released by MSCs
in human umbilical cord blood could reduce inflammatory
response in mouse model of IBD and contribute to the
recovery of damaged tissues and organs (210). Liu et al. further
confirmed the therapeutic effect of MSCs-derived exosomes
on IBD and deemed that the therapeutic effects depended on
macrophages (211). Exosomes derived from immune cells (such
as macrophages, monocytes, and dendritic cells) can evade
clearance by the immune system, thereby prolonging their
cycle and duration of action. It was reported that exosomes
produced by IL-10-treated dendritic cells inhibited colitis of
mouse model (212). Another study suggested that TGF-B1 gene-
modified exosomes alleviated colitis in mouse model (207).
Exosomes produced by IECs are crucial to IECs-induced immune
tolerance (206). Though exosomes can be isolated from blood
(213), amniotic fluid (214), urine (215), and breast milk (216),
their relevance to IBD treatment drawn inadequate academic
attentions in the past. However, exosomes derived from food
have gained recent popularity. Xiao et al. isolated exosome-
like nanoparticles from 11 vegetables and fruits (217) and Zhao
et al. isolated exosomes from coconut water (218). A study
proved that milk could be the carrier of chemical drugs or
other biological components with a targeted effect similar to
exosomes (219). Recently, it has been found that extracellular
vesicles (EVs) secreted by whipworm can interact with host cells
and participate in the regulation of inflammation and immunity
(220). EVs produced by hookworm can inhibit the production of
inflammatory cytokines (IL-6, IL-18, IFNy, and IL-17), thereby
alleviating colitis in mouse model (221).

Epithelial restitution is essential for barrier function
repairment at injured mucosal surfaces. Prolonged breaches in
epithelial barrier function result in inflammation and further
damage. Endogenous annexin Al (ANXA1) in exosomes can
heal damaged intestinal epithelium through transducing the
formyl peptide receptor signaling pathway (222). Patients with
active IBD have higher levels of serum EVs containing ANXA1
than healthy controls (222). Polymeric nanomaterials containing
exogenous ANXAI mimetic peptides can target the impaired
intestine and accelerate the intestinal healing and the recovery of
intestinal epithelial barrier function in mouse model of UC (222).
Heat shock proteins (HSPs) are important elements in the body’s
defense against various damaging factors. It has been shown
that HSPs in exosomes, such as HSP20, HSP27, HSP70 family,
and HSPI0, are involved in the pathogenesis of IBD (223, 224).
Cellular prion protein (PrPc) is a glycosylphosphatidylinositol-
anchored glycoprotein ubiquitous in the cellular junctions of
many tissues. PrPc has also been found in platelet-released
exosomes (225). A study found reduced PrPc levels at the
epithelial cell-cell junction of the colon in patients with IBD
(226). PrPc regulates IEC-cell junction and plays an important
role in maintaining intestinal barrier function (226). Exosomes
isolated from vegetables and fruits have anti-inflammatory
properties, and their internal miRNAs (small non-coding RNAs)
can regulate human mRNA (217).

Design of new drug formulations using exosomal structures
may provide new insights for the treatment of IBD. Both animal
and clinical studies are required to verify the efficacy of exosomes
on IBD before clinical use.

Others

There are also many emerging therapeutic methods for IBD
treatment. ABX464, as a novel drug candidate for human
immunodeficiency virus (HIV), has shown strong antiviral
properties (227). Recent studies have discovered that ABX464
can upregulate the expression of miR-124, thus inhibiting
the inflammatory response for IBD treatment (228, 229). A
phase 2 study in moderate to severe UC patients treated
with oral administration of ABX464 or placebo was conducted
(230). After treating 8 weeks, the difference of the endoscopic
improvement was significant between ABX 464 (50 mg daily)
group and placebo group (P < 0.05). In addition, the overall
safety of ABX464 was satisfactory with no obvious side effects.
Mongerson, as an oral anti-sense small oligonucleotide, can
decrease the translation of SMAD?7, which will result in the anti-
inflammatory response of TGF-b on mucosa (231). A clinical
trial indicated that the administration of Mongerson (40 and
160 mg daily) for 2 weeks was better than placebo at inducing the
remission of CD (232). However, the longer efficacy and safety
of Mongerson for IBD treatment still need further investigation.
IL-10 is a kind of proinflammatory cytokine that can decrease a
number of proinflammatory signals associated with IBD (233).
However, the application of IL-10 has been limited by some side
effects (e.g., anemia and thrombocytopenia) and gut-restricted
distribution. AMT-101 is a chimera produced by genetically
fusing non-toxic fragment of cholix to human IL-10 (233). AMT-
101 can efficiently cross the epithelial barrier and selectively
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activate human IL-10 receptors in the intestinal lamina propria
(233), which allows IL-10 to play a targeted anti-inflammatory
role without causing systemic side effects. Further clinical studies
are needed to evaluate the efficacy and safety of AMT-101 for
IBD treatment.

GENERAL MEASURES AND EDUCATION

There are several general measures for prevention and treatment
of the complications in patients with IBD. Many factors within
the patient may influence the outcome of IBD treatment,
including diet, mood, and other lifestyle factors. In addition,
education is necessary for patients and could help patients
manage these factors scientifically.

General Measures

Patients with IBD are vulnerable to water and electrolyte balance
disorders and malnutrition and there are severe cases such
as chronic anemia, and high homocysteinemia that threaten
the patients’ life. Therefore, appropriate symptomatic treatment
measures are necessary. Disordered water and electrolyte balance
and acid-base balance should be corrected. Anemic patients
should be transfused. Patients with hypoproteinemia should be
injected with human albumin. Body mass index (BMI), iron,
calcium, and vitamins (especially vitamin D and B12) should
be monitored and adjusted accordingly. Nutritional support
treatment should be given to patients with severe illnesses.
Enteral nutrition is the first choice, and parenteral nutrition can
be supplemented if enteral nutrition is insufficient (234). Patients
with abdominal pain and diarrhea should take anticholinergic
drugs or antidiarrheal drugs when necessary. Patients with severe
poisoning symptoms should be given broad-spectrum antibiotics
by the intravenous route.

IBD has been proved an independent risk factor for
recurrence VIE (RR = 2.5; 95% CI: 1.4-4.2; P = 0.001)
(235). Because of the high morbidity and mortality of VTE,
thromboprophylaxis is essential, which is mainly achieved by
correcting risk factors and using drugs. Correcting risk factors
refers to controlling disease activity and avoiding long-term bed
rest. Low molecular weight heparin is recommended for drug
prophylaxis. However, thromboprophylaxis in IBD patients has
not been well-implemented due to the lack of awareness or
safety concerns.

Education

Diet

Diet alters the composition of the gut microbiome and the
production of absorbable metabolites (236), which are important
messengers in the interactions among diet, the gut microbiome,
and the host (237). As a result, diet may affect the disease activity,
symptoms and prognosis of IBD.

Certain components of the diet have anti-inflammatory or
pro-inflammatory properties and will affect the course of IBD.
Dietary inflammatory index (DII) is an index to quantify
the potential inflammatory effect in the diet, which reflects
a large literature and population base, and is associated with
international standard (238, 239). A recent analysis found that

dietary patterns with a high DII could increase the risk of CD
(240). It has been shown that DII is positively correlated with
disease activity in CD patients and there is no correlation between
DII and disease activity of UC (241). However, a study of Iranian
patients with IBD indicated that there was no association between
DII and disease activity, which may be due to the small sample
size (n = 143) or influence of other variables (242).

Exploring the influence of dietary interventions on IBD
disease activity helps provide dietary guidelines for patients.
An review reported that more than half of IBD patients were
deficient in micronutrients, such as iron, vitamin B12, vitamin
D, vitamin K, and folic acid (243). It has been proved that the
supplementation of Vitamin D, which can modulate the immune
response and reduce inflammation, may improve outcomes of
the treatment of patients with IBD as the active component of
vitamin D [1,25-(OH)D3] can interact with T cells and regulate
immune response mediated by T cells (244). Vitamin D can
also inhibit the inflammatory activity of dendritic cells, induce
antimicrobial activity and regulate the production of cytokines to
enhance the anti-inflammatory effect (244). In addition, vitamin
D supplementation can help increase bone density and reduce
the risk of fracture in IBD patients. However, vitamin D is a fat-
soluble vitamin and should not be overused. Further research
is needed to determine the optimal serum vitamin D levels for
optimal therapeutic effects (244).

One study found that CD patients on a high-fiber diet were
40% less likely to have disease recurrence within 6 months than
those on a low-fiber diet (245). However, a Cochrane review in
2019 analyzed 18 studies and indicated that the effects of dietary
interventions, including high fiber, low refined carbohydrates,
low microparticle, low calcium, symptoms-guided diet, highly
restricted organic and low red processed meat diets, on CD
and UC were uncertain (246). Albenberg et al. implemented
a randomized controlled trial and confirmed that low red
processed meat diet couldn’t reduce the relapse rate in patients
with quiescent CD (247). One of the most frequently used
elimination diets in CD patients is the diet of low-FODMAP
(fermentable oligosaccharides, disaccharides, monosaccharides,
and polyols). Recently, a single-blind, randomized and controlled
trial performed by Cox et al. initially demonstrated that the
low-FODMAP diet made significant differences among patients
with CD in remission, in symptom relief and improvement
of life quality, but not in irritable bowel syndrome severity
scores (248). Studies revealed that in stool samples collected
at the end of the study period, patients on the low-FODMAP
diet had a significantly lower abundance of Bifidobacterium
adolescentis, Bifidobacterium longum, and Faecalibacterium
prausnitzii than patients on the control diet. Bifidobacteria and
Faecalibacterium prausnitzii, which have immune-regulatory
effects, can increase peripheral blood mononuclear cell IL-
10 production in vitro (249, 250). Faecalibacterium prausnitzii
showed anti-inflammatory effects and was associated with lower
post-operative ileal CD recurrence (250). Despite this, there were
no detrimental effects of a low-FODMAP diet on patients with
quiescent IBD (248).

Mediterranean-style diet (DINE-CD) is another kind of
dietary intervention for IBD treatment. DINE-CD requires a diet
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high in 0mega-3/s and low in 0mega-6/s, which may reduce
intestinal inflammation (251). A study found that too much
intake of meat, omega-6 s fatty acids, and total fats resulted in
high risks of IBD (252). In this study, the benefits of fruits and
vegetables and the disadvantages of high meat and fats intake
indicate the promise of DINE-CD for IBD treatment. However,
some researchers found that adherence to DINE-CD was very low
for IBD patients (253). Significantly, these patients would like to
extend their nutritional knowledge for a better remission effect.

There is a deficiency of well-designed randomized controlled
trials in this area and further research is needed to investigate the
effects of various dietary interventions on IBD patients.

Mood and Psychology

IBD patients may have abdominal pain, diarrhea, mucinous
blood, and other symptoms. The recurring symptoms and long-
term medication will bring a heavy economic burden to the
family, so IBD patients are prone to anxiety, depression and other
adverse emotions. Patients and their families should be positively
guided to have a full understanding of the disease. They are
expected to be psychologically prepared and learn to correctly
deal with the symptoms. Patients in the active phase of disease
should have adequate rest, vent their negative emotions properly,
and avoid excessive psychological pressure. They are encouraged
to communicate with others and cooperate with treatment to
reduce the recurrence of the disease.

Others

A systematic review has demonstrated that for patients with CD,
smoking cessation can reduce recurrence risk by 65% compared
with continued smokers. Smoking can reduce the drug efficacy
and increase surgical and post-operative recurrence rate (254).
In addition, patients should take medication as prescribed and
participate in regular follow-ups.

DISCUSSION

At present, the treatment of IBD is primarily pharmacological,
consisting mainly of aminosalicylates, CSs, immunomodulators,
and biologics. However, a considerable number of patients fail to
achieve clinical remission after treatment, or lose response over
time. Additionally, more clinical data on the long-term safety of
drugs are required. With the deepening of research, new therapies
for IBD treatment are coming into view, mainly including
apheresis therapy, improvement of intestinal microecology, stem
cell transplantation, and exosome therapy. These non-approved
novel therapies are often applied in investigational protocols, but
are limited by their unclear impact on IBD. We still confront
with many unresolved challenges before applying these emerging
treatment options into clinical management. More research
including long-term data are required to minimize the risk and
optimize the treatment outcomes.

With the application of biologics, the therapeutic objectives of
IBD have changed, and a new concept named mucosal healing
has become well-known. It should be noted that histological
mucosal healing is different from endoscopic mucosal healing.
In cases of endoscopic remission, histological inflammation may

persist and be associated with adverse outcomes. Endoscopy
maintains a key role in monitoring mucosal healing nowadays.
Histological assessment has not been widely used because of
the lack of a valid valuation system and complex heterogeneity
of disease (255). Nevertheless, histological mucosal healing has
the potential to become a higher therapeutic target, considering
recent developments in histologic assessment tools in UC (256).

With growing appreciation for mucosal healing, a treat-to-
target strategy has gained wide acceptance. In order to verify the
progress realized in the therapeutic path, an objective evaluation
of mucosal inflammatory response is crucial. In the past, clinical
symptom scores (such as CD activity index) were used to
evaluate the treatment efficacy. Nowadays, endoscopy, histology,
radiology, immunobiochemical monitoring biomarkers, quality
of life assessment, and other methods have been introduced to
provide more valuable references for the assessment of disease
activity. There is no doubt that a multidisciplinary team, in which
strong coordination between doctors, other health professionals
(technicians, radiologists, biologists) and the patients is needed.
Studies have shown that compared with focusing on clinical
symptoms alone, targeting mucosal healing or inflammation
control appears to be more cost-effective (257).

In the progress of achieving personalized and precise
therapy, there are both opportunities and challenges. Doctors
should fully grasp the indications, contraindications, as
well as evidence-based medicine of various drugs and
treatments, so as to develop individualized treatment plans
based on the comprehensive assessment of the patient.
The treatment should be flexible and changed according to
the patients response to the treatment. Additionally, self-
management and regular follow-up of patients should not
be neglected. Timely communication and close cooperation
between doctors and patients are equally essential to effective
treatment strategies. All the above play a necessary role in
the induction and maintenance of remission in patients
with IBD.
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Background: Patients with inflammatory bowel disease (IBD) may be at risk of
developing portal venous system thrombosis (PVST) with worse outcomes. This study
aims to explore the prevalence, incidence, and risk factors of PVST among patients
with IBD.

Methods: PubMed, Embase, and Cochrane Library databases were searched. All the
eligible studies were divided according to the history of colorectal surgery. Only the
prevalence of PVST in patients with IBD was pooled if the history of colorectal surgery
was unclear. The incidence of PVST in patients with IBD after colorectal surgery was
pooled if the history of colorectal surgery was clear. Prevalence, incidence, and risk
factors of PVST were pooled by only a random-effects model. Subgroup analyses were
performed in patients undergoing imaging examinations. Odds ratios (ORs) with 95% Cls
were calculated.

Results: A total of 36 studies with 143,659 patients with IBD were included. Among
the studies where the history of colorectal surgery was unclear, the prevalence of
PVST was 0.99, 1.45, and 0.40% in ulcerative colitis (UC), Crohn’s disease (CD), and
unclassified IBD, respectively. Among the studies where all the patients underwent
colorectal surgery, the incidence of PVST was 6.95, 2.55, and 3.95% in UC, CD,
and unclassified IBD after colorectal surgery, respectively. Both the prevalence and
incidence of PVST became higher in patients with IBD undergoing imaging examinations.
Preoperative corticosteroids therapy (OR = 3.112, 95% Cl: 1.017-9.525; p = 0.047) and
urgent surgery (OR = 1.799, 95% CI: 1.079-2.998; p = 0.024) are significant risk factors
of PVST in patients with IBD after colorectal surgery. The mortality of patients with IBD
with PVST after colorectal surgery was 4.31% (34/789).

Conclusion: PVST is not rare, but potentially lethal in patients with IBD after colorectal
surgery. More severe IBD, indicated by preoperative corticosteroids and urgent surgery,
is associated with a higher risk of PVST after colorectal surgery. Therefore, screening
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for PVST by imaging examinations and antithrombotic prophylaxis in high-risk patients
should be actively considered.

Systematic Review Registration:

CRD42020159579.

Registered on PROSPERO, Identifier:

Keywords: portal venous system thrombosis, epidemiology, risk factor, inflammatory bowel disease, meta-

analysis

INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic and progressive
inflammatory disease of the gastrointestinal tract, mainly
consisting of ulcerative colitis (UC) and Crohn’s disease (CD).
In recent years, there has been a rising trend of IBD worldwide,
which further increases the economic burden of illness among
individual patients, their families, and healthcare systems (1)
as well as morbidity and mortality (2). Patients with IBD can
experience disease progression from inflammation to stricture
or penetration/fistulization (3). Its related complications can
also result in poor quality of life (4) and negative emotional
impact (5).

Recently, it has been observed that IBD has significant
secondary effects on the coagulation cascade, including initiation
and propagation of coagulation activation, inhibition of
fibrinolysis, and downregulation of physiological anticoagulation
pathways (6), which lead to coagulation abnormalities, such as
increased levels of coagulation factors V and VIII, platelet count,
and fibrin, and a decreased level of antithrombin (7). Patients
with IBD have a higher risk of venous thromboembolism (VTE)
(8), further increasing their morbidity and mortality (9).

Portal venous system thrombosis (PVST) mainly refers to the
development of thrombosis within the portal vein, mesenteric
vein, and splenic vein (10). Its clinical manifestations can include
complications of acute intestinal ischemia (11), hematemesis
or melena from esophagogastric variceal bleeding (12), even
multiple organ dysfunction, and death (13). Intraperitoneal
inflammation, including pancreatitis (14) and IBD (15), is one
of the most common local risk factors for PVST.

It is important for physicians to understand the epidemiology
and risk factors of PVST in patients with IBD since such
information is potentially helpful to assess and manage this
complication in high-risk patients. In this study, this systematic
review and meta-analysis aimed to explore the prevalence,
incidence, and risk factors of PVST in patients with IBD.

METHODS

This meta-analysis was performed following the Meta-analysis
Of Observational Studies in Epidemiology (MOOSE) (16) and
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) (17) statements. The MOOSE and the
PRISMA checKklists are shown in Supplementary Materials.

Registration

This study was registered in International prospective register
of systematic reviews (PROSPERO) with a registration number
of CRD42020159579.

Search Strategy

All articles concerning PVST in patients with IBD were
searched through PubMed, Embase, and Cochrane Library
databases. Search terms were as follows: (“portal” or “splenic” or
“mesenteric” or “portomesenteric” or “portosplenomesenteric”)
and (“vein” or “venous’ or “vascular”) and (“thrombosis” or
“thrombi” or “thrombus” or “thrombotic” or “thrombosed” or
“thromboembolism” or “thromboembolic” or “embolism” or
“emboli” or “embolization” or “occluded” or “occlusion” or
“occlusive” or “obstructed” or “obstructive” or “obstruction”) and
(“inflammatory bowel disease” or “IBD” or “Crohn’s disease” or
“CD” or “ulcerative colitis” or “UC” or “colitis”). The last retrieval
was performed on November 3, 2021.

Selection Criteria

Eligible studies were included according to the following criteria:
(1) patients should be diagnosed with IBD; (2) the number of
PVST in patients with IBD can be extracted to calculate the
prevalence; (3) the number of PVST after a diagnosis of IBD
or colorectal surgery for IBD can be extracted to calculate the
incidence; and (4) risk factors associated with the development
of PVST in patients with IBD can be extracted. Exclusion criteria
were as follows: (1) duplicate article; (2) comment, note, or letter;
(3) guideline, consensus, or report; (4) review or meta-analysis;
(5) case report; (6) experimental or animal study; (7) full text
could not be obtained; (8) patients with IBD were not included;
(9) PVST was not evaluated in patients with IBD; (10) relevant
data could not be extracted; and (11) overlapping data.

Definitions

PVST was defined as thrombus occurring in the portal venous
system including portal, mesenteric, and splenic vein. The cohort
study was defined as the occurrence of PVST events in patients
with IBD during follow-up. Cross-sectional study was defined as
the presence of PVST events in patients with IBD at a fixed time
point. Prevalence of PVST referred to all the PVST conditions in
patients with IBD by collecting the data from cohort and cross-
sectional studies. Incidence of PVST referred to new onset of
PVST events after a diagnosis of IBD or colorectal surgery for
IBD by collecting the data from cohort studies.

Data Extraction

We extracted the following information: first author, publication
year, publication type, region, study design, enrollment
period, source of case, severity of IBD, history of colorectal
surgery, use of antithrombotic drugs, number of patients with
IBD, number of patients with IBD who underwent imaging
examination, and number of patients with IBD who developed
PVST. The characteristics of patients with PVST were further
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Retrieved articles (n=2891)
-PubMed database (n=743)
-EMBASE database (n=2036)

-Cochrane Library database (n=112)

Excluded:

1
|
\ -Duplicate article (n=419)

: -Comment, note, or letter (n=75)

: -Guideline, consensus, or report (n=33)
1 -Review or meta-analysis (n=494)

| -Case report (n=1034)

i -Experimental or animal study (n=172)

Remaining articles (n=664)

Excluded:

I
I
\ -Full texts could not be obtained (n=5)

: -IBD patients were not included (n=503)

: -PVST was not evaluated in IBD patients (n=59)
: -Relevant data could not be extracted (n=45)

1 -Overlapping data (n=16)

Eligible articles (n=36)

FIGURE 1 | Flowchart of study inclusion.

summarized including gender, location of PVST, main clinical
presentation, interval from colorectal surgery to diagnosis
of PVST, hematological abnormality, treatment selection,
and outcome.

Study Quality

The Newcastle-Ottawa Scale (NOS) was used to evaluate the
quality of cohort studies, in which 0-3, 4-6, and 7-9 stars
represent low, moderate, and high quality, respectively (18). An
11-item checklist recommended by the Agency for Healthcare
Research and Quality (AHRQ) was used to evaluate the quality
of cross-sectional studies, in which a score of 0-3, 4-7, and 8-11
represent low, moderate, and high quality, respectively (19).

Statistical Analysis

All the meta-analyses were conducted by the R software version
3.6.2 (R Core Team, R Foundation for Statistical Computing,
Vienna, Austria) and Stata/SE software version 12.0 for Windows
(Stata Corporation LP, College Station, Texas, USA). We pooled
the prevalence, incidence, and risk factors of PVST in patients
with IBD by a random-effects model. Odds ratio (OR) with
95% CI was calculated, if any. I? and p-value were calculated by
inconsistency test to assess the heterogeneity among studies. I?
> 50% and/or p < 0.1 were considered to have a statistically
significant heterogeneity. Publication bias was evaluated by
Egger’s test. p < 0.1 was considered as a statistically significant

publication bias. Subgroup analyses were performed in terms of
region (Europe vs. North America vs. Asia vs. South America vs.
Africa), study design (population-based cohort vs. hospital-based
cohort vs. cross-sectional study), severity of IBD (exacerbated
or refractory), use of antithrombotic drugs, whether the
indications of imaging examinations for PVST were mentioned
(yes vs. unclear), patients with IBD who underwent imaging
examinations, and study quality (high vs. moderate). Meta-
regression analyses were performed by the abovementioned
covariates to explore the sources of heterogeneity. Sensitivity
analyses were also performed by sequentially excluding one study
in one turn.

RESULTS
Study Selection

Overall, 2,891 articles were retrieved. Finally, 36 studies
were included (Figurel). The study quality is given in
Supplementary Tables 1, 2.

Studies Where the Information With

Respect to Colorectal Surgery Was Unclear
Characteristics of Included Studies

A total of 18 studies where the information with respect to
colorectal surgery was unclear can be used to explore the
prevalence of PVST in patients with IBD (Table 1) (20-37).
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TABLE 1 | Characteristics of studies where the information with respect to colorectal surgery was unclear.

References Publication Region Study design Enroliment Source of Pts. No. Pts. PVST/all Percentage No. Pts. Study
type period Pts. of Pts. With PVST/Pts. quality
PVST % who
underwent
imaging
examinations
Ashamalla et al. (20) Conference USA Cross-Sectional 2010- Two tertiary hospitals of the 132/810 (IBD) 16.30 132/810 (IBD) Moderate
abstract 2014 Northwell health system?
Banerjee et al. (21) Conference India Cross-Sectional 2004.12— Asian Institute of Gastroenterology  7/569 (UC) 1.28 N/A Moderate
abstract 2010.03 in Hyderabad
Blonski et al. (22) Conference USA Cross-Sectional 1997.01- Gastroenterology Division for 10/14,674 (IBD) 0.07 N/A Moderate
abstract 2011.10 University of Pennsylvania
Bonnivard et al. (23) Conference France Hospital-Based 2000.01- Two French hospitals® 1/210 (IBD) 0.48 N/A High
abstract cohort 2012.06
Bruining et al. (24) Full text USA Hospital-Based 2004.08- Miles and Shirley Fiterman Center 6/357 (CD) 1.68 6/357 (CD) Moderate
cohort 2005.10 for Digestive Diseases in
Rochester, Minnesota
Campos et al. (25) Conference Portugal Cross-Sectional 2006.08- Central Hospital for University of 1/774 (IBD) 0.13 N/A Moderate
abstract 2013.05 Coimbra
Gutta et al. (26) Conference USA Cross-Sectional 2010.01- Truman Medical Center for 5/2,408 (IBD) 0.21 N/A Moderate
abstract 2014.12 University of Missouri-Kansas City
Heffley et al. (27) Conference UK Cross-Sectional 2015.04— A tertiary care referral center of 2/84 (IBD) 2.38 N/A Moderate
abstract 2015.12 university?
Kopylov et al. (28) Full text Israel Hospital-Based 2005- Chaim Sheba Medical Center 6/460 (CD) 1.30 N/A Moderate
cohort 2010
Leustean et al. (29) Conference Romania Cross-Sectional 2012.06- St Spiridon Hospital in Lasi 1/238 (IBD) 0.42 N/A Moderate
abstract 2017.06
Mouelhi et al. (30) Conference Tunisia Cross-Sectional 2000.01- Charles Nicolle Hospital in Tunis 2/295 (IBD) 0.68 N/A Moderate
abstract 2015.01
Papay et al. (31) Full text Austria Hospital-Based 2006.06— Fourteen participating centers in 7/2784 (IBD) 0.25 N/A High
cohort 2008.12 Austria
Ribas Andrade et al. Conference Brazil Hospital-Based 2010.01- Clinical Hospital for University of 8/781 (CD) 1.02 N/A Moderate
(82) abstract cohort 2015.10 Sao Paulo
Sabban et al. (33) Conference Argentina Hospital-Based 1996 Hospital Italiano in Buenos Aires 1/51 (IBD) 1.96 N/A High
abstract cohort 2007
Soteriadou et al. (34)  Conference UK Hospital-Based 2009.06— Pennine Acute Hospital NHS Trust ~ 2/385 (CD) 0.52 2/385 (CD) Moderate
abstract cohort 2012.12 in Manchester
Talbot et al. (35) Full text USA Hospital-Based 1970.01- Mayo Clinic in Rochester, 8/7,199 (IBD) 0.1 N/A Moderate
cohort 1980.12 Minnesota
Vegh et al. (36) Full text Hungary Population-Based 1977.01- Five general hospitals and 1/1,060 (UC) 1/648 0.09 N/A High
cohort 201212 gastroenterology outpatient units (CD) 0.15
in Veszprem province
Violi et al. (37) Full text Switzerland ~ Hospital-Based 2006.07- Swiss IBD Study Cohort at 8/39 (UC) 35/121 (CD)  20.51 8/39 (UC) High
cohort 2011.06 Lausanne University Hospital 28.93 35/121 (CD)

4Detailed information of hospitals cannot be found.
PVST, portal venous system thrombosis; Pts, patients; USA, United States of America; N/A, not applicable; UC, ulcerative colitis; CD, Crohn'’s disease; IBD, inflammatory bowel disease; UK, United Kingdom.
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Characteristics of Patients With PVST

Overall, 244 of 33,947 patients with IBD had PVST (20-37).
Among them, PVST was located at the main portal vein and
mesenteric vein and its branches in 106 (43.44%) and 147
(60.25%) patients, respectively; bowel stenosis, perianal fistula,
internal fistula, and perianal abscess were observed in 24
(9.84%), ten (4.10%), seven (2.87%), and seven (2.87%) patients,
respectively, and three (1.23%) patients died during follow-up
(Supplementary Table 3).

Ulcerative Colitis

A total of three studies evaluated patients with UC (21, 36, 37).
The pooled prevalence of PVST in patients with UC was 0.99%
(Table 2). One study reported a detailed number of patients
who underwent imaging examinations for PVST (37), with a
prevalence of 20.51%. Meta-regression and sensitivity analyses
were not performed due to a small number of included studies.

Crohn’s Disease

A total of six studies evaluated patients with CD
(24, 28, 32, 34, 36, 37). The pooled prevalence of PVST
in patients with CD was 1.45% (Table2). Three studies
reported a detailed number of patients who underwent imaging
examinations for PVST (24, 34, 37), with a pooled prevalence of
6.23%. Meta-regression (Supplementary Table 4) and sensitivity
analyses (Supplementary Table 5) did not identify any source
of heterogeneity.

Unclassified IBD

A total of 11 studies evaluated patients with unclassified IBD
(20,22, 23,25-27,29-31, 33, 35). The pooled prevalence of PVST
in patients with unclassified IBD was 0.40% (Table 2). One study
reported a detailed number of patients who underwent imaging
examinations for PVST (20), with a prevalence of 16.30%. Meta-
regression analyses indicated that the severity of IBD (p < 0.001)
and whether the detailed number of patients undergoing imaging
examinations was reported (p < 0.001) might be potential
sources of heterogeneity (Supplementary Table 4). Sensitivity
analyses found that the heterogeneity became non-significant
after excluding the study by Ashamalla et al. (20) (I* = 21.80%; p
= 0.2423; Supplementary Table 5).

Risk Factors of PVST in Patients With IBD

A total of two studies demonstrated that disease duration and
colorectal surgery might be significant risk factors of PVST
(22), but not age, sex, body mass index (BMI), IBD location,
corticosteroids therapy, smoking, or family history of IBD (37).

Studies Where the Information With

Respect to Colorectal Surgery Was Clear
Characteristics of Included Studies

A total of 18 studies where the information with respect
to colorectal surgery was clear were used to explore the

incidence of PVST in patients with IBD after colorectal surgery
(Table 3) (38-55).

Characteristics of Patients With PVST

Overall, 789 of 109,712 patients with IBD developed PVST after
colorectal surgery (38-55). Among them, PVST was located at
the main portal vein and mesenteric vein and its branches in
20 (2.53%) and 38 (4.82%) patients, respectively; abdominal
pain, prolonged ileus, wound infection, and dehydration/sodium
depletion was observed in 46 (5.83%), 22 (2.79%), 11 (1.39%), and
eight (1.01%) patients, respectively. The interval from surgery to
diagnosis of PVST was within 30 days and over 30 days in 45
(5.70%) and two (0.25%) patients, respectively; and 34 (4.31%)
patients died during follow-up (Supplementary Table 6).

Ulcerative Colitis After Colorectal Surgery

A total of eight studies evaluated patients with UC (38, 39,
41, 43, 45, 51-53). The pooled incidence of PVST in patients
with UC after colorectal surgery was 6.95% (Table 4). Three
studies reported on the number of patients who underwent
imaging examinations for PVST (39, 43, 45) in detail, with a
pooled incidence of 38.33%. Meta-regression analyses indicated
that whether the detailed number of patients undergoing
imaging examinations was reported (p = 0.043) might be
a potential source of heterogeneity (Supplementary Table 7).
Sensitivity analyses did not identify any source of heterogeneity
(Supplementary Table 8).

Crohn’s Disease After Colorectal Surgery

A total of two studies evaluated patients with CD (38, 51).
The pooled incidence of PVST in patients with CD after
colorectal surgery was 2.55% (Table 4). Neither study reported
on the number of patients who underwent imaging examinations
for PVST in detail. Subgroup, meta-regression, and sensitivity
analyses were not performed due to a small number of
included studies.

Unclassified IBD After Colorectal Surgery

A total of ten studies evaluated patients with unclassified IBD
(40, 42, 44, 46-50, 54, 55). The pooled incidence of PVST
in patients with unclassified IBD after colorectal surgery was
3.95% (Table4). Two studies reported the detailed number
of patients who underwent imaging examinations for PVST
(42, 44), with a pooled incidence of 17.17%. Meta-regression
analyses indicated that use of antithrombotic drugs (p =
0.008), whether the indications of imaging examinations for
PVST were mentioned (p = 0.007), and whether the detailed
number of patients undergoing imaging examinations was
reported (p = 0.010) might be potential sources of heterogeneity
(Supplementary Table 7). Sensitivity analyses found that the
heterogeneity became nonsignificant after excluding the study by
Gu et al. (44) (I> = 0%; p = 0.7378) or Murphy et al. (49) (2=
28.10%; p = 0.1946) (Supplementary Table 8).

Comparison of Incidence of PVST After Colorectal
Surgery for IBD and Non-IBD Diseases

A total of two studies included patients who underwent colorectal
surgery for IBD, cancer, diverticulitis, and polyps (38, 51). Meta-
analyses demonstrated that the incidence of PVST after colorectal
surgery was significantly higher in patients with UC than patients
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TABLE 2 | Prevalence of PVST in patients with IBD in whom the information with respect to colorectal surgery was unclear.
Groups No. Range Pooled proportion Heterogeneity Publication
studies using random-effects bias
model Egger test
P P-value (P-value)
uc 3 0.0009- 0.0099 87.30% 0.0004 0.0115
0.2051 (95% ClI 0-0.0274)
Region (Europe vs. Asia)
Europe 2 0.0009- 0.0928 90.00% 0.0016 N/A
0.2051 (95% CI 0-0.2919)
Asia 1 N/A 0.0123 N/A N/A N/A
(95% CI 0.0050-0.0252)
Study design (population-based cohort vs. hospital-based cohort vs. cross-sectional)
Population-Based cohort 1 N/A 0.0009 N/A N/A N/A
(95% ClI 0-0.0052)
Hospital-Based cohort 1 N/A 0.2051 N/A N/A N/A
(95% CI 0.0930-0.3646)
Cross-Sectional 1 N/A 0.0123 N/A N/A N/A
(95% CI 0.0050-0.0252)
Whether the detailed number of patients who underwent imaging examinations was reported (Yes)
Yes 1 N/A 0.20512 N/A N/A N/A
(95% Cl 0.0930-0.3646)
Study quality (high vs. moderate)
High 2 0.0009- 0.0928 90.00% 0.0016 N/A
0.2051 (95% ClI 0-0.2919)
Moderate 1 N/A 0.0123 N/A N/A N/A
(95% CI 0.0050-0.0252)
CcD 6 0.0015- 0.0145 91.60% <0.0001 0.0136
0.2893 (95% CI 0.0026-0.0263)
Region (Europe vs. North America vs. Asia vs. South America)
Europe 3 0.0015- 0.0273 95.90% <0.0001 0.2412
0.2893 (95% CI 0.0015-0.0531)
North America 1 N/A 0.0168 N/A N/A N/A
(95% Cl 0.0062-0.0362)
Asia 1 N/A 0.0130 N/A N/A N/A
(95% CI 0.0048-0.0282)
South America 1 N/A 0.0102 N/A N/A N/A
(95% CI 0.0044-0.0201)
Study design (population-based cohort vs. hospital-based cohort)
Population-Based cohort 1 N/A 0.0015 N/A N/A N/A
(95% CI 0-0.0086)
Hospital-Based cohort 5 0.0052—- 0.0222 91.80% <0.0001 0.0145
0.2893 (95% CI 0.0047-0.0397)
Whether the detailed number of patients who underwent imaging examinations was reported (Yes)
Yes 3 0.0052— 0.0623 95.90% <0.0001 0.1340
0.2893 (95% CI1 0.0158-0.1088)
Study quality (high vs. moderate)
High 2 0.0015- 0.1425 97.90% <0.0001 N/A
0.2893 (95% CI 0-0.4243)
Moderate 4 0.0052— 0.0096 0.80% 0.3880 0.1904
0.0168 (95% Cl1 0.0053-0.0139)
Unclassified IBD 11 0.0007— 0.0040 94.00% <0.0001 0.0651
0.1630 (95% Cl1 0.0014-0.0067)
Region (Europe vs. North America vs. South America vs. Africa)
Europe 5 0.0013- 0.0023 0% 0.5911 0.1334
0.0238 (95% CI 0.0008-0.0037)
(Continued)
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TABLE 2 | Continued
Groups No. Range Pooled proportion Heterogeneity Publication
studies using random-effects bias
model Egger test
P P-value (P-value)
North America 4 0.0007—- 0.0052 98.10% <0.0001 0.1531
0.1630 (95% CI 0.0011-0.0093)
South America 1 N/A 0.0196 N/A N/A N/A
(95% CI 0.0005-0.1045)
Africa 1 N/A 0.0068 N/A N/A N/A
(95% CI 0.0008-0.0243)
Study design (hospital-based cohort vs. cross-sectional)
Hospital-Based cohort 4 0.0011- 0.0015 8.40% 0.3512 0.1096
0.0196 (95% Cl 0.0005-0.0024)
Cross-Sectional 7 0.0007—- 0.0105 96.30% <0.0001 0.1525
0.1630 (95% Cl 0.0044-0.0165)
Severity of IBD (exacerbation)
Exacerbation 1 N/A 0.1630 N/A N/A N/A
(95% Cl 0.1382-0.1902)
Whether the detailed number of patients who underwent imaging examinations was reported (Yes)
Yes 1 N/A 0.16302 N/A N/A N/A
(95% Cl 0.1382-0.1902)
Study quality (high vs. moderate)
High 3 0.0025— 0.0026 0% 0.6124 0.1316
0.0196 (95% CI 0.0008-0.0045)
Moderate 8 0.0007—- 0.0045 95.70% <0.0001 0.1132
0.1630 (95% CI 0.0013-0.0076)

aPooled prevalence of PVST in patients who underwent imaging examinations.

PVST, portal venous system thrombosis; IBD, inflammatory bowel disease; UC, ulcerative colitis; N/A, not applicable; CD, Crohn’s disease.

with non-IBD (OR, 4.41; 95% CI, 2.35-8.29; p < 0.01), but the
incidence of PVST after colorectal surgery was not significantly
different between patients with CD and non-IBD (OR, 1.71; 95%
CIL, 0.25-11.73; p = 0.59).

