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Abstract

Inflammatory bowel disease (IBD) is an incurable disease characterized by remission-relapse cycles throughout its course. Both Crohn’s
disease (CD) and ulcerative colitis (UC), the two main forms of IBD, exhibit tendency to develop complications and substantial het-
erogeneity in terms of frequency and severity of relapse, thus posing great challenges to the clinical management for IBD. Current
treatment strategies are effective in different ways in induction and maintenance therapies for IBD. Recent advances in studies of
genetics, pharmacogenetics, proteomics and microbiome provide a strong driving force for identifying molecular markers of progno-
sis and treatment response, which should help clinicians manage IBD patients more effectively, and then, improve clinical outcomes
and reduce treatment costs of patients. In this review, we summarize and discuss precision medicine in IBD, focusing on predictive

markers of disease course and treatment response, and monitoring indices during therapeutic drug monitoring.
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Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease (CD)
and ulcerative colitis (UC), is characterized by chronicity, destruc-
tiveness, and a remission-relapse pattern [1]. The spectrum of dis-
ease symptoms is wide. Patients with UC typically present with
diarrhea, bloody stool and tenesmus; while abdominal pain, diar-
rhea and weight loss are the common symptoms of CD [2]. More-
over, 6%—47% of IBD patients suffer from extra-intestinal mani-
festations (EIMs) involving organs or tissues like joints, eyes, skin,
etc. [3]. The heterogeneous presentations of IBD make it diffi-
cult for physicians to diagnose the condition by clinical features
alone. A large-scale, prospective and multicenter study including
1399 children demonstrated that diagnostic delay conferred risk
for the development of complicated diseases and growth impair-
ment in pediatric CD patients [4]. From this point, making a timely
and accurate diagnosis is extremely important for IBD patients.
Such precision diagnosis can be achieved by combining consider-
ation of clinical manifestations, laboratory analysis, endoscopic
examination, imaging tests, and histologic assessment. Further-
more, the severity of diseases and frequency of flare-ups vary sub-
stantially from one patient to another. Some patients may expe-
rience a mild disease course, while others may progress quickly.
Remarkably, the phenotype of CD may vary and evolve over time.
It can progress from non-stricturing/fistulizing behavior to stric-
turing and fistulizing behavior in a manner which is largely un-
predictable. The one-year recurrence rate of IBD is approximately
10%-30%, despite achieving remission [5]. Although some mark-
ers have been identified to be useful in the prediction of disease
flare-ups, relapses are always difficult to predict [5, 6]. IBD exhibits

highly heterogeneity on all levels, and its management faces great
challenges.

IBD has become a global disease with the highest prevalence
in Westernized countries and the greatest growing incidence in
newly industrialized countries [7]. The disease puts a heavy bur-
den not only on patients themselves and their families, but also
on health care systems [8]. Substantial evidence indicates that IBD
results from the interaction of genetic/epigenetic, environmental,
immunological, and microbial aspects. Large-scale genetic stud-
ies provided major insights into the etiopathogenesis of IBD, and
highlighted the shared and distinct genetic risk factors in CD and
UC [9, 10]. However, for most identified loci, their functions remain
unknown. Progress in pharmacogenetics, proteomics and micro-
biome also shed light on the complicated signaling pathways of
IBD. Understanding these distinct signaling pathways further pro-
vides an impetus for IBD treatment. The current therapeutic goal
for IBD is “treat-to-target”, aiming at achieving mucosal healing
(MH), avoiding permanent complications, and altering the natu-
ral history of IBD [11]. Thus, assessment of disease course and
therapeutic response play key roles in IBD management. Select-
ing a targeted therapy for individual patient must be based on risk
stratification by analyzing the determinants of disease course and
treatment response, including clinical, genetic, epigenetic, sero-
logical and fecal markers (Fig. 1).

With the “Precision Medicine Initiative” put forward in 2015,
precision medicine has become a hotspot in the field of health
care [12]. A large number of studies have been conducted to op-
timize the precision diagnosis, treatment, and monitoring of IBD.
Herein, we mainly discuss how research on signaling pathways
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Figure 1. Precision medicine in IBD. Based on risk stratification by analyzing the determinants of disease course and treatment response including
clinical, genetic, epigenetic, serological and fecal markers, physicians then select a targeted therapy and apply precision monitoring for individual

patient. IBD: inflammatory bowel disease.

facilitates targeted therapy, and elaborate on precision treatment
and precision monitoring in IBD.

Signaling pathways involved in IBD

Though the exact pathogenesis of remains unclear, it is be-
lieved that complicated mechanisms involving environmental
triggers, luminal microbiota and host genetic susceptibility gen-
erate the disequilibrium between pro-inflammatory and anti-
inflammatory signaling, resulting in a chronic inflammatory state
in IBD patients. Amongst numerous signaling pathways impli-
cated in IBD, pathways related to tumor necrosis factor (TNF),
leukocyte trafficking, and interleukin-12 (IL-12)/interleukin-23 (IL-
23) have been intensively studied [13]. Undoubtedly, an improved
understanding of these signaling pathways substantially facili-
tates the development of targeted treatment for IBD.

TNF has two forms: transmembrane TNF (mTNF) and soluble
TNF. The former mainly binds with TNF receptor I (TNFRI), and
then mediates the activation of nuclear factor kappa-B (NF-«B)
and caspase-8-dependent death signaling pathways, resulting in
mucosal inflammation and intestinal epithelial barrier damage
[14]. The latter often binds with TNF receptor II (TNFRII) and con-
tributes to the activation of pro-survival and pro-inflammatory
signaling pathways [15]. So far, available evidence indicates that
TNF plays a central role in the pathogenesis of IBD. In order to
block its pro-inflammatory action, researchers have developed
some full-length anti-TNF monoclonal IgG1 antibodies such as in-
fliximab, adalimumab and golimumab, and antibodies with Fab
fragments such as certolizumab as well [14]. These antibodies
exert anti-inflammatory effects by neutralizing mTNF and solu-
ble TNF, reducing pro-inflammatory cytokines and cell adhesion
molecules, and prompting T cell apoptosis, and inducing M2-type
wound-healing macrophages [16-18]. Therefore, anti-TNF mono-
clonal antibodies showed outstanding therapeutic efficacy in the
induction and maintenance of clinical, biochemical, and endo-
scopic remission in both animal models and patients with IBD
[14]. 1t also has become a breakthrough in the precision treatment
of IBD, encouraging further studies of other signaling pathways in-
volved in IBD.

The 1L-23/T helper cell 17 (Th17) pathway is critical in the
pathophysiology of IBD. IL-23 consists of a p40 subunit and a p19
subunit. It is responsible for conferring pathogenicity to Th17 and

producing pro-inflammatory cytokines including interleukin-17A
(IL-17A), interleukin-17F (IL-17F), interleukin-22 (IL-22), TNF, C-C
chemokine receptor type 6 (CCR6), chemokine ligand 20 (CCL20),
and others [19]. Th17 and Th17-related cytokines are acknowl-
edged as strong inducers of inflammation. Increased levels of
Th17 cells and Th17-related cytokines in IBD patients indicate
that the IL-23/Th17 pathway plays an important role in IBD [20].
The association between the IL-23/Th17 pathway and IBD has
been further emphasized by Genome-wide Association Studies
(GWAS). Several risk genes involved in the IL-23/Th17 pathway,
such as interleukin 23 receptor (IL23R), caspase recruitment domain
family member 9 (CARD9), interleukin 12B (IL12B), Janus kinase 2
(JAK2), and CCR6 have been demonstrated to be associated with
susceptibility to IBD [20]. Besides Th17, IL-23 also exerted effects
on another T helper cell subset. Recently, a study reported that
IL-23 also drove intestinal inflammation by evoking a pathogenic
phenotype in Thi-like cells [21]. This finding provides a new di-
rection for research on IBD. IL-12 is also a heterodimeric cytokine
composed of a p35 and a shared p40 subunit. IL-12 can pro-
mote Th1 cytokine-mediated immune responses that is consid-
ered to be an integral part in the pathogenesis of CD. Besides, IL-
12 is also involved in the activation of natural killer (NK) cells,
cytotoxic T lymphocytes (CTLs), and group 1 innate lymphoid
cells (ILC1s), and the production of interferon-gamma (IFN-y)
and TNF-a [22]. Therefore, new drugs targeting IL-12/IL-23 p40
(ustekinumab), and IL-23 p19 (risankizumab and briakinumab)
have showed great benefit for IBD patients [23-25]. These exam-
ples further support the idea that targeting a key molecule within
a signaling pathway can be an optimal option for targeted therapy
in IBD.