Risk Factors of PVST in Patients With IBD After
Colorectal Surgery

A total of six studies demonstrated that age (44), BMI (49),
corticosteroids therapy (44), preoperative C-reactive protein
(CRP) (45), preoperative albumin (44), surgical approach (49),
type of surgery (44), and urgent reoperation (45) were significant
risk factors of PVST in patients with IBD after colorectal
surgery on the univariate analysis (Supplementary Table 9).
Two studies demonstrated that corticosteroid therapy (44),
preoperative CRP (45), and type of surgery (44) were significant
risk factors of PVST in patients with IBD after colorectal surgery
on the multivariate analysis (Supplementary Table 10). Meta-
analyses found that corticosteroid therapy (38, 39, 44, 45)
and urgent surgery (44, 45) were significantly associated with
PVST in patients with IBD after colorectal surgery, but not
male gender (37, 44, 45), left-sided colitis (44, 45), extensive
colitis (44, 45), severe colitis (38, 44), immunomodulators
therapy (38, 44, 45), biologics therapy (38, 44, 45), history
of thromboembolic disease (44, 45), or smoking (37, 44, 45)
(Figure 2).

DISCUSSION

To the best of our knowledge, this is the first systematic review
with a meta-analysis exploring the epidemiology of PVST in
patients with IBD and evaluating its risk factors. Our major
findings are as follows: first, among the patients with IBD
in whom the history of colorectal surgery was unclear, the
prevalence of PVST was 0.99, 1.45, and 0.40% in UC, CD,
and unclassified IBD, respectively. Notably, the prevalence of
PVST became higher in patients with IBD who underwent
imaging examinations. Second, among the patients with IBD who
underwent colorectal surgery, the incidence of PVST was 6.95,
2.55, and 3.95% in UC, CD, and unclassified IBD, respectively.
Notably, the incidence became higher in patients with IBD
who underwent imaging examinations after colorectal surgery.
Third, the use of preoperative corticosteroids and urgent surgery
are significant risk factors of PVST in patients with IBD who
underwent colorectal surgery.

IBD is associated with a hypercoagulable state, which
enhances the risk of thrombosis. Indeed, 1.01 to 2.14% of
patients with IBD have VTE (56, 57). Several major mechanisms
for explaining the association between PVST and IBD are as
follows (Supplementary Figure 1). First, ulceration and loss of
integrity of the normal mucosal barrier in the bowel may
lead to microbial invasion or translocation into the portal
venous system, leading to pylephlebitis and increasing the risk
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TABLE 3 | Characteristics of studies where all the included patients underwent colorectal surgery.

References Publication Region Study design  Enroliment Source of Pts. No. Pts. PVST/all Percentage of No. Pts. PVST/  Study quality
type period Pts. Pts. With PVST  Pts. who
% underwent
imaging
examinations
Allaix et al. (38) Full text USA Hospital-Based 2002.06— Surgery Department for University of 23/447 (UC) 11/304  5.15 N/A High
cohort 2012.06 Chicago Medical Center in lllinois (CD) 3.62
Ball et al. (39) Full text Canada Hospital-Based 1997.01- Foothills Medical Center for University of 11/112 (UC) 9.82 11/28 (UC) Moderate
cohort 2002.12 Calgary in Alberta
Bence et al. (40) Full text USA Hospital-Based 2010.01- Four tertiary care children’s hospitals 9/276 (IBD) 3.26 N/A High
cohort 2016.06
Feuerstein et al. (41)  Conference USA Hospital-Based 2002.01- Beth Israel Deaconess Medical Center in 8/259 (UC) 3.09 N/A High
abstract cohort 2014.01 Boston, Massachusetts
Fichera et al. (42) Full text USA Hospital-Based 1999.01- Mount Sinai Hospital in New York 4/83 (IBD) 4.82 4/14 (IBD) Moderate
cohort 2001.12
Gonzales et al. (43)  Conference USA Hospital-Based 2003.06— Department of Surgery for Boston 20/85 (UC) 23.53 20/33 (UC) Moderate
abstract cohort 2008.01 University School of Medicine in
Massachusetts
Gu et al. (44) Full text USA Hospital-Based 2006- Department of Colorectal Surgery for 36/521 (IBD) 6.91 36/216 (IBD) High
cohort 2012 Cleveland Clinic in Ohio
Kayal et al. (45) Full text USA Hospital-Based 2010.01- Mount Sinai Hospital in New York 36/434 (UC) 8.29 36/205 (UC) High
cohort 2016.12
Mathis et al. (46) Conference USA Hospital-Based 2007.09- Mayo Clinic in Rochester, Minnesota 4/63 (IBD) 6.35 N/A Moderate
abstract cohort 2012.08
Mathis et al. (47) Full text USA Hospital-Based 1994- Mayo Clinic in Rochester, Minnesota 3/100 (IBD) 3.00 N/A High
cohort 2005
Medress and Full text USA Hospital-Based 2001.08— Cedars-Sinai Medical Center in Los 5/202 (BD) 2.48 N/A Moderate
Fleshner (48) cohort 2006.08 Angeles, California
Murphy et al. (49) Conference USA Hospital-Based 2008.01- Two clinic institution in Boston, 26/1,014 (IBD) 2.56 N/A Moderate
abstract cohort 2012.07 Massachusetts®
Naik et al. (50) Conference USA Hospital-Based 2008- Gastroenterology and Hepatology 7/131 (BD) 5.34 N/A Moderate
abstract cohort 2010 Division for Medical College of
Wisconsin in Milwaukee
Robinson et al. (51)  Full text USA Hospital-Based 2007.01- Mayo Clinic in Phoenix, Arizona 11/125(UC) 1/78 (CD) 8.80 N/A High
cohort 2012.12 1.28
Syed et al. (52) Full text USA Population 1999- Explorys database of IBM, New York 570/105,410 (UC) 0.54 N/A High
based cohort 2020.04
Vaidya et al. (53) Conference USA Hospital-Based 2018.06— Department of Colorectal Surgery for 1/18 (UC) 5.56 N/A Moderate
abstract cohort 2019.07 Cleveland Clinic in Ohio
Weisshof et al. (54) Full text USA Hospital-Based 2010.01- IBD Center for University of Chicago in ~ 2/24 (IBD) 8.33 N/A Moderate
cohort 2018.03 lllinois
Zaghiyan et al. (55) Full text USA Hospital-Based 2010.01- Cedars-Sinai Medical Center in Los 1/26 (IBD) 3.85 N/A Moderate
cohort 2010.08 Angeles, California

@ Detailed information of hospitals cannot be found.
Pts, patients; PVST, portal venous system thrombosis; USA, United States of America;, UC, ulcerative colitis; CD, Crohn’s disease; N/A, not applicable; IBD, inflammatory bowel disease.
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TABLE 4 | Incidence of PVST in patients with IBD after colorectal surgery.

Groups No. studies Range Pooled proportion using Heterogeneity Publication
random-effects model bias
Egger test
(P-value)
? P-value
uc 8 0.0054- 0.0695 93.40% <0.0001 0.00183
0.2353 (95% CI 0.0355-0.1036)
Region (USA vs. Canada)
USA 7 0.0054- 0.0654 93.70% <0.0001 0.0045
0.2353 (95% CI 0.0300-0.1007)
Canada 1 N/A 0.0982 N/A N/A N/A
(95% CI 0.0501-0.1689)
Study design (population-based cohort vs. hospital-based cohort)
Population-Based cohort 1 N/A 0.0054 N/A N/A N/A
(95% CI 0.0050-0.0059)
Hospital-Based cohort 7 0.0309- 0.0789 79.00% <0.0001 0.0899
0.2353 (95% CI 0.0480-0.1099)
Severity of UC (refractory)
Refractory 1 N/A 0.0829 N/A N/A N/A
(95% CI 0.0588-0.1130)
Use of antithrombotic drugs (yes)
Yes 1 N/A 0.08412 N/A N/A N/A
(95% CI 0.0596-0.1145)
Whether the indications of imaging examinations for PVST were mentioned (yes vs. unclear)
Yes 6 0.0309- 0.0810 82.50% <0.0001 0.0348
0.2353 (95% Cl 0.0482-0.1137)
Unclear 2 0.0054- 0.0054 0% 0.3530 N/A
0.0556 (95% CI 0.0050-0.0059)
Whether the detailed number of patients who underwent imaging examinations was reported (yes)
Yes 3 0.1756- 0.3833° 92.50% <0.0001 0.2530
0.6061 (95% CI 0.1058-0.6609)
Study quality (high vs. moderate)
High 5 0.0054- 0.0486 94.30% <0.0001 0.0134
0.0880 (95% CI 0.0147-0.0825)
Moderate 3 0.0556— 0.1298 75.90% 0.0158 0.8334
0.2353 (95% CI 0.0330-0.2266)
(o»] 2 0.0128- 0.0255 49.30% 0.1604 N/A
0.0362 (95% CI 0.0027-0.0483)
Unclassified IBD 10 0.0248- 0.0395 45.90% 0.0548 0.1038
0.0833 (95% CI 0.0269-0.0521)
Severity of IBD (refractory)
Refractory 4 0.0248- 0.0523 65.80% 0.0325 0.7107
0.0833 (95% CI 0.0206-0.0839)
Use of antithrombotic drugs (yes)
Yes 2 0.0534- 0.06532 0% 0.4878 N/A
0.0691 (95% CI 0.0463-0.0843)
Whether the indications of imaging examinations for PVST were mentioned (yes vs. unclear)
Yes 3 0.0482- 0.0628 0% 0.6267 0.0324
0.0691 (95% CI 0.0453-0.0804)
Unclear 7 0.0248- 0.0278 0% 0.8232 0.0222
0.0833 (95% CI 0.0200-0.0356)
Whether the detailed number of patients who underwent imaging examinations was reported (yes)
Yes 2 0.1667- 0.1717° 0% 0.3346 N/A
0.2857 (95% CI 0.1231-0.2203)
(Continued)
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TABLE 4 | Continued

Groups No. studies Range Pooled proportion using Heterogeneity Publication
random-effects model bias
Egger test
(P-value)
P P-value
Study quality (high vs. moderate)
High 3 0.0300- 0.0451 70.40% 0.0341 0.7808
0.0691 (95% CI1 0.0188-0.0714)
Moderate 7 0.0248- 0.0288 0% 0.5349 0.0120
0.0833 (95% CI 0.0204-0.0371)

aPooled incidence of PVST in patients who received antithrombotic drugs.
bPooled incidence of PVST in patients who underwent imaging examinations.

PVST, portal venous system thrombosis; IBD, inflammatory bowel disease; UC, ulcerative colitis; USA, United States of America; N/A, not applicable; CD, Crohn’s disease.

Risk factor OR (95%CI) P
Immunomodulators therapy3® 445 —le— 0.845 (0.528-1.351)  0.481
Left-sided colitis** $- } 0.848 (0.317-2.266)  0.742
Male gender®” 4445 & : 0.864 (0.425-1.755)  0.685
Biologics therapy3% 445 ? 1.005 (0.483-2.089)  0.990
Smoking37 4445 I‘ 1.030 (0.305-3.478)  0.962
Extensive colitis*+ 45 6 1.180 (0.441-3.154)  0.742
Severe colitis® 44 —:—Q— 1.309 (0.763-2.244)  0.328
History of thromboembolic disease* 43 : & 1.706 (0.573-5.080)  0.337
Urgent surgery#+ 45 : —— 1.799 (1.079-2.998)  0.024
Corticosteroids therapy38 3% 44,45 : $ 3.112 (1.017-9.525)  0.047

03 i 2 3 4 s 10
FIGURE 2 | Risk factors of portal venous system thrombosis (PVST) in patients with inflammatory bowel disease (IBD) after colorectal surgery.

of PVST (7). Second, the deficiency of anticoagulants, such
as protein S, is related to IBD (58). Protein S deficiency
is associated with a high risk of VTE (59) and PVST (60).
Third, fibrinogen, which may contribute to the development
of PVST (61), is increased in active IBD (62). Fourth, tissue
plasminogen activator (t-PA) is released from storage sites in
vascular endothelial cells as a result of inflammation in patients
with IBD (6). An increase in t-PA level is counteracted by
a delayed, but sustained increase in plasminogen activator
inhibitor-1 (PAI-1) (63), thereby decreasing fibrinolysis (64).
Fifth, homocysteine level is significantly higher in patients with
IBD than healthy controls (65). Hyperhomocysteinemia can
cause hypercoagulability, by increasing tissue factor and factor
V levels, reducing t-PA level, and deactivating protein C (66).
Sixth, increased platelet count (67) and decreased mean platelet
volume (68) in patients with IBD could increase the thrombotic

potential risk. Seventh, the initiation and progression of colitis
are mainly caused by neutrophil extracellular traps (NETs),
which could induce platelet activation to promote thrombotic
tendency (69). Studies concerning NETs in the pathogenesis of
PVST are scarce, but evidence on the critical role of NETs in
thrombosis is comprehensive (70). NETs are released together
with peptidylarginine deiminase type IV into the extracellular
milieu, leading to thrombus formation in mesenteric venules in
mice (71).

Computed tomography (CT) and magnetic resonance
imaging (MRI) play an important role in the diagnosis and
assessment of non-malignant PVST (72, 73). However, they are
not routinely performed in patients with IBD, which potentially
underestimates the actual epidemiology of PVST. This study
suggested that the prevalence of PVST and incidence of PVST
after colorectal surgery would be increased in patients who
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underwent imaging examinations. Collectively, CT or MRI
may be considered in patients with IBD at a high risk of
developing PVST.

Corticosteroids are a major treatment option for IBD (74),
but they potentiate the risk of VTE in patients with IBD
regardless of colorectal surgery (75). The reasons for this
association may include the following: first, corticosteroids
could enhance the activity of the PAI-1 gene in cell cultures
through a corticosteroid-responsive element with enhancer-like
properties (76). Activation of the PAI-I gene could increase
the PAI-1 level, thereby reducing the t-PA level and impairing
the fibrinolytic activity (76). Therefore, corticosteroid-induced
alterations in fibrinolysis may contribute to a hypercoagulable
state. Second, corticosteroids use may be a surrogate marker
for more severe disease status. Usually, mild cases can be
treated with derivatives of 5-aminosalicylic acid, but severe cases
achieve disease remission by corticosteroids (56). Patients with
aggressive disease often suffer from abdominal pain or frequent
diarrheal stool per day and need bed rest and relative immobility,
which lead to a stronger prothrombotic state (77). Thus, some
investigators speculate that an increased risk of VTE may be
due to the disease activity, rather than corticosteroid use itself.
Contrarily, others consider that patients with IBD treated with
corticosteroids are more likely to experience a disease flare,
thereby increasing the risk of VTE (78). Higgins et al. showed
that corticosteroids themselves increased VTE risk regardless of
inflammatory conditions (79). Indeed, there is also an increased
risk of VTE in general patients and healthy volunteers receiving
corticosteroids in the absence of inflammation (80, 81). In
our meta-analysis, the preoperative use of corticosteroids seems
to be associated with PVST after colorectal surgery (OR =
3.112; p = 0.047). Because the use of corticosteroids is often
indispensable in patients with IBD (82), anticoagulation should
be considered for the prophylaxis of VTE during the period of
corticosteroid use (83). However, based on our meta-analysis, the
pooled incidence of PVST in patients with UC after colorectal
surgery is not lower in patients receiving antithrombotic drugs.
Of course, it should be acknowledged that a direct comparison
between anticoagulation vs. no anticoagulation is lacking in such
patients. Therefore, further studies should explore the role of
anticoagulation for the prevention of PVST in patients with IBD
receiving corticosteroids.

A high risk of postoperative thromboembolic complications
has been observed in patients with IBD undergoing colorectal
surgery (84). Colorectal surgery has been identified as a risk
factor of VTE (85). However, it is still unclear whether an
increased risk of VTE among patients with IBD is specifically
attributed to colectomy, disease severity necessitating colectomy,
or their combination. Our meta-analysis also demonstrated that
the pooled incidence of PVST was obviously higher in patients
with UC who underwent colorectal surgery than those in whom
the information regarding colorectal surgery was unclear (6.95 vs.
0.99%), suggesting a higher probability of PVST after colorectal
surgery. Thrombosis in the portal venous system is associated
with a borderline intrinsically hypercoagulable environment,
which may result from direct surgical trauma to the colic veins

(42). Additionally, the incidence of PVST after colorectal surgery
is higher in patients with UC than patients with CD. This may be
explained by the fact that patients with UC undergoing colorectal
surgery have a larger inflammatory burden, but patients with
CD undergo surgery mainly due to stenotic or fistulizing
complications (86). Patients with UC undergoing urgent surgery
have an over 5-fold increased odds of VTE, despite postoperative
heparin (87). This is because patients usually have a flare of
IBD at the time of urgent surgery, leading to a prominent
risk of VTE (56). Our meta-analysis also demonstrated that
urgent surgery might be a risk factor of PVST. Taken together,
thromboprophylaxis in surgical patients with IBD should be
adopted according to the specific guidelines (88).

This study has some other limitations. First, the heterogeneity
among studies was significant in most meta-analyses. It might be
from the enrollment period and follow-up duration. However,
the source of heterogeneity cannot be identified by subgroup
and meta-regression analyses. Second, the specific type of IBD,
severity of IBD, number of patients with IBD who underwent
imaging examinations, and history of colorectal surgery for IBD
were unclear in some studies. Third, there is a high incidence
of PVST after colorectal surgery (89). However, among the
included studies, no relevant data can be extracted to compare the
proportion of PVST between patients with IBD who underwent
and did not undergo colorectal surgery.

In conclusion, there is an increased risk of PVST in patients
with IBD. Corticosteroids therapy and urgent colorectal surgery
both suggest that more severe IBD seems to increase the risk
of PVST in patients with IBD. Imaging examinations should be
recommended to improve the detection rate of PVST, especially
in high-risk patients. Further large-scale prospectivel studies are
necessary to clarify the prediction and prevention of PVST in
patients with IBD in the future.
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previous publications; Q3, Indicate time period used for identifying patients; Q4,
Indicate whether or not subjects were consecutive if not population-based; Q5,
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Cell-Matrix Interactions Contribute to
Barrier Function in Human Colon
Organoids

James Varani, Shannon D. McClintock and Muhammad N. Aslam*

The Department of Pathology, The University of Michigan Medical School, Ann Arbor, Ml, United States

The importance of cell-matrix adhesion to barrier control in the colon is unclear. The
goals of the present study were to: (i) determine if disruption of colon epithelial cell
interactions with the extracellular matrix alters permeability control measurement and
(i) determine if increasing the elaboration of protein components of cell-matrix adhesion
complexes can mitigate the effects of cell-matrix disruption. Human colon organoids
were interrogated for transepithelial electrical resistance (TEER) under control conditions
and in the presence of Aquamin®, a multi-mineral product. A function-blocking antibody
directed at the C-terminal region of the laminin o chain was used in parallel. The
effects of Aquamin® on cell-matrix adhesion protein expression were determined in
a proteomic screen and by Western blotting. Aquamin® increased the expression of
multiple basement membrane, hemidesmosomal and focal adhesion proteins as well
as keratin 8 and 18. TEER values were higher in the presence of Aquamin® than they
were under control conditions. The blocking antibody reduced TEER values under both
conditions but was most effective in the absence of Aquamin®, where expression of cell-
matrix adhesion proteins was lower to begin with. These findings provide evidence that
cell-matrix interactions contribute to barrier control in the colon.

Keywords: Aquamin®, basement membrane, cell-matrix adhesion, cell-cell junction, colonoid, gut barrier, laminin,
proteomics

INTRODUCTION

Functional defects in the gastrointestinal tract barrier have been documented in inflammatory
conditions of the bowel, including both ulcerative colitis (UC) and Crohn’s Disease (1-6). Barrier
defects have also been described in irritable bowel syndrome (7) and noted in celiac disease (5) and
as a consequence of acute bacterial infection (8). Barrier defects have also been seen in obesity
related to high-fat and high-sugar diets (9, 10) and, thus, may contribute to chronic, systemic
inflammation. Finally, gastrointestinal discomfort associated with chronic environmental stress
may reflect barrier dysfunction (11). In these situations, inflammatory injury to the intestinal wall
contributes to barrier break-down. At the same time, however, preexisting barrier defects, leading
to permeation of bacteria, bacterial products, food allergens and toxins into the mucosal wall, may
promote inflammation in the gastrointestinal tract (4).
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Tight junctions are the epithelial cell surface structures that
mediate permeability control—at least in so far as soluble
factors are concerned (12-18). Desmosomes are responsible
for tissue cohesion and strength (19, 20). While not directly
involved in regulating transepithelial passage of small molecules,
an effective barrier in mechanically-active tissue depends on
tissue cohesion. In a recent study, it was demonstrated that
Aquamin®, a calcium-, magnesium-, and trace element-rich,
multi-mineral product obtained from marine red algae (21),
strongly up-regulated desmosomal proteins and increased the
number of desmosomes in human colon tissue (obtained
from normal healthy subjects and UC patients) in organoid
culture but had little effect on tight junctional elements
(22-24). In parallel with these desmosomal changes, tissue
cohesion was increased. In addition, electrical resistance across
a monolayer of organoid-derived cells was also increased
(23). The same multi-mineral intervention that increased
desmosomes also up-regulated expression of other moieties
that contribute to the permeability barrier. Among these were
cadherin family members (adherens junction components),
carcinoembryonic antigen cell adhesion molecules (CEACAM),
mucins and trefoils.

In the present study, we have used a proteomic screen to assess
the expression of proteins involved in cell-matrix interactions in
human colon organoid culture derived from either normal colon
tissue or UC disease-affected tissue. Studies by other investigators
have utilized immunohistochemical methods to show basement
membrane defects in UC and Crohn’s disease as well as in
other inflammatory conditions of the bowel (25-28). While
these findings suggest a role for cell-basement interactions in
barrier function, how these interactions influence gastrointestinal
barrier function, per se, has not been studied. Here it is
shown that which proteins are affecting cell-basement membrane
interactions through both focal adhesions and desmosomes in
response to Aquamin®. Further, it has demonstrated a role
of an antibody to the major cell adhesion domain in the
laminin a-chain on transepithelial electrical resistance (TEER)
in human colon organoid-derived monolayer. In contrast,
the effect of treatment with the same antibody is evaluated
on tissue cohesion/tissue strength. The findings presented
here directly address the role of cell-matrix interactions in
barrier function.

MATERIALS AND METHODS

In vitro Intervention - Aquamin®

This is a calcium-rich, magnesium-rich, trace element-rich multi-
mineral product obtained from the skeletal remains of the red
marine algae, Lithothamnion sp (21) (Marigot Ltd, Cork, Ireland).
Aquamin® contains calcium and magnesium in a molar ratio
of approximately 12:1 along with measurable levels of 72 other
trace minerals (essentially all of the trace elements algae fronds
accumulate from the deep ocean water). The same single batch of
Aquamin® Soluble that was used in the previous colon organoid
studies (22-24) was used for this study. Supplementary File S1
describes the complete mineral/trace element composition of the
multi-mineral product—Aquamin®.

Anti-laminin Antibodies and Other

Reagents

The known laminin heterotrimers contain a globular region in
the C-terminal end of the molecule made up of five modules.
Cell-binding sites are located here (29-31). A mouse monoclonal
antibody (IgG1 clone) reactive against epitopes within this region
(present in all of the individual o chain members) was used
for functional blockade. This antibody (clone #P3H9-2; R&D
Systems) has been demonstrated to detect antigen in a variety of
epithelia and has been shown to inhibit cell proliferation of both
rat and human epithelial cells (32). A control mouse monoclonal
IgGl immunoglobulin was used in parallel with the anti-
laminin antibody for comparison. A rabbit polyclonal antibody
(Invitrogen; PA5-27271) prepared against a recombinant protein
fragment from the human laminin B1 chain was used in Western
blotting. A monoclonal antibody recognizing a human actin
epitope (Cell Signaling Technology; 5125S) was used as control.

Organoid Culture (From Normal Colon or
UC Biopsies)

Colon tissue in organoid culture was available from our previous
studies (22-24). The Institutional Review Board at the University
of Michigan Medical School approved the tissue collection
and use protocol (IRBMED protocols: HUM00076276 and
HUMO00102771). Subjects provided written informed consent
prior to flexible sigmoidoscopy and biopsy collection. This
study was conducted according to the principles stated in the
Declaration of Helsinki. For the present work, cryopreserved
colon organoid samples (from healthy subjects) were put into
culture and expanded over a 3-4 week period with weekly
subculture during the expansion period (23). Growth medium
consisted of a 50:50 mix of Advanced DMEM (Gibco) and the
same base media that had been conditioned by the previous
growth of L-cells engineered to provide a source of recombinant
Wnt3a, R-spondin-3, and Noggin—referred to as L-WRN
conditioned medium (33). The growth medium formulation
also contained 100 ng/ml human recombinant epidermal growth
factor (EGF) (R&D) as the major growth-supporting peptide and
also contained 10 wM Y27632 (Tocris), 500 nM A83-01 (Tocris),
10nM SB202190 (Sigma), 2.5 M CHIR99021 (Tocris), 1X B-
27 without vitamin A (Invitrogen), 1 mM N-Acetyl-L-cysteine,
10 mM HEPES (Invitrogen), 2mM Glutamax (Invitrogen), and
100 pg/ml Primocin (InvivoGen). Since L-WRN medium was
supplemented with 20% fetal bovine serum, after 1:1 dilution,
the final serum concentration of the growth medium was 10%.
After expansion, organoids were used to assess TEER or tissue
cohesion as described below. TEER assessments were carried out
in either differentiation medium or in a mix of KGM Gold and
growth medium.

Differentiation Medium

Differentiation medium consisted of a mix of Advanced DMEM
and F12 media. This formulation lacked Wnt3a and R-spondin-
3 but was supplemented with EGF (50ng/ml) along with
Gastrin (10nM, Sigma), Noggin (50 ng/ml, R&D), and Y27632
(2.5uM, Tocris). AlbuMAX® (Gibco), a lipid-rich Bovine
Serum Albumin (BSA), was used as a component of the
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medium to replace serum. The final calcium concentration in
complete differentiation medium was 1.04 mM. This medium
was used as a positive control to test monolayer integrity by
TEER assessment.

KGM Gold-Growth Medium Mix

KGM Gold is a serum-free, calcium-free medium designed for
epithelial cell growth (Lonza) during experimental phase. When
KGM Gold was mixed with the growth medium at a 1:4 dilution,
the serum concentration decreased to 2.5% and the calcium
concentration equaled to 0.25mM (and this mix was used as
a control).

Assessment of Electrical Resistance
Across the Organoid-Derived Cell

Monolayer

TEER assessments were carried out in the Translational Tissue
Modeling (TTML) Laboratory using a standard operating
procedure developed in the TTML for organoid evaluation
(34). Briefly, colon organoids (from three healthy subjects) were
dissociated into small cell aggregates (<40 pum in size) and plated
onto collagen IV (Sigma)-coated polyethylene terephthalate
filters (0.4 um pore size, 0.33 cm?, in transwell filter support,
Costar) at 200,000 individual organoids per well in growth
medium. After seeding in growth medium, organoids were
allowed to attach to the transwell insert filters and incubated
without further treatment for 1 day. Then growth medium was
replaced with either differentiation medium alone (for initial
assessment) or with the KGM Gold-growth medium mix with
or without Aquamin®. When Aquamin® was included, it was
added at 0.51 mg/ml; an amount to bring the final calcium
concentration to 1.5 mM.

The function-blocking anti-laminin antibody (an antibody to
the major cell adhesion domain in the laminin a-chain) was
included at the start of the treatment period at 25 jug/ml. Fresh
culture medium and antibody were provided every 2 days during
the assay period. A control mouse IgG was used at the same
concentration for comparison. Electrical resistance values were
determined using an epithelial volt/ohm meter (EVOM?2, World
Precision Instruments) and STX2 series chopstick electrodes as
described previously (23).

Histochemical Staining and Light

Microscopy

After finishing electrical resistance measurements, transwell
insert filters with organoid-derived monolayer cells still attached
were prepared for light microscopy. The transwell insert filters
were fixed for 1h in 10% buffered formalin. Following this,
insert filters were paraffin-embedded, sectioned and stained with
hematoxylin and eosin. The stained specimens were visualized
by light microscopy. Slides were digitally scanned using the
Aperio AT?2 brightfield whole slide scanner (Leica Biosystems) at
a resolution of 0.5 wm per pixel with 20X objective. Quantitation
was performed using Aperio ImageScope by measuring the gap
between the epithelial layer and the transwell insert membrane at
20x magnification.

Western Blotting

After finishing electrical resistance measurements on Day 3,
organoid-derived monolayer cells were harvested for protein.
Briefly, insert wells were washed gently with PBS, then subjected
to extraction using RIPA buffer (89901; Thermo Scientific).
Organoid-derived monolayer cells were lysed by repetitive
pipetting in the buffer, followed by incubation for 10 min on
ice. Non-soluble cellular debris was removed by centrifugation
at 14,000 x g for 10 min and protein was quantified using a
BCA assay (23227; Pierce). Samples were heated for 10 min at
70°C in NuPage LDS sample buffer and then run on 3-8% Tris-
Acetate gels using NuPage MOPS running buffer under reducing
conditions. Proteins were then transferred onto nitrocellulose
membranes, blocked with 5% non-fat dry milk and probed with
the primary and appropriate secondary antibodies. Secondary
antibodies were used at 1:5,000 for all membranes. B-actin was
used as a loading control in each assay. SuperSignal WestPico
Plus (34577; Thermo Scientific) detection reagent was used
and bands were visualized by exposing the membranes on CL-
XPosure Film (34090; Thermo Scientific) and developing the
films using Konica Minolta SRX-101A. Relative band density was
determined using Image] gel analysis tools.

Confocal Fluorescence Microscopy

After finishing electrical resistance measurements, some of the
transwell insert filters were prepared for confocal fluorescence
microscopy and stained with an antibody to occludin for the
purpose of visualizing the cell layer. The filters with cells still
attached were fixed for 15min at —20°C in methanol. They
were then washed three times in PBS before blocking in 3%
BSA (A8806; Sigma) in PBS for 1h. Following this, cells were
stained with an antibody to occludin (331594; Invitrogen) 1:400
for 1h in 1% BSA in PBS. Stained cells were rinsed three
times (5min each) in PBS, stained with DAPI for 5min to
identify nuclei and washed an additional three times with
PBS. Finally, the filters with cells still attached were gently
cut from the transwell inserts and mounted apical side up
on Superfrost Plus glass slides (Fisher Scientific, Pittsburgh,
PA) with Prolong Gold (P36930; Life Technologies Molecular
Probes). The stained specimens were visualized and imaged
with a Leica Inverted SP5X Confocal Microscope System
(University of Michigan Medical School Biomedical Research
Core Facility).

Organoid Cohesion Assay

Organoid cohesion was assessed by employing healthy colon-
derived organoids from three subjects as described previously
(23). Briefly, after establishment and culture expansion, healthy
colon organoids were incubated in KGM Gold-growth medium
with or without the same anti-laminin antibody (25 pg/ml)
as described above. Treatment was for seven days with fresh
medium and antibody added at days 2 and 4. Over the course
of the 7-day treatment period, individual organoids increased
in size. At the end of the incubation period, phase-contrast
microscopy (Hoffman Modulation Contrast—Olympus IX70
with a DP71 digital camera) was used to capture images in
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order to measure the size of multiple individual organoids (53-
104 individual organoids per condition). Then organoids were
separated from the Matrigel and fragmented with mechanical
force alone by pipetting the entire pellet 30x through an
uncut 200 microliter pipet tip. After washing 3x in PBS,
organoids were re-cultured in fresh Matrigel. One day after
establishment, multiple organoids were again examined under
phase-contrast microscopy and sized. For both pre-harvest
and post-harvest samples, phase-contrast images were analyzed
using area measurements in Adobe Photoshop (CC version
19.1.5). Average organoid size-reduction (i.e., the difference in
organoid size between pre- and post-harvest) was determined
by dividing the average post-harvest surface area by the average
pre-harvest area.

Differential Proteomic Analysis

Proteomic assessment was conducted at the Proteomics Resource
Facility (PRF) in the Department of Pathology at the University
of Michigan using mass spectrometry (MS)-based tandem mass
tag (TMT) analysis (ThermoFisher Scientific). The complete
details for the experimental conditions, protocols and analysis
methodology can be found in previously published reports
(22, 24). Briefly, colon organoids (normal healthy subjects
and subjects with UC) were exposed to 2mM EDTA for
15min to dissolve and completely remove Matrigel and
then exposed to Radioimmuno-precipitation assay (RIPA)—
lysis and extraction buffer (Thermo Scientific, Rockford,
IL) for protein isolation. Fifty micrograms of organoid
protein from each condition were digested with trypsin and
individually labeled with isobaric mass tags. Labeled peptides
were fractionated using 2D-LC (basic pH reverse phase
separation followed by acidic pH reverse-phase) and analyzed
on a high-resolution, tribrid mass spectrometer (Orbitrap Fusion
Tribrid, ThermoFisher Scientific) using conditions optimized
in the PRF. MultiNotch MS3 was employed to obtain accurate
quantitation of the identified proteins/peptides. Data analysis
involved peptide filtering to retain only those that passed < 2%
false discovery rate (FDR) threshold of detection. Quantitation
was performed using high-quality MS3 spectra. Differential
protein expression values (fold-change) for proteins of interest
in each treatment group were compared to protein values of
the respective control group. Proteins were identified using
Universal Protein Resource (UniProt) databases (Uniprot.org).
Reactome version 78—a pathway analysis database was used
to recognize associated pathways for species “Homo sapiens”
(reactome.org) by providing the entities detected in the
proteomic data sets (both from normal and UC data sets).
Reactome is a curated and peer-reviewed database of pathways
and reactions in human biology. Reactome database identifies
possible reactions with all annotated proteins present and
active simultaneously in a cell. Pathway over-representation
analysis is performed by overlaying an experimental dataset
on these annotations (35). Additionally, STRING database—
v1l.5 (string-db.org) was utilized to conduct enrichment
analyses and to identify protein-protein interactions among the
proteins. For proteomic enrichment analysis, STRING employs
Gene Ontology (GO) knowledgebase and provide information

related to molecular functions, biological processes and cellular
components involved.

For the purpose of the present study, we accessed two
existing data sets—one generated from colon organoids of
four healthy subjects and the other generated from colon
organoid tissue of three ulcerative colitis patients in remission.
In each case, organoids grown in the KGM Gold-growth
medium mix were compared to organoids grown in the same
medium supplemented with Aquamin® at levels providing 1.5-
3.0 mM calcium. Protein expression levels with Aquamin® were
compared to protein-expression levels in the control to obtain
fold-change ratios for individual proteins of interest with each
subject separately. Following this, data from individual subjects
were merged and analyzed as groups (n = 4 healthy and n =3 UC
in remission). For comparison purposes, the data presented here
include only the maximum response. The complete proteomics
data sets are available at the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier
PXD020244 (for UC derived colon organoids) and identifier
PXD026923 (for normal colon organoids).

Statistical Analysis

Means and standard deviations were obtained for discrete values
obtained in the TEER assessment and cohesion assays as well
as from expression level changes for individual proteins in
proteomic assessment). Data generated in this way were analyzed
by ANOVA followed by paired t-test (two-tailed) for comparison
using GraphPad Prism version 8.3. For the pathways analysis,
the significant data were based on the overrepresentation
analysis (hypergeometric distribution) using Reactome database.
A binomial test was used to calculate the probability for each
result, and the p-values were corrected for the multiple testing
(Benjamini-Hochberg procedure) that arose from evaluating the
submitted list of identifiers against every pathway. A high-level of
FDR stringency (<1%) was used and the whole genome statistical
background was assumed for STRING analysis. A p-value < 0.05
was considered significant.

RESULTS

Aquamin® Up-Regulates Basement
Membrane Components, Proteins
Associated With Hemidesmosome

Formation and Keratins

Findings from the proteomic assessment based on data from
four healthy subjects and data from three subjects with UC are
shown in Figure 1. In both data sets (assessed independently),
strong up-regulation of several laminin chains (a1, f1, f2, and
y1) (components of laminin 111 and 121) along with nidogen-
1, the basement membrane-specific heparin sulfate proteoglycan
(HSPG-2, perlecan) and one of the chains of type IV collagen
(a2) was seen in response to Aquamin®, regardless of the tissue
type. These proteins are the major constituents of the basement
membrane (36, 37). They mediate cell-matrix attachments (focal
adhesions) in epithelial cells (30, 31, 36, 37). Also detected in
the proteomic analysis (Figure 1) were laminin o3, B3, and
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FIGURE 1 | Effects of Aquamin® on expression of proteins involved in cell-matrix interactions: Proteomic screen. Organoid cultures were established with colon
biopsies from four healthy subjects and three with ulcerative colitis in remission. Organoids were cultured in the presence or absence of Aquamin® as described in the
Materials and Methods section. At the end of the incubation period, protein was isolated from the cultures and assessed in the proteomic screen. Values from
respective controls were set at 1.0 and the values from Aquamin®-treated samples reflect a ratio (increase or decrease fold-change) relative to respective control.
Values shown reflect mean (£SD) fold-change from respective control in colon organoids from normal subjects (N = 4) and subjects with UC in remission (N = 3).
Methods for generating the data sets were described in detail in past reports (22, 24). Data for individual proteins were compared for statistical differences using the
student t-test. Asterisk (*) indicates a difference from respective control at p < 0.05.
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y2 chains (components of laminin 332 or laminin-5 in the
older terminology). This laminin isoform is a major component
of hemidesmosomes (38, 39). While these laminin chains did
not demonstrate an increase in response to Aquamin® in
colon organoids, several other hemidesmosomal proteins were
detected, and a subset of these (dystonin, plectin, desmoplakin,
and epiplakin) were also increased by Aquamin® as compared
to control (Figure 1). The plakins are critical linkers between
laminin in the hemidesmosomes and intermediate filaments
(40, 41). Similarly, additional hemidesmosomal components
(BP180 or Collagen Type XVII al Chain, and CD151) were
also detected in both datasets. The abundance ratios for BP180
(1.14 £ 0.19-fold in normal vs. 1.21 £ 0-fold in UC) and
CD151 (0.94 £ 0.07-fold in normal vs. 0.96 + 0.06-fold in
UC) did not increase with Aquamin®. In addition, three
proteins that serve as connectors between focal adhesions
and the actin cytoskeleton (talin, vinculin and o-actinin) were
detected. Vinculin was modestly up-regulated in both data
sets (Figure 1).

While this study did not address differentiation-related
proteins, per se, since we have previously reported on this (22,

24), we noted that keratin 8 and keratin 18 (components of
intermediate filaments in gastrointestinal epithelial cells) (42)
were increased in response to Aquamin® (Figure 1). With
keratin 8, expression was increased 1.25 £ 0.01-fold and 1.52
+ 0.09-fold in the normal and UC data sets, respectively. With
keratin 18, values were 1.52 & 0.41-fold and 1.86 % 0.00-fold.
Of interest, recent studies have demonstrated that mutations
in Keratin 8/18 in colonic epithelial cells are associated with
loss of permeability control in inflammatory bowel disease (43).
Similarly, acute bowel inflammation has been shown to reduce
Keratin 8/18 expression; levels were restored upon improvement
in disease status as assessed by both clinical and endoscopic
parameters (44).

In addition to the findings presented above, other proteins
of interest were searched for in the protein screen. Subunits
of laminin-binding integrins (a3, a6, P1, and B4) (45) were
present, but not significantly altered (ranged from 0.90 to 0.96-
fold-change) with Aquamin® as compared to control (not
shown). Among other moieties that have been reported to
interact with laminin, both dystroglycan and syndecan were
slightly down-regulated, sulfatide was unchanged and oncofetal
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TABLE 1 | Top pathways associated with the proteins presented in Figure 1.

Pathway name Entities p-value Entities FDR Mapped entities

Laminin interactions 1.11 x 10716 5.55 x 10715 COL4A2;LAMAT;LAMA3;LAMB1;LAMB2;LAMBS;
LAMC1;LAMC2;HSPG2;NID1

Non-integrin membrane-ECM 1.11 x 10716 5.55 x 1015 COL4A2;LAMAT;LAMA3;LAMB1;LAMB2;LAMBS;

interactions LAMC1;LAMC2;HSPG2

Extracellular matrix organization 222 x 1071° 7.33 x 1071 COL4A2;DST.LAMAT;LAMAS;LAMB1;LAMB2;LAMB3;
LAMCT1;LAMC2;HSPG2;NID1;PLEC

MET activates PTK2 signaling 3.00 x 1071 7.49 x 10713 LAMAT;LAMA3;LAMB1;LAMB2;LAMBS3;LAMC1;LAMC2

MET promotes cell motility 2.64 x 10713 529 x 1012 LAMAT;LAMAS;LAMB1;LAMB2;LAMB3;LAMC1;LAMC2

Type | hemidesmosome 7.62 x 10712 1.22 x 10710 DST.LAMAS;LAMBS3;LAMC2;PLEC

assembly

ECM proteoglycans 1.93 x 10~ 2.70 x 10710 COL4A2;LAMAT;LAMA3;LAMB1;LAMB2;LAMC1; HSPG2

Degradation of the extracellular 2.27 x 107" 2.73 x 10710 COL4A2;LAMAS;LAMB1;LAMB2;LAMB3;LAMCH;

mattrix LAMC2;NID1;HSPG2

Signaling by MET 2.75 x 10~ 3.03 x 1010 LAMAT;LAMAS;LAMB1;LAMB2;LAMB3;LAMCT1;LAMC2

Assembly of collagen fibrils and 4.49 x 1010 4.49 x 1079 COL4A2;DST,LAMAB;LAMB3;LAMC2;PLEC

other multimeric structures

Collagen formation 451 x 1079 4.06 x 1078 COL4A2;DST.LAMA3;LAMB3;LAMC2;PLEC

Anchoring fibril formation 9.57 x 107° 7.66 x 1078 COL4A2;LAMAS;LAMB3;LAMC2

Cell junction organization 2.88 x 1077 2.02 x 1076 DST,LAMA3;LAMB3;LAMC2;PLEC

Signaling by receptor tyrosine 7.83 x 1077 5.48 x 1076 COL4A2;LAMAT;LAMA3;LAMB1;LAMB2;LAMB3; LAMC1;LAMC2

kinases

Cell-cell communication 1.57 x 1076 9.39 x 1076 DST.LAMAS;LAMB3;LAMC2;PLEC

Signal transduction 0.001 0.003 COL4A2;DSP;DST,LAMA1;LAMAS;LAMB1;LAMB2;
LAMBS;LAMC1;LAMC2;VCL

Post-translational protein 0.001 0.003 LAMB1;LAMB2;LAMCH

phosphorylation

L1CAM interactions 0.001 0.004 LAMAT;LAMB1;LAMB2;LAMC1

Formation of the cornified 0.001 0.004 DSP;KRT8;KRT18

envelope

Keratinization 0.005 0.014 DSP;KRT8;KRT18

The pathway analysis was conducted by Reactome database (v78) for species “Homo sapiens” employing the entities presented in Figure 1. These significant data (with a p-value/FDR
< 0.05) are based on the overrepresentation analysis (hypergeometric distribution). A binomial test is used to calculate the probability for each result, and the p-values are corrected for
the muiltiple testing (Benjamini—-Hochberg procedure) that arises from evaluating the submitted list of identifiers against every pathway. FDR, False discovery rate.

antigen/immature laminin receptor OFA(iLRP)/67-kD laminin
receptor was not detected.

As part of the analysis, we searched for the pathways
associated with the proteins presented in Figurel using
Reactome. The top 20 pathways with the involved entities
are presented in Table 1. Laminin interactions, extracellular
matrix organization and type I hemidesmosome assembly were
among the top pathways (Table 1). To check the protein-protein
interaction (PPI) of the moieties shown in Figure 1, we used
the STRING database, and the PPI enrichment p-value was <1.0
x 1071°, Supplementary Figure 1 showed these strong protein-
protein interactions among these proteins. Lastly, we have shown
the GO-based enrichment data in Supplementary Table 1.
There were 38 biological processes, 7 molecular functions, and
31 cellular components involved based on these annotations
(Supplementary Table 1). These data further demonstrated the
involvement of these proteins in various cell-cell and cell-
matrix adhesion-related processes as suggested by the pathways
analysis. Basement membrane, laminin complex, extracellular
region, extracellular space, anchoring junction and extracellular

exosome are some of the top cellular components involved
(Supplementary Table 1).

Western blotting with an antibody to the laminin 1 chain
(most highly up-regulated of all the laminin chains detected
in the proteomic screen) was used to confirm laminin up-
regulation. Figure 2 shows the remarkable increase in laminin
B1 expression in Aquamin®-treated organoids as compared to
control. The complete film along with the nitrocellulose blot are
presented in the Supplementary Figure 2.

TEER Values in Cell Monolayers
Established From Organoids: Effects of

Aquamin® and Anti-laminin Treatment

Preliminary studies were carried out (following the standard
operating procedure) in the TTML. For these studies, organoids
were plated on transwell insert filters in growth medium. One
day later, growth medium was replaced with a formulation
optimized in the TTML for assessing electrical resistance (34).
This formulation, referred to as differentiation medium, was
described in the Materials and Methods section. TEER values
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FIGURE 2 | Effects of Aquamin® on expression of Laminin g1: Western blotting. Protein isolated from control and Aquamin®-treated (healthy normal subjects) colon
organoid-derived monolayer cells was assessed for laminin 1 expression by Western blotting as described in the Materials and Methods section. 10 pg of protein
from each condition was used. B-actin was assessed in parallel (as a loading control). Band quantitation was done using Imaged software. Relative band density is
presented for laminin 1 and p-actin.

were determined daily beginning on the next day. Results At the completion of TEER assessment (on day-3) in
are shown in Figure3. Figure 3A demonstrates that under  differentiation medium, transwell insert filters with cells still
conditions optimized to promote electrical resistance, TEER  attached were fixed in 10% buffered formalin, stained with
values were low during the first 2 days after treatment, rose  hematoxylin and eosin and examined at the light microscopic
precipitously at day-3, remained elevated through day-6 (except  level (Figure 3B insert). It can be seen that under control
with a slight decrease every day) and declined thereafter. A conditions (IgG-treated cells) or in the same medium with
combination of antibody to occludin (tight junctional protein)  anti-laminin antibody, the filter surface was covered with a
and DAPI (nuclear stain) was used to illuminate organoids and ~ complete monolayer of cells. However, in the presence of the
cell outgrowth from the organoids on the transwell filters at day-  anti-laminin antibody, focal areas where cells had detached from
2 and day-5. As shown in the inserts in Figure 3A, intact cell-cell ~ the underlying substrate could be observed. In these areas, cell-
borders could be seen between cells in the organoids, themselves,  cell attachments remained intact such the structure had the
by day-2. However, cell outgrowth from the organoids did  appearance of a tiny blister. When these visible gaps in the
not completely cover the transwell insert filter surface at this  detached monolayer were digitally quantified, the gaps decreased
time (accounting for the lack of electrical resistance). Coverage  from 16 £ 18 pm in the presence of anti-laminin antibody to 5 +
of the filter surface was complete by day-5. The effects of 7 um under control conditions.
the function-blocking antibody—anti-laminin o3 (25 pug/ml) on Based on the outcome of the preliminary studies, KGM
electrical resistance in differentiation medium are shown in  Gold-growth medium was used in subsequent experiments.
Figure 3B. A modest decrease in TEER values was observed at ~ Anti-laminin antibody was included at a final concentration of
days-3,—4, and—5 (9-17% decrease; not statistically significant). 25 jug/ml and electrical resistance was determined at day-3.
Lower antibody concentrations were not effective. Following the preliminary studies described above, human
In parallel, electrical resistance was assessed in the KGM  colon organoids were plated on transwell filters in growth
Gold-growth medium mix. Similar to what was observed in  medium. One day later, growth medium was replaced with
differentiation medium, TEER values were low on day 1 and day =~ the KGM Gold-growth medium mix (0.25mM calcium; final
2 (<100 2 x cm?) but rose sharply such that maximum values  concentration). In some wells, Aquamin® was added to bring
were observed on day-3 (1,700-1,900 Q x cm?), depending on  the final calcium level to 1.5mM and provide the additional
experiment. Values remained elevated through day-5 and then  trace elements that make up the marine algae product. Electrical
fell (not shown). resistance across the cell layer was assessed as described
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FIGURE 3 | Transepithelial electrical resistance in differentiation medium (Preliminary assessment). (A) Time-dependent changes in TEER values. Values shown are
means and standard deviations based on four separate experiments with four samples (individual transwell insert filters seeded with healthy colon organoid-derived
monolayer cells) per data point at each time-point in each experiment. Insert: Confocal fluorescent microscopic (max-projected) images of organoids and
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FIGURE 3 | organoid-derived cells on transwell inserts stained after the day-2 and day-5 readings with antibody to occludin and with a combination of antibody to
occludin and DAPI. Scale bars = 50 um. (B) Effects of anti-laminin antibody on TEER values. Values shown are means and standard deviations based on two
separate experiments with 4 samples (individual transwell insert filters seeded with healthy colon organoid-derived monolayer cells) per data point at each time-point in
each experiment. Insert: hematoxylin and eosin-stained images of the cell monolayers still attached to the transwell inserts from IgG-treated and anti-laminin-treated
wells. Arrows in the anti-laminin-treated image show areas where cell detachment from the underlying transwell insert was visible. Scale bar = 100 wm (small) and

50 wm (Large).
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FIGURE 4 | Transepithelial electrical resistance in KGM Gold-growth medium with or without Aquamin® and with or without anti-laminin antibody. TEER values shown
are means and standard deviations based on three separate experiments with four samples (individual transwell insert filters seeded with healthy colon
organoid-derived monolayer cells) per data point in each experiment. Data were compared for statistical differences using ANOVA followed by unpaired-group
comparisons. Asterisk (*) above the open Aquamin® bar indicates a difference from control at p < 0.05. Asterisks (*) above the closed bars indicates difference from
respective IgG control at p < 0.05.

above on day-3). In the unsupplemented KGM Gold-growth  cohesion in parallel with TEER values. Specifically, organoids
medium mix, a TEER value of 1,828 2 x cm? was achieved as  maintained in KGM Gold-growth medium without Aquamin®
compared to 2,325 x cm? in differentiation medium (21.5%  fragmented into much smaller pieces than did organoids grown
decrease) while the TEER value in Aquamin® supplemented  in the presence of Aquamin® and subjected to the same
medium (2,214  x cm?) was virtually identical to that seen in  mechanical disruption protocol (23). We attributed increased
differentiation medium (compare values in Figure 4 with those  cohesion in the presence of Aquamin® to the increase in
in Figure 3A—Day 3). Figure 4 also shows the effects of anti-  desmosomes seen in parallel. This does not, of course, rule
laminin treatment on TEER values in the two conditions. In  out the possible contribution of other adhesive interactions. To
Aquamin-supplemented medium, TEER values were reduced  determine whether interactions involving laminin contributed to
by 16% with anti-laminin. This is comparable to what was  intra-organoid cohesion, colon organoids were maintained for
seen in differentiation medium (compare values to those in | yeek in KGM Gold-growth medium with either IgG or the
Figure 3B). In unsupplemented KGM Gold-growth medium,  ¢ame anti-laminin antibody that reduced TEER values. At the
where TEER values were lower to begin, the inclusion of anti-  end of the incubation period, cohesion was assessed as described
laminin antibody further reduced TEER values to 787 £ 2882 X i, Methods and in our previous study (23). No detectable
cm? (57% decrease). antibody effect on organoid cohesion was seen. Specifically,

. L. . there was no difference between IgG-treated and anti-laminin-
Effects of Anti-laminin Antibody on treated organoids in average organoid size after harvest and
Organoid Cohesion fragmentation (i.e., post- to pre-harvest ratio). This was 0.45
In our previous study, we demonstrated that treatment of and 0.46 with IgG and anti-laminin antibody, respectively
human colon organoids with Aquamin® increased organoid  (Figure 5).
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FIGURE 5 | Colon organoid cohesion in KGM Gold-growth medium mix: Effect of anti-laminin antibody. Colon organoids were maintained for 7 days in KGM
Gold-growth medium with either IgG or anti-laminin. At the end of the incubation period, organoid cohesion was assessed as described in the Materials and Methods
section. Values shown represent the change in organoid size (i.e., mean surface area + SD of individual colon organoids based on two separate experiments with a
minimum of 53-104 colon or-ganoids assessed individually per treatment group in both pre- and post-harvest cultures. Data were compared for statistical differences
using ANOVA followed by unpaired-group comparisons. While the decrease in organoid size between post-harvest and pre-harvest organoids were statistically
significant with either IgG or anti-laminin, the differences between anti-laminin and IgG were not different. Inset: Representative examples of organoid appearance
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immediately prior to harvest (upper) and 1 day after the harvested organoids had been reestablished in culture. Scale bar = 200 um.

DISCUSSION

Most studies of barrier dysfunction in the gastrointestinal
tract have focused on the structural components that regulate
cell-cell interactions (i.e., desmosomes and, especially, tight
junctions) (16-19), but basement membrane disruptions are also
commonly observed (25-28). Experimental animal models of
colitis, likewise, demonstrate basement membrane disruptions
in inflamed colonic tissue (28, 46). In all of these settings, a
loss or reduction in laminin immunoreactivity is commonly
observed (25-28), although altered distribution of laminin
forms has been reported as well, with some forms actually
increasing (27). Laminin is not unique in being altered in
inflammatory bowel conditions. Basement membrane collagens

including type IV have been reported to be increased in
inflamed bowel (28). Together, these past findings provide a
picture of widespread cell-matrix disruption in the context
of the inflamed colon. Although these changes are thought
to be a consequence of the inflammatory process, anomalies
have been noted in some patients with inflammatory bowel
disease in the absence of acute tissue damage (4). Thus,
preexisting basement membrane irregularities may contribute
to inflammation, and not simply be the consequence of
tissue injury. In support of this, a murine model in which
laminin a-chain was overexpressed showed a decreased
sensitivity to chemical-induced colitis (28). In another model,
hemidesmosome disruption promoted colitis (46) in genetically
manipulated animals.
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FIGURE 6 | Aquamin®-responsive cell-matrix adhesion structures in the colon. A cartoon depicting structures important to cell-matrix adhesion in the colon and
components of those structures that are responsive to Aquamin® (shown in red). Based on the profile of proteins that are induced by Aquamin®, cell-matrix adhesion
through both focal adhesions and hemidesmosomes could be affected. Laminin-binding integrins did not alter with Aquamin®.

Regardless of whether preexisting barrier defects in the
gastrointestinal tract promote bowel inflammation or are simply
the consequence of inflammation, improvement in barrier
structure/function would seem to be of value. The findings
presented here demonstrate that interfering with cell-basement
membrane interactions reduces electrical resistance across the
cell layer (a measure of permeability control) without a major
effect on tissue cohesion in human colon organoid culture. Our

findings also demonstrate that treating colon organoids with a
multi-mineral supplement increases the elaboration of basement
membrane proteins and hemidesmosomal/intermediate filament
components while partially mitigating the consequences of
interfering with cell-basement membrane interactions. As
summarized graphically in the cartoon (Figure 6), the basement
membrane, hemidesmosomal and intermediate filament proteins
that are responsive to Aquamin® treatment could be expected
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to have an effect on both focal adhesions and hemidesmosomes
(47). In our previous studies, the same mineral supplement
was shown to substantially increase desmosome formation along
the lateral surface of adjacent epithelial cells in colon organoid
culture without a major effect on tight junctions (22-24). Thus,
while functioning tight junctions are directly responsible for
permeability control, our past findings suggest that permeability
control cannot be optimally maintained in a mechanically active
tissue such as the colon when cell-cell cohesion (22-24) is
disrupted. The data presented here extend this conclusion to
cell-matrix interactions. These data suggest that cell-matrix
interactions also play a contributing role in barrier function.
It should be noted, of course, that cell-matrix interactions
are complex and involve multiple cell surface and cytoskeletal
proteins on the one hand, and several different matrix moieties
on the other. The use of a single blocking antibody which
could interfere, presumably, with laminin binding to many
different partners precludes a more precise determination of the
relative importance of different individual cell-matrix protein
combinations to the overall result. This notion has been tested
before by targeting a specific molecule (kalinin) using an
antibody in keratinocyte cell culture, and concluding that that
kalinin (i.e., laminin 332) is the critical component of basement
membrane (48).

How Aquamin®  functions to improve barrier
structure/function is not fully understood. Many of the
matrix-related proteins found to be up-regulated here are
products of differentiation, and calcium, the most abundant
mineral in the algae product (21), is the quintessential regulator
of epithelial differentiation (49). While calcium is undoubtedly
critical, many of the additional trace elements in Aquamin®
have a higher affinity than calcium itself for the extracellular
calcium-sensing receptor (50-52). They act like calcimimetic
agents to “left-shift” the response to calcium. We believe that
increasing the elaboration of critical barrier proteins is an
important mechanism by which Aquamin® promotes barrier
function. At the same time, calcium, magnesium and manganese
are all critical to the protein-protein interactions that mediate
cell-cell and cell-matrix adhesion interactions (53). Thus, the
contribution of Aquamin® to barrier function likely extends
beyond driving new protein production.

The studies carried out here made use of a sophisticated ex
vivo culture system (colon tissue maintained in organoid culture)
and comprise data from seven different subjects for proteomics,
three different subjects for organoid-derived monolayer culture
on transwell membrane and three different subjects for the tissue
cohesion assay. This ex vivo system used here may have its
limitation while lacking in vivo environment, but it provides a
good substitute for colonic tissue to test interventions ex vivo
(54). Still, whether the effects obtained in vitro have relevance
to what occurs in vivo remains to be demonstrated. In an effort
to begin addressing this issue, we have recently carried out
a pilot phase trial in which 10 healthy subjects were treated
with the same multi-mineral product (Aquamin®) used here.
To summarize the results of this pilot study, there were no
tolerability issues with daily Aquamin® ingestion over a 90-day
period and no safety concerns (55, 56). Equally important, when

Aquamin®-treated subjects were compared to subjects receiving
placebo for the same period, we saw up-regulation of laminin
chains along with increased levels of other basement membrane
components and hemidesmosome moieties in colonic biopsies
(56). Subjects receiving calcium alone (i.e., the most abundant
mineral in Aquamin®) also demonstrated increases in several of
the same molecules, but the degree of up-regulation with calcium
alone was lower than that seen with Aquamin® (56).

As a follow-up, we are conducting a 180-day interventional
trial with Aquamin® in UC patients (ClinicalTrials.gov:
NCT03869905). In addition to evaluating therapeutic benefit, the
same approaches used in the earlier trial with healthy individuals
(immunohistology and proteomics) are being used to evaluate
proteins changes in the colon over the course of intervention.
In parallel, the urine lactulose/mannitol ratio (57) is being
assessed to provide a direct measure of treatment effects on
gastrointestinal permeability (ClinicalTrials.gov: NCT04855799).
If successful, Aquamin® or a similarly formulated product could
be used as a low-cost, low- to no-toxicity adjuvant therapy
to improve gastrointestinal barrier function in individuals
suffering from a variety of gastrointestinal maladies. At the very
least, individuals with barrier defect-associated gastrointestinal
conditions should be encouraged to include an adequate source
of calcium and other minerals in their diet. Unfortunately,
deficiencies in calcium and other critical mineral components are
widespread throughout the world (58) and this is especially true
for those consuming a Western-style diet (59, 60).

Finally, there is another group of diseases—
epidermolysis bullosa and related conditions—that are
manifestations of mutations in various basement membrane,
desmosomal/hemidesmosomal and keratin genes (61). At the
same time, there are case reports and studies that provide
evidence of an association between bullous pemphigoid and
inflammatory bowel disease (62-64). At this point, we can only
speculate as to whether optimizing the expression of multiple
cell-cell and cell-matrix adhesion molecules in an individual
might overcome, at least in part, the consequences of a function-
modifying mutation in one or another critical component. If
this turns out to be the case, it could open the door to a new
adjuvant therapeutic approach. While speculative for now,
experimental models in which a hypothesis could be tested are
available (65-67).

In summary, an intact barrier is required for healthy
gastrointestinal function. While cell-cell adhesion structures are
well-known participants in effective barrier function, the present
study provides evidence that cell-matrix interactions are also
important. These studies show, furthermore, that a multi-mineral
natural product has the capacity to stimulate the production of
cell-matrix adhesion moieties and, concomitantly, to improve
barrier control.
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Background: Since the outbreak of the coronavirus disease 2019 (COVID-19)
pandemic first reported in Wuhan, China, several research on the psychological impact
of the pandemic on patients with Crohn’s disease (CD) have been conducted. However,
with the progression of the global pandemic and the emergence of the SARS-CoV-
2 B.1.617.2 (Delta) variant, follow-up studies need to be performed to monitor the
alterations of psychological status and health-related quality of life (HRQoL) among CD
patients.

Aims: We aimed to evaluate the impact of the SARS-CoV-2 Delta variant on the mental
health and life quality among the CD population and tried to explore potent risk factors.

Methods: This observational study included 153 CD patients who responded to
our pre-designed self-reported questionnaire. Demographic, clinical, and psychological
information were collected and analyzed.

Results: Quite a number of CD patients were confronted with different levels of anxiety
and depression, with incidence of 28.10 and 31.37% for anxiety and depression,
respectively. Compared with non-pandemic circumstances, the life quality of CD
patients due to the present situation was more often compromised. Isolation [odds
ratio (OR): 4.71, P = 0.007] was verified as a risk factor for anxiety while use
of telemedicine could help relieve anxiety (OR: 0.22, P < 0.001). Worsening of
symptoms (OR: 4.92, P = 0.006), isolation (OR: 5.75, P = 0.005), and drug withdrawn
(OR: 2.66, P = 0.026) were identified to be independent factors for developing
depression. Likewise, use of telemedicine (OR: 0.13, P < 0.001) was negatively related
to depression. Considering life quality, vaccination (OR: 3.07, P = 0.021) together
with no medication (OR: 7.73, P = 0.010) was relevant to better life quality while
worsening of symptoms (OR: 0.09, P = 0.034) were an independent risk factor for
impaired life quality.
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Lietal

SARS-CoV-2 Delta Variant’s Effects on CD

Conclusion: Many CD patients suffered from symptoms of anxiety and depression and
impaired life quality during the COVID-19 pandemic. Those in isolation or with worsening
of symptoms and drug withdrawn were more prone to experience psychological stress.
Individualized management such as drug delivery and telemedicine should be promoted
to maintain control of mental health and life quality during the pandemic.

Keywords: COVID-19, SARS-CoV-2 Delta variant, Crohn’s disease, mental health, health-related quality of life

INTRODUCTION

Since the outbreak of the coronavirus disease 2019 (COVID-
19) pandemic first reported in Wuhan, China, numerous
variants of concern (VoCs) of SARS-CoV-2 have been revealed,
among which the Delta variant (B.1.617.2) is by far the
dominant strain (1-3). First detected in India in December
2020, the Delta variant has now been detected nearly all of
the globe (4). The Delta variant is characterized by mutations
of the spike proteins such as T19R, T478K, A157-158, P68IR,
L452R, D614G, D950N, etc. (5). Several of these mutations
may influence immune responses against the key antigenic
regions of receptor-binding protein and deletion of part of
the N-terminal domain while some mutations at the S1-S2
cleavage site appear to be associated with increased replication,
which leads to higher viral loads and increased transmission
(6, 7). It has been reported that the relative viral loads of
the Delta variant of quarantine contact cases was significantly
higher than the original lineage (8-10). With a remarkably
elevated transmissibility (40-60% higher compared with the
Alpha variant), the Delta variant has exerted a disastrous impact
on the infection and mortality rates globally (11-13). In China,
the Delta variant accounts for most of the new cases since
the year of 2021. Previous research has implicated that the
COVID-19 pandemic is likely to cause abnormality of emotion,
cognition, behavior and quality of life, especially in population
with chronic diseases such as systemic lupus erythematosus,
rheumatoid arthritis and inflammatory bowel disease (IBD), in
whom psychological distress and somatic diseases could influence
mutually (14-16).

Crohn’s disease (CD) is a subtype of IBD, which is featured by
chronic and relapsing inflammation of the gastrointestinal tract
(17). The etiology and pathogenesis of CD still remain unclear.
It is commonly recognized that the interplay among genetic
background, environment triggers, host microbiota, and immune
response contributes to the initiation of CD (18). Importantly,
due to the chronic and recurrent behavior of CD, psychological
distress also plays an indispensable role throughout the disease
course (19). Anxiety and depression are very common in CD
patients, with a morbidity of anxiety and/or depression about

Abbreviations: COVID-19, coronavirus disease 2019; CD, Crohn’s disease;
HRQoL, health-related quality of life; VoCs, variants of concern; IBD,
inflammatory bowel disease; ENS, enteric nervous system; SP, substance P;
VIP, vasoactive intestinal peptides; TNF-a, tumor necrosis factor o; ECCO,
European Crohn’s and Colitis Organization; HBI, Harvey-Bradshaw Disease
Activity Index; GAD-7, Generalized Anxiety Disorder Scale 7; PHQ-9, Patient
Health Questionnaire-9; IBDQ, Inflammatory Bowel Disease Questionnaire; SD,
standard deviation; 5-ASA, 5-aminosalicylic acid; JAK, Janus kinase; IOIBD,
International Organization for the Study of Inflammatory Bowel Disease.

29-35% in the remission stage and this rate can rise to as high
as 60-80% during relapses (20). Compared with the general
population, the rate of psychological disorders such as anxiety
and depression in CD patients, especially in the active stage, is 2—
3 times higher (21). In turn, Frolkis et al. reported that depression
is related to early clinical recurrence and disease severity in
CD, which could be mitigated by treatment of depression (22).
Several mechanisms underlying the psychological disorders in
CD patients have been revealed, among which the theory of the
brain-gut axis is the most wildly acknowledged. Briefly, there
are abundant autonomic nervous plexus connections between
the enteric nervous system (ENS) and central nervous system,
which is also known as brain-gut axis. On one hand, the
motility, sensory and secretory functions and pain thresholds of
the gastrointestinal tract can be directly or indirectly affected
by psychological and emotional stress through the brain-gut
axis. In this process, substance P (SP), vasoactive intestinal
peptides (VIP), various neuropeptides, neurotransmitters and
hormones play a part. On the other hand, intestinal inflammation
can also act on the central system by the production of
pro-inflammatory cytokines such as tumor necrosis factor o
(TNF-a), thus inducing the symptoms of anxiety or depression
(23,24).

Apart from psychological status, health-related quality of life
(HRQoL) has become another concern in the management of
CD patients (25). HRQoL is often compromised in CD patients
especially during disease relapses (26). Additionally, factors
independent of disease activity also contribute to the alteration
of life quality (27). A recent study demonstrated that during the
COVID-19 pandemic, HRQoL among CD patients was impaired
but the underlying variables still awaits exploration (28).

In the current situation where social isolation and uncertainty
are likely to occur, CD patients are facing an increasing risk of
suffering from worsening anxiety and depression, which may
cause relapse or escalation of CD activity. Previous studies
conducted at the beginning of the pandemic suggested that
COVID-19 exerted negative effects on psychological and disease
outcomes among CD patients (28, 29). However, with the
progression of the global pandemic and the emergence of
the SARS-CoV-2 Delta variant, there have been changes in
how patients with CD perceive and respond to the pandemic.
For example, many patients have mastered protection skills
against the virus and might have been vaccinated; some
patients have learned how to manage CD under the pandemic,
while another group of patients are more concerned of the
Delta variant. These changes could lead to alterations in the
psychological states and HRQoL under this kind of situation.
Therefore, in this study, we aimed to evaluate the impact
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of the SARS-CoV-2 Delta variant on the mental health
and life quality among CD population and tried to explore
potent risk factors, so as to modify variables that are
feasible to intervention and set optimized management for
susceptible CD patients.

MATERIALS AND METHODS
Design and Setting

This study is a cross-sectional, observational analysis using
information of CD patients diagnosed and treated at Affiliated
Hospital of Yangzhou University from 2012 to 2021. The study
was conducted between 25 August and 15 September 2021.
All protocols in the study were carried out in accordance
with the principles of the Declaration of Helsinki. This study
was approved by the Institutional Review Board and Ethics
Committee of Affiliated Hospital of Yangzhou University (REC
ref 2021-YKL06-09-006). Completion of the study questionnaire
was regarded as informed consent.

Patients

Clinical staff at Department of Gastroenterology, Affiliated
Hospital of Yangzhou University first screened potential
participants that met the inclusion criteria of this study.
Inclusion criteria consisted of (1) diagnosis with CD
based on the criteria determined by the European Crohn’s
and Colitis Organization (ECCO) guidelines (30, 31) and
(2) age >18 years. Exclusion criteria were comprised of
the following: (1) history of mental diseases diagnosed
prior to CD onset (e.g, mood disorders, schizophrenia,
psychosis,  obsessive-compulsive ~ disorder,  psychoactive
substance abuse, post-traumatic or acute stress-disorder,
and intellectual disability); (2) accepting pharmacological
or psychological treatment for mental health problems at
the time of study recruitment; (3) diagnosed with somatic
diseases reported to have an impact on the psychological
state (e.g., diabetes mellitus, thyroid dysfunction, heart
failure, and renal insufficiency). Such patients were excluded
for these conditions are potent confounding variables for
psychological assessment. Also, those lacking sufficient data for
our study were ruled out.

Measures

After recruitment of eligible patients, a pre-designed self-
reported questionnaire was sent via an online survey platform.
The questionnaire consists of four sections. The first section
collects basic demographic and socioeconomical information
of the CD patients including age, gender, education level,
occupation, income level, etc. The second section focuses on
the clinical characteristics of CD such as age at the time
of the diagnosis, disease duration, involvement of perianal
disease, presence of extraintestinal manifestations, history of
CD related surgeries, medication, and current symptoms
(especially worsening of symptoms). For each patient, the
Harvey-Bradshaw Disease Activity Index (HBI) for CD was
calculated by experienced gastroenterologists to assess the

disease severity. A score of >5 was defined as existence of
disease activity.

The third section assesses the psychological state and HRQoL
of the participants. The Generalized Anxiety Disorder Scale
7 (GAD-7) was used to assess the frequency of the patients’
anxiety in the past 2 weeks. It consists of seven questions
and each question has four choices on a scale of 0 to 3,
totaling 21 points. The higher the score is, the more serious
the anxiety degree is. A score 0-4 points is within the normal
range; 5-9 points indicate mild anxiety levels; 10-14 points
indicate moderate anxiety levels while individuals scoring 15-21
points are considered to suffer from severe anxiety (32). With
regards to depression, Patient Health Questionnaire-9 (PHQ-
9) which is composed of nine depression-related items was
adopted. Each item is scored on a scale of 0 to 3, with an
overall score of 0 to 27. According to the score of PHQ-9,
depression can be divided into five severity categories: minimal
(0-4), mild (5-9), moderate (10-14), moderately severe (15—
19), and severe (20-27) (33). To evaluate the HRQoL of the
participants, the Inflammatory Bowel Disease Questionnaire
(IBDQ) was applied (34). A total of 32 questions were included
which reflected the intestinal symptoms, systemic symptoms,
emotional functions, and social functions of the patients. The

TABLE 1 | Demographic characteristics of CD patients included in the study.

Variables Mean =+ SD or n (%)

Gender, n (%)

Male 85 (55.56%)
Female 68 (44.44%)
Age, years (mean + SD) 38.44 £ 13.00

Marital status, n (%)

Married 105 (68.63%)
Single 42 (27.45%)
Divorced 6 (3.92%)

Occupation, n (%)
Manual worker 32 (20.92%)

Mental worker 57 (37.25%)

Unemployed 26 (17.00%)
Retired 14 (9.15%)
Student 24 (15.69%)
Education level, n (%)

Elementary 11 (7.19%)
High school 93 (60.78%)
Bachelor 44 (28.76%)

Post graduate 5(3.27%)

Socio-economic status, n (%)

Low 83 (564.25%)
Middle 32 (20.92%)
High 38 (24.84%)
Medical insurance coverage, n (%) 123 (80.39%)
Smoking 28 (17.95%)
Drinking 18 (11.54%)

SD, standard deviation.
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total score ranges from 32 to 224, with a higher score indicating a
better quality of life.

The fourth section of our questionnaire concerns issues
around COVID-19 and the SARS-CoV-2 Delta variant and how
patient care is influenced. To assess the participants’ knowledge
of the COVID-19 pandemic and the SARS-CoV-2 Delta variant,
we designed nine questions related to the virus (Supplementary
Table 1). With 1 point for each correct answer, the total score
ranges from 0 to 9. Additionally, questions regarding the isolation
status, drug withdrawn and vaccination are also included.

It was stressed that results the participants filled in would
be made of the biggest value if they could give honest answers.
Data extraction from the questionnaires was performed by
two independent researchers for further analysis. In case of a
dispute in the interpretation of the questionnaires, discussion
among experienced experts in our department would be held to
reach a consensus.

Statistical Analysis

Statistical analysis was performed with SPSS version 22.0
(IBM SPSS Statistics, United States) and GraphPad Prism 5
(GraphPad Software, United States). Continuous variables
were expressed as mean =+ standard deviation (SD) while
categorical variables are presented as proportions. To detect
potent factors underlying altered psychological stress and
life quality, binary logistic regression was performed. In the

TABLE 2 | Disease characteristics and the SARS-CoV-2 Delta
variant-related items.

Variables Mean =+ SD or n (%)

Disease duration, years (mean + SD) 5.37 + 4.81
Disease activity, n (%)

Inactive (HBI < 5) 113 (75.16%)

Moderate active (5 < HBI < 9) 33 (21.57%)
Severe active (HBI > 9) 7 (4.58%)
Perianal involvement, n (%) 81 (52.94%)
History of surgery, n (%) 34 (22.22%)
Treatment, n (%)

5-ASA 31 (20.26%)
Prednisolone 3 (1.96%)
Immunomodulators 56 (36.60%)
Biologics 80 (52.29%)
Traditional Chinese medicine 3 (1.96%)
No medication 15 (9.80%)

Isolation, n (%) 20 (13.07%)
86 (56.21%)

55 (35.95%)

Use of telemedicine, n (%)
Vaccination, n (%)

Knowledge of the Delta variant 7.46 £1.40
Drug withdrawn, n (%) 64 (41.83%)
Worsening of symptoms, n (%) 44 (28.76%)
Fear of contracting COVID-19, n (%) 62 (40.53%)
Stopped working, n (%) 41 (26.80%)
Willingness to turn to psychological help 21 (13.73%)

SD, standard deviation; HBI, Harvey-Bradshaw Disease Activity Index; 5-ASA, 5-
aminosalicylic acid; COVID-19, coronavirus disease 2019.

univariable analysis, candidate predictors were screened with
a criterion of P < 0.10. Then multivariable analysis was
applied for further exploration to eliminate variables without
statistical significance. A P-value < 0.05 was considered
statistically significant in the multivariable analysis. The
odds ratio (OR) was used as a measure of association
between the variables and results of the psychological stress
and life quality.

RESULTS

Demographic Characteristics

As shown in Supplementary Figure 1, a total of 202 individuals
responded to our questionnaire, of whom 49 were excluded
from our analysis. Among these being excluded, 10 had a non-
CD diagnosis; 23 previously suffered or were suffering from
mental diseases at the time of our study; 8 were concomitant
with other somatic diseases related to the psychological state,
and the remaining 8 did not provide sufficient information.
Basic characteristics are displayed in Table 1. The mean age of
CD patients is 38.44 £ 13.00 years old, and the male: female
ratio was 85:68. Sixty-nine percent were married, 27.45% single,
and 3.92% divorced. In regard to the occupation: 20.92% were
manual worker, 37.25% mental worker, 17.00% unemployed,
9.15% retired, and 15.69% student, and 18.90% retired. As for
education level, 32.03% got a bachelor’s degree or higher. Eighty
percent were covered by medical insurance, and smokers and
drinkers accounted for 17.95 and 11.54%, respectively.

Disease Characteristics and Life
Changes Caused by the SARS-CoV-2

Delta Variant

The mean disease duration of CD patients is 5.37 & 4.81 years
(Table 2). According to the HBI score, 113 patients were sorted
into the inactive group, while the rest 40 were classified as
having disease activity (33 moderate and 14 severe). Concerning
the IBD medication, 15 patients (9.80%) had not received prior
medication, and the number of patients using 5-aminosalicylic
acid (5-ASA), prednisolone, immunomodulators, biologics and
traditional Chinese medicine is 31 (20.26%), 3 (1.96%), 56
(36.60%), 80 (52.29%), and 3 (1.96%), respectively. A total of
34 patients (22.22%) received surgical treatment. In 81 patients
(52.94%), perianal involvement was reported.

During the lockdown, 44 patients (28.76%) experienced
worsening of symptoms. Of those with exacerbated symptoms,
68% reported abdominal pain, and the rest mainly complained of
diarrhea, bloody stool, fever, etc. (Figure 1). None of the included
patients were infected with COVID-19, but 20 (13.07%) were
isolated as close contacts. The shutdown led to drug withdrawn
in 64 patients (41.83%) due to restricted accessibility to the
hospital and pharmacies. Rates of drug withdrawn for different
medications were shown in Figure 2. Additionally, to minimize
the spread of SARS-CoV-2, IBD physicians in our institute tried
to provide medical service via telemedicine, and this was utilized
by 86 patients (56.21%). Owing to the strong advocation of the
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FIGURE 1 | Worsening symptoms during the COVID-19 pandemic.
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FIGURE 2 | Rates of drug withdrawn for different medications. 5-ASA, 5-aminosalicylic acid.
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health authorities, 55 (35.95%) CD patients finished the COVID-
19 vaccination, and the SARS-CoV-2 Delta variant is well known
to CD patients (7.46 & 1.40).