Migration of leukocytes from the periphery to inflamed bowel
tissues, and adhesion to the intestinal vasculature are two in-
dispensable processes in the development and progression of
IBD. Leukocyte-specific integrins, including alpha 4 beta 7 («487),
alpha E beta 7 (¢EB7), alpha 4 beta 1 («4B1), etc., are trans-
membrane glycoprotein receptors, mediating the connection be-
tween leukocytes and extracellular matrix ligands [11, 26]. The
adhesive process of leukocytes to vascular endothelium can
be activated by several pro-inflammatory cytokines such as
TNF-« and interleukin-1 (IL-1), which are also responsible for
the up-regulation of expression levels of intracellular adhesion
molecules-1 (ICAM-1), mucosal adhesion cell adhesion molecule



(MADCAM), and E-selectin on inflamed tissues [11]. As a gut-
homing receptor, a4B7 participates in the key processes of lym-
phocyte homing (rolling migration and firm adhesion) by bind-
ing with MADCAM-1. Therefore, blocking the binding of «487 to
MADCAM-1 prevents lymphocytes from homing to the gut and
thus attenuates intestinal inflammation [26]. Several antibodies
to integrins such as vedolizumab, etrolizumab and abrilumab
have shown great improvement in clinical outcomes in IBD pa-
tients [27, 28]. Therefore, blocking the leukocyte migration and ad-
hesion process may become a novel direction in drug discovery in
IBD.

Other signaling pathways involving sphingosine 1-phosphate
(S1P)/sphingosine 1-phosphate receptors (S1PRs), JAK-signal
transducer and activator of transcription (STAT), and Toll-like re-
ceptor 9 (TLRY) also show promise in targeted therapy. Numerous
studies have linked S1P/S1PRs to leukocyte trafficking, a pivotal
process in the development of IBD. S1P/S1PRs drive intestinal
inflammation and regulate intestinal immune response by me-
diating the egress of lymphocytes from primary and secondary
lymphoid organs [29]. Thus, S1P modulators such as ozanimod
and etrasimod show some beneficial effects on patients with
IBD [30, 31]. Existing evidence demonstrated that JAKs mediate
the phosphorylation of the STAT family and participate in the
inflammatory processes of IBD [32]. Activation of JAK-STAT may
cause great changes in the level and ratio of pro-inflammatory
and anti-inflammatory cytokines, as well as in the balance
between immune activation and tolerance [32]. Drugs inhibiting
the biological activity of the JAKs such as tofacitinib, filgotinib
and upadacitinib have attracted great interest. These drugs
provide therapeutic options for patients who are unresponsive
to or intolerant of other-class drugs [33-35]. It is noteworthy
that a novel therapeutic strategy, dual therapy, a combination
of a biologic with a small molecule drug, holds great promise
to help refractory IBD patients achieve remission [36]. A study
of 16 biologic-refractory pediatric IBD patients showed that the
dual therapy (vedolizumab/ustekinumab and tofacitinib) quickly
facilitated steroid-free remission in 75% of patients with little
serious safety events [37]. Several other studies also drew similar
conclusions [38, 39]. The synergistic effects (preventing lym-
phocyte homing, neutralizing pro-inflammatory cytokines, and
inhibiting downstream cytokine receptor signaling pathways)
of vedolizumab/infliximab/ustekinumab and tofacitinib may
explain these interesting findings. Contrary to these above-
mentioned signaling molecules, TLR9 shows beneficial effects
on intestinal inflammation. Compared with the control group,
TLR9-deficient mice with dextran sodium sulfate (DSS)-induced
colitis presented more severe inflammation and delayed wound
repair [40]. The protective effects of TLR9 on inflammation
were further confirmed by the fact that activation of TLR9 con-
tributed to the upregulation of mucosal IL10 and suppression
of Th17 cells [41]. Correlations between mucosal TLR9 levels
and severity of inflammation have also been demonstrated [41].
All these findings pave a new way to TLRO-targeted treatment
in IBD. Cobitolimod, the TLR9 agonist, has been claimed to be
effective in inducing clinical response in UC patients with poor
response to conventional or biological treatments [42]. How-
ever, the efficacy of cobitolimod has only been evaluated in a
phase II clinical trial, yet to be validated by large-sample clinical
trials.

Indeed, revolutionary discoveries of different signaling path-
ways and major advances in IBD drug discovery have made great
changes in disease management and also opened up the possibil-
ity of implementing precision treatment strategies for IBD.
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Risk stratification based on clinical and
molecular markers

Great heterogeneity in IBD makes it inappropriate and unreason-
able for physicians to treat IBD patients with a unified therapeutic
program. Disease course can substantially differ between individ-
ual patients. Some patients may undergo an aggressive disease
course while others may experience a mild one. A link between
a severe disease course and a poor disease outcome has been
well documented [43]. Patients with an aggressive disease course
need a timely and potent treatment, while a conventional step-
up approach would suit a benign disease course [43]. Thus, the
key of IBD management decision lies in screening out those pa-
tients with aggressive disease course at the early stage. So, doctors
are advised to make risk stratification firstly according to various
markers, and then select the most suitable therapy for patients
[44]. Such a personalized treatment is closely correlated with bet-
ter clinical outcomes, improved therapeutic efficacy and reduced
risk of adverse events for IBD patients.

Clinical markers of disease course

Available data showed that patients with a diagnosis at an early
age, perianal disease, complicated behaviors (structuring or pen-
etrating lesions), and others were more likely to undergo an ag-
gressive disease course [45]. We summarize the clinical mark-
ers in Table 1. However, onset age and disease location show
some opposite effects on disease for patients with UC [46]. Dif-
ferent research methods and various sample sizes may explain
these inconsistent results. As for the controversial factor, smok-
ing, some studies demonstrated that it was a valuable predic-
tor of unfavorable disease outcomes including complicated be-
haviors and the need for surgery, as well as the requirement for
steroids/immunosuppressants and post-operative recurrence in
patients with CD [47]. However, the concept that smoking cessa-
tion was linked to worse disease course for UC patients has been
proposed [48]. Given that the benefits associated with smoking
do not overweigh the potential risks, patients with UC are ad-
vised to give up smoking. What's more, IBD also shows strong sex-
ual dimorphism in disease course. In comparison with male pa-
tients with CD, females frequently suffer from more severe clini-
cal symptoms and disabilities [49]. It is noteworthy that most of
these clinical markers were identified by retrospective studies, in-
dicating a need of validating these markers in larger prospective
cohort studies.

Endoscopy, a crucial tool for the assessment of mucosal inflam-
mation and MH, is also of great importance in the prediction of
disease course [64, 65]. Patients with extensive and deep ulcera-
tions are at a higher risk of having an aggressive disease course
[59]. Compared with patients exhibiting mild endoscopic lesions,
the risk of colectomy was 5.43-fold higher in those with severe
endoscopic lesions [59]. Conversely, endoscopic MH is associated
with mild disease course [66]. Even so, endoscopic MH is not par-
allel to histologic remission [67]. Existing data showed that up to
40% of patients presenting with normal mucosa on endoscopy
manifested mild to moderate inflammation on histopathology
[67]. It is widely recognized that unresolved intestinal inflamma-
tion is associated with disease complications, colectomy, neopla-
sia and hospitalization, suggesting that endoscopy alone is likely
inadequate to predict disease course in patients with IBD [68].
Therefore, combined analysis of endoscopic and histologic fea-
tures may further reduce false negatives and increase the accu-
racy of prediction.
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Table 1. Risk stratification based on clinical markers.