Anxiety, Depression, and Health-Related
Quality of Life Among Crohn’s Disease
Patients During the SARS-CoV-2 Delta

Variant Predominance

Using 5 as the cut-off value for the GAD-7 scale, the incidence
of anxiety was 28.1% (43/153), with 34 in the mild group and
9 in the moderate group (Table 3). In terms of depression, 48
(31.37%) scored >5 for the PHQ-9 scale, which is regarded
as the existence of depression, and among these, 36 (23.53%)
presented mild depression, 10 (6.54%) moderate, and 2 (1.31%)
moderately severe. During the closure, most of the CD patients
(80.39%) maintained a good life quality (IBDQ score >209),
while HRQoL of 30 patients (19.61%) was impaired. Among the
various sources of psychological stress, drug withdrawn was the
problem that bothers CD patients the most (41.83%), followed
by fear of contracting SARS-CoV-2 Delta variant (62, 40.53%),

worsening of symptoms (44, 28.76%) and suspension of work (41,
26.80%). During the pandemic, many cities in China have opened
psychological counseling hotlines during the epidemic, but only
a small proportion of our patients are aware of and are willing to
turn to it for help (21, 13.73%).

Factors Associated With Anxiety,
Depression, and Health-Related Quality

of Life Among Crohn’s Disease Patients
During the SARS-CoV-2 Delta Variant
Predominance

To explore the factors associated with anxiety in CD patients, we
first applied univariable logistic regression to screen for potential
variables. As shown in Table 4, a post graduate degree (OR: 40
[95% CI: 1.98-807.10], P = 0.016), higher disease activity (OR:
1.17 [95% CI: 1.02-1.34], P = 0.030), worsening of symptoms
(OR: 2.69 [95% CI: 1.27-5.69], P = 0.010), isolation (OR: 4.94
[95% CI: 1.85-13.16], P = 0.001), better knowledge of the Delta
variant (OR: 1.38 [95% CI: 1.03-1.85], P = 0.031) and drug
withdrawn (OR: 1.94 [95% CI: 0.95-3.95], P = 0.070) were
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positively related to the occurrence of anxiety, while utility of
telemedicine (OR: 0.26 [95% CI: 0.12-0.54], P < 0.001) was
associated with less anxiety. After adjustment by multivariant
analysis, isolation (OR: 4.71 [95% CI: 1.54-14.44], P = 0.007) was
verified as a risk factor for anxiety while telemedicine could help
relieve anxiety (OR: 0.22 [95% CI: 0.09-0.52], P < 0.001).

With respect to depression, worsening of symptoms (OR: 4.92
[95% CI: 1.58-15.29], P = 0.006), isolation (OR: 5.75 [95% ClI:
1.69-19.59], P = 0.005), and drug withdrawn (OR: 2.66 [95%
CIL: 1.12-6.31], P = 0.026) were identified to be independent
factors for developing depression. Likewise, telemedicine (OR:
0.13 [95% CI: 0.05-0.32], P < 0.001) was negatively related to
depression (Table 5).

Finally, we found that no medication (OR: 7.73 [95% CI: 1.65—
36.27], P =0.010) and vaccination (OR: 3.07 [95% CI: 1.19-7.93],
P = 0.021) were relevant to better life quality while worsening
of symptoms (OR: 0.09 [95% CI: 0.01-0.83], P = 0.034) was an
independent risk factor for impaired life quality (Table 6).

DISCUSSION

In the current context of SARS-CoV-2 Delta variant
predominance, patients suffering from CD have been forced to
face dramatically altered psychological stress and life quality.
In this study, we aimed to evaluate the level of anxiety and
depression as well as HRQoL among CD patients and tried to
explore potent risk factors, so as to optimize the management
of patients with CD. As far as we know, this is the first study
that focused on the impact of SARS-CoV-2 Delta variant on
the mental health and life quality among the CD population.
According to the analysis of our questionnaire, we found that
quite a number of CD patients were confronted with different
levels of anxiety and depression, with incidence of 28.10 and
31.37% for anxiety and depression, respectively. This result went

TABLE 3 | Level of anxiety, depression, and HRQoL among CD patients.

Variables n (%) Mean + SD
Anxiety (GAD-7)

No 110 (71.90%) 0.83+1.20
Mild 34 (22.22%) 6.74 +£1.31
Moderate 9(5.88%) 1222 +1.64
Severe 0 /
Depression (PHQ-9)

No 105 (68.63%) 1.24 £1.42
Mild 36 (23.53%) 717 £1.66
Moderate 10 (6.54%) 11.40 £1.58
Moderately severe 2 (1.31%) 17.00 £ 1.41
Severe 0 /
HRQoL (IBDQ)

Low 123 (80.39%) 181.16 £ 22.00
High 30 (19.61%) 215.13 + 4.60

SD, standard deviation; GAD-7, Generalized Anxiety Disorder Scale 7; PHQ-
9, Patient Health Questionnaire-9; HRQoL, health-related quality of life; IBDQ,
Inflammatory Bowel Disease Questionnaire.

in line with a previous conducted survey (29). Also, compared
with non-pandemic circumstances, the life quality of CD patients
due to the present situation was more often compromised (35).

Though we expected fear of contracting SARS-CoV-2 Delta
variant to be a risk factor for psychological stress, no relevance
was observed in our analysis. This could possibly be explained by
the relatively extensive publicity on the knowledge of COVID-
19, which was reflected by the high score on the perception
of SARS-CoV-2 Delta variant. Also, the strictly limited traffic
by the lockdown was thought to protect the citizens from
contracting COVID-19, which might enhance the sense of
security among CD patients.

Our findings demonstrated that isolation was closely related
to both anxiety and depression. In the context of the epidemic,
residents at a high risk of getting infected with COVID-19
(especially those having contacted with COVID-19 patients)
were usually isolated, which on one hand stopped the patients
from getting healthcare including going to the clinic, purchasing
drugs, and maintaining biologics infusion and on the other
hand, separated the patients from their loved ones. Hence, it
is not surprising that isolation is an independent risk factor
for anxiety/depression. In our study, 13.07% participants were
isolated, which is in consistence with previous studies (29,
35, 36). These results implicated the necessity of offering
timely psychological counseling to this high-risk population.
Tremendous studies have shown that various psychological
therapies could relieve psychological stress as well as alleviate
disease activity in IBD patients (37, 38). In terms of this issue,
many cities in China have opened psychological counseling
hotlines during the epidemic, but only a small proportion of the
patients are aware of and are willing to turn to it for help (21,
13.73%), suggesting that more attention need to be paid to the
publicity of the psychological counseling hotlines.

In our study, worsening of symptoms showed significant
relationships with depression and impaired HRQoL, which once
again proved the bi-directional interaction of the brain-gut
axis model (39). Growing evidence illustrated that depressive
symptoms were strictly related to disease recurrence in IBD
patients (40). Furthermore, higher psychological stress is verified
as a predictor of lower life quality (41). These investigations
together with our study remind our gastroenterologists of the
importance of paying more attention to those patients with
exacerbated symptoms and further addressing the knowledge of
how to manage CD during pandemic in this setting of patients.

The clinical course of CD is characterized by periods of
remissions with recurrent episodes, making it extremely crucial
for the patients to adhere to continuous and long-term use
of medication. In the present study, 64 participants (41.83%)
were forced to discontinue their CD medications, among which
the biologics infusion was the most affected. Our analysis
showed that drug withdrawn was relevant to the occurrence
of depression, which was in line with our expectation. It is
widely acknowledged that 5-ASA and biologics are critic to CD
treatment, and unreasonable withdrawn would trigger disease
relapse (42). Hence, we recommend that CD patients should
avoid drug discontinuation whenever possible. Good news is that
to handle this issue, alternative options like drug delivery by
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TABLE 4 | Factors associated with elevated anxiety.

Variables Univariable analysis Multivariable analysis
P OR 95% CI P OR 95% CI

Gender (female) 0.445 0.76 0.37-1.565
Age 0.932 1.00 0.97-1.08

Marital status, n (%)

Married

Single 0.163 0.54 0.22-1.29

Divorced 0.328 2.28 0.44-11.92

Occupation, n (%)

Manual worker

Mental worker 0.612 1.28 0.50-3.30

Unemployed 0.596 1.35 0.44-413

Retired 0.320 0.43 0.08-2.29

Student 0.320 0.51 0.14-1.92

Education level

Elementary

High school 0.269 3.29 0.40-27.07 0.522 2.05 0.23-18.59
Bachelor 0.134 517 0.60-44.32 0.456 2.37 0.25-23.00
Post graduate 0.016* 40 1.98-807.10 0.132 10.96 0.49-247.00
Socio-economic status

Low

Middle 0.675 0.82 0.32-2.08

High 0.997 1.00 0.43-2.34

Medical insurance coverage 0.518 1.36 0.54-3.45

Smoking 0.952 1.03 0.42-2.55

Drinking 0.600 1.32 0.46-3.79

Disease duration 0.414 1.08 0.96-1.11

Disease activity (HBI) 0.030* 117 1.02-1.34 0.770 1.03 0.85-1.25
Perianal involvement 0.525 1.26 0.62-2.55

History of surgery 0.139 1.84 0.82-4.11

Treatment

5-ASA 0.750 0.87 0.35-2.12

Prednisolone 0.999 0 /

Immunomodulators 0.922 1.04 0.50-2.15

Biologics 0.207 1.59 0.78-3.25

Traditional Chinese medicine 0.839 1.29 0.11-14.56

No medication 0.466 0.61 0.16-2.29

Isolation 0.001* 4.94 1.85-13.16 0.007** 4.71 1.54-14.44
Use of telemedicine <0.001* 0.26 0.12-0.54 0.001** 0.22 0.09-0.52
Vaccination 0.324 1.43 0.70-2.91

Knowledge of the Delta variant 0.031* 1.38 1.03-1.85 0.156 1.27 0.91-1.78
Drug withdrawn 0.070* 1.94 0.95-3.95 0.291 1.58 0.68-3.69
Worsening of symptoms 0.010* 2.69 1.27-5.69 0.405 1.59 0.563-4.73
Fear of contracting COVID-19 0.958 0.98 0.48-2.02

Stopped working 0.713 0.83 0.31-2.25

OR, odds ratio; Cl, confidence interval;, HBI, Harvey-Bradshaw Disease Activity Index; 5-ASA, 5-aminosalicylic acid; COVID-19, coronavirus disease 2019.

P <0.10; P < 0.05.

hospitals have been provided, which could to a large extent solve
the problem of drug withdrawn. For those on biologic treatment,
we recommend that a subcutaneous dosage form such as
adalimumab could be considered to replace intravenous infusion.

Apart from limited accessibility to CD drugs, many patients
were also in face of difficulty in keeping in a regular contact with

their treating physicians. Previous research showed that patients
who talked to their healthcare providers felt more supported
compared to those who did not, and they were at a lower
risk of experiencing worsening of IBD symptoms, highlighting
the importance of regular communication between patients
and their gastroenterologists (43). To minimize the spread of
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TABLE 5 | Factors associated with elevated depression.

Variables Univariable analysis Multivariable analysis
P OR 95% ClI P OR 95% CI

Gender (female) 0.063* 0.51 0.25-1.04 0.162 0.53 0.22-1.29
Age 0.314 0.99 0.96-1.01

Marital status

Married

Single 0.823 1.10 0.51-2.34

Divorced 0.457 0.44 0.05-3.88

Occupation

Manual worker

Mental worker 0.193 1.86 0.73-4.72

Unemployed 0.433 0.61 0.18-2.11

Retired 0.635 0.70 0.16-3.10

Student 0.932 1.05 0.33-3.39

Education level

Elementary

High school 0.633 1.48 0.30-7.35

Bachelor 0.115 3.75 0.73-19.39

Post graduate 0.112 6.75 0.64-71.17

Socio-economic status

Low

Middle 0.183 1.79 0.76-4.19

High 0.663 1.20 0.52-2.78

Medical insurance coverage 0.293 1.64 0.65-4.15

Smoking 0.724 0.85 0.35-2.10

Drinking 0.209 1.90 0.70-5.17

Disease duration 0.667 1.02 0.95-1.09

Disease activity (HBI) 0.006* 1.22 1.06-1.40 0.859 0.98 0.80-1.21
Perianal involvement 0.400 1.34 0.68-2.66

History of surgery 0.165 1.75 0.79-3.86

Treatment

5-ASA 0.456 0.71 0.29-1.73

Prednisolone 0.999 0 /

Immunomodulators 0.110 1.77 0.88-3.56

Biologics 0.312 1.43 0.72-2.84

Traditional Chinese medicine 0.941 1.10 0.10-12.39

No medication 0.325 0.52 0.14-1.92

Isolation 0.001* 5.20 1.92-14.09 0.005** 5.75 1.69-19.59
Use of telemedicine <0.001* 0.19 0.09-0.40 <0.001** 0.13 0.05-0.32
Vaccination 0.200 1.61 0.78-3.33

Knowledge of the Delta variant 0.277 1.15 0.89-1.49

Drug withdrawn 0.006* 2.68 1.33-5.41 0.026** 2.66 1.12-6.31
Worsening of symptoms <0.001* 4.92 2.32-10.45 0.006™* 4,92 1.568-15.29
Fear of contracting COVID-19 0.508 1.26 0.63-2.53

Stopped working 0.101 2.10 0.87-5.12

OR, odds ratio; Cl, confidence interval;, HBI, Harvey-Bradshaw Disease Activity Index; 5-ASA, 5-aminosalicylic acid; COVID-19, coronavirus disease 2019.

P <0.10; P < 0.05.

SARS-CoV-2, IBD physicians in our institute started to make
greater use of telehealth service, which turned out to be received
with high satisfaction by CD patients. In this study, the analysis
revealed that those staying in contact with the gastroenterologists
by telemedicine tend to have less anxiety/depression, which
partially proved that the telehealth service we provided was a nice

try and was worth promoting among CD patients in isolation.
The definite role of telemedicine among CD patients during
the COVID-19 pandemic needs to be verified in larger cohorts
and the procedure awaits standardization, but we believe that in
the near future it will become an indispensable alternative for
more CD patients.
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TABLE 6 | Factors associated with better life quality.

Variables Univariable analysis Multivariable analysis
P OR 95% ClI P OR 95% ClI

Gender (female) 0.891 0.95 0.42-2.11
Age 0.115 0.97 0.94-1.01

Marital status, n (%)

Married

Single 0.034* 2.49 1.07-5.80 0.091 2.42 0.87-6.73
Divorced 0.925 1.1 1.22-10.16 0.780 1.41 0.13-15.75
Occupation

Manual worker

Mental worker 0.950 1.04 0.34-3.13

Unemployed 0.736 0.79 0.20-3.15

Retired 0.714 0.72 0.13-4.12

Student 0.364 1.78 0.51-6.23

Education level

Elementary

High school 0.350 2.74 0.33-22.70

Bachelor 0.396 2.57 0.29-22.80

Post graduate 0.999 0 /

Socio-economic status

Low

Middle 0.326 0.56 0.17-1.80

High 0.691 1.21 0.48-3.02

Medical insurance coverage 0.952 0.97 0.36-2.64

Smoking 0.191 1.87 0.73-4.80

Drinking 0.357 1.69 0.55-5.18

Disease duration 0.766 1.01 0.93-1.10

Disease activity (HBI) 0.001* 0.59 0.43-0.81 0.069 0.73 0.51-1.03
Perianal involvement 0.444 1.37 0.61-3.04

History of surgery 0.199 0.48 0.15-1.48
Treatment

5-ASA 0.131 0.38 0.11-1.34

Prednisolone 0.554 2.09 0.18-23.80

Immunomodulators 0.667 1.20 0.63-2.71

Biologics 0.493 0.76 0.34-1.68

Traditional Chinese medicine 0.554 2.09 0.18-23.80

No medication 0.044* 3.17 1.03-9.73 0.010** 7.73 1.65-36.27
Isolation 0.597 0.69 1.19-2.54

Use of telemedicine 0.094* 2.08 0.88-4.91 0.166 2.00 0.75-5.32
Vaccination 0.042* 2.32 1.03-5.24 0.021** 3.07 1.19-7.93
Knowledge of the Delta variant 0.303 1.18 0.86-1.60

Drug withdrawn 0.523 0.77 0.34-1.74

Worsening of symptoms 0.008* 0.06 0.01-0.49 0.034** 0.09 0.01-0.83
Fear of contracting COVID-19 0.104 0.48 0.20-1.16

Stopped working 0.693 0.79 0.25-2.52

OR, odds ratio; Cl, confidence interval;, HBI, Harvey-Bradshaw Disease Activity Index; 5-ASA, 5-aminosalicylic acid; COVID-19, coronavirus disease 2019.

P < 0.10; *P < 0.05.

Since the outbreak of the COVID-19 pandemic, tremendous
efforts have been made into the research and development
of effective vaccines. Up to now, several mRNA vaccines and
inactivated vaccines have been approved for use in many
countries and additional novel vaccines are emerging (44). It is
well acknowledged that immune dysfunction is a key part during
the onset of IBD and in IBD patients, the immune capacity

is often compromised because of the application of immune-
modifying treatment such as corticosteroids, immunomodulators
and biologic agents [e.g., monoclonal antibodies for TNF-a,
interleukin 12/23, integrin a4p7, and small molecules such
as Janus kinase (JAK) inhibitors]. Additionally, there remain
some doubts about the effectiveness of the vaccines against the
Delta variant. On this basis, a number of patients are still in
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hesitation to get vaccinated. In our study, only 55 CD patients
(35.95%) reported to have been vaccinated. Though no relevance
was found between vaccination and anxiety/depression, we did
observe that the vaccinated population seemed to own higher
life quality. Possible explanation for this association could be
that those willing to get vaccinated were in good health and
therefore they were not bothered by the above-mentioned doubts.
Importantly, we also detected a desire among CD patients to
get protection from vaccination. In fact, several researches on
the use of vaccines have been carried out in IBD patients,
which confirmed the safety and efficacy of the vaccines among
this specific population (45-47). According to recommendations
from International Organization for the Study of Inflammatory
Bowel Disease (IOIBD), patients with IBD should be vaccinated
against SARS-CoV-2 as early as possible, and vaccination should
not be delayed due to the ongoing immunoregulatory therapy
(48). Also, the already existed vaccines remain effective against
the Delta variant (49). Hence, to relieve the anxiety and enhance
immune defense of CD patients during the COVID-19 pandemic,
we need to reassure our CD patients of SARS-CoV-2 vaccination.

The main limitations of this study mainly consisted of the
relatively small sample because of the online property of the
procedure. A total of 153 participants were recruited, which only
accounted for about 50% of all CD patients that we can obtain
by the electronic medical records. Also, since the questionnaire
were self-reported, subjectivity is a non-negligible factor when
we turn these findings into clinical practice. In some cases,
the degree of anxiety/depression might be over-exaggerated or
under-estimated, and the assessment of disease severity could
also be inaccurate. Additionally, those without accessibility to the
internet were naturally excluded from the survey, making this
population a blind spot of our study. In can be inferred that this
group of patients are probably older and might live in remote
places, which indicates higher psychological stress due to worse
knowledge about the SARS-CoV-2 Delta variant and ambiguity
in their disease severity. In addition, it is very likely that the
changes in mental anxiety were associated with changes in the
number of SARS-CoV-2-infected patients, which could possibly
be explained by consequent alterations in the administration of
the mandatory confinement of the population. However, in our
study, the survey was conducted only once, so the changes in
mental anxiety could not be captured. To verify this hypothesis,
consecutive studies should be conducted to monitor the changes
in mental anxiety among CD patients. Hence, these factors should
be taken into consideration when using the results of our study.
Nevertheless, our study provides first-hand information about
the incidence and risk factors of anxiety/depression and impaired
life quality in CD patients in the context of the SARS-CoV-2 Delta
variant dominance. Further prospective longitudinal studies are
necessary to validate our findings.

CONCLUSION

During SARS-CoV-2 Delta variant predominance, many CD
patients suffered from symptoms of anxiety and depression and
impaired life quality. Those in isolation or with worsening of

symptoms and drug withdrawn were more prone to experience
psychological stress. Individualized management such as drug
delivery and telemedicine should be promoted to maintain
control of mental health and life quality during the pandemic.
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In the treat-to-target era, endoscopy has become the backbone of the assessment of
remission, defined as mucosal healing, in inflammatory bowel disease (IBD) patients.
Current recommendations indicate that endoscopic procedures should be performed
with high-definition white-light endoscopy (HD-WLE), as it guarantees the best possible
visualization of the mucosa. With respect to endoscopic surveillance, the preventive
strategy for dysplasia and colorectal cancer (CRC) in long-standing IBD, is the use of
dye-chromoendoscopy (DCE), which enhances the mucosal pattern of the colonic walls.
DCE has been established as the gold standard for dysplasia detection and is at present
incorporated in all international guidelines. Over the past years, novel technologies, such
as high-definition endoscopic imaging, and optical and digital enhancement tools have
revolutionized the quality and level of fine details of vascular and mucosal patterns.
These endoscopic images have the ambition to reflect histological changes for suspected
neoplastic lesions and inflammation or healing and are emerging as potential alternatives
to DCE. Indeed, the comparison of DCE with high-definition imaging is an open issue
that deserves further investigation. We aimed to examine and summarize the technical
aspects and the current evidence on endoscopic technologies with a specific focus on
the surveillance in IBD patients.

Keywords: endoscopy, colorectal cancer, surveillance, chromoendoscopy, dysplasia, inflammatory bowel disease

INTRODUCTION

Over the past years, the role of endoscopy in inflammatory bowel diseases (IBD) has been
established in the diagnosis, monitoring, and surveillance (1, 2). The endoscopic evaluation allows
to confirm the diagnosis of IBD, and the assessment of the extent and severity of the disease (1, 2).
However, in the treat-to-target era, endoscopy is not a mere imaging technique any longer, but it has
become the backbone of the assessment of remission. The endoscopic remission defined as mucosal
healing (MH) has been proven to predict better long-term outcomes and has been incorporated as
the principal target in the management of IBD (3, 4). Data on the prevention of bowel damage in
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the long-term, in patients achieving MH, are largely
available both for Ulcerative Colitis (UC) and Crohn’s
Disease (CD) (3, 4), and have been endorsed by
meta-analyses (5, 6).

As concerns technical aspects, current recommendations
indicate that endoscopic procedures should be performed
with  high-definition =~ white-light ~ endoscopy  (HD-
WLE), as it guarantees the optimal visualization of
the mucosa (I, 2). On the other hand, with respect
to endoscopic surveillance as a preventive strategy for
dysplasia and colorectal cancer (CRC), the use of dye-
chromoendoscopy (DCE), which enhances the mucosal
pattern through spraying topical dyes on the colonic walls,
has been established as the gold standard for dysplasia
detection (7-9).

Patients with long-standing (more than 8 years from the
onset of symptoms) both extensive UC and colonic CD are
at an increased risk of developing CRC compared with the
general population, with a cumulative risk of 2% after 10
years, 8% at 20 years, and 18% at 30 years of disease (10).
Among the established clinical factors that affect the cancer risk
in IBD patients, the duration and extent of disease, chronic
uncontrolled inflammatory activity, a concomitant diagnosis of
primary sclerosing cholangitis (PSC), and a family history of
CRC are included (11). On the other hand, due to improved
therapies and increased integration of surveillance programs
in the clinical practice, a decreasing risk of CRC in IBD
patients has been observed in the recent years (12). Hence,
an optimal surveillance colonoscopy is a crucial prevention,
based on the detection of early colonic dysplastic lesions.
Colonic precancerous lesions in patients with IBD are frequently
flat and elusive, and during the colonoscopy, they can be
easily missed especially when hidden behind folds, when
there are regenerative patterns, scars, pseudopolyps, or actively
inflamed mucosa.

As stated by the Surveillance for Colorectal Endoscopic
Neoplasia Detection and Management in Inflammatory
Bowel Disease Patients (SCENIC) consensus, HD-WLE is
considered superior over standard definition WLE, and DCE
should be preferred over WLE in the surveillance setting of
IBD patients (8). According to SCENIC recommendations,
whenever DCE cannot be performed, for instance due to
disease activity or sub-optimal bowel preparation, random
quadrant biopsies every 10cm in the colon are advised
(8). Recent novel technologies, such as optical and digital
enhancement tools, have revolutionized the quality and
level of fine details of vascular and mucosal patterns. These
endoscopic images have the ambition to reflect histological
changes in suspected neoplastic lesions and inflammation
or healing, and are emerging as potential alternatives to
DCE in the field of surveillance programs. The optimal
endoscopic technique to detect dysplasia in IBD is still a
matter of debate. In this review, we aim to examine and
summarize the technical aspects and the current evidence on
endoscopic technologies with a specific focus on the surveillance,
in terms of dysplasia detection and characterization, in
IBD patients.

METHODS

PubMed/MEDLINE databases were searched up to December
2021 to identify relevant studies investigating the accuracy
of endoscopic techniques in dysplasia detection and
characterization in IBD patients. The following text words
and corresponding Medical Subject Heading/Entree terms
were used: “surveillance” “dye chromoendoscopy,” “virtual
chromoendoscopy,” and “endocytoscopy,” individually and in
combination with “dysplasia,” “inflammatory bowel disease(s),”
“IBD;” “ulcerative colitis,” and “Crohn’s disease.” No publication
date restrictions were applied. Articles were included in this
review based on their relevance, and additional publications

were identified through their reference lists.

DYE-CHROMOENDOSCOPY

The European Society of Gastrointestinal Endoscopy (ESGE)
and the SCENIC consensus recommend the routine use of 0.1%
methylene blue or 0.1-0.5% indigo carmine pancolonic
chromoendoscopy with targeted biopsies for neoplasia
surveillance in patients with long-standing IBD. Indigo carmine
is a non-absorbed dye, while methylene blue is an absorbed dye,
which can be applied using different concentrations depending
on whether the purpose is detection (lower concentrations) or
characterization of lesions (higher concentrations). The dye
solution can be distributed with a catheter spray or a pump jet.
All guidelines indicate that DCE with targeted biopsies should
be favored over random biopsies (1, 2, 8, 9). Figure 1 shows the
typical appearance of colonic mucosa after the application of
methylene blue.

As demonstrated by a recent observational study, the
most frequent causes of an unsuccessful DCE were a poor
bowel preparation, active inflammation, and/or the presence of
pseudopolyps (13) (Figure 1). Moreover, the non-adherence to a
clear liquid diet the day before DCE compromised the successful
completeness of DCE, compared with previous identified risk
factors for inadequate bowel preparation (i.e., older age, history
of diabetes mellitus, timing of split dose, narcotic use, and
constipation), that were not associated with the ability of
performing DCE (13).

DCE by appropriately trained operators, in all cases of
quiescent disease and satisfactory bowel preparation, is preferred
over the traditional non-targeted four-quadrant biopsies (9).

A properly trained operator is experienced in inspection,
advanced imaging, and characterization of colonic lesions.
Favorably, she/he is also trained in therapeutic endoscopic
resection techniques such as endoscopic mucosal resection
(EMR) and endoscopic submucosal dissections (ESD).

Few data are available on the characteristics of a complete
training in DCE, and currently, there is no quality index to
establish the expertise of endoscopists in performing DCE.
However, according to the European Society of Gastrointestinal
Endoscopy (ESGE), it is suggested that the endoscopist, in order
to achieve the proper competence, should attend an onsite
training of at least a week with an expert operator in optical
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pit pattern of the classes Ill-V is considered neoplastic.

FIGURE 1 | Endoscopic appearance of dye-chromoendoscopy and virtual chromoendoscopy. (A,B) The dye is segmentally applied to the colon every 20 to 30 cm
with rotational movements of the endoscope, after spraying the dye, once the excess liquid has been suctioned, the mucosa is carefully examined. The colic mucosa
presents a regular pattern, the presence of inflammatory pseudo-polyps is enhanced (pit pattern Kudo I-Il). (C) A sporadic flat lesion with adenomatous appearance
(pit pattern Kudo IlIS) in a UC patient, characterized through the blue laser image (BLI, Fuijifilm, Japan). According to Kudo classification type | pits appear roundish;
type Il pits appear as stellar or papillary; type lll-s pits are small roundish, tubular pits and type lll-L are larger roundish and tubular; type IV pits appear as branch-like
or gyrus-like while type V pits are non-structured. The normal mucosa, hyperplastic lesions and inflammatory polyps are comprehended in type | and Il, whereas the

diagnosis of IBD (14). The indicated number for adequate self-
learning is at least 20 DCE surveillance procedures in IBD
patients (14).

As concerns the performance of DCE, this technique has
been shown to improve dysplasia detection by 4-fold, with less
biopsies (15-18). In the first randomized controlled study by
Kiesslich et al., as compared with WLE random biopsy sampling,
DCE showed a significant 3.2-fold increase in the total detected
neoplastic lesions in UC patients (16). Data from the prospective
study by Picco et al. showed that DCE with indigo carmine in
the surveillance of long-standing UC was superior in terms of
dysplasia detection in comparison to WLE (21.3 vs. 9.3%, p =
0.007) (17). In a recent trial where IBD patients were randomized
either to HD-DCE with indigo carmine or to HD-WLE (n = 152
and n = 153, respectively), dysplastic lesions were significantly
more frequently detected in the HD-DCE arm (17 versus 7,
respectively; p = 0.032) (18).

The SCENIC meta-analyses, which included eight studies,
confirmed that DCE detected a significantly higher number of
dysplastic lesions compared with standard-definition WLE (SD-
WLE) [relative risk (RR) = 1.8, 95% confidence interval (CI):
1.2-2.6; and absolute risk increase = 6%, 95% CI: 3%—9%] (8).

Table 1 summarizes the available studies on DCE, WLE, and
virtual chromoendoscopy (VCE) in the field of surveillance
in IBD.

Necessarily, chromoendoscopy considerably increases the
duration of colonoscopy (mean of 11 min, range 9-12 min) (8).

It appears clear that most of the available randomized clinical
trials (RCTs) compared DCE with SD-WLE rather than with
HD-WLE. Indeed, HD-WLE has been demonstrated to be not
inferior to DCE for the detection of colonic dysplasia in a
recent RCT, where HD-WLE alone was suflicient for detecting
dysplasia, adenocarcinoma, or all neoplastic lesions (19). The
comparison of DCE with high-definition imaging is an open issue
that deserves further investigation.

VIRTUAL CHROMOENDOSCOPY

The currently available international guidelines instruct on the
use of virtual chromoendoscopy (VCE) as a suitable alternative,
due to insufficient evidence to recommend it as preferred method
(9, 25). Initial studies for dysplasia detection in IBD have explored
VCE. The technologies available in the market include the optical
diagnosis narrow band imaging (NBI) (Olympus, Japan) that
uses only wavelengths absorbed by hemoglobin for maximizing
the contrast; the optical enhancement iSCAN (iSCAN, Pentax,
Japan) that digitally adds blue color to relatively dark areas; the
blue laser image (BLI) (Fujifilm, Japan) that can be used for
evaluating both the microvessels and the mucosa; the linked color
imaging (LCI) (Fuyjifilm, Japan) that expands the color range
between red and white, enhancing slight mucosal differences
in conditions of inflammation and cancer; and the flexible
imaging color enhancement (FICE) (Fujinon) that selectively
emphasizes certain ranges of wavelength. Through a digital post-
processing of the endoscopic images, the VCE systems enhance
the details of tissue surface and yearn to reflect histology with
increased accuracy.

Among the available studies, a multicenter prospective study
that randomized 66 patients in the DCE arm and 65 patients
in the NBI arm, revealed no significant difference in neoplasia
detection between the two techniques (20). In details, the mean
number of neoplastic lesions per colonoscopy were 0.47 and
0.32, respectively (20). The dysplasia detection rate did not
significantly differ between the two groups (21.2% with DCE,
21.5% with NBI; p = 0-964). However, in the DCE group, an
average of additional 7 min to procedure time was reported (20).
Two previous studies examining HD-NBI have reported the
non-inferiority of HD-VCE over HD-DCE (21, 22).

Tacucci et al. compared HD-WLE with HD-iSCAN and HD-
DCE, in a randomized non-inferiority trial (n = 270), and found
no significant difference in the detection rates of neoplastic
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TABLE 1 | Studies investigating dysplasia detection rate in IBD with different endoscopic technologies.

Reference Year Study design N Type of endoscopy Investigated outcome

Kiesslich et al. (16) 2003 Randomized clinical trial 263  DCE vs. WLE Dysplasia detection rates

Picco et al. (17) 2013 Prospective, non-randomized 75 DCE vs. WLE Dysplasia detection rates and interobserver
variability in the detection of dysplastic lesions

Alexandersson et al. (18) 2020 Randomized clinical trial 305 HD-DCE vs. HD-WLE Dysplasia detection rates

lacucci et al. (19) 2018 Randomized clinical trial 270  iSCAN vs. DCE vs. HD-WLE Detection of colonic lesions

Bisschops et al. (20) 2018 Randomized clinical trial 131 NBI vs. DCE Performance of DCE and VCE for the detection
of neoplastic lesions

Efthymiou et al. (21) 20183 Prospective, non-randomized 44 NBI vs. DCE Diagnostic yield of each modality for dysplastic
lesions

Pellisé et al. (22) 2011 Prospective, randomized, 60 NBI vs. DCE Detection of colonic lesions

crossover study
lannone et al. (23) 2017  Meta-analysis 1,500 DCE vs. SD-WLE/HD-WLE/NBI Dysplasia detection rates
Kandiah et al. (24) 2021  Randomized clinical trial 188  iSCAN vs. HD-WLE Dysplasia detection rates

IBD, inflammatory bowel disease; DCE, dye-chromoendoscopy; WLE, wight light endoscopy; HD, high definition; NBI, narrow bad imaging.

lesions between the techniques (19). Table1 elucidates the
characteristics of the above-mentioned studies.

A recent meta-analysis including 10 RCTs confirmed that
DCE was able to identify more dysplastic lesions as compared
with SD-WLE (RR = 2.12; 95% CI: 1.15-3.91). However, no
statistically significant difference was observed between DCE and
HD-WLE (RR = 1.42; 95% CI: 0.80-2.52) or NBI (RR = 1.05;
95% CI: 0.64-1.71) (23).

Data from the newly published VIRTUOSO trial, enrolling
188 IBD patients, which were randomized either to VCE (iSCAN,
n = 94) or HD-WLE (n = 94), reported no significant difference
between the two techniques for neoplasia detection (24). The
dysplasia detection rates were assessed as 24.2 and 14.9% for HD-
WLE and VCE, respectively, with no statistical significance (p =
0.14) (24). The authors observed similar withdrawal times in both
arms of the study (median of 24 vs. 25.5 min for HD-WLE and
VCE, respectively) (24).

Finally, no published data about either BLI or LCI to detect
colonic lesion in patients with IBD are available yet.

CHARACTERIZATION OF COLONIC
LESIONS

Since the SCENIC consensus, the term “dysplasia-associated
lesion or mass” has been abandoned, with the recommendation
to distinguish dysplasia as invisible or visible. In accordance
with the knowledge development in endoscopy, the modified
Paris classification was introduced to describe the morphology
of the lesion and the border as regular or irregular, with or
without ulceration (26). According to the Paris classification,
colonic lesions are divided into polypoid and non-polypoid (if
it protrudes <2.5 mm into the lumen). The polypoid lesions are
then classified as pedunculated (with a stalk) or sessile (with
a large base). Within the non-polypoid lesions, a distinction
can be made between superficial elevated, flat, and depressed.
Once morphology has been described, the operator inspects the
surface pit pattern of the lesion, which can be described through

Kudo’s pit pattern classification. This classification comprises
six categories (I, II, IIIS, IIIL, IV, and V) (27). The neoplastic
Kudo pit pattern IIIS-IIIL-IV-V was found to be a significant
predictor of dysplasia in patients with IBD (19). Further studies
reported the same association, thereby making the neoplastic
Kudo pit pattern (i.e., IIIS-IIIL-IV-V) one of the four main
predictors of colonic dysplasia (28). In Figure 1, an example of
the characterization of colonic lesions according to Kudo’s pit
pattern is shown.

It is known that the Kudo’s pit pattern classification without
magnification might have some limitations, especially in those
IBD patients with a regenerative hyperplastic or villous mucosal
appearance (29). Indeed, it has been demonstrated that in UC
patients, on adding magnification, the pit pattern classification
well-correlated with the histopathological diagnosis of low-grade
and high-grade dysplasia and in situ carcinoma (30). Moreover,
magnifying endoscopy allows to distinguish the margins of
lesions from the surrounding mucosa and the differentiation
between deep and superficial submucosal invasion in very
suspicious lesions (31).

Lately, a new classification for IBD lesions has been
introduced, which is the Frankfurt Advanced Chromoendoscopic
IBD LEsions (FACILE) classification (32). This was developed
by international experts and fully validated. The FACILE
classification completely abandons the Kudo’s pit pattern
(32). Four characteristics, predicting neoplastic histology are
incorporated in the FACILE classification: the morphology (i.e.,
nonpolypoid or polypoid), the irregular surface and vascular,
and any sign of inflammation within the studied lesion (32).
Furthermore, the authors demonstrated that trainees without
endoscopic expertise could significantly ameliorate their ability
in lesions’ characterization with FACILE, with a sensitivity and an
accuracy of 80% and 77%, respectively, after training (p < 0.001)
(32).

Endocytoscopy, based on the principle of contact light
microscopy providing real-time ultra-magnified images, has been
more extensively investigated in the assessment of inflammation,
but appears as a promising technology also in the field of
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colorectal lesions, especially in their characterization (33, 34).
Endocytoscopy has been described in the setting of IBD-
associated dysplasia in several case reports, thereby suggesting
its future applicability (33, 34). It appears reasonable to
expect that the use of endocytoscopy in IBD might potentially
close the gap between endoscopic pit pattern diagnosis and
histologic assessment.

CONCLUSIONS AND FUTURE
PERSPECTIVES

This review elucidates the current evidence on the performance
and accuracy of the available endoscopic techniques and
technologies in the field of CRC surveillance in IBD. It is known
that DCE in comparison to SD-WLE improves the dysplasia
detection by 4-fold, without the need of the four-quadrant
random biopsies per each colonic tract (15-18).

As mentioned above, the published RCTs compared DCE
with SD-WLE rather than with HD-WLE. The evaluation
of the accuracy of DCE compared with high-definition
endoscopy will be certainly addressed by dedicated studies
in the immediate future. Importantly, so far, the non-
inferiority of HD-WLE to DCE has been already reported,
and based on these data, HD-WLE alone can be considered
appropriate and satisfactory as concerns the detection of
dysplasia (19).

An important matter of debate is the registered difficulty
of adopting DCE into routine clinical practice. This might be
due to the absence of properly trained and expert endoscopists
and the low confidence of the operators in interpreting
the DCE images. However, the mainly addressed cause
is undoubtedly the additional time needed to perform
a good quality DCE procedure. When comparing the
usual colonoscopy with multiple non-targeted biopsies,
chromoendoscopy considerably increases the duration of
colonoscopy, with a mean of 11 min longer duration (range
9-12 min) (8).

This key issue represents the rational of the latter studies
investigating VCE as an alternative method for CRC surveillance
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Mucus is present throughout the gastrointestinal tract and is essential for regulating
gut microbiota homeostasis and preventing disease by protecting the gastrointestinal
barrier from microorganisms, pathogens and toxins or other irritants. Mucin (MUC)-2 is
a secreted protein produced by epithelial goblet cells as the main component of mucus.
Defects in the gastrointestinal tract, such as inflammation and ulcers, cause damage
to the mucus barrier, which can worsen mucus quality and reduce mucus production.
Therefore, we would like to review the characteristics of MUC2 and its role in intestinal
disorders and highlight the importance of further studies. We also investigated whether
the role of MUC2 differs between children and adults, ulcerative colitis (UC) and Crohn’s
disease (CD).

Keywords: mucins, mucus, inflammatory bowel diseases, ulcerative colitis, Crohn’s disease

INTRODUCTION

Inflammatory bowel disease (IBD) is a digestive disorder in which chronic inflammation repeats
exacerbation and improvement. The two main types of IBD are ulcerative colitis (UC) and
Crohn’s disease (CD). IBD is a multifactorial disease, with both genetic and environmental factors
contributing to the disease. In particular, loss of intestinal epithelium completeness plays a very
important role in IBD (1, 2). Dysfunction of the innate immune system due to abnormal signal
transduction caused by pathogens, excessive leakage of bacterial antigens into the mucosa, or
inappropriate immune responses due to changes in the composition of the intestinal microflora
induce an inflammatory response that progressively degrades the intestinal epithelium. This allows
more antigen to leak and worsens inflammation, further damaging the barrier, so the integrity of
the mucosal barrier is a key factor in determining the status of IBD (3, 4).

Given the role of the mucus layer, there is growing interest in it because loss of intestinal barrier
integrity can cause or exacerbate the progression of inflammatory diseases of the gastrointestinal
tract, such as IBD. Although the prevalence is continuously increasing, the cause and treatment are
still difficult to identify (5). In particular, IBD onset during childhood and adolescence affects more
than 70,000 children in the United States, accounting for 25% of all patients with IBD cases (6-11).
About 20-30% of pediatric patients with IBD require surgery within 10 years of diagnosis, so they
are more severe than adults, and many receive additional surgical intervention in consideration of
recurrence and complications (12-16).

Early diagnosis and treatment of pediatric patients with IBD is very important because children
and adolescents are often accompanied by symptoms such as growth retardation and depression
due to the characteristics of growth and puberty. In addition, since it requires active treatment from
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the early stage of diagnosis, high medical costs cannot be ignored. ~ domain, another CysD domain, a large PTS domain, and a C-
Therefore, to identify differences between adult and pediatric ~ terminal part containing von Willebrand D4-C domains, and a
patients with IBD and to enable them to be applied to treatment  cystine knot domain (28).

and prevention, this review highlights the characteristics of

MUC2 mucin and its role in IBD, factors affecting MUC2, and  MUC2 BIOSYNTHESIS, SECRETION AND

differences between IBD in adults and children. REGULATION
STRUCTURE AND CLASSIFICATION OF MUC?2 is expressed early in fetal development and is detected
MUCINS in the colon at 12 weeks of gestation and is expressed by

individual cells that are goblet cell precursors (29). And
From MUCI to MUC22, up to 22 distinct mucin genes most of these cells are localized in the crypt region (30).
In the normal colon, MUC2 is expressed in goblet cells
(31). Several bioactive factors that enhance mucin secretion
regulate mucin synthesis. According to numerous research,
mucin expression is regulated by transcriptional or epigenetic
regulation (18, 32, 33). MUC2 transcription is regulated by
signal transduction pathways, which target transcription factors
binding to specific regions of the promoter. Activation of
nuclear factor (NF)-kB, a transcription factor, is common
during inflammation of the gastrointestinal tract, and the
promoter of MUC2 contains an NF-kB binding site. Several
pathways activate NF-«kB, and the representative pathways are
the Ras-mitogen-activated protein kinase (MAPK) pathway
other secreted mucins expressed in the gastric and respiratory through lipopolysaccharide (LPS) and the phosphoinositide
glandular epithelium, such as MUC5AC, MUC5B, and MUC6. 3 kinase (PI3K)/Akt pathway by tumor necrosis factor (TNF)-a.
MUC2 monomer contains over 5,000 amino acids and is rich Interleukin (IL)-4 and IL-13 also activate NF-kB through
in proline, serine, and threonine (19, 26, 27). MUC2 consists of ~ MAPK and upregulate MUC2 transcription (34-36). In
five distinct regions, including an N-terminal domain comprising  contrast, the neuropeptide hormone vasoactive intestinal
von Willebrand D4 domain and CysD domain, a small PTS  peptide upregulates MUC2 transcription by activating the

have been identified in the sequence of discovery. They are
expressed according to tissues and cell types and they are
broadly categorized into two types: secretory and membrane
related (17-23). MUC2, MUC5AC, MUC5B, and MUC6 are
gel-forming secretory mucins found on the mucosal surface.
However, MUC1, MUC3, MUC4, MUC13, and MUCI17 are
membrane-associated mucins found in the apical membranes of
epithelial cells (Figure 1). MUC1, MUC2, MUC3, and MUC4
are the predominant mucus detected in colorectum, with MUC2
being produced specifically in goblet cells (21, 24, 25). MUC2
exhibits similar structural and physicochemical properties to
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FIGURE 1 | Schematic diagram depicting the role of MUC2 in IBD. The mucous membrane consists of two layers, a loose outer layer, which is permeable to bacteria,
and a tightly attached inner layer, which cannot penetrate. Mucins are produced by goblet cells of the intestinal epithelium and are divided into secretory and
membranous types. Secreted mucins are gel-forming mucus, composed mostly of MUC2, and provide viscoelasticity. Although the degradation and synthesis of
mucin are generally in equilibrium, the number of goblet cells is reduced in the IBD state, and thus the secretion of mucin is also reduced. It also increases the number
of immature goblet cells that produce incomplete mucus. When the mucous membrane breaks down, the bacteria in the lumen penetrate inside and cause
inflammation. MUC, Mucin; IBD, inflammatory bowel disease.
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transcription factor cAMP response element-binding protein
(CREB)/cyclic AMP-dependent transcription factor (ATF)-1,
whereas prostaglandin PGE2 also induces MUC2 transcription
by activating CREB/ATF1 (37). A recent study reported that
the transcription factor SAM pointed a domain-containing
Ets (SPDEF) can upregulate MUC2 production by stimulating
the differentiation of secretory progenitors into Paneth and
goblet cells (38). Epigenetic studies have revealed that MUC2
expression can be downregulated by methylation of CpG islands
in specific regions of the MUC2 promoter. Additionally, we
reported that MUC2 gene expression is regulated by epigenetic
mechanisms of DNA methylation and histone modification of
specific regions of the MUC2 promoter (39, 40).

INTESTINAL MUCUS LAYER

Absorption of nutrition is an important function of the
small intestine, and the mucous system facilitates this by
lubricating and protecting against endogenous enzymes and
microorganisms. Mucus entirely covers the surface of the
epithelium (20). The intestinal mucus layer consists of a dense
mesh-like network of MUC2 secreted by goblet cells, which serve
as host defense against endogenous and exogenous irritants and
microbial adhesion and invasion but permit the transport of
nutrients. The mucus layer is primarily composed of MUC2, but
also contains other goblet cell products, such as trefoil factor
(TFF)-3, resistin-like molecule (RELM)-B, and Fc fragment of
IgG binding protein (Fcgbp) (41-44). The mucous membrane
has two mucus layers, which are densely and firmly attached to
the interior and loosely attached to the exterior compared to the
interior. The thickness of the inner and outer mucus layers was
similar in the stomach and jejunum, increased significantly in
the ileum, and was thickest in the colon. The thickness of the
entire mucus layer exhibited a similar trend. The thickness of the
mucus layer is maintained by a balance of synthesis, secretion,
and degradation, which is regulated by glycosidases, proteases,
and other enzymes (45, 46) (Figure 1).

MUCUS BARRIER ALTERATIONS IN IBD

MUC2 Alterations

MUC2 plays a significant role in the pathogenesis of IBD, and
deficiency of MUC2 mucin can change the composition of the
mucus, which can affect the pathogenesis of IBD. UC is a
disease of the inner colonic mucous layer, and the host’s immune
response to the microbiome increases with increased exposure
to bacteria.

UC was observed to be thinner and more discontinuous in
mucus than CD, and less MUC2 was excreted during the active
phase of UC. The decreased secretion of MUC2 may be attributed
to the translational or post-translational modifications, and it is
also associated with a decrease in goblet cells (47, 48). Moreover,
patients with UC have fewer goblet cells and decreased MUC2
synthesis and secretion, especially at the onset of severe disease,
enabling direct interaction between the colonic microbiota and
the epithelial barrier (49). Patients with UC in the active phase
showed low levels of goblet cell differentiation factors HATH1

and kruppel-like factor (KLF)-4 (50). The results of genome-wide
association studies (GWAS) showed that IBD pathogenesis was
associated with mutations in the MUC genes, including MUC3
and MUCI109, and variants of MUC2 have also been detected in
IBD cases (49, 51-53).

CD affects all parts of the intestine but is most common in
the small intestine. CD, as opposed to UC, is characterized by
increased mucus production and discontinuous inflammation.
Mucus in the small intestine serves as a diffusion barrier, and
mucus secretion occurs primarily in the crypt entrance. Genetic
associations are more evident in CD than in UC, involving genes,
such as nucleotide binding oligomerization domain containing
(NOD)-2, autophagy related 16 like 1 (ATG16L1), immunity
related GTPase M (IRGM), and X-box binding protein (XBP)-
1 associated with autophagy, unfolded protein responses, and
bacterial detection and defense (54-56).

The failure to restrict bacterial access to the epithelium despite
increased levels of mucus production in CD patients indicates
that mucus level and secondary structural modifications are
critical for mucus barrier function. The viscoelastic function of
mucus depends on proper glycosylation, sulfation, and sialylation
(4, 49). People and mice with IBD have higher levels of sulfide, a
product of sulfate-reducing bacteria, which reduces the disulfide
bonds between the mucus and breaks down the mucus network
(57, 58). Even in the UC cohort, glycosylation and sulfation
defects indicated that the mucus was deformed and unable to
act effectively as a barrier (57, 59, 60). Because of the GWAS,
a mutation in the core 1 beta-3-galactosyltransferase (33GalT)-
specific molecular chaperone (Cosmc), a chaperone of the T-
synthase glycosyltransferase responsible for O-glycan synthesis
of mucin protein, was associated with IBD (58, 61). Indeed,
Muc2 knockout mice developed spontaneous colitis after 5 weeks
of age and exhibited increased susceptibility to DSS-induced
colitis. Additionally, mice lacking core 1-derived O-glycans lose
mucus complexity and exhibit rapid spontaneous colitis (59).
Thus, the mucus barrier acts as a means to prevent or limit the
contact of epithelial cells with bacteria and antigens, implying
that MUC plays an important role in mucus barrier formation
and alleviation of colitis such as IBD.

MUC2 Related Alterations

Glycosylation

The glycosylation degree of mucus is essential for its mucosal
protective role, and the MUC2 protein core is generally
proteolytic resistant because of glycosylation. Bacteria have
exoglycosidase, which releases monosaccharide residues and
uses them as an energy source. Under normal conditions, the
mucus broken down by bacteria is balanced with the new
mucus production. However, altered glycosylation can affect this
balance, causing glycans to be shortened and digested faster,
exposing the protein core and thereby breaking down the mucus
barrier faster. Mucus glycosylation defects reduce the mucus
layer, placing germs and hosts closer together (59, 62, 63).
The glycosylation pattern of MUC2 correlates with the degree
of inflammation and disease course, with CD overproduction
and abnormal mucin glycosylation, whereas in UC, alterations
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TABLE 1 | Characteristics of MUC and TFF expression in adults and pediatric IBD
patients.

Adult Pediatric
CD  tMucus thickness or no change IMUC2, TFF2, TFF3 (inflamed TI)
1MUC2, MUCS3, MUC4, AMUC2, TFF2, TFF3 (non-inflamed
MUC5B, MUC7 Tl)>healthy control
MUC5AC and MUCB present AMUCH, TFF1 (during remission)
Goblet cell depletion MUCBAC and TFF1 present
Goblet cell depletion (T1)
IMUC2, TFF2 adjusted for goblet cell
density (inflamed)
AMUC2, TFF2 adjusted for goblet cell
density (non-inflamed)
uc JMucus thickness TFF1, TFF3, MUCT not significant

JGlycosylation and sulphation | TFF2 or not significant (inflamed TI)
IMUC2 (inflamed TI)
MUCB5AC and TFF1 present

Goblet cell depletion (ascending
colon)

41 Sialylation
JMUC2, MUC9, MUC20
tMUCT1, MUC16

MUC5AC present
Goblet cell depletion

in MUC2 O-glycosylation in active phase recovered during
remission (57, 64).

Tight Junction

Since tight junction (TJ) is interdependent with the mucus
barrier, the loss of one decreases the other. Mice deficient in
Claudin 7, hepatocyte nuclear factor 4 alpha (Hnf4a), and Muc2
develop spontaneous colitis (35, 65, 66). Muc2-/-mice show
increased epithelial barrier permeability and mucus defects, and
the claudin gene expression is unregulated (66). Also, in Hnf4a—
/-mice, the number of goblet cells and mucus decreased (67).
This interdependence may result from dysregulation of the
signals regulating both mucus and TJ, thereby promoting the
inflammatory response that sustains IBD (68).

Differences Between Adult and Pediatric

Patients

We reviewed a number of papers to identify differences in
MUC2 expression in UC and CD as well as in adult and
pediatric patients. We summarized the MUC and TFF expression
characteristics of adult and pediatric IBD patients in Table 1
based on the results of many researchers (Table 1) (11, 24, 69).

A paper by Bankole et al. (69) published in 2021 systematically
reviewed the correlation between adult UC patients and MUC.
Among them, according to the contents related to MUC2,
when they reviewed the papers reported for 30 years under
similar conditions, the decreased and unchanged MUC2 mRNA
expression in UC patients were the same in three cases and
increased in one case. On the other hand, the protein expression
level was increased in five cases, unchanged in two cases,
and increased in one case. They explained that the failure

to reproduce in all cases was due to differences in mucin
expression assessment.

While the correlation between UC and the mucous layer
is relatively well-established, it remains controversial in CD.
According to the results of the initial study, the thickness of
the mucus layer increased in adult CD patients (70), but a
recent study showed that it was not significantly different from
that of the normal control group (71). However, according to a
meta-analysis, total mucin levels were reduced by 34% in adult
CD patients (72), and MUC2 expression was observed to be
reduced in CD in the ileum similar to UC (73). Grondin et al.
(21) suggested that although it is clear that changes in mucin
expression and function play a unique role in IBD, characterizing
a distinct mucin expression profile is difficult because there is
considerable heterogeneity.

Shaoul et al. (30) and Hensel et al. (11), who investigated the
expression of MUC and TFF in pediatric IBD patients, showed
similar results. In pediatric CD patients with acute inflammation,
significantly lower mRNA levels of MUC2, TFF2 and TFF3 were
observed in the mucosa of the TI, but higher mRNA levels
than healthy controls in tissues without inflammation. Also,
MUCI and TFF1 showed high levels, especially during clinical
remission. In UC, the expression level of MUC2 decreased in
acute inflammatory conditions, but TFF2 and 3 did not change
significantly. In addition, MUC5AC and TFF1, which were not
seen in the normal state, were found in the tissues of CD and
UC patients, the same as in adults. These results can be seen as a
compensatory recovery mechanism for healing and regeneration
of mucosal barriers due to tissue damage caused by inflammation.

Alterations in MUC2 amount and quality, and changes in
intestinal trefoil factor expression during inflammation, may
upregulate MUC5AC and TFF1 expression to compensate for
the impaired barrier and repair functions. MUC5AC and TFF1
are not expressed in normal colonic tissue. MUC5AC was
sporadically expressed in goblet cells expressing MUC2 in both
UC and CD. This pattern was not limited to a specific region
of the colon and was not affected by disease severity or local
inflammation. It has also been observed in colonic biopsy
specimens of autologous restrictive colitis and solitary rectal ulcer
syndrome, but unrestricted to IBD. Some of the goblet cells
expressing MUC5AC showed expression of TFF1. This change
in expression of MUC5AC and TFF1 was suggested to be a non-
specific repair function to compensate for the impairment of
colonic barrier function (30).

CONCLUSIONS

Mucin acts as an innate host defense mechanism by forming a
mucus layer that protects the host from pathogenic microflora
invasion and is vital for intestinal microflora formation. Defects
in the mucosal barrier result in abnormal bacterial symbiosis
and defects in the host’s innate and adaptive immune responses,
resulting in intestinal inflammatory responses and damage
(Figure 1). Therefore, in order to maintain the integrity of
the mucosal barrier, the quantity and quality of mucus are
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also important, and MUC, which is a component of mucus, is
inevitably important.

Mucin genes were identified from MUCI1 to MUC22 in the
order of discovery, and are largely divided into secretory and
membrane-related types. Among them, MUCI, 2, 3 and 4 are
mucins detected in the colorectal, and MUC2 is the main mucin
produced specifically in goblet cells. MUC?2 is expressed in colon
goblet cells of UC and CD patients as well as healthy individuals.
When the colon is depleted of goblet cells due to IBD and
other inflammatory conditions, the expression of MUC2 is also
reduced and remains in a relatively immature state. This mucus
loses its barrier function and exposes the mucous membrane
to inflammatory substances. The factors that cause IBD and
inflammatory disease are very diverse, but when the integrity of
the mucus barrier is lost, it can be a key factor in exacerbating the
disease state.

When reviewing the results of various researchers, there are
not many studies targeting pediatric IBD patients and many
contradictory results have been reported in adult IBD patients,
so it is difficult to clearly conclude that the pattern between
adults and children is the same. However, at least according to
our investigation, it can be suggested that MUC2 expression is
decreased and goblet cell decrease is the same in both adults
and children in CD and UC in acute inflammatory state. In
addition, in the tissues of CD or UC patients, the opposite
expression levels may be observed depending on the state of the
tissue with or without inflammation or the degree of remission
of inflammation, and these results can be considered as a
compensatory repair mechanism for mucosal barrier healing
and regeneration.

When IBD occurs, pediatric patients need active treatment
with biological agents from the beginning, unlike adult
patients. As such, pediatric patients have different symptoms
or treatment methods from adult patients, but the level
of MUC expression is similar. Most of the experimental
systems show reproducible results, but for patients, some
studies have weak correlations. This is because the factors
involved are very diverse and complex. In addition, MUC
expression patterns may vary depending on the presence or
absence of inflammation and the degree of inflammation in the
tissue sample.
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Anti-tumor necrosis factor (anti-TNF) therapy has been successfully used as first-
line biologic treatment for moderate-to-severe inflammatory bowel disease (IBD), in
both “step-up” and “top-down” approaches, and has become a cornerstone of IBD
management. However, in a proportion of patients the effectiveness of anti-TNF therapy
is sub-optimal. Either patients do not achieve adequate initial response (primary non-
response) or they lose response after initial success (loss of response). Therapeutic
drug monitoring determines drug serum concentrations and the presence of anti-
drug antibodies (ADAbs) and can help guide treatment optimization to improve patient
outcomes. For patients with low drug concentrations who are ADAb-negative or
display low levels of ADAbs, dose escalation is recommended. Should response remain
unchanged following dose optimization the question whether to switch within class (anti-
TNF) or out of class (different mechanism of action) arises. If ADAb levels are high and
the patient has previously benefited from anti-TNF therapy, then switching within class
is a viable option as ADAbs are molecule specific. Addition of an immunomodulator may
lead to a decrease in ADAbs and a regaining of response in a proportion of patients. If a
patient does not achieve a robust therapeutic response with an initial anti-TNF despite
adequate drug levels, then switching out of class is appropriate. In conjunction with the
guidance above, other factors including patient preference, age, comorbidities, disease
phenotype, extra-intestinal manifestations, and treatment costs need to be factored
into the treatment decision. In this review we discuss current evidence in this field and
provide guidance on therapeutic decision-making in clinical situations.

Keywords: anti-TNF, loss of response, primary non-response, switch out of class, switch within class, therapeutic
drug monitoring
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INTRODUCTION

Inflammatory bowel disease (IBD), broadly comprising Crohn’s
disease (CD) and ulcerative colitis (UC), is a lifelong, debilitating
condition necessitating a tailored and cost-effective approach to
its management. Overarching therapeutic goals are to eliminate
symptoms, avoid disease complications and optimize the patient’s
quality of life (QoL) (1-5). By reaching certain therapeutic
targets (the “treat-to-target” approach) it is believed that the
chances of achieving these therapeutic goals are markedly
improved. Recently, these therapeutic targets have evolved
beyond symptomatic control to the normalization of objective
markers of inflammation and endoscopic healing with the aim
of modifying the disease course (5, 6).

There are two main strategies for the management of IBD.
The “step up” approach is used for patients with mild-to-
moderate disease without poor prognosis factors starting with
conventional therapies (e.g., 5-ASA, azathioprine, methotrexate)
before moving on to newer and more expensive biologic or
small molecule treatments, all of which have specific side
effects that need to be taken into account when choosing a
therapy (7). An accelerated version of the step-up approach
involves moving quickly upwards through traditional therapies,
driven by predefined time-points for therapeutic evaluation with
prespecified criteria for therapeutic targets. If these are not
reached one goes quickly to the next level of therapy with the
aim of avoiding prolonged periods of under-treatment, but still
following the step-up approach (8). The “top down” approach
has been proposed for patients with severe disease and a high
risk for disease-related complications. It uses the most potent
treatments available, including biologics and immunomodulators
in combination, earlier in the disease course with the aim
of inducing remission and maintaining corticosteroid-free
remission (7, 9-11). Over the past two decades, anti-tumor
necrosis factor (anti-TNF) therapy has been successfully used as
first-line biologic treatment to treat moderate-to-severe IBD in
both “step up” and “top down” approaches. In addition, the more
recent introduction of vedolizumab, ustekinumab, and tofacitinib
provide alternative first-line treatment options, although their
use may be limited by regulatory and reimbursement constraints
in some countries (1-4, 12-14). A summary of available
treatments for IBD is shown in Figure 1.

The use of anti-TNFs has been shown to improve clinical
symptoms, promote endoscopic healing, improve QoL and
reduce hospitalizations and surgeries in patients with IBD
(15, 16), benefits that can be increased by use early in the
disease course, at least in CD (10, 15, 17). While anti-TNFs
usually follow initial treatment in a step-up approach, in some
patients with moderate-to-severe IBD and prognostic factors
of unfavorable outcome (i.e., young age at diagnosis, perianal
disease, penetrating disease in CD, and extensive disease) early
anti-TNF and immunomodulator combination therapy may be
beneficial (18-23).

Unfortunately, failure of anti-TNF therapy can occur and
questions that naturally arise are whether regaining response
with the current drug or drug class is possible and/or what
the patient should be treated with next. This review explores

the management of treatment options for IBD patients with
a primary non-response (PNR) or loss of response (LOR) to
anti-TNF therapy.

PROBLEM OF NON-RESPONSE AND
LOSS OF RESPONSE TO ANTI-TUMOR
NECROSIS FACTORS

Primary Non-response

While there is no consensus definition of PNR it has been
suggested to mean the failure to achieve a clinical response
within 14 weeks of initiating treatment (1-4, 13). It has been
reported that PNR to anti-TNFs occurs in 10-40% of patients
with IBD (24-26). Primary non-response to anti-TNFs may be
caused by a number of pharmacokinetic (drug concentrations)
or pharmacodynamic (mechanistic) factors (6). Pharmacokinetic
PNR is due to increased drug clearance, which may be immune
mediated or non-immune mediated. It has also been shown that
a proportion of administered anti-TNF is lost from the intestines
of UC patients with active disease and that PNR is associated
with the highest levels of anti-TNF observed in the feces (27).
In contrast, pharmacodynamic PNR occurs when active disease
persists despite therapeutic biologic drug levels, which implies
that the binding of the drug to TNF is blocked or the presence
of a non-inflammatory complication such as stenosis, abscess
or a superimposed infection that has not been recognized; or
that the underlying disease pathophysiology is primarily driven
by inflammatory mediators other than TNF. Low albumin levels
have been consistently associated with low infliximab levels and
correlate with diminished clinical response, particularly in the
setting of severe IBD such as in acute UC (28, 29).

Loss of Response

Loss of response refers to those situations where patients respond
to initial treatment with anti-TNFs but then subsequently and
progressively lose this response. It has been reported that up to
50% of patients experience LOR over time and that the annual
rate is ~5-20% (30-33). The wide range of frequencies reported
for LOR between studies can be explained by the differing
definitions that have been used. These include those based on
a worsening of symptoms, the need for dose escalation, an
increased level of inflammation, stopping the drug, as well as
differences depending on which anti-TNF agent is being studied
(30). Loss of response to anti-TNFs may be related to low trough
serum drug concentrations and/or the potential presence of
anti-drug antibodies (ADAbs), which result in suboptimal drug
concentrations (34) or a reduction in TNF-binding capacity (35).
However, in some cases, other mechanisms such as the disease
transitioning to other cytokine pathways are thought to cause
LOR (12, 34).

Clinical Assessment

In patients with a suspicion of PNR or LOR to anti-TNF
therapy, guidelines suggest detailed assessment to determine
the possible cause as this will guide therapeutic management

Frontiers in Medicine | www.frontiersin.org

June 2022 | Volume 9 | Article 897936


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

Marsal et al.

Anti-TNF Non-response in IBD

Natalizumab*
Jan 2008

*UC only; *CD only

Anti-TNF Anti-IL12/23 B Janus kinase inhibitor

otherwise specified.

US approval Apr2ots Oct 2018
Certolizumab pegol* = e =
Apr2009 Sep2016 Jul 2020
Infliximab Adalimumab Usteki b
Aug 1998 (CD) Feb 2007 (CD) Golimumab*® Vedolizumab S:p 20';‘:5"(‘80) Tofacitinib® Ozanimod* Upadacitinib®
Sep 2005 (UC) Sep 2012(UC) May 2013 May 2014 02019 (UC) | (LIRS May 2021 Mar 2022
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2021 2022
Infliximab Adalimumab Golimumab* Vedolizumab Ustekinumab Tofacitinib® Ozanimod* Filgotinib®
Aug 1999 (CD) Jun 2007 (CD), Sep 2013 May 2014 Nov 2016 (CD) U Ik Oct 2021 Nov 2021
Mar 2006 (UC) Apr 2012 (UC) Sep 2019 (UC)
Inflectra/Remsima Flixabi Zessly Yuflyma
(infliximab*) ) ) )
Jun 2013 Apr 2016 Mar 2018 Dec 2020
EU approval
Amgevita Idacio
(adalimumab*) (adalimumab*)
Apr 2017 Apr 2019
Imraldi Hy
(adalimumab®)  (adalimumab*)
*biosimilar molecule (adalimumab biosimilars available in the US in 2023) Aug 2017 Jul2018

M Integrin receptor antagonist

FIGURE 1 | Approved treatments for inflammatory bowel disease (IBD). All treatments are approved for Crohn’s disease (CD) and ulcerative colitis (UC) unless

Infliximab-qbtx*
Dec2017

bda* dbm*

Apr 2017 Aug 2017

dyyb* da;

M Sphingosine-1-phosphate receptor modulator

options (1-4, 13). The first step is to determine whether the
increase in symptoms is caused by a true increase in IBD
activity or something else. Alternative causes for an increase
in symptoms that should be ruled out include gastrointestinal
infections, irritable bowel disease, bacterial overgrowth, and bile
acid malabsorption (the latter being typically seen in patients
with CD that have extensive ileal disease or have undergone
ileal resection). The second step is to assess the level of disease-
associated inflammatory activity present. A summary of various
tools that can be used to assess inflammation is shown in Table 1.

OPTIONS FOR THE THERAPEUTIC
MANAGEMENT OF NON-RESPONSE TO
ANTI-TUMOR NECROSIS FACTORS

Given the still limited number of available therapies for IBD
in 2021, early optimization of a patient’s current treatment and
maintenance of clinical response/remission is important to avoid
a rapid progression through therapeutic options. A key factor in
this is assessment of adherence to treatment as this remains a
critical factor in achieving and sustaining remission in IBD (36,
37). Patient-related factors that have been shown to be associated
with poorer adherence to treatment include male sex, shorter
IBD duration, and clinic non-attendances, Conversely, patients’
preferences have been shown to be important to consider to
optimize adherence (36, 38).

Therapeutic drug monitoring (TDM) to determine drug
trough serum concentrations and anti-drug antibodies (ADAbs)
can help guide treatment optimization, improve outcomes of
patients receiving anti-TNFs, and enhance cost efficiency (39-
42). Treatment decisions where TDM may offer guidance

include dose escalation, de-escalation or stopping, adding an
immunomodulator, or switching to an alternative anti-TNF agent
(switch within class) or a drug with a different mechanism
of action (switch out of class). Such decisions can be made
empirically but studies have shown that the use of TDM as a
support for decision making is more cost-effective and provides
better outcomes (43). An algorithm to guide the optimization of
IBD therapy using TDM is shown in Figure 2 (42).

TDM can be either reactive (occurs in response to treatment
failure to guide therapy) or proactive [occurs at prescheduled
time-points irrespective of disease activity to prevent LOR (39,
43)]. As this review discusses management options following
failure of first-line anti-TNE, TDM here refers primarily to the
reactive version.

Optimizing Current Therapy in Primary

Non-responders

TDM is recommended for patients suspected of experiencing
PNR to anti-TNFs (41, 44). However, the results of TDM need
to be reviewed alongside other factors to ensure that the patient
is having a true PNR and that drug levels are not low due to other
causes, including poor adherence. For primary non-responders
to anti-TNF therapy with low drug concentrations and who are
ADAD negative or low ADAb positive (as defined by the method
used), dose escalation is recommended in an attempt to optimize
symptom and inflammation management (Figure 2; 1-4, 12, 13).

Optimizing Current Therapy Following

Loss of Response
TDM is also recommended for patients suspected of having
LOR to anti-TNFs (41, 44), as treatment optimization can be
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TABLE 1 | Available tools for assessing the level of disease-associated inflammatory activity.

Tool

Additional notes

Blood inflammatory markers (153, 154)

Fecal biomarkers (1-4, 13, 155)

Endoscopy (156)
Histology (157)
Cross-sectional imaging (39, 158-162)

e Serum CRP and albumin can be used as parallel measures of disease severity/inflammation
e CRP can be used as a prognostic marker for the effectiveness of therapy
e ESR is a marker for inflammation but can be influenced by factors such as pregnancy, older age and anemia and is
not widely used currently
e Fecal calprotectin is a useful biomarker to assess the degree of mucosal inflammation
e Fecal calprotectin is correlated with endoscopic inflammatory scores
e Fecal calprotectin should be used in the management of patients with IBD
e “Gold standard” for assessing the response to treatment in patients with UC and CD
e Endoscopic biopsies or resection specimens
e MRI and computed tomography have a high sensitivity and specificity for assessing CD activity and can be used to
monitor response to treatment
e Bowel ultrasonography is increasingly being used in clinical practice
e Good correlation between bowel ultrasound findings and CD activity and location, as well as endoscopic
remission
e Accurate method for assessing transmural healing, correlating well with time-consuming and costly MRI
e Convincing support for the use of ultrasonography as a monitoring tool for UC

CD, Crohn'’s disease; CRR, C-reactive protein; MRI, magnetic resonance imaging; UC, ulcerative colitis. ESR, erythrocyte sedimentation rate.

Inadequate response® to anti-TNF or ad hoc control of trough drug concentration

ic drug i Low or undetectable drug concentration

#lmmunomodulator defined as azathioprine or methotrexate.

by drug
ADADb negative | ADADb low -
Remission Active disease Remission Active disease Remission Active disease Remission Active disease Remission Active disease
Continue or Switch out Continue Escalate to **Additional Dose escalate **Additional Dose escalate **Consider Switch within
de-escalate of class { i { to i i {{ to i stopping or class
drug levels*® window** + window** switch within
] add immuno- + class
modulator® add immuno-
If still modulator®
inadequate
response,
switch out
of class

FIGURE 2 | Suggested clinical therapeutic drug monitoring (TDM)-based algorithm for optimizing anti-tumor necrosis factor (anti-TNF) therapy. *If disease activity is
defined by symptoms confirm inflammatory activity and/or rule out potential non-inflammatory causes. Potential non-inflammatory causes of increased symptoms
include fibrotic stricture, gastrointestinal infection, irritable bowel syndrome, bacterial overgrowth, bile salt diarrhea, colorectal cancer, and andamyloidosis. **This
situation may be interpreted either as: (A) the patient being in remission despite not having any relevant anti-TNF activity (low/undetectable drug concentration) and
thus it may be stopped; or (B) the patient is in the first step toward a potential relapse according to the multi-step hypothesis suggesting that the first step toward a
relapse is a decline in drug concentration, the second step an increase in subclinical inflammation, and the final step a clinical relapse, and thus the drug
concentration should be brought back to the therapeutic window. Deciding on which of the two is most likely involves taking several aspects into account including
the patient’s disease history, comorbidities, and concomitant medications. "See Table 2 for suggested supratherapeutic and therapeutic drug concentrations.
+tBoth increase in dose (at standard doses) and increase in frequency are appropriate but maintaining the dose interval saves on nurse/infusion-related resources.

guided by TDM in a similar way as in the event of PNR
(Figure 2). Dose escalation may reduce or even reverse the
loss of therapeutic response to anti-TNF therapy (37, 45-47).
Billioud et al. (45) reported that while one fifth of patients
with CD experience a LOR after initiation of adalimumab
therapy, dose escalation resulted in response recovery in the
majority of patients. Similarly, adalimumab dose escalation
enabled recovery of response in nearly half of patients with UC
that had experienced LOR (47). In patients with CD with LOR to

a standard infliximab dose, shortening the dosing interval from 8
to 6 weeks was at least as effective as doubling the dose (46). On
balance, published data suggest that there is no increased risk of
infections or other complications with increased doses or serum
concentrations of anti-TNFs (47-53).

A number of studies based on small numbers of patients
suggest that the addition of an immunomodulator can reverse
ADAb formation and LOR, with some studies reporting that
response could be regained in over half of all patients treated
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with anti-TNFs (54-59). The effects of immunomodulation can
impact outcomes as early as 4 weeks after the addition of
the immunomodulator (56), but on occasion they can take 2-
3 months to achieve the full therapeutic effect. A course of
steroids used as a bridge until the immunomodulator becomes
effective may be an option for these patients.

Switching Within Class to Another

Anti-tumor Necrosis Factor

The use of TDM is helpful in the decision to switch within class
to another anti-TNF. If the patient has developed ADAbs, and
has previously benefited from an anti-TNEF, then using another
anti-TNF is a viable option as antibodies are specific for a given
therapeutic molecule (a biosimilar is considered as the same anti-
TNF in this specific context). This can be an effective alternative
treatment strategy for patients with PNR or LOR if they have
subtherapeutic drug concentrations and high levels of ADAbs.
Based on published data and the authors’ clinical experience,
Table 2 proposes levels of anti-TNFs that can be used to make
clinical decisions at various clinical situations. Of note, some
occurrences of PNR within 14 weeks from start of treatment
may actually be a rapid LOR. Supplementary Table 1 provides
a summary of selected relevant studies. Overall, available data
suggest that switching within class to another anti-TNF following
LOR is a viable strategy for a sub-group of patients and that
TDM may help identify these patients (60). In addition, some
small studies have reported clinical effectiveness following the
use of a third, and even fourth, anti-TNF in some patients with
CD following failure of two or more previous anti-TNFs (61-63).
However, with the arrival of agents with alternative mechanisms
of action, this option is not commonly used and may be reserved
for certain patients with extra-intestinal manifestations (EIMs).

Switching Out of Class to an Agent With

a Different Mechanism of Action

If a patient does not achieve an adequate therapeutic response
with an anti-TNF agent and has therapeutic or supratherapeutic
drug levels (Table 3), then selecting an agent from a
different treatment class is an appropriate approach. Treatments
with alternative mechanisms of action, such as vedolizumab,
ustekinumab, and tofacitinib (the latter has only been approved
for UC), may be considered (Supplementary Table 2; 1-4,
12, 13).

The degree of efficacy following switching appears to vary by
treatment type and previous therapy received. Singh et al. (64)
reported that patients with PNR to anti-TNF agents were less
likely to respond to second-line non-TNF biologics, as compared
with patients who discontinued therapy due to intolerance.
In addition, patients with PNR were less likely to respond to
second-line ustekinumab than patients with LOR, but there
was no difference between patients treated with vedolizumab.
These findings may be attributed to the pharmacokinetics and
pharmacodynamics of anti-TNFs in patients with PNR.

Some data suggest that biologic-naive patients respond better
to therapy than anti-TNF experienced patients. For example,
post-hoc analyses of efficacy data from the GEMINI 2 and

GEMINI 3 studies reported rates of response and remission to be
numerically higher in patients with CD receiving vedolizumab as
a first biologic than in patients who had previously experienced
an inadequate response with anti-TNFs (65); clinical efficacy of
vedolizumab appeared similar between the different types and
number of anti-TNFs previously used. A meta-analysis based
upon the CERTIFI and UNITI-1 clinical trials demonstrated that
use of ustekinumab resulted in significantly higher responses
than placebo in patients with LOR to anti-TNFs, those who
had previously received > 2 anti-TNFs, and in intolerant
patients, but not in the case of PNR (66). Similar data
have been published for patients with UC. A retrospective,
observational cohort study of 722 patients with UC showed
that vedolizumab-treated patients were more likely to achieve
deep clinical remission than those treated with anti-TNFs and
that this response was blunted by prior exposure to anti-TNFs
(67). For ustekinumab, while an extensive literature review of
clinical trials and real-world evidence noted that the efficacy of
ustekinumab appears to be blunted by increased use of anti-
TNF agents (68), an analysis of data from 95 UC patients
from the ENEIDA registry found that number of previous
biologic treatments did not affect the response to ustekinumab
(69). Finally, exposure to anti-TNFs does not seem to affect
the response to tofacitinib (70). Recently, ozanimod has been
approved for the treatment of UC. Data from the phase III trial
indicated that while treatment effect sizes for ozanimod were not
different between anti-TNF naive and experienced patients, rates
of clinical response and clinical remission tended to favor the
anti-TNF naive group, mirroring what has been observed with
vedolizumab and ustekinumab (71-73). Thus, while switching
out of class can be an effective strategy for some patients, the
reason for switching and the patients treatment history needs
to be considered.