Markers Roles in risk stratification Sample number Reference
Diagnosis at an early age Predicted an aggressive disease course for CD CD (1123) [50]
Extensive disease Predicted an aggressive disease course for CD and CD (361); [51, 52]

UC, and medically refractory disease for UC MR-UC (324),

non-MR-UC (537)

Upper GI involvement Predicted an aggressive disease course for CD CD (358) [53]
Ileal/ileocolonic involvement Predicted an aggressive disease course for CD CD (2105) [54]
Perianal disease Predicted an aggressive disease course for CD CD (1123) [50]
Complicated behaviors Predicted an aggressive disease course for CD CD (361) [51]
Need of corticosteroids at initial Predicted an aggressive disease course for CD and CD (1123) [50]
presentation uc
Fiber intake Decreased risk for ileocolonic CD CD (346), UC (456) [48]
Older age at disease onset Predicted an aggressive disease course for UC UC (601) [46]
Proximal disease location Predicted an aggressive disease course for UC UC (601) [46]
Smoking Showed bidirectional effects (protective or CD (476), UC (630), IC [48, 55, 56]

destructive) on disease course for CD and UC (81);

CD (346), UC (456);
UC (6754)

Female Predicted more severe clinical symptoms and CD (541) [57]

disabilities for CD
Male Predicted a high risk of developing CRC for UC UC (4192), CD (3482) [58]
Severe endoscopic lesions Predicted an increased risk of penetrating CD (102) [59]

behaviors and colectomy for CD
Endoscopic MH Predicted of lower risk of relapse, colectomy and UC (513), CD (227) [60]

hospitalization for CD and UC
Coexisting with PSC Increased risk of proximal disease extension, UC (420); [61-63]

dysplasia, CRC and colectomy for CD and UC PSC-IBD (71), UC (142);

IBD-neoplasia (43), IBD
(102)

Co-occurrence of psoriasis Predicted an aggressive disease course for UC UC (420) [61]

Abbreviations: CD: Crohn'’s disease; UC: ulcerative colitis; MR-UC: medically refractory-UC; GI: gastrointestinal; IC: indeterminate colitis; CRC: colorectal cancer;

MH: mucosal healing; PSC: primary sclerosing cholangitis.

Given that IBD is an immune-mediated disease, IBD patients
may present autoimmune comorbidities including primary scle-
rosing cholangitis (PSC), psoriasis and systemic lupus erythe-
matosus (SLE). Co-occurrence of PSC or psoriasis contributes to a
severe disease course in IBD patients [61, 69]. UC patients with PSC
were more likely to suffer from progression of disease extension
with a hazard ratio (HR) of 12.83 [61]. Recently, a close association
between IBD and psoriasis has been reported in a Mendelian ran-
domization study of 463,372 cases [70]. Given that autoimmune
comorbidity always makes IBD management more difficult, spe-
cial treatment and enhanced surveillance protocols in these pa-
tients are usually needed.

As it is known to all, IBD patients showed great heterogeneity
in disease course. Different disease course often corresponds to
different treatment strategies. Although lots of clinical markers
have been identified to be associated with disease course, some
of markers were not reliable or useful for the prediction, as the
predictive accuracy is a little bit low [43]. In order to achieve ad-
equate predictive accuracy, a prediction panel including clinical
and other different class markers such as genetic, epigenetic, sero-
logical and fecal surrogates may be more helpful, and thus help
physicians perform risk stratification and decide an appropriate
treatment plan.

Genetic and epigenetic markers of disease course
In recent years, rapid progress has been made in the genetics of
IBD. 320 risk alleles have been identified, some conferring suscep-
tibility to IBD, while others related to disease course [6, 71]. We
summarize genetic and epigenetic markers in Table 2.

The gene Nucleotide binding oligomerization domain containing 2
(NOD2) was the first susceptibility gene of CD, and three risk single
nucleotide polymorphisms (SNPs) (R702W, G908R, and L1007finsC)
have been studied extensively. A large-scale, multicenter study
revealed that the three NOD2 SNPs were significantly associated
with an aggressive disease course [86]. NOD2 risk SNPs conferred
a 58% increase in the risk for colectomy [86]. In addition, risk
genes including immunity related GTPase M (IRGM), TNF superfamily
member 15 (TNFSF15), IL23R, etc. were also reported to be predic-
tive markers of an aggressive disease course [6]. Although genetic
markers are stable and heritable, they may only explain a small
portion of variability. It has been shown that epigenetic markers
(such as DNA methylation and non-coding RNAs) also shape the
disease course of IBD patients [6, 87]. Tahara et al. claimed that
higher methylation levels of protease-activated receptor2 (PAR2) and
multi-drug resistance gene 1 (MDR1) were correlated with total col-
itis phenotypes, and the former was also identified as a poten-
tial marker in the prediction of refractory phenotypes of UC [79,
80]. In 2018, a Cambridge research team further observed that
gut segment-specific DNA methylation profiles might be used as
a clinically useful tool for predicting the requirement for biolog-
ics and the time to third treatment escalation [88]. Similarly, cell-
specific DNA methylation signatures are also correlated with dis-
ease severity and colectomy in patients with UC [89]. One pre-
dictive model incorporating three methylation markers can pre-
dict treatment escalation with an HR of 5.19 [87]. From this point,
DNA methylation markers are crucial in the evaluation of disease
course. Furthermore, several studies also suggested that miRNAs
are differentially expressed in IBD patients. Expression levels of
the miR-29 family, miR-19-3p family and miR-200 family were



Table 2. Risk stratification based on genetic and epigenetic markers.
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Markers Roles in risk stratification Sample number Reference

NOD2 Predicted of stricturing/penetrating phenotype, CD (316), UC (408), HC [72,73]
ileal involvement and colectomy for CD (205);

CD (107)

IRGM Predicted of colectomy, stricturing phenotype, CD (263), UC (206), HC [74]
ileal involvement and perianal disease for CD (245)

TNFSF15 Predicted of colectomy, stricturing phenotype CD (906); [52,75]
and perianal fistula for CD, and medically MR-UC (324),
refractory disease for UC non-MR-UC (537)

IL23R Predicted of stricturing/penetrating phenotype CD (1528) [76]
and ileocolonic involvement for CD

PRDM1 Predicted of penetrating phenotype for CD CD (1528) [76]

IL12B Predicted of medically refractory disease for UC MR-UC (324), [52]

non-MR-UC (537)

HLA-DRB1x0103 Predicted of extensive disease for UC UC (466), HC (2099) [77]

NFKBIL1 Predicted of extensive disease and more severe UC (155), HC (298) [78]
disease for UC

PAR2 (hypermethylation) Predicted of extensive disease, UC (84) [79]
steroid-dependent and steroid-refractory
disease for UC

MDRI1 (hypermethylation) Predicted of extensive disease and earlier onset UcC (83) [80]
of disease for UC