Prior immunogenicity to anti-TNFs does not appear to
confer an increased risk of immunogenicity to ustekinumab or
vedolizumab (74). The efficacy profiles of non-anti-TNF biologics
may also influence treatment choice given that some may
additionally treat EIMs of IBD. For example, while ustekinumab
may be selected to treat UC or CD, it has also demonstrated
efficacy in the treatment of paradoxical psoriasiform skin drug
reactions and cutaneous manifestations of IBD (75).

It should also be borne in mind that PNR to anti-TNFs may
be representative of a very sick patient who is thus less likely to
respond to any biologic that is prescribed.

IMPORTANT CONSIDERATIONS FOR
THE PHYSICIAN IN CASE OF
NON-RESPONSE TO ANTI-TUMOR
NECROSIS FACTORS

Understanding different features that contribute to the efficacy
of a certain drug may help to predict the therapeutic
response in patients with IBD, thus providing the potential for
personalized medicine (76, 77). Factors that are important to
consider in this context are patient characteristics, comorbidities,
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TABLE 2 | Proposed target levels of anti-tumor necrosis factors (anti-TNFs) for clinical decision making based on published data and expert opinion.

Clinical time point Infliximab Adalimumab Golimumab

After induction (week 14) 4-15 pg/mL (163) N/D N/D

During remission (therapeutic) 4-8 ng/mL (164-167) 5-10 png/mL (163, 165-167) 1.4-4 wg/mL* (168-171)
To treat flare or before discontinuing due to loss of response (supratherapeutic) >10 pg/mL (163) >12 ng/mL (163) N/D

For fistula healing >12 ng/mL (172) >14 pg/mL N/A

N/A, not applicable; N/D, no consistent data; TDM, therapeutic dose monitoring; *Assay dependent.

TABLE 3 | Potential factors affecting biologic drug levels/drug clearance (27,
173, 174).

Anti-drug antibody/drug complex formation

Concomitant treatment with immunomodulators
Leakage/loss to gut lumen
Inflammatory burden and drug consumption
CRP levels
TNF-a levels
FcRn (Brambell receptor) rescue system
Albumin levels
Body weight
Male gender

CRR, C-reactive protein; FcRn, neonatal Fc receptor; TNF, tumor necrosis factor.

disease phenotype, EIMs, the patient’s preferences, results from
biomarker analyses, and treatment costs.

Patient Characteristics

Patient-related factors, such as smoking and obesity, may
increase the risk of LOR to anti-TNFs, suggesting the need for
dose-escalation and alternative therapeutic approaches, such as
possible lifestyle changes (34, 78, 79). Kennedy et al. (34) reported
the need for dose intensification during induction for at-risk
individuals (e.g., patients with obesity and regular smokers) and
iterative dose adjustment to achieve target drug concentrations
greater than those currently recommended had the potential to
improve the durability and effectiveness of anti-TNF therapy
in these patients.

The clinical effectiveness of anti-TNF therapy does not seem
to differ between older and younger patients [>60 vs. <60 years
(80, 81)]. However, it has been reported that elderly patients
had a higher risk of treatment failure with an initial anti-TNF
agent compared with younger individuals (81, 82). Furthermore,
the risk of serious adverse events and/or serious infections were
significantly higher in those >60 years, which could be linked to
potential comorbidities present (80).

For patients who are, or aim to become, pregnant, available
guidelines suggest that all anti-TNFs are safe but could be
discontinued at the start of the third trimester in patients with
inactive disease (12). For patients with active disease or a high
risk of relapse it is recommended to continue this treatment
throughout pregnancy. Of note, the potential long-term effects
of anti-TNFs on the unborn child throughout pregnancy are
still unknown. However, as more data are being collected
that are reassuring regarding long-term safety, experts in the

field advocate an increasingly lower threshold for maintaining
remission-protective treatment throughout pregnancy (83, 84).
Although vedolizumab and ustekinumab are recommended
to be used with caution, data to suggest that these agents
are equally safe as anti-TNF agents are accumulating (85,
86). A recent analysis of 1,490 pregnancies among women
with IBD across multiple centers in the US showed that
biologic, thiopurine or combination therapy during pregnancy
was not associated with increased maternal or fetal outcomes
during the first year of life (85). Tofacitinib and ozanimod
are thus far contraindicated in pregnancy; patients planning a
pregnancy should not start either agent if alternative options
are available. However, the data on tofacitinib are continually
evolving and as such the decision to continue tofacitinib during
pregnancy should be made in discussion with maternal-fetal
medicine experts and following full explanation of uncertainty
with the patient.

Comorbidities

While the presence of comorbidities did not increase the
risk of malignancies with anti-TNF use, the presence of
cardiovascular disease was independently associated with the
occurrence of serious infections (80) and no differences in the
clinical effectiveness of anti-TNFs between patients with and
without comorbidity with IBD were reported. Thus, patients with
cardiovascular disease deemed to be at increased risk of infection
may require additional assessment including an overview of
the patient’s vaccination status prior to the use of anti-TNFs
(see below). In patients with heart disease, such as congestive
heart failure and rhythm disturbances, use of anti-TNFs may
lead to worsening of cardiac function and alternative agents
should be considered.

Patients with IBD may also develop serious infections due to
the disease itself or its treatment, including biologic therapies.
Increased susceptibility to infections with anti-TNFs, such as
tuberculosis, prompts that physicians should try to detect
and treat any latent infections and consider the overall risk
of opportunistic infections prior to anti-TNF therapy (87,
88); of note, screening does not completely eliminate risk of
infection. While the use of vaccinations is country dependent,
guidance on opportunistic infections has recently been published
by ECCO (89). All patient candidates for treatment with
immunomodulators and/or targeted therapies or who are already
receiving a targeted therapy should have their vaccine history
checked and be provided with influenza and pneumococcal
vaccines. While hepatitis B vaccination is usually performed
in newborns, immunization status should be assessed and
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vaccination provided, where seronegative. Patients should be
vaccinated for herpes zoster; while the old vaccine had to
be administered at least 3 months prior to the initiation of
anti-TNFs, the new inactivated vaccine, which is now readily
available in many countries, can be given at any time and
should therefore be recommended. Availability of the human
papillomavirus vaccine varies by country, but should be used,
where possible. The use of varicella vaccine should also be
considered in those patients without any history of varicella
(89). Vaccination for SARS-CoV-2 should also be recommended
and this can be administered at any time (90). A recent
report suggests that the vaccine response could be blunted by
the use of anti-TNFs (91). However, other data suggest that
IBD patients become seropositive after two doses of vaccine
despite being under treatment with biologics (92) and that
anti-TNFs could provide a protective effect against the disease
(93). Taken together, booster doses are most likely beneficial
for the patients with a blunted SARS-CoV-2 vaccine response,
such as those under potent immunomodulatory/targeted therapy
including IBD patients (94), and is recommended by local
health authorities.

There are conflicting data on the safety of anti-TNFs in
patients with active cancer or a history of cancer. In some patients
the use of anti-TNFs may be an option in discussion with an
experienced oncologist (95-97).

Disease Phenotype

Some treatments may not be suitable for every CD or UC
phenotype suggesting the need to select the management
approach  (e.g., biologics, immunomodulators, steroids
and/or surgery) that best targets and addresses the structural
complications of the specific patient (15, 98, 99). Importantly,
multidisciplinary teams may be needed to support and
implement appropriate therapeutic decisions (100).

Available guidelines recommend the use of infliximab for the
induction and maintenance of remission in complex perianal
fistulae in patients with CD (4, 12). Of note, fistula healing may
be more likely in patients with higher infliximab trough levels,
suggesting the need for personalized dosing in this setting (4).
Adalimumab may also be used to manage complex perianal
fistulae (4, 12). There is insufficient evidence regarding the
effect of adding immunomodulators to anti-TNFs on fistula
healing. In addition, there is currently insufficient evidence
to recommend the use of vedolizumab for fistula healing
in patients with CD (4, 12, 101). A recent meta-analysis
including 198 patients from four studies demonstrated that
use of vedolizumab led to the healing of perianal fistulas
in approximately one third of patients (102). Finally, recent
evidence suggests that ustekinumab may be effective against
fistulas (103, 104).

For patients with acute severe UC, guidelines recommend
the use of infliximab (1, 2), although no guidance is available
regarding the routine use of intensive compared with standard
infliximab dosing (1). There are indications that an accelerated
dosing regimen could be beneficial (105, 106), however data are
scarce and weak in this area thus far.

Extra-Intestinal Manifestations

Up to 50% of patients with IBD experience EIMs (most
commonly affecting the joints, skin, hepatobiliary tract, and
eyes), which may parallel luminal disease activity or have an
independent course (15, 107-109). For EIMs that are typically
independent of intestinal disease activity choosing a more
systemic therapy such as an anti-TNEF, ustekinumab, or tofacitinib
is preferred (15), although ustekinumab has not been shown
to be effective in the management of axial arthropathies (110).
In general, anti-TNFs appear to provide good response rates
for cutaneous manifestations, arthritis, and ocular EIMs (100,
109). However, although data are sparse, ustekinumab may be
preferred for some (but not all) cutaneous conditions, such
as psoriasis or paradoxical psoriasiform drug reactions. Data
remain both limited and conflicting for the use of vedolizumab
for EIMs, with some suggesting an improvement in EIMs with
treatment (111-113), while others suggest an increase in both
the development and worsening of EIMs during treatment
(114, 115).

Patient Preference

Denesh et al. (116) recently reported that most patients with
IBD prefer oral treatments. However, those patients who
have already experienced biologic agents have a high level of
acceptance for both subcutaneous and intravenous forms of
medication (116). While oral formulations remain limited to
the JAK inhibitors in IBD with regards to targeted therapies,
subcutaneous and intravenous formulations of anti-TNFs, and
subsequent anti-IL12/23s and integrin receptor antagonists allow
additional patient choice which may support both patient
empowerment and compliance (117-119). Of note, while many
physicians think that patients prefer subcutaneous treatments
over intravenous administration, this is not true for all patients
(117). Some patients prefer IV administration with reasons given
varying from less frequent dosing, convenience, the chance for
interaction with hospital staff, and reassurance with medical
presence (120).

Biomarkers

Clinicians currently lack a valid tool that can predict an individual
patient’s response to treatment and support both initial and
subsequent therapeutic choices (76). Several candidate genetic,
immunological, pharmacokinetic, and microbial biomarkers
have been tested but due to low sensitivity and specificity,
low practical feasibility and high costs associated with the
suggested procedures, they are difficult to use in clinical practice.
However, gene expression profiling, molecular imaging, and
the microbiome have potential as future predictive factors of
therapeutic efficacy (121).

Genetics may play a part in the therapeutic response given
genetic risk alleles appear to predict PNR and durable response
to anti-TNF therapy in patients with CD (122-124). A genome-
wide association study by Sazonovs et al. reported a significant
association between allelic variation in the HLA-DQA1 gene
(HLA-DQA1*05 allele) and the development of ADAbs against
anti-TNF agents. Thus, HLA-DQIA*05 may serve as a useful
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biomarker of immunogenicity risk and testing for this variant
might help physicians to decide whether they should receive
anti-TNFs in combination with immunomodulator therapy
(124). In addition, pharmacogenetic testing has the potential
to support improved patient stratification, optimize treatment
selection/dose, and to minimize harm caused by adverse drug
reactions (125). Arijs et al. (126) reported a 100% accurate
predictive gene signature for (non) response to infliximab in
patients with Crohn’s colitis, although no such a predictive gene
set could be identified for those with Crohn’s ileitis. Finally,
Lee et al. (123) showed that the presence of a gene expression
signature associated with CD8'T T cells was significantly
associated with an increased risk of LOR in patients with CD.

The relationship between the gut microbiota and drugs used
in the treatment of IBD may prove to be a source of future
biomarkers (127). Aden et al. (128) suggest that metabolic
network reconstruction and assessment of metabolic profiles of
fecal samples could be used to identify patients with IBD likely
to achieve clinical remission following anti-TNF therapy. Other
studies suggest that low levels of Faecalibacterium prausnitzii and
Bacteroides in the gut may predict relapse after discontinuation of
anti-TNF therapy (129), and differences in gut microbiome may
be able to differentiate between responders and non-responders
(130-132).

While biomarkers predictive of efficacy constitute a promising
area of research, their use is currently not recommended in
clinical practice.

Cost

Cost may also play a role in a physician’s choice of treatment in
IBD (4), motivating the use of dose optimization or switching
within class instead of switching out of class when no other
factors influence treatment choice (Figure 2). Biologic drugs
are associated with a high cost (133, 134) which may limit
access and result in non-optimized initiation and duration of
therapy (135). Due to the chronic nature of IBD and associated
high clinical, economic and societal burden, an efficacious, yet
cost-effective, approach to its long-term management needs
to be considered (136-139). Clinical trials, analytical models
and systematic reviews have consistently found TDM-guided
strategies for the treatment of IBD to be cost-saving or cost-
effective compared with standard treatment without TDM (140-
144). The introduction of less costly biosimilar anti-TNF drugs
has also been associated with significant cost reductions and has
expanded access to biologics in countries, including low-income
countries (145-147). The safety and effectiveness of biosimilars
within IBD have been established in an increasing body of
evidence since the introduction of the first infliximab biosimilar
in 2013 (12, 148, 149). As such, anti-TNF biosimilars are strongly
recommended as first-line therapy by regulatory authorities.
The increasing availability of subcutaneous forms of biologics,
such as infliximab (CT-P13), adalimumab, ustekinumab and
vedolizumab, are also expected to affect cost considerations
(150-152), and the relationship between cost and subcutaneous
administration should be clarified.

CONCLUSION

Several factors need to be considered when deciding upon the
best treatment following PNR or LOR to anti-TNF therapy.
Here we have presented evidence and experience-based decision-
making factors that may help clinicians when deciding to switch
within class or to switch out of class to a treatment with a different
mechanism of action. Prior to switching treatment, it is critical to
understand the reason as to why a patient is not responding, since
this can affect management decisions and treatment choices.
Switching within class should be considered in those patients
with LOR due to high levels of ADAbs and/or where dose
escalation has failed. The addition of an immunomodulator may
also be considered, if ADAb-levels are low. Switching out of class
appears to be an appropriate strategy in true PNR and those
patients with a LOR with adequate serum trough drug levels.
However, there is no consensus on the standardization of cut-
off values for anti-TNF serum concentrations and some patients
who are within a “therapeutic window” may still benefit from
increased dosing. Treatment decisions also need to incorporate
factors that may favor switching within, or out of, class including
patient characteristics, disease phenotypes, comorbidities, EIMs,
patient preference, and cost. Hopefully the guidance contained
within this review will assist physicians in making informed
treatment choices resulting in optimal long-term outcomes
for their patients.
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Memory T Cell Subpopulations as
Early Predictors of Remission to
Vedolizumab in Ulcerative Colitis

Maria Gonzalez-Vivo'2*, Minna K. Lund Tiirikainen3, Montserrat Andreu’2,

Agnes Fernandez-Clotet?, Alicia Lopez-Garcia'?, Francisca Murciano Gonzalo’,
Lourdes Abril Rodriguez?, Carmen de Jesus-Gil®, Ester Ruiz-Romeu?,

Lidia Sans-de San Nicolas?, Lluis F. Santamaria-Babi?* and Lucia Marquez-Mosquera2t

' Department of Gastroenterology, Hospital del Mar, Barcelona, Spain, 2 IMIM (Hospital del Mar Medical Research Institute),
Barcelona, Spain, ° Grup d’lmmunologia Translacional, Departament de Biologia Cel-lular, Fisiologia i Immunologia, Facultat
de Biologia, Universitat de Barcelona (UB), Parc Cientific de Barcelona (PCB), Barcelona, Spain, * Department

of Gastroenterology, Hospital Clinic de Barcelona, Barcelona, Spain

Background: Vedolizumab is a humanized monoclonal antibody targeting the a4f7
integrin used for the treatment of ulcerative colitis. Few biomarkers related to
vedolizumab response have been identified. The aim of this work was to assess whether
baseline circulating CD4* and CD8+ memory T-lymphocyte subpopulations could help
to identify patients with response to vedolizumab treatment in ulcerative colitis.

Methods: Prospective pilot study in 15 patients with active ulcerative colitis and
previous failure to anti-TNFa starting vedolizumab treatment. Peripheral blood samples
were obtained before the first dose of vedolizumab and at week 6 and 14 of treatment.
Clinical remission was defined as a Mayo Clinic partial score of <2 points without any
concomitant dose of steroids. Biochemical remission or endoscopic improvement was
defined as fecal calprotectin <250 mcg/g or Mayo endoscopic subscore <1.

Results: At week 14, nine patients achieved clinical remission and eight patients
achieved biochemical remission or endoscopic improvement. Patients in clinical
remission presented higher baseline CD8 a4f7+t memory T cells concentration when
compared with patients with no remission. In addition, patients with biochemical
remission or endoscopic improvement at week 14 presented higher baseline
concentration of CD8 a4B7+t memory T cells. No differences were identified according
to flare severity, extent of disease or type of anti-TNFa failure. There were no significant
differences regarding changes in T cell subsets during vedolizumab induction.

Conclusion: CD8™" a4p7+ memory T cells before starting vedolizumab therapy could
be an early predictor of remission in ulcerative colitis patients and therefore help to select
a subset of responders.

Keywords: inflammatory bowel disease, ulcerative colitis, biological therapy, integrins, T lymphocytes
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INTRODUCTION

Ulcerative colitis (UC) is a chronic, relapsing, inflammatory
disorder of the gastrointestinal tract affecting an increasing
number of individuals in industrialized countries (1, 2). It is a
subtype of inflammatory bowel disease (IBD), which also includes
Crohn’s disease (CD).

Treatment of UC includes salicylates, systemic corticosteroids,
immunomodulators, and monoclonal antibodies (3). Treatment
should be tailored to disease activity (mild, moderate, severe),
extent and phenotype (4-6).

Vedolizumab (VDZ) is a humanized monoclonal antibody
directed against gut-homing integrin o4f;. It prevents T
lymphocyte adhesion to the vascular endothelium [mucosal
addressing cell adhesion molecule 1 (MAdCAM-1) and
fibronectin], expressed in the intestinal tract (7). VDZ has
demonstrated a therapeutic effect in UC and CD (8, 9).

The administration of VDZ is followed by a significant
expansion of ayf; ™ memory helper T lymphocytes in peripheral
blood while their frequency in gastrointestinal tissues decreases
in primates (10). In humans, VDZ induces qualitative and
quantitative changes in a subset of memory T cells (11) as well
as several effects on innate immunity (changes in macrophage
populations, pronounced alterations in the expression of
molecules involved in microbial sensing, chemoattraction and
regulation of the innate effector response) (12). Hence, studying
the changes in circulating memory T cells in UC patients
treated with VDZ could lead to identify molecular predictors
of response to this treatment. Although recently some clinical
and biochemical predictive factors of VDZ response in IBD
have been described (13-16), data on molecular markers
are still scarce in UC (17, 18). In this scenario, identifying
biomarkers of response to VDZ in UC would be a useful tool
to select a subset of patients who would be likely to respond
to VDZ, rather than follow the current sequential treatment
failure approach.

Therefore, the aim of this study was to assess whether
baseline circulating CD4% and CD8" a4B7t memory T cell
subpopulations, several lymphocytic markers previously involved
in the physiopathology of IBD (19, 20), and their changes
during treatment could be predictors of response to VDZ in
patients with UC.

METHODS
Study Population

We conducted a prospective observational study including
UC patients recruited consecutively at the Hospital del Mar
IBD Unit from January 2017 to June 2018. All patients
were diagnosed of UC following ECCO criteria (21) and
they received VDZ treatment in a standard induction plan
(300 mg iv. 0-2-6 weeks). Patients who were in clinical
response at week 14 received VDZ 300 mg iv. every
8 weeks as maintenance therapy. The washout period for
previous anti-TNFa treatment was established per protocol
as 4 weeks for infliximab iv. and 2 weeks for adalimumab

s.c. During the induction period, oral systemic corticosteroids
and oral prolonged steroids (beclomethasone dipropionate)
were allowed meanwhile any other immunosuppressant therapy
were forbidden.

Before starting VDZ, disease activity was evaluated using the
Mayo clinical score, including endoscopic activity confirmed
by colonoscopy (Mayo endoscopic subscore 2 or 3). Bacterial
and parasitic infections were ruled out by stool culture
and cytomegalovirus was excluded in colonic biopsies by
immunohistochemistry.

Data Collection

Peripheral blood samples were collected from patients prior to
starting VDZ treatment and at week 6 and 14, immediately before
VDZ administration. Stool sample collection was performed 1-
3 days before starting VDZ treatment and before week 14. All
stool samples were analyzed to measure fecal calprotectin (FC)
by an automated immunoassay (Phadia EHA™ Calprotectin;
normal range from 0 to 50 mcg/g). In addition, the partial
Mayo score was prospectively calculated at weeks 6 and 14.
Demographic and clinical data including age, gender, disease
duration, disease extent, concomitant medications, endoscopic
activity, histology, albumin, and serological inflammatory marker
levels were collected from medical records.

The primary endpoint was to evaluate whether baseline
circulating CD4+/CD8% a4, memory T cells as well as several
surface markers (HLA-DR, CCR9), Th17 phenotype marker
IL23R and intracellular IL17A and IL9, predict clinical remission
to VDZ at week 14.

The secondary end-points were:

- To assess whether the subsets of memory T cells (a4f7,
HLA-DR, IL23R, CCR9Y, IL17A, IL9, B7, and B7-CCR9) at
baseline predict endoscopic and biochemical remission at
week 14, and sustained clinical remission at week 52.

- To assess whether changes in the same memory T cell
subsets during VDZ treatment are related to clinical and
biochemical remission or endoscopic improvement.

Definitions of Response

Clinical response was defined as a decrease in the partial Mayo
Clinic score of at least three points at week 14. Clinical remission
was defined as a Mayo Clinic partial score of <2 points without
any concomitant dose of steroids at week 14. Sustained clinical
remission was defined as a Mayo Clinical partial score of <2
points without concomitant corticosteroid therapy at week 52.
Biochemical remission was defined as FC < 250 mcg/g, as
considered in GETECCU Spanish guidelines (22, 23). Endoscopic
improvement was defined as a Mayo endoscopic subscore <1
(24, 25).

Circulating Memory T Cell Isolation

Peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll gradient (GE Healthcare, Princeton, NJ, United States)
and SepMate PBMC isolation tubes (STEMCELL Technologies,
Grenoble, France). Then, memory T cells were purified after
two sequential immunomagnetic separations consisting of the
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CD147/CD19" and CD45RA'/CD16™ cell depletions (Miltenyi
Biotec, Bergisch Gladbach, Germany). Purified circulating
memory T cells were cryopreserved in aliquots in liquid nitrogen
using established techniques.

Circulating Memory T Cell Populations
Staining and Flow Cytometry Analysis

One day prior staining, circulating memory T cells were thawed
and plated at 1M cells/ml in RPMI (Sigma-Aldrich, St. Louis, MO.
United States) with 10% fetal bovine serum (Gibco, Grand Island,
NY, United States) and 1% penicillin-streptomycin (Sigma-
Aldrich), after cell viability assessment. Next day, cells were plated
at 2M cells/ml in the presence of Brefeldin A solution (1 pl
Brefeldin per 500 pl of final volume) (BioLegend, San Diego, CA,
United States) and incubated at 37°C for 4 h.

The following antibodies were used for the multicolor flow
cytometry staining: CD4-PE Texas Red (Life Technologies,
Carlsbad, CA, United States), CD8-AF700 (BioLegend) oy
integrin (CD49d)-BV510 (BioLegend), 7 integrin-FITC
(Affymetrix, eBioscience Inc., Santa Clara, CA, United States),
HLA-DR-ACP/Cy7 (BioLegend), IL23R-PE (R&D Systems,
United  States), CCR9-PerCP-Cy5.5 (BioLegend), and
intracellular IL17A-BV421 (BioLegend) and IL9-APC (Miltenyi
Biotec). FOXP3 Fix/Perm Buffer Set (BioLegend) for the
intracellular staining was used. Samples were resuspended in
400 pl sheath cytometer buffer and 100 pl AccuCheck Counting
Beads (Invitrogen, Carlsbad, CA, United States) were added for
the absolute cell subset counts.

Circulating memory T cell subsets were acquired through the
Beckman Coulter Gallios Flow Cytometer at the core facility of
the Parc Cientific de Barcelona and FlowJo software was used
for analysis gating using respective isotype control antibodies and
adequate flow cytometer compensations.

Finally, we identified in peripheral blood the following
memory T cell subpopulations: asf7, HLA-DR, IL23R, CCRY,
IL17A, IL9, B, and B 7-CCR.

Statistical Analysis

The study was designed as a proof of concept and standard
sample size could not be calculated due to the absence of
published previous data.

Dichotomous variables were presented as percentages, and
p-value associations were determined with X2 or Fisher exact
tests. For continuous variables, data were presented as median
and interquartile range (IQR). Normally distributed data were
analyzed by unpaired sample t-test. Abnormally distributed data
were compared by non-parametrical tests (Mann-Whitney U
test). Wilcoxon signed-rank test was used to compare immune
subsets before and after VDZ therapy.

All t-tests were two-sided and p-values < 0.05 were considered
statistically significant. No adjustments for multiple comparisons
were performed, as this was a hypothesis-generating study
and many of the outcomes measured were biologically related.
Statistical analyses were performed using SPSS 25.0 software
(Statistical Package for the Social Sciences Inc., Chicago,
IL, United States).

Ethical Considerations

All study subjects provided written informed consent before
enrollment. Research procedures were approved by the Hospital
del Mar Clinical Research and Ethics Committee in 2016. This
study were conducted according to the principles expressed in the
1975 Declaration of Helsinki (6th revision, 2008) in the Council
of Europe Convention on Human Rights and Biomedicine.

RESULTS

Patients Characteristics

A total of fifteen UC patients starting VDZ treatment were
included prospectively, seven with severe disease (partial Mayo
score between 7 and 9 points).

All patients had received anti-TNFa previously: nine patients
were primary non-responders and six patients presented
loss of response.

Steroids were started at a standard dose simultaneously with
VDZ: prednisone 1 mg/kg/day in 12 patients and beclomethasone
dipropionate 5 mg/day in 1 patient. Two patients did not take any
concomitant treatment. Steroids were tapered and completely
discontinued between week 6 and 10.

After induction, 11 patients provided stool samples to measure
to measure FC and 12 patients underwent and 12 patients
underwent a colonoscopy.

At week 14, nine patients achieved clinical remission,
five patients were in biochemical remission, six patients
presented endoscopic improvement and eight patients achieved
biochemical remission or endoscopic improvement.

At week 52, ten patients were in sustained clinical remission:
nine received VDZ every 8 weeks and one patient received VDZ
every 8 weeks, oral mesalazine and tacrolimus.

Clinical and demographic characteristics of patients depend
on clinical remission are shown in Table 1.

Memory T Cell Subpopulations Before

Treatment (at Baseline)

The concentration of the different CD4" and CD8" memory T
cell subpopulations were studied in our cohort of UC patients
before treatment. Results of one patient at baseline were excluded
from the final statistic analysis due to technical problems with
blood samples that led to massive cell death.

Patients who achieved clinical remission at week 14, presented
significantly higher CD4" memory T cells and CD8" a4B;™
memory T cells concentration compared with those who were
not in clinical remission [median: 394.47 cells/ml versus 304.73
cells/ml, p = 0.02 (Figure 1A); 19.27 cells/ml versus 11.63
cells/ml, p = 0.02 (Figure 2A), respectively]. No significant
differences were found in CD4™ memory T cells subsets between
both groups. A representative flow cytometry plot is shown in
Figure 3.

Patients who were in sustained clinical remission at week 52
presented higher CD4" memory T cells and CD8 a4B7" memory
T cells concentration compared with non-remitters (median:
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TABLE 1 | Comparison of demographic and clinical characteristics between
patients achieving or not clinical remission at week 14.

Remitters Non-remitters  p-value

(n=9) (n=6)
Female sex, No. (%) 5 (55.6) 2 (33.3) 0.302
Age (years)- median (IQR) 45 (31.5-66) 41.5 (33.5-52.8) 0.750
Disease extent, No. (%) 0.411
E1 - Proctitis 1(11.1) 0
E2 — Left sided colitis 4 (44.4) 4 (66.7)
E3 - Pancolitis 4 (44.4) 2(33.3)
Severity, No. (%)
Severe (Mayo score 7-9) 4 (44.4) 3 (50) 0.696
Disease duration, No. (%) 0.441
<10 years 7(77.8) 1(16.7)
Between 10 and 20 years 1(11.1) 5(83.3)
>20 years 1(11.1) 0
TNF antagonist failure, No. 0.418
(%)
Primary non-responders 7(77.8) 2(33.3)
Loss of response 2(22.2) 4 (66.7)
Co-treatment at baseline, 0.0362
No. (%)
Oral prednisone 9 (100) 3 (50)
Oral beclomethasone 0 1(16.7)
None 0 2 (33.3)
Albumin (g/dl), median (IQR) 4.2 (3.9-4.6) 4 (3.5-4.6) 0.331
C Reactive Protein (mg/di), 0.51(0.1-1.54)  0.56 (0.13-2.02) 0.801
median (IQR)
Fecal Calprotectin (mcg/g), 619 (134-1767) 849 (311-3878) 0.308
median (IQR)

ap-value < 0.05.

394.47 cells/ml versus 327.66 cells/ml, p = 0.02; 14.43 cells/ml
versus 11.85 cells/ml, p = 0.02, respectively).

The CD8" a4B7t memory T cells concentration in patients
with biochemical remission was significantly higher (median:
24.75 cells/ml versus 11.87 cells/ml, p = 0.019) than in patients
who did not achieved biochemical remission (Figure 2B). The
CD8" CCR9' memory T cells concentration was significantly
lower in biochemical remitters than in non-remitters (median:
0.29 cells/ml versus 1.12 cells/ml, p = 0.019). There were no
statistically significant differences in CD4* memory T cell subsets
between both groups (Figure 1B).

Regarding endoscopic improvement, the CD8" ayf;™
memory T cells concentration was higher in patients with
endoscopic improvement than in patients who did not show
endoscopic improvement, but these differences did not reach
statistical significance (median: 14.43 cells/ml versus 11.63
cells/ml, p = 0.43). CD4% memory T cells concentration was
significantly higher in patients with endoscopic improvement
compared with those without endoscopic improvement (median:
394.47 cells/ml versus 316.38 cells/ml, p = 0.004) (Figure 1C).
Again, no statistically differences in CD4™ memory T cell subsets
were identified between both groups.

Finally, patients who were in biochemical remission or
presented endoscopic improvement had significantly higher

CD4%" and CD8* a4B7" memory T cells concentration compared
with those without biochemical remission or endoscopic
improvement [median: 394.47 cells/ml versus 304.73 cells/ml,
p =0.02 (Figure 1D); 14.43 cells/ml versus 11.63 cells/ml, p = 0.02
(Figure 2C), respectively].

In all CD4™ and CD8™ T cell subsets analyzed, no significant
differences were identified according to flare severity, extent of
disease or type of previous anti-TNFa failure.

Comparison between median of CD4" and CD8' T cell
subsets depend on each type of remission is shown by bar graph
in Supplementary Figure 1.

Memory T Cell Subpopulations at Weeks
6 and 14

Regarding clinical and biochemical remission, there were no
statistically significant differences in all CD4% and CD8" T
cell subsets at week 6. Likewise, no significant differences were
identified in the same T cell subpopulations at week 6 between
patients who presented endoscopic improvement and those
without endoscopic improvement (Supplementary Figure 2).

In relation to T cell subpopulations at week 14, results of
two patients were excluded from the final statistic analysis
due to technical problems with blood samples that led to
massive cell death. CD8 B;t memory T cell concentration
was significantly higher in the group of patients that achieved
clinical remission and biochemical remission or endoscopic
improvement, compared with those who did not present any type
of remission (median: 21.10 cells/ml versus 7.07 cells/ml, p = 0.03)
(Supplementary Figure 3).

Memory T Cell Subpopulations During

Vedolizumab Treatment Induction Phase
During VDZ induction, since baseline until weeks 6 and 14,
no statistically significant changes were observed in CD4" and
CD8" memory T cell subsets concentration between patients
presenting clinical remission and endoscopic improvement and
patients who did not achieved remission.

DISCUSSION

In this prospective study, we investigated if several memory
T cell subpopulations in peripheral blood could predict VDZ
response in UC. A higher concentration of baseline CD8"
a4f;T memory T cells was positively associated with clinical
remission, biochemical remission or endoscopic improvement
in UC patients after VDZ induction. This association was not
related to flare severity, extent of the disease or type of anti-TNFa
failure. In addition, a higher total CD4™ T cells concentration was
also associated with clinical remission, biochemical remission
or endoscopic improvement, although no statistically significant
differences in CD4% T cell subsets were identified between
remitters and non-remitters.

Different studies have explored the role of lymphocyte
subpopulations in the response to VDZ. According to our results,
Boden et al. demonstrated -in 26 IBD patients- an increased
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a4P7 T expression in IBD responders to VDZ in multiple subsets
of T, B, and NK cells, with terminal effector memory T cells
(CD4 and CD8) and NK cells best discriminating between
responders and non-responders (17). Apart of pretreatment
a4P; T expression, they found that a4f7 receptor saturation
during maintenance therapy could be a candidate biomarker for
vedolizumab response.

Otherwise, Fuchs et al. (26) analyzed retrospectively integrins
and chemokine receptors on T cells before and during VDZ

treatment in 17 UC and 19 CD patients. They found that
increasing 4By levels in CD4t T cells during induction
period in UC were associated with favorable clinical response.
Although patients with clinical response at week 16 had
lower pretreatment frequencies of a4f7-expressing CD4T T
cells, these results included CD and UC patients, and, as no
specific alterations of a4f7 integrin expression were founded
in CD in this study, UC and CD patients should be
analyzed separately.
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FIGURE 3 | Representative flow cytometric analysis of baseline memory T cell subsets. Differential expression of (A) total CD4 versus CD8 memory T cells and (B)
CD8 a4p7+ memory T cell subset. Values are shown as percentages.

Furthermore, a Belgian group published recently results from
a prospective study in 71 IBD patients focused on baseline T cell
subsets (27). Unlike our results, they observed in the UC cohort
differences in the baseline proportion of CD4% asB;™ T cells
between responders and non-responders, but not in the baseline
proportion of CD8' a4f;t T cells. Despite the differences
between T cells subsets, results could not be compared directly
given both studies had different endpoints -clinical remission in
our study and clinical response in the Belgian group-.

Besides, some studies focused on B cells or soluble proteins
also supported the role of ayfy as a predictor of response to
VDZ. Uzzan et al. presented at the AGA Congress in 2018 a
prospective study in 38 IBD patients (31 with UC) where a higher
expression of pre-VDZ treatment a4f;+ on B cells predicted
clinical remission at week 14 (28). Furthermore, a prospective
study in 32 UC patients showed that patients who achieved
clinical remission, soluble a4B;" increased, whereas soluble
MAdCAM-1, VCAM-1, ICAM-1, and TNF levels decreased
rapidly (29).

Even though several groups have explored blood biomarkers,
mucosal biomarkers had been broadly explored as predictors of
response to VDZ treatment. Veny et al. analyzed the effect of
VDZ treatment in the proportion of lymphocyte subsets and

integrin expression both in colon biopsies and in blood samples
(30). They included patients starting VDZ (n = 33), anti-TNFa
(n=45) and controls (n = 22). VDZ therapy specifically decreased
a4Ps;t CD4" and CD8™ T cells in the colon, while preserving
the proportion of a4f; T plasma cells. However, this study was
designed to understand the mechanism of action of VDZ and
was not addressed to establish the association between baseline
lymphocyte subpopulations and response to treatment.

Although mucosal biomarkers seemed very promising, we
decided to investigate T cell subsets in peripheral blood as
obtaining blood samples is minimally invasive for the patients
and it can be easily applied in clinical routine. In addition,
circulating CD8' memory T cells are starting to attract attention
in UC since they are activated in periphery (31) and present a
clonal expansion in colon mucosa (32-34), which supports the
relevance of our results for colon homing CD8* T cells.

Some study limitations should be taken into account when
interpreting our results: small sample size, as it was designed
as an exploratory study, single-center cohort and differences in
steroids treatment between groups. Therefore, additional studies
will be needed to further validate our results in an independent
and larger cohort and in order to elucidate if these results are
associated exclusively with VDZ therapy.
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Although it has also some strengths. It is a prospective
study including a homogeneous and well-characterized cohort
of UC patients with previous failure to anti-TNFa. The
main goal, clinical remission at week 14, combined with an
objective measurement of response (endoscopic improvement
or calprotectin levels), was selected as a “real-life” endpoint.
Likewise, T cell subpopulations were evaluated in peripheral
blood as blood samples are routinely obtained in daily practice,
which makes it easily reproducible.

In conclusion, in UC patients treated with VDZ, we have
shown an association between high baseline CD8" ayf; ™, CD4™
T cells and clinical remission at week 14. Moreover, both are
related to biochemical remission or endoscopic improvement.
As a more specific subpopulation, assessing CD8% ayf;™ T cell
subset in peripheral blood might be a predictor of response
that would help to support therapeutic decisions in routine
clinical practice.
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Inflammatory bowel disease (IBD) treatment targets have progressed over
time from clinical response to clinical and endoscopic remission. Several
data have shown a positive correlation between serum biologic drug
concentrations and favorable therapeutic outcomes. Therapeutic drug
monitoring (TDM) has evolved as an important approach for optimizing the
use of immunobiologics, especially antitumor necrosis factor therapy, in
patients with IBD. The use of TDM is supported by medical societies and IBD
experts in different contexts; however, challenges remain due to knowledge
gaps that limit the widespread use of it. The aim of this review is to assess the
role of TDM in IBD, focusing on the implementation of this strategy in different
scenarios and demonstrating the multi-utility aspects of this approach in
clinical practice.

Crohn’s disease, ulcerative colitis, biologics, drug concentrations, therapeutic drug
monitoring

Introduction

Treatment goals for patients with inflammatory bowel disease (IBD) have evolved
over time from clinical response to deep remission (clinical and endoscopic remission),
aiming for a change in the disease course (1). Therapeutic drug monitoring (TDM),
which involves measuring serum drug concentrations and anti-drug antibody (ADA)
concentrations, has been recognized as a useful tool for biological therapy optimization
along with early and scheduled disease assessment to ensure maintenance of remission
in IBD (2).

Several studies have demonstrated an association between serum biologic drug
concentrations and favorable therapeutic outcomes, while subtherapeutic drug
concentrations and immunogenicity can explain a substantial proportion of treatment
failure (2). A recent large prospective observational multicenter study from the
United Kingdom, PANTS, which enrolled 1,610 biologic-naive patients with Crohn’s
disease (CD) treated with infliximab or adalimumab, demonstrated that treatment
failure to infliximab and adalimumab is common and is predicted by low drug
concentrations, mediated in part by immunogenicity (3). In multivariate analysis, drug
concentration at week 14 was the major independent risk factor associated with time to
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immunogenicity for both drugs. In addition, clinical covariates,
such as inflammatory burden, albumin levels, and patient-
related factors, have been recognized as factors that can
all

may reasonably

influence
(4).
justify the adoption of TDM routinely in clinical practice,

pharmacokinetic  variability for biologics

Even though these circumstances

there are still many barriers to the widespread use of
TDM (5).

The use of TDM is supported by medical societies and
IBD experts in different situations (1, 2, 6-13). In 2017, the
American Gastroenterology Association (AGA) recommended
the use of reactive TDM to help treatment decisions in
patients with IBD with active disease who are being treated
with anti-tumor necrosis factor (anti-TNF). They make no
suggestions about the use of routine proactive TDM (14).
The American College of Gastroenterology (ACG) published
a recent literature review and expert consensus that has
advised the use of TDM in a reactive context for all biologics
and proactive TDM for anti-TNF as well as following a
drug holiday or previously to treatment de-escalation (12).
Table 1 summarizes recommendations regarding TDM of both
guidelines. There are still many knowledge gaps in the literature,
such as the most appropriate measurement timepoints, proper
interpretation of the results, and the identification of the optimal
thresholds to target.

In this review, we aim to explore the role of TDM in
IBD, focusing on the applicability of this strategy in different
scenarios, and illustrating the multi-utility aspects of this
approach in clinical practice (Figure 1).

Proactive therapeutic drug
monitoring

Proactive TDM is defined as the measurement of drug
trough concentrations (measuring drug level just before
the subsequent infusion) and ADA levels to optimize drug
concentration at specific time points (i.e., induction, at the
end of induction, or maintenance) (7, 8). It is performed to
optimize therapy in order to improve response rates and likely
prevent future flares and loss of response (LOR) (6). Moreover,
some recent data suggest that proactive TDM could also
improve the safety and cost-effectiveness of biologic therapy,
by preventing undetectable or low drug levels (9, 10, 15-
18).

Several
prospective studies and post hoc analyses of randomized
controlled trials (RCTs) have demonstrated that higher
induction, postinduction, and maintenance anti-TNF drug

exposure-outcome  relationship data from

levels are associated with more favorable outcomes, indicating
that anti-TNF therapy may benefit from proactive TDM to
guide dose optimization (9, 13, 19). Here, we explore the clinical
scenarios where proactive TDM might be useful.
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Induction

The induction phase has emerged as an important period
to proactively adjust the biological serum concentrations. This
phase is characterized by a high inflammatory burden, increased
drug clearance, and consequently a greater risk of inadequate
drug exposure. Thus, early optimization of biological therapy
could potentially prevent primary non-response (PNR) and
immunogenicity, providing clinical and pharmacoeconomic
benefits (19).

Exposure—outcome relationship during
induction

The relationship between inadequate serum drug levels and
PNR has been explored in numerous studies. In a cohort of
25 patients with IBD initiating treatment with infliximab, Bar-
Yoseph et al. identified that lower infliximab trough levels and
higher antibody to infliximab titers were predictive of PNR
(20). Verstockt et al. also demonstrated that adalimumab trough
concentrations <8.3 pg/ml at week 4 were associated with a
higher risk of detection of ADA at week 12 (21).

Moreover, proactive TDM at induction has been associated
with better therapeutic outcomes at the end of the induction
and during the maintenance period compared with empiric dose
optimization, both in CD and ulcerative colitis (UC) (22-27).
Papamichael et al. retrospectively evaluated 101 patients with
UC and found that infliximab trough levels >15 j1g/ml at week 6
and >2.1 pg/ml at week 14 were independent factors associated
with short-term mucosal healing (22). Similarly, a post hoc
analysis of 484 patients with UC from the active ulcerative
colitis trials (ACT 1/2) demonstrated that infliximab trough
levels >18.6 pLg/ml at week 2 and >10.6 pg/ml at week 6 were
associated with endoscopic remission at week 8 (23).

A post hoc analysis from the CLASSIC I/II trials also
identified a positive relationship between adalimumab trough
concentrations and clinical remission at week 4 in patients with
moderate to severely active CD (24). Additionally, Davidov et al.
identified that the infliximab trough level of >9.2 pg/ml at
week 2 was associated with a fistula response at week 14 (25).
Conversely, a recent RCT, NOR-DRUM study, evaluating 411
patients with chronic immune-mediated inflammatory diseases
initiating infliximab therapy failed to demonstrate improvement
in clinical remission rates at week 30 in the group undergoing
TDM during induction compared with those on clinically based
dosing. The trial did not have statistical power to test hypotheses
within the IBD subgroup (28).

Furthermore, pharmacokinetics data have demonstrated
that there is
concentration vs. time profiles in biological fluids, and

great interindividual variability in drug
drug concentrations at induction can fluctuate more than
during maintenance treatment (26, 29). Different studies
have also demonstrated that the main covariates influencing
infliximab trough level are the presence of ADA, evidence
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TABLE1 Summary of AGA and ACG guidelines.

AGA guideline (14)

10.3389/fmed.2022.864888

Suggested trough level (ju g/mL)

Reactive TDM for anti-TNF treatment in active IBD

No recommendation about proactive TDM for anti-TNF treatment in quiescent IBD

Infliximab > 5
Adalimumab > 7.5
Certolizumab > 20
Golimumab unknown

ACG guideline (12)

Suggested trough level (jv g/mL)

Reactive TDM for all biologics (primary non response and secondary loss of
response)

Proactive TDM for anti-TNF therapy (after induction, at least once in maintenance,
treatment de-escalation, drug holiday, anti-TNF monotherapy)

Infliximab:
At week 2: > 20-25
Week 6: > 15-20
Week 14: 7-10
Maintenance: 5-10
Adalimumab:
Week 4: 8-12
Maintenance: 8-12

AGA, american gastroenterology association; ACG, american college of gastroenterology.

Proactive TDM
Induction

Special
situations

Multi-utility of

TDM in IBD

After drug
holiday

Proactive TDM
Maintenance

Therapy de-
escalation

FIGURE 1
Aspects of multi-utility of therapeutic drug monitoring (TDM) in
inflammatory bowel disease (IBD).

of a high inflammatory burden [elevated C-reactive protein
(CRP), low albumin, and great extension of the disease],
concomitant corticosteroid use, and infliximab monotherapy
(26, 29).

It is important to point out that most of the data
supporting the strategy of TDM during induction come
from anti-TNF agents. Preliminary data related to other
biologic (vedolizumab and ustekinumab) has
been emerging; however, it is still not possible to make
regarding TDM with these

drugs

recommendations specific

agents (19).
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Thresholds to target during induction

Although many observational studies reinforce the benefits
of proactive TDM during induction, the threshold drug trough
levels, as well as the best moment to measure it, have not yet been
established. The target drug trough levels may vary according
to the disease phenotype and desired therapeutic outcomes.
A recent expert consensus statement on TDM of biologics in
IBD by Cheifetz et al. supports the clinical utility of TDM during
the induction phase for patients treated with anti-TNF agents,
aiming at infliximab trough levels of 20-25 pg/ml at week 2 and
15-20 pg/ml at week 6, and adalimumab trough levels of 8-
12 pg/ml at week 4 (12). Papamichael et al. proposed a simplified

algorithm for TDM during infliximab induction therapy in
IBD. They proposed that in the presence of an adequate
infliximab trough level at week 2 or 6, patients in clinical
response should continue on infliximab standard dose during
the maintenance phase, but patients that show no response
should switch the drug. In the group with therapeutic infliximab
trough level, there is no recommendation for measuring
antibody to infliximab since ADA is more clinically relevant
when there is no detectable drug level. In contrast, individuals
with undetectable or subtherapeutic infliximab trough levels
should be assessed according to ADA levels. In this group,
in the absence of antibody to infliximab or the presence of
low titers of it, therapy optimization should be considered
(either escalating the dose, decreasing the interval between
the infusions, or adding immunosuppressants), while, in the
presence of high-titer antibody to infliximab, switching therapy
should be considered (30).

Table 2 summarizes the most relevant studies regarding
TDM in the induction phase.

frontiersin.org


https://doi.org/10.3389/fmed.2022.864888
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Martins et al.

TABLE 2 Summary of main TDM studies in induction phase.

10.3389/fmed.2022.864888

Observational studies IBD type; N Drug Druglevel target (L g/mL)  Time point  Therapeutic outcome

Prospective

Ungar et al. (POETIC) CD; N =91 Adalimumab >6.7 Week 2 Clinical remission by week 14

Verstockt et al. (21) CD; N =116 Adalimumab <83 Week 4 Presence of antibodies to

adalimumab by week 12

Clarkston et al. CD;N =72 Infliximab >26.7 Week 2 Clinical response at week 14
>15.9 Week 6

Buhl et al. CD and UG; N = 166 Infliximab >22.9 Week 2 Clinical response at week 14
>11.8 Week 6

Retrospective

Dreesen et al. CD; N=122 Infliximab >23.1 Week 2 Endoscopic remission at week 12

>10 Week 6

Vande Casteele et al. (23) UGC; N =484 Infliximab >18.6 Week 2 Endoscopic remission at week 8
>10.6 Week 6

Adedokun et al. UC; N =728 Infliximab >22 Week 6 Clinical response at week 8

Maintenance

Many TDM studies are related to the maintenance
phase of immunobiological therapy. A retrospective study by
Perinbasekar et al. evaluating 127 patients with IBD treated
with infliximab or adalimumab observed that clinical response
rates at 60 days and 1 year were higher in the proactive
group in comparison to the control group. The proactive
group had higher rates of endoscopic response (31). Bernardo
et al. retrospectively included 117 patients with IBD and
found that the period to relapse was significantly longer in
the drug monitoring group and there was a trend toward
higher therapeutic failure in the clinical-based adjustment
group (32).

A multicenter and retrospective cohort study evaluated
264 patients with IBD on infliximab maintenance therapy
and found that the proactive group was associated with
better clinical outcomes, such as greater drug durability,
less need for IBD-related surgery or hospitalization, and a
lower risk of antibodies to infliximab or serious infusion
reactions. In this study, an infliximab level of 3.55 and
4.65 pg/ml were identified as the optimal cut-off values for
treatment failure and IBD-related hospitalization, respectively
(16). Moreover, Papamichael et al. evaluated 102 patients with
IBD on infliximab maintenance therapy and compared long-
term outcomes between patients who did proactive monitoring
after reactive TDM with reactive testing only. This study
demonstrated that the proactive group, in which more than
90% of patients had an infliximab trough concentration of
>5 pg/ml, had a greater rate of treatment persistence and fewer
IBD-related hospitalizations than the reactive testing group
alone (10).

Another multicenter and retrospective study of 382 patients
with IBD has shown that proactive TDM of adalimumab on
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maintenance therapy might be associated with a lower risk
of treatment failure in comparison to the standard of care
in patients with IBD. They found that an adalimumab serum
level threshold of 11.7 pg/ml differentiates between patients
with or without treatment failure (33). Also, Morita et al. have
demonstrated that the cut-off value of the trough level for
predicting mucosal healing was 2.7 pg/ml for infliximab and
10.3 pg/ml for adalimumab in patients with UC (34).

Recently, the aforementioned PANTS study reported that
week 14 drug trough levels of 7 mg/L for infliximab and 12 mg/L
for adalimumab were associated with clinical remission at both
weeks 14 and 54 (3).

Therefore, both retrospective and prospective observational
studies encourage the use of proactive TDM. Concerning RCT,
two studies have been inconclusive, while three more recent
ones indicate that proactive TDM could be associated with
favorable outcomes.

The landmark TAXIT trial (the Trough Level Adapted
Infliximab Treatment) did not achieve its primary endpoint,
given that 69 vs. 66% of patients in the concentration vs.
clinically based dosing groups achieved combined clinical
and biochemical remission 1 after

year optimization,

respectively (p = 0.686). Even so, important secondary
outcomes were observed in the proactive TDM group,
such as lower frequency of undetectable drug levels,
less antibody formation, and a lower chance of flares
(17). that de-

escalation did not affect disease activity and reduced

Moreover, it was demonstrated dose
drug costs by 28%.

A retrospective study from Pouillon et al. on the long-
term outcomes of all 226 patients who completed the TAXIT
maintenance phase reported that infliximab discontinuation
happened earlier in patients treated in the clinically based dosing

group than in patients treated in the proactive TDM group
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during a follow-up of 41 months. In addition, concentration-
based dosing was associated with longer treatment responses,
low surgical rates, and corticosteroid use (35).

Another prospective, double-blind, and randomized study
evaluating 122 patients with CD, the TAILORIX trial, showed
that there was no difference in corticosteroid-free clinical
remission between an increasing dose of infliximab based on a
combination of symptoms, biomarkers, and serum drug levels
and an increasing dose based on symptoms alone, starting
at week 14. There were important limitations concerning the
study design that could explain the unexpected results. For
instance, in the control group, 60% of dose escalations based
on symptoms had normal biomarkers, whereas 53% of possible
dose escalations based on symptoms in the interventional arm
were avoided as biomarkers were not elevated. Moreover, a
minority of patients were dose escalated based on trough
concentration (36).

The PAILOT trial was a prospective and randomized
controlled study conducted with 78 biologic-naive children with
CD who were randomly assigned into proactive vs. reactive
TDM groups following response to adalimumab induction.
The authors found that the proactive dose adjustment of
adalimumab was associated with a higher rate of corticosteroid-
free clinical remission at all visits from weeks 8 to 72 when
compared with the reactive group (37).

Strik et al. conducted the PRECISION trial, enrolling 80
patients with IBD in clinical remission treated with infliximab
in the maintenance phase. They were randomized into two
groups; one received infliximab dosing guided by a Bayesian
pharmacokinetic model, targeting the infliximab trough level
of >3 pg/ml, and the other received conventional treatment.
After 1 year, the study demonstrated that a higher proportion
of patients from the infliximab dosing model group were in
sustained clinical remission compared to the control group. In
addition, the TDM group had lower median FCP levels (38).

Recently, a Norwegian multicenter trial conducted
with 458 patients with immune-mediated inflammatory
diseases undergoing maintenance therapy with infliximab has
demonstrated that the proportion of patients with sustained
disease control over 52 weeks of follow-up was significantly
higher in the proactive TDM group compared with the standard
therapy group. The cost-effectiveness, as well as the superiority
of this strategy as compared with the reactive approach, remains
to be demonstrated (39).

Concerning TDM in biologics other than the anti-TNF
mechanism, there are only a few studies evaluating the exposure-
response relationship, reinforcing that higher vedolizumab
and ustekinumab concentrations are associated with favorable
outcomes (40-43). There is an expert agreement that more data
are needed to support the use of proactive TDM for biologics
other than anti-TNF therapies (12). Tables 3, 4 summarize RCTs
and observational studies regarding TDM in the maintenance
phase, respectively.
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Guiding treatment de-escalation

Another important role for proactive TDM is to guide
treatment de-escalation of biological therapy. A prospective
study by Amiot et al. reported that in patients with IBD in
clinical remission, TDM-based adjustment is predictive of LOR
following infliximab dose reduction. The authors concluded
that therapy de-escalation of infliximab in patients in clinical
remission should be guided by TDM rather than according to
symptoms and CRP (44). Recently, a retrospective observational
single-center study of 96 patients with IBD in remission showed
that TDM-based adjustment (with infliximab trough levels of
more than 7 mg/L) was associated with a decreased risk of
relapse when compared to clinically based de-escalation (45).

A real-world cohort from Petitcollin et al. with 91 patients
with IBD in remission showed that TDM could be beneficial
for follow-up of patients after infliximab de-escalation (46).
Furthermore, a prospective observational study of 87 patients
with IBD suggested that a cut-off adalimumab level of
12.2 mg/ml could be appropriate in guiding dose reduction (47).
The recent expert consensus statement on TDM recommended
that dose de-escalation should be considered for infliximab or
adalimumab trough concentrations that are consistently higher
than 10-15 mg/ml (12).

Correspondingly, proactive TDM should be considered
after withdrawal of immunosuppressive therapy (48, 49).
A study by Drobne et al. that evaluated patients with CD
using infliximab in combination with immunosuppressants
observed that detectable infliximab trough level at the time
of immunomodulator removal is associated with long-term
response (49).

Reactive therapeutic drug
monitoring

Reactive TDM should be performed in the context of active
disease to elucidate the mechanism of primary or secondary
loss-of-response (SLR) to immunobiological therapy. Thus, this
approach helps to guide treatment decisions, such as dose
optimization, combination therapy with an immunomodulator,
or switch in or out of class (14, 50).

Whether reactive TDM compared to empiric care is
associated with better outcomes remains controversial.
However, there are intuitive benefits to using TDM to
elucidate the mechanism underlying anti-TNF LOR, such
as the avoidance of futile, and potentially hazardous,
dose intensification in patients with high titer antidrug
antibodies (50).

A retrospective observational cohort study by Kelly et al.
showed that the reactive TDM approach is associated with
higher post-adjustment clinical response and endoscopic
to clinical

remission compared decision-making alone
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TABLE 3 Summary of RCTs assessing the role of TDM in IBD.

10.3389/fmed.2022.864888

RCT IBD type; N Groups Drug Drug level Primary
target (n g/mL) endpoint
Steenholdt et al. (57) CDN =69 Reactive TDM vs. Infliximab >0.5 Cost-effectiveness
standard care and Crohn’s disease
activity index
response after
12 weeks
Vande Casteele et al. CDand UCN =263 Proactive TDM vs. Infliximab >3 Clinical and
(17) (TAXIT) clinically based biochemical
remission at 1 year
after the
optimization phase
D’Haens et al. (36) CDN =122 Dose optimization Infliximab >3 Sustained
(TAILORIX) based on clinical corticosteroid-free
symptoms and clinical remission
biomarkers and/or from weeks 22 to 54
proactive TDM vs. with mucosal healing
clinical symptoms at week 54
alone
Assa etal. (37) Pediatric CD N =78 Proactive vs. reactive Adalimumab >5 Sustained
(PAILOT) TDM corticosteroid-free
clinical remission
from weeks 8 to 72
Strik et al. (38) CDand UCN = 80 Proactive TDM Infliximab >3 Sustained clinical
(PRECISION) based on remission after
pharmacokinetic 1 year
dashboard vs.
standard dosing
Syversen et al. (39) Rheumatoid Part A - proactive Infliximab >20 at the second Part A - clinical
(NOR-DRUM) arthritis, TDM in induction infusion >15 at the remission at week 30
spondyloarthritis, phase vs. standard third infusion Part B - sustained
psoriatic arthritis, therapy Part B - Maintenance [FX disease control
UC, CD, and proactive TDM in 3-8 without disease

psoriasis N = 458 maintenance phase

vs. standard therapy

worsening during
52 weeks

(51). Yanai et al. demonstrated that at the time of SLR,
infliximab and adalimumab trough concentrations of more
than 3.8 and 4.5 mg/ml, respectively, identified patients who
benefited more from a switch to another mechanism than to
dose escalation or switching to another antitumor necrosis
factor (52).

Similarly, an interesting prospective study by Roblin et al.
showed that, in patients with IBD presenting secondary LOR
to adalimumab, low drug trough levels without antibodies are
strongly predictive of clinical response in 67% of cases after
adalimumab optimization. In addition, adalimumab trough
concentrations of >4.9 jug/ml were associated with the failure
of two anti-TNF agents (adalimumab and infliximab) in 90%
of cases, and switching to another drug class should be
cogitated (53).

Given that there are still limited treatment options for IBD,
especially for certain phenotypes such as perianal fistulizing CD,
the optimization of the first biologic is usually recommended as
it typically results in a higher rate of efficacy when compared
to subsequent biologic therapies (54, 55). Thus, the most
recent expert consensus on TDM suggests that treatment
discontinuation should not be considered until a trough level
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of at least 10-15 pg/ml is achieved for both infliximab and
adalimumab therapies (12).

A recognizable unmet need when performing reactive
TDM is the proper interpretation of ADA, as titers are
often expressed in arbitrary units and cannot be directly
compared between different assays (2). As such, to
avoid the inappropriate withdrawal of a biologic due to
hypothetical high-titer ADA, it is crucial to differentiate
levels that can be overcome by treatment optimization (dose
escalation, dose interval shortening, and/or addition of an
immunomodulator) from high-titer ADA that can lead to
undetectable or low drug concentrations, infusion reactions,
and treatment failure (12). Although the specific cut-off
identifying high-titer ADA remains uncertain for each assay,
experts agree that low-titer antibodies to infliximab can
be defined as 10 U/ml for the homogeneous mobility shift
assay (12).

Besides guiding better therapeutic management, some
studies have suggested that TDM-based dosing is less costly
and more effective than empiric dose escalation in the setting
of secondary LOR (56). Moreover, an RCT by Steenholdt
et al. reported that reactive TDM was associated with
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TABLE 4 Summary of most relevant observational proactive TDM studies in maintenance phase.

Observational studies IBD type; N Drug Drug level Time point Therapeutic
target (n g/mL) outcome
Prospective
Kennedy et al. (3) (PANTS) CD; N = 1610 Infliximab >7.0 Week 14 Clinical remission at
week 14 and 54
Adalimumab >12
Retrospective
Perinbasekar et al. (31) CD and UC; Infliximab >3 At least once in Clinical response at
N =127 maintenance 60 days, clinical response
at 1 year, endoscopic
response and persistence
with anti-TNF at 1 year
Adalimumab >5
Bernardo et al. (32) CD and UG; Infliximab 3-71in CD; 5-10 in Every 6 months Clinical remission at
N =117 ucC week 48
Adalimumab 5-7 in CD; 7-9 in
uC
Papamichael et al. (30) CD and UG; Infliximab 5-10 Any frequency Treatment failure (IFX
N =264 during discontinuation due to
maintenance LOR or serious adverse
phase event or surgery)
Papamichael et al. (18) CD and UG; Infliximab 5-10 Median of 3 Treatment failure and
N =102 (range 1-7) IBD-related surgery and
proactive hospitalization
infliximab
monitoring
evaluations
Papamichael et al. (33) CD and UG; Adalimumab >10 At least once Treatment failure from
N =382 the start of adalimumab

until the end of
follow-up (3 years)

important cost savings at 12 and 20 weeks and 1 year (57,
58). Therefore, most gastroenterology societies and expert
groups recommend the use of reactive TDM for both
PNR and secondary LOR (6, 12, 14). Figure 2 summarizes
the approach to secondary LOR when TDM is available.
Table 5 summarizes the most relevant observational studies
regarding reactive TDM.

Therapeutic drug monitoring in
special situations

Following a drug holiday

In patients who have already experienced the LOR
to a biologic agent, reexposure to the same drug is
associated with a high risk of failure to treatment. In
this specific scenario, TDM has been recognized as a
promising strategy to optimize drug levels and avoid
pharmacokinetic failure due to inadequate drug exposure
(12, 59).

Assuming drug holiday as a delay (intentional or not) of
at least 3 doses of a biological agent, an expert panel study
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published by Melmed et al. considers appropriate checking
drug and ADA after the first reinduction dose (59). The ACG
consensus also endorses proactive TDM after a long drug
holiday as an approach to efficiently guide treatment decisions,
and it recommends that TDM should be performed in patients
restarting treatment with infliximab before the second dose. As
there is no sufficient evidence, the authors made no statement
regarding drug holidays with other biologic agents (12).

In a retrospective study by Baert et al. that evaluated
128 patients with IBD who restarted infliximab after a
median 15-month discontinuation, the absence of antibody
to infliximab before the second infusion and reinitiation
therapy with concomitant immunomodulator were associated
with the clinical response at weeks 10-14. This study
also showed that the early detection of antibodies to
infliximab (before second or third doses) after reexposure
to infliximab was associated with higher rates of infusion
reactions. For preventing severe infusion reactions, the
authors suggest concomitant immunomodulator therapy

(azathioprine/6-mercaptopurine or methotrexate) when
reinitiating infliximab after a drug holiday, and it may also
be reasonable not to administer subsequent doses if there
is evidence of circulating ADA after the first reinduction

dose (60).
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FIGURE 2
Approach of secondary loss of response of reactive TDM.
TABLE 5 Summary of most relevant reactive TDM studies.
Observational studies IBD type; N Drug Drug level Time point Therapeutic outcome
target (W g/mL)
Prospective
Guidi et al. CD and UG; Infliximab >3 Loss of response Clinical outcomes 12 weeks
N =148 including active after the therapeutic
endoscopic disease intervention
Retrospective
Yanai et al. (52) CDand UC Infliximab >3.8 Loss of response Clinical efficacy of each
intervention strategy
instituted for loss of response
Adalimumab >4.5
Kelly et al. (51) CD and UG; Infliximab >4.5 Loss of response Endoscopic remission
N =271 6 months after readjustment
Perio perat ive care The increase in overall complications and readmission rates
was more significant in patients with drug concentrations
Despite ~significant improvements in the medical above 8 pg/ml. Conversely, no difference was observed in

management of IBD, surgery is still needed in a significant
subset of patients during the course of the disease (61-63).
Given that most patients who undergo surgery have been
previously treated with biologics (64), the proper understanding
of the impact of serum drug concentrations on perioperative
outcomes is paramount. However, data regarding serum
concentrations of biologics in the perioperative period are
still conflicting.

A retrospective Canadian study by Waterman et al. analyzed
the results of 473 CD-related surgical procedures (195 in
patients under previous anti-TNFs and 278 in matched controls)
(65). No significant differences were observed in the length of
stay, rates of urinary tract infection, pneumonia, bacteremia,
readmission, reoperation, or mortality between groups. The
authors also showed that detectable infliximab levels did not
increase the rates of postoperative wound infection (p = 0.21).

A prospective study by Lau et al. evaluating 123 patients
with CD undergoing abdominal surgery demonstrated that
infliximab concentration above 3 pg/ml was associated with
an increased rate of overall complications (OR 2.5; p = 0.03)
0.03) (66).

and infectious complications (OR 3.0; p

Frontiers in Medicine

126

postoperative morbidity in patients with UC with undetectable
concentrations [31/77 (40%)] and patients with detectable
infliximab concentrations [8/17 (41%)], p = 0.61.

The largest prospective multicenter trial assessing the
risk of surgery and biologics (The Postoperative Infection in
Inflammatory Bowel Disease—PUCCINI) was presented at
Digestive Disease Week (DDW) 2019 (67). Among a total of
955 procedures (382 with the use of anti-TNFs up to 12 weeks
before surgery), the rates of overall infectious complications did
not differ between patients with previous exposure to anti-TNFs
and controls (20 vs. 19.4%, p = 0.801) or detectable serum anti-
TNF concentrations (19.7 vs. 19.6%, p = 0.985). Accordingly, no
differences in the rates of surgical site infections were found in
patients with exposure to anti-TNFs (12.4 vs. 11.5%, p = 0.692)
or detectable drug concentrations (10.3 vs. 12.1%, p = 0.513).

There is only one study assessing the effect of preoperative
vedolizumab drug concentrations on postoperative outcomes in
patients with IBD undergoing major abdominal surgery (68).
Among 72 patients with IBD (42 UC and 27 CD), no differences
in postoperative morbidity were observed between patients
with detectable (>1.6 mcg/ml) and undetectable vedolizumab
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concentrations. Likewise, there is just a single report assessing
the impact of preoperative ustekinumab concentrations on
postoperative surgical outcomes in 36 patients with IBD (31 CD,
4 UC, and 1 IBD-unclassified). Ustekinumab concentrations
were detectable (>0.9 pg/ml) in 25 (69%) and undetectable in
11 (31%) patients (69). There were no significant differences
between groups regarding overall postoperative morbidity (27
vs. 28%, p = 0.72), 30-day readmission rate (18 vs. 8%, p = 0.57),
postoperative ileus (18 vs. 8%, p = 0.57), or wound infection (9
vs. 4%, p = 0.52).

Perianal fistulizing Crohn’s disease

The perianal fistulizing CD comprises a disabling phenotype
of IBD whose clinical course may tremendously affect patients’
quality of life. Studies have demonstrated that higher serum
concentrations of anti-TNF agents are associated with higher
rates of fistula closure. A post hoc analysis of ACCENT-II
showed that infliximab trough concentrations at week 14 were
associated with fistula response at weeks 14 and 54 (70). Higher
concentrations of infliximab at week 14 were independently
associated with both fistula response and normalization of
CRP at week 14 (OR: 2.32; 95% CI: 1.55-3.49; p < 0.001).
Infliximab trough levels predictive of fistula response and
CRP normalization at week 14 were >20.2 pg/ml at week 2,
>15 pg/ml at week 6, and >7.2 pg/ml at week 14.

Early induction infliximab levels were also associated with
perianal fistula response. A retrospective observational study
evaluating 36 patients with perianal fistulas demonstrated that
infliximab drug levels of 9.25 pg/ml at week 2 and 7.25 pg/ml
at week 6 were the best predictors of cessation or significant
improvement of fistula drainage (25). Moreover, a cross-
sectional study that included 117 patients with CD with perianal
fistula found that levels of infliximab >10 pg/ml were also
associated with higher fistula healing rates (71).

Acute severe ulcerative colitis

Despite the introduction of salvage therapies such as
cyclosporine and infliximab, management of acute severe UC
remains challenging and colectomy is still required in a subset
of refractory patients (72, 73). Failure to infliximab treatment
has been associated with low drug exposure as a consequence of
increased inflammatory burden, high drug clearance, and fecal
loss (74=77).

Emerging data support that the achievement of higher drug
levels during induction correlates with endoscopic remission for
UC. In a post hoc analysis from the ACT 1 and 2 trials including
484 patients with UC, infliximab levels of >18.6 pg/ml at week
2 and >10.6 pg/ml at week 6 were associated with endoscopic
remission at week 8 (23).

A recent retrospective study by Battat et al. showed
that higher clearance of infliximab and, consequently, lower
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serum concentrations are associated with a greater chance of
colectomy in 39 patients with acute severe UC. The median
baseline calculated clearance of infliximab was higher in patients
with colectomy at 6 months than in patients without (0.733
vs. 0.569 L/day; p = 0.005) (76). A clearance threshold of
infliximab of 0.627 L/day identified patients who required
colectomy with 80.0% sensitivity and 82.8% specificity (AUC,
0.80). In addition, the multivariable analysis identified that
the baseline infliximab clearance value was the only factor
associated with colectomy.

Based on the current data, emphasis should be given to
studying the role of TDM in acute severe UC and choosing
the optimal infliximab dosing aiming for improvements in
clinical outcomes.

Conclusion

Therapeutic drug monitoring is supported by both
retrospective and prospective studies, and this approach has
progressively evolved as the standard of care for patients with
IBD on any biologics. Although there is some conflicting
data, proactive TDM is beneficial for improving outcomes for
patients with IBD on anti-TNFs. Patients with a higher risk
of increased clearance and immunogenicity are more likely to
benefit from proactive drug monitoring. Future prospective
studies assessing the role of TDM in special situations are
eagerly awaited.
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Introduction: Patients with inflammatory bowel disease (IBD) have a high
risk of developing extra-intestinal manifestations (EIMs). We aimed to assess
the cumulative incidence and clinical course of EIMs in patients treated with
Vedolizumab (VDZ) and non-gut selective biologic drugs.

Materials and methods: In this multicenter observational study, we enrolled
1,182 patients with IBD under biologic treatment in tertiary care centers,
collecting the rate of new-onset EIMs and the clinical course of new and pre-
existing EIMs since the introduction of the ongoing biologic drug (259 VDZ vs.
923 non-gut selective agents, median time 3 vs. 4 years).

Results: Among 1,182 patients with IBD (median age of 46 years; 55% men)
on biologics, the overall cumulative incidence of new onset EIMs was 4.1%
(49/1,182), in particular 6.6% (17/259) on VDZ vs. 3.5% (32/923) on non-gut
selective biologics (p = 0.02). Among 224 patients reporting new or pre-
existing EIMs, those on VDZ showed a higher rate of clinical worsening
compared with non-gut selective therapies (15.5 vs. 7.3%, p = 0.08). However,
both showed a similar rate of modification of the therapeutic regimen. Female
gender [hazard ratio (HR) 2.18], a longer course of ongoing biologic therapy
(HR 1.18), ulcerative colitis (UC) (HR 1.83), and VDZ therapy (HR 1.85) were
significant risk factors for developing new EIMs.
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Discussion: Our study suggests that the type of biologic treatment might
affect the risk of developing EIMs, with a slightly higher risk in patients
on gut-selective therapies. However, a similar clinical course is observed
in the two groups.

inflammatory bowel disease, extra-intestinal manifestations (EIMs), biologic therapy,
Vedolizumab, TNF inhibitors, Ustekinumab

Introduction

Both ulcerative colitis (UC) and Crohn’s disease (CD)
have a high risk of developing extra-intestinal manifestations
(EIMs) since almost 40% of patients will develop an EIM
during the course of gastrointestinal disease (1-3). EIMs may
affect different organs of the musculoskeletal, skin, ocular, and
hepatobiliary system, accounting for a relevant clinical problem,
(4) that may occur both during clinical activity and remission
phases of an intestinal disease (4, 5).

Since the high prevalence of EIMs in inflammatory bowel
diseases (IBD) and their negative influence on patients’ quality
of life and the healthcare system, assessment of EIMs should
be undertaken on a regular basis during the follow-up of these
patients to ensure adequate treatment.

The main goals of IBD medical treatment are the induction
and maintenance of clinical and endoscopic remission to
treat symptoms, guarantee an improved quality of life, and
prevent complications leading to hospital admission and
surgery. Currently, medications used to treat IBD include
various agents which are tailored based on treatment indication,
disease extent, and severity. Since the introduction of the first
biologic agents, the therapeutic scenario has deeply evolved.
Biologics were initially restricted to multi-failure patients
who had already experienced mesalamine, corticosteroids, or
immunosuppressants, such as azathioprine, in a so-called “step-
up” therapy. Actually, an early approach with biologic agents
with a “top-down” therapeutic strategy has shown substantial
benefit in the management of selected patients with moderate-
to-severe IBD, both in terms of clinical and endoscopic
outcomes (6).

Biologic drugs currently available are monoclonal antibodies
that target different inflammatory pathways, such as antibodies
against tumor necrosis factor-alpha (anti-TNF-a), interleukin
12/23, anti-integrins, and small molecules Janus kinase (JAK)
inhibitors, such as tofacitinib. Choosing which biologic is the
most appropriate for each individual patient may sometimes be
challenging, especially in presence of concomitant EIMs.

Vedolizumab (VDZ), a monoclonal antibody against a4z
integrin, acts by preventing leucocyte migration and homing
toward the gut mucosa and has proven its efficacy as induction
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and maintenance therapy in both UC and CD (7, 8). The specific
gut-selective effect of VDZ makes its safety profile extremely
favorable (9). Conversely, its action may not influence the course
of EIMs (8, 10, 11). Indeed, data on the efficacy of VDZ on EIMs
are scarce and often discordant (12). A recent study by Dubinsky
et al. suggests that treatment with VDZ may actually increase the
likelihood of developing de novo EIMs (13).

Therefore, we aimed to analyze the incidence of new onset
EIMs and the clinical course of new and pre-existing EIMs
comparing patients treated with VDZ with those on non-gut
selective biologic drugs in a large cohort of patients with IBD
under biologic therapy.

Materials and methods

We retrospectively collected data about all the adult patients
with IBD on biologic therapy in their regular clinical follow-up
at 6 tertiary referral centers in Lombardy.

Eligible patients were adults (>18 years old) with a
confirmed diagnosis of IBD (CD, UC, and undetermined IBD)
under treatment with any of the currently available biologic
therapies for at least 2 months. All patients had a periodic and
updated follow-up visit in the previous months.

Demographical and clinical data (age, gender, IBD type,
ongoing and previous biologic therapies, smoking status, and
the presence of EIMs before the start of the ongoing treatment)
were retrieved from medical records.

According to the European Crohn’s and Colitis
Organization (ECCO) guidelines, (14) the main EIMs included
were: rheumatologic (peripheral and axial arthropathies),
mucocutaneous (stomatitis, pyoderma gangrenosum, erythema
nodosum, and psoriasis), ophthalmologic (episcleritis and
uveitis), hepatobiliary [primary sclerosing cholangitis (PSC)],
and others (such as pancreatitis and central nervous system
manifestations).

The diagnosis of EIMs was confirmed by other specialists’
medical  reports  (rheumatologists,  ophthalmologists,
dermatologists, and hepatologists) and/or objective data
from imaging, histology, and laboratory tests.
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Data about the onset and the clinical course of EIMs were
retrospectively collected and retrieved from medical records.

We included the “new onset” EIMs (intended as any
EIMs occurred after the introduction of the ongoing biologic
therapy) and “pre-existing” EIMs (intended as any EIMs
already mentioned before the introduction of the ongoing
biologic therapy).

The course was defined as improvement or worsening
of EIM-related symptoms during the follow-up. In the case
of clinical worsening, we assessed the need to modify the
therapeutic regimen by introducing an adjunctive therapy
(corticosteroids/anti-inflammatory drugs/immunomodulators)
or by switching/optimizing the ongoing biologic treatment.

The primary endpoints of this study were to assess the
cumulative incidence of new onset EIMs in two cohorts of
patients with IBD on biologic treatment (gut selective vs.
non-gut selective) in clinical follow-up since the start of
each treatment and to identify any potential risk factor for
developing new EIMs.

The secondary endpoint of this study was to assess the
clinical course of new onset and pre-existing EIMs in these two
cohorts of patients. In particular, we aimed to analyze whether
VDZ was associated with a higher incidence of de novo EIMs
or with the clinical worsening of pre-existing EIMs, needing
adjunctive and/or switching therapy.

Data were inserted into a database accessible to all
participating centers. This study was an observational,
retrospective study, using de-identified data from medical
records and the research was conducted according to the
principles of the Declaration of Helsinki; therefore, it was
exempted from the Institutional Review Board approval. The
data underlying this article will be shared upon reasonable
request to the corresponding author.