RPS6KA2 (hypomethylation) Predicted of stricturing/penetrating phenotype CD (121), UC (119), HC [81]
for CD, and extensive disease for UC (197)

miR-29 family (low mucosa Predicted of stricturing phenotype for CD CD (13) [82]

expression)

miR-19-3p family (low serum Predicted of stricturing phenotype for CD CD (108) [83]

expression)

miR-200 family (low mucosa Predicted of stricturing phenotype for CD CD (20), HC (16) [84]

expression)

miR-31-5p, miR-215 and Predicted of stricturing/penetrating phenotype CD (21), NIBD (14) [85]

miR-223-3p (high mucosa for CD

expression)

miR-149-5p and miR-203 (low Predicted of stricturing/penetrating phenotype CD (21), NIBD (14) [85]

mucosa expression)

for CD

Abbreviations: NOD2: nucleotide binding oligomerization domain containing 2; CD: Crohn’s disease; UC: ulcerative colitis; HC: healthy control; IRGM: immunity
related GTPase M; TNFSF15: TNF superfamily member 15; MR-UC: medically refractory-UC; IL23R: interleukin 23 receptor; PRDM1: positive regulatory domain
1; IL12B: interleukin 12B; HLA-DRB1x0103: major histocompatibility complex, class II, DR beta 1, 0103; NFKBIL1: NFKB inhibitor like 1; PAR2: protease-activated
receptor2; MDR1: multi-drug resistance gene 1; RPS6KA2: ribosomal protein Sé kinase A2; NIBD: non-IBD.

significantly decreased in patients with stricturing disease, in
comparison with those with inflammatory phenotypes [90, 91].
In contrast, some other miRNAs are associated with complicated
phenotypes [85]. One prospective study proposed that the expres-
sion level of miR-215 increased 4.8-fold when the disease behavior
progressed from inflammatory phenotype to penetrating pheno-
type. In this regard, miRNAs may provide important clues in the
assessment of disease course in IBD patients.

For patients with a higher risk of undergoing complicated dis-
ease and surgery, physicians are advised to make an aggressive
therapeutic approach, aiming at improving disease outcomes. Al-
though genetic and epigenetic markers show their potential role
in the prediction of disease course and risk stratification, there
are still some limitations. Firstly, although genetic markers are
stable and heritable, their value is ethnicity-specific. Some risk
loci are reliable markers in predicting disease course in one eth-
nic population, but may be absent in some other ethnicities, and
showed no predictive value in this respect. Secondly, given that
DNA methylation patterns are cell-specific, the epigenome differs
substantially between sampling sites, which might result in du-
bious conclusions and limit their clinical application [92]. Thirdly,
the association between a genetic/epigenetic marker and disease
course is not always robust, therefore leaving uncertainty in its
predictive value for disease course. Fourthly, the functional rel-

evance of DNA methylation and miRNAs to intestinal strictur-
ing/penetrating remains largely unknown [91]. Therefore, explor-
ing DNA methylation and miRNA downstream targets is urgently
required. Most importantly, considering that IBD results from the
complex interplay between different contributors, a reliable dis-
ease course prediction must be based on the combined assess-
ment of serological and fecal markers, in addition to clinical,
genetic and epigenetic ones. Moreover, identified markers also
should be validated and replicated in other ethnic groups, thereby
generalizing them in clinical practice.

Serological markers of disease course

Existing and emerging serum markers have been studied exten-
sively in IBD, thus providing valuable information into the predic-
tion of disease course. Different kinds of antibodies against micro-
bial components, neutrophils, and exocrine pancreas such as anti-
Saccharomyces cerevisiae (ASCA), anti-outer membrane protein C
(anti-OmpC), anti-neutrophil cytoplasmic antibodies (ANCA) and
anti-glycoprotein 2 (anti-GP2) have been found in the serum of
IBD patients. They are more likely to be detected in IBD patients
in comparison with healthy controls, suggesting a possibility of
differentiating IBD and controls by them [6]. More importantly,
there is substantial evidence demonstrating that seropositivity to
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Table 3. Risk stratification based on serological markers.

Markers Roles in risk stratification Sample number Reference
ASCA Predicted of small bowel surgery, CD (303); [93-95]
stricturing/penetrating phenotype, ileocolonic CD (252), UC (53), HC
disease and perianal lesion for CD (43);
CD (169), UC (102)
AMCA Predicted of surgery and CD (103), CD-ITB (10), [96-98]
stricturing/penetrating phenotype for CD, and ITB (9), HC (68);
severe disease course for UC CD (913), UC (272), HC
(200)
NIBD (113);
CD (107), UC (88)
ACCA Predicted of steroid dependency and severe CD (107), UC (88) [98]
disease course for CD and UC
PANCA Predicted of low risk of developing CD (913), UC (272), HC [97, 99]
stricturing/penetrating phenotype and (200)
receiving surgery for CD, and severe disease NIBD (113);
course for UC CC (17), UC (143), IBDU
(146)
Anti-Fla2 Predicted of stricturing phenotype for CD CD (252), UC (53), HC [94]
(43)
Anti-Fla-X Predicted of stricturing phenotype for CD CD (252), UC (53), HC [94]
(43)
Anti-CBirl Predicted of ileal disease, surgery and CD (796) [100]
stricturing/penetrating phenotype for CD
Anti-GP2 Predicted of stricturing phenotype and perianal CD (169), UC (102) [95]
disease for CD
anti-OmpC Predicted of small bowel surgery and CD (303); [93, 100]
stricturing/penetrating phenotype for CD CD (796)
anti-12 Predicted of small bowel disease, surgery, CD (303); [93, 101, 102]
stricturing/penetrating phenotype and long CD (196);
disease duration for CD CD (142)
CRP (high baseline Predicted of intestinal surgery for CD, and the CD (957); [103-105]
level) need of immunosuppressant treatment for CD CD (313), UC (111),
and UC IBDU (41);
CD (162)
Albumin (low baseline Predicted of surgery and severe postoperative CD (957); [103, 106, 107]
level) complications for CD, and the need for UC (710)

biologics and colectomy for UC

()

Abbreviations: ASCA: anti-Saccharomyces cerevisiae; CD: Crohn’s disease; UC: ulcerative colitis; AMCA: anti-mannobioside carbohydrate IgG antibodies; ITB: in-
testinal tuberculosis; NIBD: non-IBD; ACCA: anti-chitobioside carbohydrate IgA; pANCA: perinuclear anti-neutrophil cytoplasmic antibodies; CC: crohn’s colitis;
IBDU: inflammatory bowel disease-unclassified; anti-GP2: anti-glycoprotein 2; anti-OmpC: anti-outer membrane protein C; anti-I2: anti-bacterial sequence 12; CRP:

c-reactive protein.

these antibodies is associated with disease course in IBD patients.
We summarize the serological markers in Table 3.

With regard to CD, several studies have identified an associ-
ation between serological antibodies such as ASCA, anti-OmpC
and anti-bacterial sequence 12 (anti-12) and complicated disease
and small bowel surgery [93, 94]. Furthermore, serum responses to
flagellin and GP2 also help identify patients with complicated dis-
ease [94, 95]. A prospective study further suggested that increas-
ing seropositivity to ASCA, anti-CBirl, and anti-OmpC was pre-
dictive for a faster disease progression. When patients with these
three positive antibodies, they progress to penetrating and/or
stricturing disease with an HR of 6.0, and receive CD-related
surgery with an HR of 6.6 [100]. This is in line with the perspec-
tive of Schoepfer et al. that the risk of suffering from complicated
disease and surgery was increased in patients with an increas-
ing number of antibodies [94]. As for UC, pANCA + and ANCA-IgG
levels were claimed to be associated with severe disease course
[99, 108]. A French study also reported that combined analysis
of anti-mannobioside carbohydrate IgG antibodies (AMCA) and
anti-chitobioside carbohydrate IgA (ACCA) could correctly iden-

tify UC patients with severe disease course with an area under
curve (AUC) of 0.67 [98].

Of course, other conventional serological markers including C-
reactive protein (CRP) and albumin are also claimed to be associ-
ated with disease course in IBD [103, 106]. Combined analysis of
more serum antibodies might increase the prediction accuracy to
some extent, but we should also keep in mind that there is dis-
similarity between association and predictivity. Only a small part
of studies explored the predictive role of serum antibody mark-
ers in IBD patients. Most studies simply retrospectively analyzed
associations between markers and disease course, while didn’t
investigate the predictive values of these markers in a prospec-
tive cohort. Besides, although predictive panels of different-class
markers performed better in the disease course prediction, medi-
cal cost is another factor should be taken into account [109]. This
indicated a need to do a cost-effectiveness analysis and develop
a cost-effective panel for IBD patients. It is worth noting that the
above serological surrogates also presentin other diseases such as
intestinal tuberculosis, irritable bowel syndrome (IBS), celiac dis-
ease and even healthy controls, which might render it suboptimal
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Table 4. Risk stratification based on fecal markers.
Markers Roles in risk stratification Sample number Reference
Ruminococcus (high Predicted of stricturing phenotype for CD CD (913) [111]
baseline level)
Collinsella (high baseline Predicted of penetrating phenotype for CD CD (913) [111]
level)
Veillonella (low baseline Predicted of penetrating phenotype for CD, and CD (913); [111, 112]
level) severe disease course for UC UC (48), HC (48)
Rothia (low baseline level) Predicted of stricturing phenotype for CD CD (913) [111]
Bacteroides (low baseline Protected from severe disease course for UC UC (48), HC (48) [112]
level)
F. prausnitzii (low baseline Predicted of severe disease course for UC UC (48), HC (48) [112]
level)
Proteobacteria (high Predicted of severe disease course for CD and CD (72), UC (51), HC (73) [113]
baseline level) uc
FC (high level) Predicted of colectomy and pouchitis for UC, UC (90); [114-116]
and postoperative recurrence for CD and UC CD (135);
UC (60)
FL (high level) Predicted of pouchitis for UC UC (60) [116]
Fecal BAFF (high level) Predicted of severe disease course for UC CD (44), UC (49), IBS [117]
(27), HC (26)
Fecal NGAL (high level) Predicted of severe disease course for CD and UC (43), CD (30), IEC [118]

ucC

(21), IBS (21), HC (23)

Abbreviations: CD: Crohn'’s disease; UC: ulcerative colitis; HC: healthy control; F. prausnitzii: faecalibacterium prausnitzii; HC: healthy control; FC: fecal calprotectin;
FL: fecal lactoferrin; BAFF: B cell-activating factor of the TNF family; IBS: irritable bowel syndrome; IEC: infectious enterocolitis; NGAL: neutrophil gelatinase-

associated lipocalin

in the prediction of disease course and discrimination of disease
subtypes [110]. Now that different studies set various thresholds
of serum antibodies in different cohorts, this might bring addi-
tional hurdles to explain these test results, thereby limiting the
clinical application in other cohorts. So, it is absolutely a critical
need to validate these results in larger, external and prospective
cohorts.

Fecal markers of disease course

It has increasingly become apparent that fecal microbiome plays
a critical role in the development and progression of IBD. Explo-
rations in fecal microbiome not only cast insight into the complex
pathogenesis of IBD, but also give a new perspective and way to
evaluate of disease course. We summarize the fecal markers in
Table 4.

In 2017, the RISK study clearly demonstrated that gut micro-
biota was significantly associated with disease phenotypes [111].
Ruminococcus and Collinsella are enriched in patients with strictur-
ing/penetrating behaviors. While, the levels of Rothia and Veillonella
are deceased in complicated disease [111]. As for patients with
UC, different kinds of species of microbes were also claimed to be
associated with severe disease course [112]. These findings pro-
vide additional information about the discriminant power of fe-
cal bacteria between different disease phenotypes and courses.
One year later, a Chinese study team also made a similar conclu-
sion that different kinds of gut microbiota conferred risk to dif-
ferent phenotypes [113]. Most importantly, this study further re-
vealed consistent microbial alteration patterns between Chinese
and Western IBD patients, suggesting the possibility of using mi-
crobial markers to classify IBD patients across different ethnic-
ities [113]. Although microbiota markers showed great potential
in risk prediction, they haven'’t been broadly applicable in clinical
practice. The following factors should be considered before appli-
cation. Firstly, it is an established fact that diet, smoking, drugs,
etc. markedly influence the composition and diversity of the mi-

crobiome [43, 119]. Some studies didn't take these confounding
variables into consideration, which might affect the reliability and
accuracy of results. Secondly, microbiota can indeed add value to
the prediction of disease course, but it is not specific to IBD. Other
diseases such as infective enteritis, celiac disease and IBS can
also influence its form and diversity. Further work is warranted to
elucidate its specific association with IBD. Thirdly, the functional
consequences of most microbiota are unclear. So, conducting a
metabolomics study is definitely needed. Fourthly, microbial shift
in stool samples is not parallel with that in tissue samples [120].
Gevers et al. claimed that microbial imbalance was less seen in
stool samples, but more often in tissue samples [120]. Therefore,
additional efforts are required to further study the microbial com-
munity network in different intestinal segments. Combined ana-
lyzing microbiota markers in stool and tissues may be more reli-
able, but tissue samples must be collected by invasive endoscopy,
which might increase medical expenses and expose patients to
additional risks caused by endoscopy. Based on the above, explor-
ing more reliable and cost-effective fecal markers is in desperate
need.

Besides the fecal microbiome, fecal calprotectin (FC) is now
widely used as a reliable and noninvasive marker in assessing
disease activity and differentiating IBD [121]. Patients with in-
creased FC are at a higher risk of receiving colectomy and hav-
ing postoperative recurrence [114, 115]. FC was superior to CRP
and Crohn’s Disease Activity Index (CDAI) in the reflection of the
presence and severity of recurrence [115]. As for UC patients, sev-
eral studies claimed that higher levels of FC were more often pre-
sented in patients with pouchitis [116]. It is important to note that
the levels of FC were elevated two months before the confirmed
diagnosis of pouchitis [116]. Based on these findings, FC might
be a prominent marker in the prediction of postoperative recur-
rence. Other fecal markers including fecal lactoferrin (FL), fecal
B cell-activating factor of the TNF family (BAFF), fecal neutrophil
gelatinase-associated lipocalin (NGAL) also show their potential
role in the evaluation of disease course [117, 118, 122]. However,
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as mentioned above, we should pay attention to the difference be-
tween association and prediction. So, the predictive value should
be validated further.

Combined predictive models

Analyzing one class of markers alone cannot ensure an accu-
rate prediction of disease course, combined analysis of different-
class of markers such as clinical, genetic, epigenetic, serological
and fecal surrogates may facilitate the prediction process. The
RISK study developed a competing-risk model consisting of age,
race, disease location, serologic markers and extracellular matrix
gene profiling. It could predict complicated disease in CD patients
with an AUC of 0.72 [111]. Similarly, another web-based system
dynamic model incorporating disease location, serologic mark-
ers, NOD2 polymorphisms, and an interaction term between pe-
rianal disease and ASCA could correctly identify a high-risk pop-
ulation (developing strictures/fistulas, or receiving surgery over a
three-year period) with a high concordance index [109]. More re-
cently, a promising model including six genetic SNPs, ileal loca-
tion, and three specific antibodies can predict intestinal surgery
and/or complicated disease at 5 years with an AUC of 0.84 [123].
In general, the combined predictive model outperforms the single
predictive model in helping physicians perform risk stratification
and decide an appropriate treatment plan. But the cost of exami-
nations and genetic heterogeneity should be taken into consider-
ation when interpreting these results.