Statistical analysis

Demographic and clinical data were expressed as numbers
or percentages for discrete variables and as mean and standard
deviation (SD) or median and interquartile range (IQR) for
continuous variables, according to their distribution.

The prevalence of EIMs was defined as the “number of
persons with EIMs/overall population” at the time of the
data collection.

The cumulative incidence of EIMs was defined as the
“number of new onset cases/overall population” since the
introduction of the ongoing biologic drug.

The gut-selective (VDZ) and non-gut selective groups
were compared with the chi-square or Fisher’s exact test
for categorical variables and the Mann-Whitney analysis for
continuous variables. A p-value of < 0.05 value was considered
statistically significant.

When variables were not available for some patients,
these were excluded for percentage calculation. Univariate and
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multivariate analyses with logistic regression were performed,
and hazard ratio (HR) was calculated.

Statistical analyses were done using IBM SPSS Statistics
(release 23; IBM corporation, United States).

Results

We retrospectively collected data on 1,182 patients with IBD
(797 CD and 385 UC) in clinical follow-up on treatment with
biologics. Demographic and clinical data are shown in Table 1.

The overall prevalence of patients with at least one EIM in
our IBD cohort was 19.8% (234/1,182) (Figure 1), including
both the pre-existing EIMs and the ones which developed after
starting the last biologic treatment. They were 44% men, 65%
CD, and 35% UC, with a mean age of 51 £ 14 years. Of them,
about one-third (79/234) reported multiple concomitant EIMs.

Patients were under treatment with different biologic agents:
307 on intravenous anti-TNF (Infliximab), 505 on subcutaneous
anti-TNF (Adalimumab, Golimumab), 111 on Ustekinumab,
and 259 on Vedolizumab. The median duration of the ongoing
therapy was 4 years (with a range of 1-16 years). In this
follow-up period, the incidence of new onset EIMs was 4.1%
(49/1,182): 33 rheumatic (5 axial, 26 peripheral, and 2 both
axial and peripheral arthropathies), 14 cutaneous (10 cases of
psoriasis, 2 cases of aphthous stomatitis, one case of pyoderma
gangrenosum, and one case of suppurative hidradenitis), one
case of idiopathic pancreatitis, and one case of autoimmune
hemolytic anemia.

The overall incidence of new EIMs in patients on treatment
with VDZ was statistically higher compared with patients under
non-gut selective therapies (6.6 vs. 3.5%, 17/259 vs. 32/923,
p = 0.02). Interestingly, this difference mainly depends on the
highest incidence of rheumatic diseases among patients in the
gut selective group (4.6 vs. 2.4%, 12/259 vs. 22/923, p = 0.05),
while the incidence of cutaneous diseases was comparable in the
two cohorts (1.9 vs. 1.1%, 5/259 vs. 10/923, p = 0.4).

According to the univariate analysis, older and female
patients, suffering from UC, with a longer course of biologic
therapy, and under treatment with gut-selective agents showed
a higher risk of developing a new EIM (Table 2). In the
multivariate analysis, only the female gender and the duration
of the ongoing biologic treatment maintained statistical
significance (Table 2).

In the whole cohort of patients, 194 patients reported at
least one EIM even before the start of the ongoing treatment.
Indeed, about one-third of patients (66/194, 34%) were already
on therapy with an ongoing adjunctive treatment, including 35
patients on steroids (topical or systemic), 11 on methotrexate
(MTX), 9 on salazopyrin (SASP), 9 on analgesics, and 2 on other
therapies (hydroxychloroquine and ciclosporin). Independent
of biologic agents, of 20 patients with pre-existing EIMs already
on disease-modifying antirheumatic drugs (DMARDs), one
patient (5%) developed an EIM flare, compared with 6.9%

frontiersin.org


https://doi.org/10.3389/fmed.2022.933357
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Ferretti et al.

TABLE1 Demographic and clinical parameters of included patients.
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Overall Gut-selective therapies! Non-gut selective therapies” P
N 1182 259 923 -
Age, mean £ SD 46 £ 15 52+ 17 45+ 14 <0.01
Male pts, n (%) 653 (55) 141 (54) 512 (56) 0.77
IBD, 1 (%)
CD 797 (67) 105 (41) 692 (75) <0.01
uC 385(33) 154 (59) 231 (25)
Smokers, 1 (%)* 305 (26) 56 (25) 249 (32) 0.21
Disease duration, years 144+9 14+9 14+9 0.98
(mean + SD)
Ongoing biologic 4+2 3£1 4+3 <0.01
treatment duration, years
(mean =+ SD)
Previous biologic therapy, 535 (45) 162 (63) 305 (33) <0.01

n (%)

*Data not available are excluded from the calculation.
! Vedolizumab,
2 Infliximab, Adalimumab, Golimumab, Ustekinumab.

Others 6; 2%

/ X
////,/»

221; 69%

Rheumatologic; ;|

Mucocutaneous; 78; 24%

FIGURE 1

The prevalence of different extra-intestinal manifestations (EIMs) in patients with inflammatory bowel disease (IBD). According to the European
Crohn'’s and Colitis Organization (ECCO) definitions (11), we collected 221 rheumatologic EIMs (127 peripheral and 94 axial arthropathies), 78
mucocutaneous (10 pyoderma gangrenosum, 36 erythema nodosum, 21 psoriasis, and 11 others), 15 ocular (6 episcleritis and 9 uveitis), and 6
others [such as primary sclerosing cholangitis (PSC), pancreatitis, and central nervous system manifestations].

U

Peripheral
arthropathies;
127; 40%
7

Axial
arthropathies;
94; 29%

(12/174) of patients who were not taking DMARDs (p = 0.7).
Globally, we retrieved the clinical course of the 224 patients
reporting a new or pre-existing EIM since the introduction of
the ongoing biologic therapy. Of them, a clinical improvement
was observed in about 90% of patients (204/224, partial in
52, and complete in 152), while a worsening of disease was
reported in 20 patients.

Patients on VDZ showed a higher rate of clinical worsening
since the introduction of the biologic agent compared with
non-gut selective therapies, even if the results did not reach
statistical significance (15.5 vs. 7.3%, 7/45 vs. 13/179, p = 0.08).
This trend of worsening was observed mainly in the case of
rheumatic EIMs (18.5 vs. 6.9%, 5/27 vs. 9/131, p = 0.05), while
this association was not observed in cutaneous EIMs (7.7 vs.
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6.2%, 1/13 vs. 3/48, p = 0.8). Thus, we analyzed the need for a
modification of the ongoing therapeutic regimen to control the
clinical worsening: over 80% of patients did not undergo any
modification in both groups (87% of patients on VDZ vs. 81%
on other treatments, 39/45 vs. 145/179, p = 0.1). Moreover, the
rate of DMARDs addition or change/optimization of biologic
therapy was comparable (4/45 vs. 25/179, p = 0.5, and 1/45 vs.
14/179, p =0.2).

Discussion

In the current scenario of IBD treatments, multiple
biologic options are available with high and comparable
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TABLE 2 The univariate and multivariate analysis of clinical variables predicting the new onset of extra-intestinal manifestations (EIMs) in our

cohort of patients with inflammatory bowel disease (IBD).

Univariate analysis

Multivariate analysis

Cases of Controls HR 95% CI P HR 95% CI P

new

EIMs
N 49 1133 - - -
Age, mean & SD 51+ 14 46 + 15 1.02 1.00-1.04 0.02 1.02 1.00-1.04 0.10
Female pts, n (%) 31(63) 498 (44) 2.20 1.21-3.97 0.009 2.18 1.19-3.98 0.01
IBD type, n (%) UC 23 (47) 362 (32) 1.89 1.06-3.35 0.03 1.83 0.98-3.41 0.06
Smokers, n (%)* 15 (34) 290 (30) 12 0.64-2.29 0.60
Disease duration, median (IQR) 15+ 10 14+9 1.01 0.98-1.05 0.58
Type of biologic, # (%)VDZ 17 (35) 242 (21) 1.96 1.07-3.58 0.03 1.85 0.91-3.72 0.08
Duration of ongoing biologic, median (IQR) 5+3 442 1.15 1.04-1.27 0.005 1.18 1.07-1.31 0.002
Previous EIM, n (%) 9(18) 185 (16) 1.15 0.55-2.41 0.71
Previous biologic treatment, 7 (%) 19 (39) 449 (43) 0.95 0.53-1.71 0.87

*Data not available are excluded from the calculation. Bolded values represent statistically significant <0.05 values.

levels of efficacy on IBD activity. Hence, choosing which
biologic is the most appropriate for a specific patient can
sometimes be a difficult task, especially in the presence of
EIMs. In this regard, the available evidence on the efficacy
of gut-selective therapies, such as VDZ on EIMs, is often
conflicting and results only from case series, prospective
or retrospective cohort studies, or the post-hoc analysis
of randomized controlled trials (RCT) (13, 15, 16). To
date, no comparative head-to-head RCTs between VDZ
and non-gut selective biologics are available to define their
efficacy in EIMs.

In a recent retrospective cohort study, Dubinsky et al.
analyzed large databases of insurance claims and identified
a 28% higher incidence of EIMs in patients with CD
on VDZ compared with patients on anti-TNF agents. On
the contrary, this effect was not statistically significant in
patients with UC even if a higher incidence of aphthous
stomatitis, pyoderma gangrenosum, and PSC was described.
However, this study was limited by the use of ICD-9 and
ICD-10 diagnosis codes and de-identified insurance claims
data (13).

In our real-life multicenter study, based on a large cohort
of patients with IBD on clinical follow-up in tertiary referral
centers, we found a statistically higher incidence of new
onset EIMs among patients on VDZ compared with patients
on non-gut selective therapies, despite a shorter observation
time. Including all available clinical variables, the univariate
analysis showed a positive correlation between the risk of
developing new EIMs and female sex, older age, IBD type,
longer duration of current biologic treatment, and VDZ
therapy. In multivariate analysis, female sex proved to be
the strongest predictive factor for the onset of new EIMs
(HR 2.18). Moreover, a slightly higher risk of developing
new EIMs in patients with a longer course of the ongoing
biologic therapy (HR 1.18), UC (HR 1.83), and VDZ therapy
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(HR 1.85) was observed. Instead, no correlation was observed
between the risk of developing new EIMs and long duration of
disease and smoking status. Moreover, neither a concomitant
therapy with steroids and/or immunosuppressants nor a
previous biologic treatment influences the risk of developing
EIMs.

Musculoskeletal and cutaneous diseases are the most
frequently observed EIMs. Regarding these types of EIMs,
controversial data are available in the literature. A systematic
review by Chateau et al. recently demonstrated that treatment
with VDZ may have no effect on preexisting arthralgia and
arthritis but it may play a role in reducing the incidence
of new rheumatic manifestations compared with placebo
(15). In our study, patients treated with VDZ showed a
higher rate of worsening of pre-existing rheumatic EIMs,
even though the trend did not reach statistical significance.
Moreover, the need for adjunctive therapy (as DMARDs) or
withdrawal/change of biologic agents was similar between the
two treatment groups. Indeed, in most cases, the clinical
worsening did not require a major modification of the
maintenance therapy. Patients’ symptoms were managed with
on-demand analgesic or anti-inflammatory drugs in case of
rheumatic manifestations or topical agents in the case of
cutaneous manifestations.

These results are in line with Ramos et al., who reported that
almost one-third of 201 patients under VDZ had a worsening
of preexisting EIMs, and peripheral arthritis was the most
affected (17). In addition, in the multicenter cohort study by
the GETAID OBSERV-IBD, about 14% of patients developed
arthralgia (16). On the contrary, in a post-hoc analysis of the
GEMINI Trials, long-term treatment with VDZ was found to be
associated with a reduced incidence of worsening/new arthralgia
and arthritis (18). This effect could be explained, especially in
the EIM linked to the activity of the disease, by the intestinal
remission of the disease induced by VDZ.
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Cutaneous manifestations seem to be less affected by
the introduction of VDZ: in particular, in the OBSERV-
IBD study, up to 75% of cutaneous EIMs were in remission
after 54 weeks of VDZ (13). In addition, Ramos et al.
reported stability of disease in 77% of cutaneous EIMs
despite the introduction of VDZ as biologic therapy (17).
Similarly, according to our study, the effect of VDZ on
the incidence of new onset EIMs was observed only in
rheumatic manifestations, since the incidence of cutaneous
manifestations was not statistically different between the two
treatment groups.

Furthermore, in the case of previous biologic treatment,
the cumulative effect of multiple therapeutic lines on pre-
existing EIMs was difficult to retrieve and analyze. However,
in multivariate analysis, previous biologic treatment did not
demonstrate an impact on the risk of developing EIMs.

To our knowledge, this is the first multicenter study that
evaluated the cumulative incidence of new onset EIMs after
VDZ initiation in a very large cohort of patients with IBD, all
in clinical follow-up at tertiary referral IBD units. Moreover, we
evaluated the clinical course of EIM in this very large cohort of
patients with IBD under biological therapy.

Our study was limited by the retrospective design, making
it difficult to collect data regarding the activity of intestinal
inflammation at the time of EIM occurrence. Nonetheless,
when analyzing the incidence of new rheumatic EIMs by the
proportion of axial vs. peripheral arthropathy, the latter typically
following intestinal disease activity, no difference was found
between the two treatment groups. To clarify this point, future
prospective and targeted studies should be performed.

Finally, the cohort included patients with IBD with different
follow-ups. As expected, the time of exposure to anti-TNF was
superior to VDZ as it is available for a longer time. However, it
is noteworthy that, even after a shorter time of exposure, higher
rates of EIM onset were observed in the gut-selective cohort
compared with the non-gut-selective cohort.

In conclusion, our study suggests that the type of biologic
treatment may have an impact on the risk of developing
de novo EIMs, especially rheumatologic manifestations. Thus,
in patients presenting concomitant risk factors for EIMs, if
possible, therapeutic strategies other than VDZ should be taken
into consideration as the first-line approach. Otherwise, in the
case of VDZ treatment, it is advisable to closely monitor for the
occurrence of rheumatic symptoms, which may prompt further
workup and/or adjunctive therapies. Of course, the design of
specific RCTs and prospective studies is advisable for offering
more robust evidence in the future.
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Crohn's disease (CD) is a subtype of inflammatory bowel disease (IBD)
characterized by skip intestinal lesions that can occur in any part of the
gastrointestinal tract. Currently, the diagnosis of CD is based on clinical
history, physical examination and complementary diagnostic tests. It is
challenging for physicians to make a definitive diagnosis. This study aimed
to analyze the variation in metabolites in CD serum and identify potential
predictive biomarkers of CD diagnosis. We collected serum samples from
316 subjects, including patients with CD and healthy controls (HCs). Serum
metabolomics was conducted using liquid chromatography coupled to mass
spectrometry. Potential biomarkers were screened and evaluated by univariate
and multivariate analyses. A panel of two metabolites (deoxycholic acid
and palmitic amide) was identified as a specific biomarker of CD. Receiver
operating characteristic analysis (ROC) showed that the panel had a sensitivity
of 80.25% with a specificity of 95.54% in discriminating CD patients from
healthy controls. The biomarkers identified are increased in CD compared
with healthy controls. Our approach successfully identified serum biomarkers
associated with CD patients. The potential biomarkers indicated that CD
metabolic disturbance might be associated with bile acid biosynthesis, fatty
acids and energy metabolism.

KEYWORDS

serum metabolomics, Crohn'’s disease, biomarker, LC-MS, metabolite profile

Introduction

Crohn’s disease (CD), a subtype of inflammatory bowel disease (IBD), is
characterized by skip intestinal lesions that can occur in any part of the gastrointestinal
tract (1). CD usually typically presents with chronic, relapsing, progressive and
destructive transmural inflammation. Patients with CD usually present with chronic
abdominal pain, diarrhea, obstruction and/or perianal lesions (1).
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The precise etiology and pathogenesis of CD remain
poorly understood. The current understanding mainly involves
environmental factors in a genetically susceptible host, genetic
factors, a defective host mucosal immune system, and gut
microbial dysbiosis (2). Mucosal inflammation is a consequence
of a multifaceted interaction. Currently, the diagnosis of CD
is mainly based on clinical history, physical examination and
complementary diagnostic tests, including assays for serological
and fecal biomarkers, cross-sectional and endoscopic imaging,
and histological evaluation of biopsy specimens (3, 4). In
addition, quantitative magnetic resonance imaging (MRI)
biomarkers combined with magnetic resonance enterography
(MRE) qualitative assessment has also been applied to the
diagnosis of CD (5). However, there are potential drawback in
the addition of quantitative sequences to MRE examinations
including increased scan time and the need for further validation
before use in therapeutic drug trials and clinical trials. Thus,
it is challenging for physicians to make a definitive diagnosis.
Identification of biomarkers to discriminate CD patients from
healthy individuals and other IBDs patients is highly desirable.

Metabolomics, which refers to an analytical study with
high-throughput profiling of metabolites with the size of
<1,500 Da including biofluids, cells and tissues, can revealed
high-abundance molecules in various states such as disease
and treatment states (6). Therefore, metabolomics has been
widely used for the early screening of metabolic biomarkers in
numerous diseases as well as providing new insights into the
pathophysiology of diseases (7-9). Currently, there are several
approaches that are applied to metabolomics, such as nuclear
magnetic resonance (NMR) spectroscopy (10), quantitative
NMR (11) gas chromatography-mass spectrometry (GC-MS)
(12), liquid chromatography-mass spectrometry (LC-MS) (13),
and capillary electrophoresis mass spectrometry (CE-MS) (14).
In the last few years, the metabolomic approach has been used
to identify metabolites in breath (15), fecal (16), serum (17),
and urine (18) samples to discriminate inflammatory disease
patients from healthy volunteers. However, there are few reports
on CD serum metabolomics to distinguish patients with CD
from healthy individuals. Therefore, there is a need to perform
more studies on patients with CD.

The primary aim of this study was to identify serum
metabolite profiles that could be used to differentiate CD
patients from healthy controls (HCs) and to identify predictive
potential biomarkers. We also aimed to investigate whether
metabolomics could provide new insight into the complex
pathophysiology of CD.

Materials and methods

Participants

This cross-sectional study examined adult CD patients
and HCs. One hundred and eight CD patients were Asian
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inpatients from the Affiliated Hospital of Nanjing University of
Traditional Chinese Medicine from September 2017 to April
2019. At the same time, 158 healthy volunteers came from
the physical examination center of the Affiliated Hospital of
Nanjing University of Chinese Medicine as a healthy control
group. The diagnosis of CD was confirmed by previously
established clinical, radiological and endoscopic criteria as
well as histological findings (2). Disease activity was assessed
using the simplified CD activity index (CDAI). Active disease
was defined as a simplified CDAI of >4 for CD (19). The
patients with other comorbidities that might affect metabolic
characteristics, such as diabetes and cardiovascular diseases were
excluded from the study. Patients who are taking oral hormones
or other therapeutic drugs such as immunosuppressants will
also be excluded. A group of healthy adult volunteers (n = 158)
matched for age, gender, and ethnicity served as controls. All
participants gave informed consent, and the study was approved
by the Institutional Review Board and the Ethics Committee of
the First Affiliated Hospital of Nanjing University of Traditional
Chinese Medicine (approval number, 2015NL-126-03) and
complied with the principles of the Declaration of Helsinki.

Sample preparation

The serum samples were stored at —80°C until analysis.
Each serum sample had a volume of 45 pL. After centrifugation
for 30s, 135 wL of acetonitrile was added to precipitate the
protein. The samples were vortexed for several seconds and then
rested for 3h. Then, the samples were centrifuged for 10 min
at 13,000 rcf at 4°C, and 153 pL of supernatant was dried in a
Speed Vac sample concentrator at 45°C for 2 h and re-dissolved
in 120 L of 50% acetonitrile solution. Eighty microliters were
placed in the injection vial after centrifugation. At the same
time, 10 pL of each serum sample was combined to form a
quality control (QC) sample and was processed with the same
procedure used for the experimental samples. During analysis of
the samples, one quality control (QC) sample was run after every
10 injections.

Metabolomic assays

The serum samples were assayed using an Agilent
Technologies 1290 infinity liquid chromatograph coupled with
an AB Sciex 4600 TripleTOF (AB Sciex, Framingham, MA,
USA). For the detection of metabolites, 3 nL aliquots of sample
solution maintained at 4°C in an autosampler were injected onto
a reversed-phase ACQUITY UPLC HSS T3 Cjg column (100
x2.1 mm, 1.8 pm) maintained at 40°C. Mobile phase A was 1
%o formic acid in water, and mobile phase B was acetonitrile.
The flow rate was 0.4 mL/min, and the gradient elution program
was as follows: 0.5 min, 3% B; 0.5-1.5min, 20% B; 1.5-6 min,
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TABLE 1 Clinical characteristics of the subjects.

Characteristic Discovery set Validation set
(n=221) (n=95)
CD HC CD HC
Number 106 115 52 43
Male 75 81 36 30
Female 31 34 16 13
Age (year) 286+£9.6 356+10.8 263+£84 358+97
CRP (mg/L) 12.1£20.8 — 8.1+125 —
ESR (mm/h) 193 +£19.3 — 16.6 £ 16.4 —
PLT (10°/L) 253.4£79.8 - 2338 & —
103.3
WBC (10°/L) 6.1+27 — 6.6+ 3.6 —
HGB(g/L) 128.1 +£21.7 — 126 £32 —
GWDB(pg/mL)  180.1 & — 249.9 £ —
347.3 3722
ALB(g/L) 36.14+8.9 — 34+128 —
UA(pmol/L) 295.1+ — 3213+ -
111.2 139.8

Results are expressed as the means + standard deviation.
CRP, C-reactive protein; ESR, erythrocyte sedimentation rate;PLT, platelet; WBC, white
blood cell; HGB, hemoglobin; GWDB, Fecal Calprotectin; ALB, Albumin; UA, Uric acid.

60% B; 6-9 min, 95% B; 9-12 min, 95% B; 12-12.1 min, 3% B;
and 12.1-16 min, 3% B.

All MS experiments were performed in positive and negative
ion modes using a heated electrospray ionization (ESI) source.
The mass spectrum parameters were as follows: mass range
for time-of-flight mass spectrometry (TOF-MS), 60-1,000 m/z;
source temperature, 550°C; atomization gas pressure, 50 psi;
auxiliary gas pressure, 50 psi; curtain gas pressure, 35 psi; ion
scanning voltage, 5,500 V (positive ion mode); and mass range
for MS/MS, 40-1,000 m/z.

Data processing and statistical analysis

After obtaining the UPLC-MS chromatograms, the original
TF 1.7 Software (AB Sciex,
USA), the abnormal peaks were removed by PeakView (v.2.0,
AB SCIEX), and the peaks were aligned by Markview (version
1.2.1AB Sciex). Finally, a three-dimensional data table including

data were derived by Analyst

the mass-to-charge ratio, retention time and peak area was
obtained, and all peaks were corrected by QC samples.

In this study, there were two types of variables, continuous
and categorical variables, which are presented as the mean &+ SD
and number (%), respectively. For continuous variables,
Shapiro-Wilk tests were used to test the normality of
the distribution. Students f-test and Mann-Whitney U-test
were used for normally and non-normally distributed data,
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FIGURE 1
The whole workflow of this study.

respectively. For categorical variables, chi-square tests were
applied. The correlation between the levels of metabolites and
the severity of CD was performed using Spearman’s rank
correlation (Rs). These analyses were performed using SPSS 20.0
software (IBM, Armonk, NY, USA), and P < 0.05 was considered
statistically significant.

For metabolomic analysis, we reduced the resulting matrix
by replacing all the missing values with a small value. The data
were normalized using logarithmic transformation and Pareto
scaling in MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/).
Identified metabolites were subjected to further statistical
analysis by univariate and multivariate statistical methods. For
univariate statistical analysis, a non-parametric test was applied
to measure the significance of each metabolite. The P-values
for each metabolite in all comparisons were corrected by
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/), in which
the threshold was set as 0.05. Correction for multiple
comparisons was performed by testing the false discovery
rate, and the Q value was reported. Multivariate statistical
analysis involving principal component analysis (PCA) and
orthogonal partial least-squares discriminant analysis (OPLS-
DA) was performed using SIMCA version 14.0 (Umetrics,
Umea, Sweden). In the OPLS-DA model, the goodness of fit
and predictive capacity was evaluated by the values of R? and
Q2. The model is deemed stable and reliable if the values
are close to 1. Moreover, a permutation test was performed
to assess the goodness of fit of the OPLS-DA model. The
model was considered valid if all Q%> and R? values to the
left were lower than the original points to the right. The
variable importance in the projection (VIP) value, which was
calculated in the OPLS-DA model, indicated the contribution
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FIGURE 2

Multivariate statistical analysis of serum metabolites in the discovery set. (A,B) The OPLS-DA scatter plots were based on the serum metabolic
profiles of CD patients and HCs in positive ion mode and negative ion mode. (C,D) The 200-time permutation plots of two OPLS-DA models.

of each feature to the regression model. The higher the VIP
scores were, the greater the contribution was. Metabolites
with VIP scores above 1 and false discovery rates (Q values)
<0.05 were selected as metabolite candidates that were the
major contributors to discrimination between the two groups of
participants. Through multivariate and univariable analysis, the
metabolites are searched in the database including the Human
Metabolome Database (http://www.hmdb.cn), METLIN (http://
metlin.scripps.edu) and KEGG (http://www.kegg.com).

To explore the best combination of significantly altered
metabolites, a binary logistic regression (BLR) model was built
on the basis of the binary outcome of patients with CD and HCs
as dependent variables. The forward stepwise regression method
and the Wald test were used to select altered metabolites and
assess significance in the BLR prediction model, respectively.
Moreover, the area under the receiver operating characteristic
(ROC) curve (AUC) as well as sensitivity and specificity
values were calculated to identify the performance of logistical
regression models. This method was used to discover the most
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important metabolites until there were no more significant
predictors from the data in SPSS 20.0 software (IBM, Armonk,
NY, USA).

Results

Basic characteristics of the participants

In this study, 221 subjects (106 with CD and 115 HCs)
were allocated to the discovery set to evaluate biomarkers,
and 95 subjects (52 with CD and 43 HCs) were allocated to
the validation set to test candidate biomarkers. The clinical
characteristics of the subjects are listed in Table 1. We recorded
age, gender information of all volunteers, and recorded multiple
clinical test indicators of patients with CD, including: C-reactive
protein (CRP), erythrocyte sedimentation rate (ESR), platelet
(PLT), white blood cell (WBC), hemoglobin (HGB), fecal
calprotectin, albumin (ALB) and uric acid (UA) It can be
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seen that these representative indicators of CD patients are
abnormally elevated.

Identification of serum differential
metabolites

The whole workflow of this study is shown in Figure 1.
A total of 1,690 features in positive mode and 1,021 features
in negative mode were detected using UPLC-TOF-MS. After
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data processing, we conducted multivariate statistical analysis
using SIMCA. The PCA could outline the original distribution
of metabolites, but the scatter plot failed to show a clear
distribution in both modes. As show in Figures 2A,B, the
OPLS-DA scatter plot could be divided into two clusters,
which indicated the differentiation between the groups. The
models presented satisfactory fit (R* = 0917, Q* = 0.741
in positive ion mode; R*> = 0.856, Q> = 0.743 in negative
ion mode). Furthermore, the 200-permutation test indicated
all Q? and R? values to the left were lower than the original
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TABLE 2 Differentially altered metabolites identified between patients with CD and HCs.

10.3389/fmed.2022.814839

Metabolite Discovery set Validation set

P-value FDR VIP FC P-value FDR VIP FC
Deoxycholic acid <0.001 <0.001 4.257 6.733 <0.001 <0.001 3.043 6.836
Docosapentaenoic acid (22n-6) <0.001 <0.001 1.474 1.264 <0.001 <0.001 1.624 1.428
Octadecanamide <0.001 <0.001 3.698 2.967 <0.001 <0.001 1.695 4.549
Palmitic amide <0.001 <0.001 4.171 4.202 <0.001 <0.001 2.184 5.678
Tetrahydrocorticosterone <0.001 <0.001 1.746 0.669 <0.001 <0.001 1.370 0.631

Five metabolites which were verified in the validation cohort. VIP was obtained from OPLS-DA model with a threshold of 1.0. P-values from one-way ANOVA. Value of FDR was obtained
from the adjusted P-value calculated using MetaboAnalyst 5.0 software. FC was obtained by comparing those metabolites in patients with CD with the healthy controls; FC with a value
>1 indicated a relatively higher intensity presenting in patients with CD, whereas a value <1 indicated a relatively lower intensity compared with the healthy controls.
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points to the right which results validated the OPLS-DA
models (Figures 2C,D). Combined with univariate Wilcoxon
rank-sum test (adjusted P < 0.05), we screened 25 differential
metabolites (Supplementary Table S1). In addition, the 25
differential metabolites were subjected to PCA, OPLS-DA
and cluster analysis. As show in Figure 3, both in the PCA,
OPLS-DA, the samples were clearly separated between the
two groups. Heatmap shows that these 25 metabolites are
significantly different. Therefore, the 25 differential metabolites
could well-distinguish CD patients from HCs.

Validation of three potential biomarkers
with a test set

An independent test cohort of 95 individuals (Figure 1)
was used to evaluate the reliability of 25 biomarker candidates
and confirm the application potential of the biomarkers. The
OPLS-DA scatter plots (Supplementary Figures SIA,B) show
the separation between the two groups, with good fitness
(R? =0.921, Q> =0.641 in positive ion mode; R =0.908,
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Q% =0.490 in negative ion mode), and both the models are
validated (Supplementary Figures S1C,D). Five metabolites were
verified in the validation cohort (Table 2). The table shows the
P-value, FDR value, VIP value, and FC value of these five
metabolites in the discovery set and validation set, respectively.
These metabolites satisfied the following criteria: (1) VIP scores
above 1 and false discovery rates (Q-values) below 0.05 and (2)
maintaining the same change trend as the discovery set.

To construct the optimal diagnostic model, firstly, we
detected the classification performance of the five metabolites.
As shown in Figure 4, PCA, OPLS-DA and cluster analysis
indicated that the five metabolites could separate CD patients
from HCs. Additionally, we conducted BLR to optimize the
model further. Through forward BLR analysis, two of the
five metabolites remained in the logistics regression model:
deoxycholic acid (DCA) and palmitic amide. Both the DCA
and palmitic amide levels were significantly increased in patients
with CD (Figure 5). The ROC values of the two metabolites and
their combination are presented in Figure 6. For DCA, palmitic
amide and their combination showed AUCs of 0.914, 0.921, and
0.948, sensitivities of 87.26, 84.08, and 80.25%, and specificities
of 94.27, 89.17, and 95.54%, respectively.
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Receiver operating characteristic curve analysis (ROC) of
Deoxycholic acid, Palmitic amide and their combination. (A)
ROC of Deoxycholic acid (B) ROC of Palmitic amide. (C) ROC of
the combination Deoxycholic acid, Palmitic amide. AUC, area
under the curve; Cl, confidence interval; YI, Youden index.

Next, we tried to diagnose the disease activity of CD using
DCA and palmitic amide. According to the latest CD staging
standard, scores of <4, 5-8 and >9 are considered mild (or
remission), moderate and severe disease activity, respectively.
The results showed that there were significant differences in
the levels of the two metabolites in different disease status
of CD. As shown in Figures 7A,B, the combination of DCA
and palmitic amide distinguishes HCs from remission CD and
active CD, with a coincidence rate of 89.49 and 94.88%, and
cut-off value 0of 0.798 and 0.879, respectively. The results indicate
that the two differentially expressed metabolites could separate
CD patients from HCs with high sensitivity, specificity and
diagnostic performance. Finally, we confirmed the combination
of DCA and palmitic amide as the ideal biomarker panel to
distinguish patients with CD from HCs.

Discussion

In this study, we demonstrated that there were significant
differences in serum metabolic profiles between CD patients and
HCs. We also confirmed the ideal biomarker panel to distinguish
patients with CD from subjects without CD. The strengths of this
paper are the relatively high number of cases and controls and
the use of independent discovery and validation sets in building
a discriminatory model. To the best of our knowledge, this is the
first report on screening a specific biomarker panel to distinguish
CD patients from HCs using untargeted serum metabolomics.

DCA is a secondary bile acid produced in the liver and
is usually conjugated with glycine or taurine. This acid
facilitates fat absorption and cholesterol excretion. DCA
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NLRP3
and high proinflammatory cytokine-IL-1f production in
macrophages (20). DCA triggers the activation of NLRP3
inflammasome by at least partially promoting the release of

independently induces inflammasome activation

cathepsin B through sphingosine-1-phosphate receptor 2. In
this study, compared with that in the healthy group, the DCA
level in the CD group was significantly higher, by more than
6-fold. Thus, this result indicated that CD might be activate
NLRP3 inflammasome induced by high levels of DCA, which
could provide insights into the pathogenesis of CD in the future.

Palmitic amide is a primary fatty acid amide coming from
palmitic acid (C16:0). Palmitic amide competes with other
active substances such as cannabinoids or fatty acid amide
hydrolase (degrading endocannabinoids), thereby increasing its
concentration by preventing its degradation (21). William (22)
et al. found that the activation of cannabinoid receptors both on
immune cells and colonocytes is essential to prevent colitis and
can be used as a preventive and treatment method for colitis.
In our study, the concentration of palmitic amide in the CD
group was significantly higher than that in the healthy group;
thus, we proposed that the activation of cannabinoid receptors
in CD patients was blocked.

In a recent publication, Lai et al. (23) reported that
there was a unique metabolic pattern in patients with CD
compared to that in HCs, and the identified differential
compounds were structurally diverse, pointing to important
pathway perturbations ranging from energy metabolism (e.g.,
p-oxidation of fatty acids) to signaling cascades of lipids (e.g.,
DHA) and amino acids (e.g., L-tryptophan). In our study,
most of the metabolic pathway changes were also in lipid,
amino acid and energy metabolism; in addition, disturbances
in steroidogenesis were discovered. The metabolites of
tetrahydrocorticosterone were significantly decreased in
patients with CD. Tetrahydrocorticosterone is one of the
major metabolites of corticosterone. Glucocorticoids are
steroid hormones that decrease the severity of IBD by
suppressing the immune response. In a previous study,
Huang et al. (24) showed that during chronic intestinal
inflammation, intestinal glucocorticoid synthesis was inhibited.
In our study, CD patient steroid synthesis was blocked, and
glucocorticoids were downregulated, which was consistent with
previous studies.

Previous studies have demonstrated abnormal lipid and bile
acid metabolism in patients with CD. In patients with CD, the
terminal ileum is damaged, leading to malabsorption of bile
acids and lipids, which in turn leads to diarrhea. Ineffective
absorption of n-3 polyunsaturated fatty acids (PUFAs) reduces
its anti-inflammatory effect (25). In our study, docosapentaenoic
acid which is one of the n-3 PUFAs was significantly elevated
in CD patients, indicating that its absorption was significantly
reduced and thus the anti-inflammatory effect was reduced
and the disease occurred. In addition, 7a-hydroxy-4-cholesten-
3-one (C4) is a stable bile acid precursor. Robert et al. (26)
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observed significantly increased serum concentrations of C4
in patients with CD and indicated C4 may be a biomarker
to identify patients with diarrhea attributable to bile acid
malabsorption. Vitamin D regulates the immune system by
reducing Th1/Th17 T cells, inflammatory cytokines, etc, and
vitamin D absorption is significantly reduced in patients with
CD. Therefore, abnormal metabolism of vitamin D also perturbs
lipid metabolism in CD patients.

There are more research about biomarkers in the field of CD.
In a value review, Mohsen et al. (27) address CD biomarkers
including serologic biomarkers, genetic predisposing markers
and Interleukin-24. However, their specificity and accuracy
need to be further improved, for example, CRP and ESR,
which are cheap and reliable, but hugely non-specific. At
the end of the article the author mentioned the need for
more novel biomarkers like metabolomics technology in the
future, leading to highly accurate testing. In our study, an
LC-MS/MS metabolomic method was applied to compare the
serum metabolic characteristics between CD patients and HCs
and a panel of two metabolites (DCA and palmitic amide) was
identified as a specific biomarker of CD.

In recent years, research on fecal metabolites and IBD is
rapidly increasing and improving with the development of
technology. However, the characterization of the human fecal
metabolome still lags behind these other metabolomes because
of various reasons, such as standardized methods and freely
available resources (28). In a past review study on colorectal
cancer, we found that serum and tissue are the preferred
biological samples, and the analysis of stool samples only
accounts for a small part (29). Since the acquisition of human
intestinal tissue samples is invasive, the acquisition of serum
samples is very convenient, and serum metabolomics is a
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classic metabolomics study. Therefore, we choose serum for
metabolomics analysis.

According to the lesion site, CD can be divided into
L1, terminal ileum; L2, colon; L3, ileocolon and L4, upper
gastrointestinal tract. In our study, there is L1, L2, L3, L1L4,
1214, and L3L4. The result of association between regio specific
CD sites and markers is showed in Supplementary Table S2.
It can be seen from the results that there is not significant
association between regio specific CD sites and markers. It may
be caused by the distribution of different types of samples or
other reasons. In future research, we should pay attention to
the selection of sample types and other factors that may affect
the results. We have also conducted correlation analysis between
clinical characteristics and biomarker (Supplementary Table S3).
Because the results of the correlation analysis are not good, we
do not add in the text. It may be due to the limitation of sample
size. In the future research, we will try to expand the number of
samples to design experiments.

There were three limitations in this study. Firstly, there were
all CD patients from one center in our study. In the future,
a large cohort of multicenter participants will be required to
verify the reliability of the results. In this study, we are limited
to cross-sectional studies to screen biomarkers, and further
studies provide more longitudinal data to prove the role of these
biomarkers in early diagnosis, monitoring disease evolution or
time to relapse of the patient. Secondly, all patients were from
Asia. We should include CD patients of different races for
research in future studies. Lastly, we know that IBD mainly
includes two subtypes, UC and CD. In our study, only CD
patient samples were included. Therefore, performing further
studies focused on metabolic profiling using UC patient samples
are required. So, we can try to include UC patients to identify the
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metabolite profile that could be used to differentiate CD and UC
patients, it will be a more challenging study.

Conclusion

In conclusion, an LC-MS/MS metabolomic method was
applied to compare the serum metabolic characteristics between
CD patients and HCs in this study. A panel of two metabolites
(DCA and palmitic amide), which were both upregulated,
was identified as a specific biomarker of CD. These serum
metabolites are mainly related to bile acid biosynthesis, fatty
acids and energy metabolism. Our findings will provide a
new method for the diagnosis of CD and new insights into
CD pathogenesis.
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