Available data indicate that IBD patients with an aggressive dis-
ease course are more likely to undergo frequent flares, disease
complications, treatment refractory, bowel surgeries and frequent
hospitalization [124]. Some severe patients even present strictur-
ing and/or fistulizing disease and have to get abdominal surgery at
the time of diagnosis. The intestinal surgery rate is as many as 80%
and 30% for CD and UC, respectively [125]. Undoubtedly, physi-
cians should do risk stratification before embarking on treatment.
Any one-size-fits-all therapeutic approach is improper [43]. Given
that bowel damage is progressive, accumulative and nearly irre-
versible, any delayed and inadequate treatment may accelerate
disease progression, especially in those severe IBD patients. Early
and progressive therapeutics can mitigate the disabling disease
course and even alter the natural history of IBD. Therefore, pa-
tients with an aggressive disease course need a timely and potent
treatment. A combined therapy of biologics and immunomodu-
lators (even small molecule inhibitors) is recommended for these
patients. For severe perianal fistulizing CD, early surgical treat-
ments including abscess drainage, abscess setons, fistulotomy,
and ligation of the intersphincteric fistula tract are also recom-
mended [126]. With respect to intestinal stricturing/fistulizing CD,
the anti-TNF biologic and ileocolic resection is the optimal phar-
macotherapy and surgical treatment choice, respectively [127].
For acute severe ulcerative colitis (ASUC), besides corticosteroids
and anti-TNF biologic salvage therapy, timely colectomy should be
taken into consideration. While, a conventional step-up approach
would suit those mild IBD patients. Conventional treatments in-
cluding 5-aminosalicylate (5-ASA), corticosteroids, immunomod-
ulators and others are recommended [43]. This personalized treat-
ment not only reduces unnecessary expenses, but also decreases
the unnecessary risk of adverse events including myelotoxicity,
opportunistic infection and lymphoma for patients with an indo-
lent disease course. Moreover, it also markedly improves clinical
outcomes for patients with an aggressive disease course [90, 128].
Even so, the challenge remains to select the most suitable drugs
for each individual patient, given that different patients show sig-

nificant differences in drug metabolism and treatment response.
Thus, physicians are advised to make an individualized therapeu-
tic regimen based on the clinical characteristics and molecular
markers for each patient.

Precision treatment with key medications

Despite many drugs showing promising potential in the treat-
ment of IBD, unfortunately, the pharmacokinetics and pharma-
cogenetics vary between different patients with IBD. Some pa-
tients respond well to them with no adverse events, while oth-
ers have lower response rates with serious adverse reactions.
Therefore, adequate curative effects should be balanced with ad-
verse events associated with their use before treatment. Here,
this review will only discuss these well-studied drugs for IBD,
namely thiopurines (azathioprine and 6-mercaptopurine), inflix-
imab, adalimumab, vedolizumab, and ustekinumab (Table 5).

Thiopurines

Thiopurines, conventional immunosuppressants, have extremely
complicated metabolic pathways. Taking azathioprine for exam-
ple, azathioprine changes into 6-mercaptopurine after absorp-
tion by the GI tract. 6-mercaptopurine can then be metabolized
through three competing pathways: conversion into 6-thioinosine
monophosphate (6-TIMP) by hypoxanthine phosphoribosyltrans-
ferase (HGPRT); methylation by TPMT into 6-MMP that is respon-
sible for hepatotoxicity; and conversion into 6-thiouric acid (6-
TU) by xanthine oxidase (XO). 6-TIMP can then be successively
metabolized into 6-thioxanthosine monophosphate (6-TXMP) and
6-thioguanine nucleotides (6-TGNs) by inosine-5-monophosphate
dehydrogenase (IMPDH) and guanidine-5-monophosphate syn-
thetase (GMPS), respectively(Fig. 2) [172]. Thiopurines play a well-
established role in the induction and maintenance of remission,
facilitation of MH, and prevention of postoperative recurrence for
IBD patients. Such good therapeutic effects are directly related to
their metabolites 6-TGNs, which are also responsible for the com-
mon side effect, myelosuppression [172]. Similarly, an increased
concentration of another metabolite 6-methylmercaptopurine (6-
MMP) is involved in hepatotoxicity [173]. Available data indicated
that thiopurines had to be reduced or discontinued due to adverse
effects in about 34%-35% of patients [174].

Thiopurine S-methyltransferase (TPMT), and nudix hydrolase 15
(NUDT15) gene variants can influence the activities of important
enzymes implicated in the metabolism of thiopurines. Therefore,
pharmacogenetics analyses may add value to treatment decisions
and individualized treatment. One population frequency analy-
sis of TPMT alleles showed that TPMT=3A is the most common
allele in Caucasians, while Asian and African populations often
present with TPMT*3C [175]. In the Caucasian population, ap-
proximately 11% of individuals are heterozygous carriers with
intermediate TPMT activity, and only 0.3% are homozygous for
TPMT variants with low/absent TPMT activity [173]. Thus, pa-
tients with TPMT variants are prone to develop myelosuppres-
sion when compared with those with wild-type genotypes [129].
Notably, the TPMT variant allele frequency is significantly lower
in Asians than that in European populations [130]. The low fre-
quency of TPMT variants in Asians limits the clinical value of pre-
dicting thiopurine-induced myelosuppression. It is also notewor-
thy that TPMT variants cannot explain the overall myelosuppres-
sion, suggesting other contributing factors should be explored fur-
ther. Sutiman et al. reported that NUDT15 (p. Arg139Cys) conferred
a 22.9-fold increased risk of leukopenia in Asian IBD patients



9

Precision medicine in IBD

(95) on
‘(¢66) Ao
(tet) ao
(st1) ao
(sz) ao
{($9) Dn uzynusnoid 9 Y31y ‘payissvjounanadniidsouydnT
‘(cot) ao D120 S-DIYdLLYIST YBTY (S-TT YSHY Y31y ‘winpLasopouydv ysy
‘(952) DN ‘(z8¥) ao 'STad YSIY $13/e1F MOT {(DV/VV ‘€165/CesT)  D|jadazzAL, ySIy ‘sadysosavuy YSIY ‘Jjaisauivg YTy ‘S[[e0
‘(es¥) o V111 (VD/VV ‘6290081810) 805-AN.L +ANLW YStY L.d¥D YSTY {(LL ‘68T TOEETSI) WOVI (DD
‘(co1) @d {(edfy0usd DD ‘0TTE9/SIM) TSPA TE USIY ‘TvAD ‘SS19€81) PANL ‘(99 ‘2295S/81) AN (L1 ‘0£S671¥51)
(or9t) ao Y3y ‘osesstp [eueuad ‘SNIT (9IN[IR] QRWIXI[JUL VIASYINL (VV/V¥D ‘82/0£0581) #I1L “(DD/D.L
[zsT¥¥1 ‘ov1l (9s) on V/N ‘adr 3o A1oysty Aftuuey :Surjows L[eN ‘660708€81) ZY1L ‘(LL/LD ‘T0£0TZ0TSY) T19TOLY qewnwiepy
(s)ao
‘(se) ao
(161) DN
()
DI(€6) DN ‘(0%2) AD
‘(or1) DN ‘(zs1) @d
‘(otor) @d
“(901) ad
{(8) oH “(81) V1l
(92) on “(9€) ad
‘(9)
nagr (9) on ‘(/1) as
‘(9s) on
‘(9ze) ao D4 Y31y ‘H.IVD UsHY WNIpLAso|D YSTY Sa]uLe1ovqopyig
(ten) ao DFM SUIEsEq YSIY -¥DSY/+VONVY-d (1D/0D y8ty ‘uzyusnvad 4 ySy 14D USIy ‘543d ysty
“(¢82) ao ‘¥888050TST) ZTTOXD ‘(L1 ‘955001981) EYLOVHA ‘dMD YBIY (DD ‘T/T¥6/£5T) TOTOTS ‘(1L ‘/856260TST)
‘(06) DN (Vv ‘0881%zsT) TT9TOLV H(D<V) SO*IVOA-VIH  /LAVAY (1D/DD) £¥8-1s04 {(syueLiea Suisea1oul-3su)
((oTz) D {(1D/DD) €6 6-2spdspd (syueLres SUISEaIDIP-HSLI) ¥ezT odfiouayd Sunensusd/Suumnioins-uou
#v1-1€1] {(691) ad (99T¥%/S1) ELVIS MEZT] ‘9SOP ISIY JE 98k 1ap[o Burows 97RUI {JUSW} BT} 10}B[NPOWOUNIWII JUSLINOUOD qewIXIJul
(ese) ao (uorssaxddnsoredw)
loet ‘621l (ty) ad STLANN ‘LAdL V/N V/N sauundoryy,
SDUDIDJOY _qunu aydwres SIUDAD ISIDAPY asuodsai 1004 asuodsai poon s8nig

SI9IEe]N

's0130101q pUE SaULINAOTY]} 0} SIUSAS 9SI9APE PUE 9SU0dSal JUSUWIEI] JO UOTOIPaid Ul SISXIBUL IB[NIS[OWL PUE [BJTUI[D G S[qEL



Precis Clin Med

10

‘TRISISA0IIUOD * 103d20a1 N UI}BISOOUO "YNSO ‘N UIFBISODUO NSO
‘ed X0Q PeIYIOS :6dXOd {9 URNSHRIUL :9-T] {VEZ UBNSMIRIUL VeI ‘AdI-UoU :QdIN ‘T¢ 10308 uonduosuen xoq-} :Tgxdl i/ 812q 9 eyd[e :zggn T e12q & eyd[e :T¢pp ¢ pUesi[ auB{owWeayd JROW D-X-D ‘¢ TDXD ‘TT o] urejoid
Surpurq [019384x0 (T TTd4SO T 19qUISW € AJTwe] urewop a1 A8otowoy utsxoa[d :TVATHA £ ©39q ¥ eydle (/¢ gz urejoid aUueIqUSWISUERI] (€ZZNTALL T SUTUIBIU0D UTBWOP DTL (TADTL ‘STH[0D 91BUTWLIISPUL (D] (T 3TUngns T
x91dWod S9[[oUBSIO [BWOSOSAT JO ST1saUa301q :TSTDOTG XopUl MBYSPRIQ-ASATRY (IgH XSPUI AJAT}OR 9SBISIP S,UYOID ([VAD ‘UIX0IAU}-01-aUTUOIAYIOPOILT 931] F1J/€1] ‘V/T UL[NSISIUL 1/ TT] ‘Xapul ssewt £poq JNd ‘eydie 10308
SISOIDaU JoWwN} ‘BN, 10108} A1031qryul uoneidrua sdeydoewl (N (VT Jaquiawu Aftureiradns 103dedal INLL VIISYINL {SUOTIBISSJIUBW [BUNSIIUT-BIIXS SINIT ¥ 103d2da1 o1 [[OL HILL ¢ 103deda1 o] [[OL :Z¥1L ‘SHUyMe
oryredorpt o[tusAN( (Y[ ‘ULLISJOIDE] [BD3] T4 ‘undajoided 1829 :DJ ‘opndad [BIOIDIWUNIUE UIPIDIEYIED HIVD {[[92 POOIq UM DG\ ‘SBISIASIDD S9OAUIOIRYDIES-TIUE [YDSY ‘Sarpoquue drurse[dolfd rrydomnau-nue respnutiad
'VONV-d ‘1zitusnerd wintsioeqiredse; mzitusneld g ‘uioid oruoned iydoutsos gD (zT puesi] SUR{OWLYD JROW D-X-D 2T TDXD ‘POYISSE[OUN 9SBISIP [9/40q AI01eWWEUL :NJ4d] ‘€ 101e[n3a1 unoe pue aseieydsoyd : e 1DOVHI
'S uISuajep 1§33 ‘ureroid SATOEaI-D (YD T oI 9T paie[al ASeydoine TI9TH IV (IDT Ioquiaul A[Iwue] 1931odsueil UOTUER DIUBSIO I9LLIED 930[0S (TDTODTS /1 urewop asepndsdo[elsw WvAV /TNVAY ‘€¥8-puesl sed (8
-TSB4 ‘STI[0D 9ATIEIdD[N DN 103dada1 €7 UL NOMIIUT Mg Tl ‘€ UondUIDSUET) JO 10JBATIOE PUE I20NPSUED) [eUSIS (¢ VIS 9SBasIp S,uyol1D (D ‘ST 9S[OIPAY XIpnu ST LANN 9se1djsueniAyiaw-s sutndory} (LNd.L :SUONeIrdIqqy

(69€1) AD
otn) ao
‘(6e¥) Ao
(£0) on(got) @d
“(90¢) ao DJ MO] ‘WNaDS WNLI230DG0I4D]0ISDY ]
(1) adiN Y81y ‘susonpoudidning wnnaoqoyinhy
‘(82) dn “(82) ad Y31y ‘aviuo winipusop yS1y sapioiaing
‘(zot) ao urunqre Y3y TNg Y31y (9<a1008 ysSty ‘uznusnvid  YSy YNSO YSIY WSO Usy
‘(ee1) DN OABN ‘2IN[Iej INL-HUB ‘3N PIOISISOOMI0d  ‘£dX0d Y8IY ‘9T YSHY ‘Vee-11 USIY ‘TZXdL USIY ‘ANL
((po1) 1ULaLIND {A101STY UOTIDISAI [BUNISIIUT US1Y T/3WOT <dYD ‘JUsWieal} 10}E[NPOWOUNUIWI
[T/1-591 ‘2] (¢91) ad V/N ‘aseastp reueLrad 9seasip unnioniis f/ <Igy JUSLINDUOD ‘DSEISIP DTUO[0D0]I/OTUOT0D qewnurys1sn
(5) ao
“(8%1) OH ‘(£96) AD
(tz1) on ‘(e41) ad
(/11) DN ‘(8zT) ad
‘(e1e) an
{(ev) on ‘(e¥) ao
‘(1) oner) ad s[190 Surssaidxa /¢p0 1Uasqe
(1) D1/0n “(s1) Ao ‘uonreinyes 103dsda1 /g0 moT f/g90 Y3y sa|puaployyNg Y3ty
‘(61) DN (81) AD ‘T¢¥o yS1q ‘£TOXD Y31y ‘T11ddS0 USTY ‘TVATHd ‘sup.LonUNUL DLUNGaSOY YSTY *./gHP USIY ‘ECCNTNL
“(0z9) on Y31y ‘urngre mo[ . d¥D YSIY (0T <1028 [gHO] USIY ‘TADLL Y31y ‘TSTOOTE YSIY usunesn
(st1T) A ‘95T PI0IIS JUBITUIODUOD[] SUOISI] [eueLrad auLmdory} 1UaLINdUO0Y) U0 EIND SSBISIP 123U0[
[791-¢51] (111 DN “(191) Ad V/N SATIOE aIn[Ie] INLL-T1Ue ‘A103sTy Surjowrs ‘syusned 183UnNoL {0gg>a10s [VAD ‘6>31005 OKBIN qewnzijopap
S90URI9JRY 1aqunu a[dwres S1UDAD ISIDAPY asuodsai 1004 asuodsai pooH s8niq

SI9¥Ie]N

(panuiuod) *g SNqeL



Hepatotoxicity 6-MeTITP
6-MMP 6-TIDP ——— > 6-TITP

Azathioprine —————  6-MP

6-TIMP

6-TU 6-MeTIMP

- -

Precision medicine in IBD | 11

6-TXMP ——— 6-TGMP ——— 6-MeTGMP

- — 6—Tm'

Myelosuppression

Figure 2. The metabolic pathways of azathioprine. Azathioprine changes into 6-mercaptopurine after absorption by the GI tract. 6-mercaptopurine
can then be metabolized through three competing pathways: conversion into 6-TIMP by HGPRT; methylation by TPMT into 6-MMP; and conversion
into 6-TU by XO. 6-TIMP can then be successively metabolized into 6-TXMP and 6-TGNs by IMPDH and GMPS, respectively. GST: glutathione
s-transferase; 6-MP: 6-mercaptopurine; TPMT: thiopurine s-methyltransferase; 6-MMP: 6-methylmercaptopurine; XO: xanthine oxidase; 6-TU:
6-thiouric acid; HGPRT: hypoxanthine-guanine phosphoribosyl transferase; 6-TIMP: 6-thioinosine monophosphate; MPK: monophosphate kinase;
6-TIDP: 6-thioinosine diphosphate; DPK: diphosphate kinase; 6-TITP: 6-thioinosine triphosphate; 6-MeTITP: 6-methylthioinosine triphosphate; ITPA:
inosine triphosphate pyrophosphatase; IMPDH: inosine monophosphate dehydrogenase; 6-TXMP: 6-thioxanthosine 5’-monophosphate; GMPS:
guanosine monophosphate synthetase; 6-TGMP: 6-thioguanine monophosphate; 6-TGDP: 6-thioguanine diphosphate; 6-TGTP: 6-thioguanine
triphosphate; NUDT15: nudix hydrolase 15; 6-TGNs: 6-thioguanine nucleotides; 6-MeTGMP: 6-methythioguanine monophosphate.

[176]. Another European case-control study drew a similar con-
clusion and strongly recommended to detect NUDT15 polymor-
phisms before initiation of thiopurine treatment [177]. Given that
NUDT15 genetic variants are more common in Asians, NUDT15
polymorphisms are claimed to be the better genetic surrogate
for the prediction of thiopurine-induced myelotoxicity compared
with TPMT genetic variants in Asians [130]. However, the corre-
lation between adverse events of thiopurines and inosine triphos-
phate pyrophosphatase (ITPA) polymorphisms is fairly controversial
[178, 179]. Further studies should be taken to elaborate on their
correlations and guide treatment decisions. The question then
arises whether TPMT/NUDT15 genetic testing should be system-
atically indicated in all patients who are going to receive thiop-
urines, considering that this testing is not cheap. In recent years,
we proposed to foster value-based healthcare, a strategy to in-
crease the quality and value of healthcare services by promoting
the shift from volume-based payments to outcomes-based pay-
ments. So, several studies have done cost-effectiveness analyses
of pretreatment screening TPMT/NUDT15 polymorphisms. The fi-
nal results prove it as a cost-beneficial strategy [180, 181]. There-
fore, prospective screening for TPMT and NUDT15 should be con-
sidered in principle before starting thiopurine therapy in various
races.

Besides genetic markers, the roles of gut microbiota in predict-
ing thiopurine treatment response should also be noted. Available
data demonstrated that gut microbiota affect thiopurine biotrans-
formation by releasing microbial enzymes [182]. Liu et al. found
that Bacteroides vulgatus could encode thiopurine metabolic en-

zymes including GST, HGPRT, GMPS and IMPDH [183]. Besides the
above enzymes, this study also suggested that Escherichia coli fur-
ther possessed another critical enzyme, XO [183]. Several other
gut bacteria including Enterococcus faecalis, Bacteroides fragilis, and
Pseudomonas aeruginosa were also claimed to be responsible for
azathioprine metabolism [184]. Based on these findings, we can
conclude that gut microbiota might be a promising and novel tool
for personalized thiopurine treatment of IBD. However, little study
prospectively evaluates the predictive performance of baseline
microbiota in thiopurine response. More studies are needed to fill
this gap.

Dose reduction or even exclusion of thiopurines should be
taken into account for patients with mutant genotypes. Recently, a
Chinese research team conducted a randomized clinical trial and
demonstrated that NUDT15 C415T-based dose optimization be-
fore treatment mitigated the risk of developing leucopenia in CD
patients [185]. The predictive roles of these risk genes have been
well confirmed in clinical practice. However, some subjects with
wild-type genotypes still suffered from severe adverse events, in-
dicating that other factors such as environmental, microbiota,
other genetic predictors, etc. may account for the remaining tox-
icity. Further work is warranted to explore potential predictors
and their interactions with thiopurine-induced adverse events,
in order to achieve a precision selection of appropriate medica-
tion for individual patients. Other immunomodulators used for
IBD including methotrexate, ciclosporin and tacrolimus are also
effective in achieving steroid-free remission. Predictive markers
of treatment response and adverse events have not been fully
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investigated, therefore more studies are needed to identify pre-
dictors for these medications.

Albeit immunomodulators are widely used in clinical practice
and show acceptable efficacy in the treatment of IBD, many dis-
continue these treatments partly due to toxicity, intolerance, un-
favorable response rate, and inconvenience of application. Even
among those who continue receiving immunomodulators, a great
number of patients fail to improve the aggressive disease course
and poor prognosis. Therefore, appealing biological agents such
as infliximab, adalimumab, vedolizumab, and ustekinumab have
been added to the treatment options for those with a moderate to
severe disease course. Adequate therapeutic effects make them
highly acceptable for patients and physicians, while there are also
plenty of primary non-responders and secondary non-responders
to biological agents. Additionally, high cost, increased risk of op-
portunistic infections and malignant tumor, and inconvenience
of parenteral application limit their routine clinical use. Current
evidence suggests that clinical features, genetic surrogates, and
some other predictive molecular markers can assist physicians
in distinguishing responders from non-responders with good ac-
curacy. Therefore, physicians should assess disease status care-
fully and make an individualized treatment plan based on exist-
ing markers, in order to minimize the risk of adverse events, max-
imize treatment effects, reduce medical costs, and improve the
quality of life of patients to the most extent.

Infliximab

Infliximab, a chimeric monoclonal IgG1l antibody against TNF-
a, shows excellent therapeutic effects in CD and UC, especially
in those with moderate to severe disease and medically refrac-
tory disease [186]. However, nearly 40% of patients do not show
an early response, and 23%-46% develop a secondary loss of re-
sponse over time [187]. Some different classes of factors are of
great value in predicting the initial and sustained response to in-
fliximab, which can assist physicians in determining individual-
ized therapy for individual patients.

Among these various predictive factors of response to inflix-
imab, genetic predisposing factors are the most studied. Jirgens
et al. concluded that homozygous carriers for IBD risk-increasing
IL23R variants were more prone to respond to infliximab than
those who are homozygous for IBD risk-decreasing IL23R variants
(74.1% vs. 34.6%) [133]. In addition to alleles of IL23R, a favorable
treatment response is also linked to the Fas ligand (FasL)-843 CC/CT
genotype in CD [134]. Besides, a significant association between
HLA-DQA1x05 and poor response in patients with IBD has been
found in some studies [141, 188]. HLA-DQA1x05 carriers are at
a higher risk of developing antidrug antibodies (ADAs) and los-
ing therapeutic response [141]. However, Laserna-Mendieta et al.
drew a negative result that HLA-DQA1x05 didn'’t affect infliximab
response [135]. Different standards of treatment response may
explain this opposite conclusion. In another study, an apoptotic
pharmacogenetic index (API) based on genetic and clinical data
for the prediction of response rates has been developed. Higher
API scores implied a higher response rate to infliximab in pa-
tients with CD [189]. Other genes such as autophagy related 16 like 1
(ATG16L1), C-X-C motif chemokine ligand 12 (CXCL12), FasL-670, etc.
were also claimed to be valuable markers of predicting treatment
response [134, 142]. Besides single genetic predictor, gene expres-
sion signatures also add value to precision prediction. By com-
bined expression analysis of five identified genes, the responders
can be distinguished from non-responders in UC patients with a
sensitivity and a specificity of 95% and 85%, respectively [190].

The predictive value of gene expression profiles in CD patients has
also been investigated. Arijs et al. reported that differentially ex-
pressed gene profiles were capable of predicting response to inflix-
imab with an overall accuracy of 100% based on microarray analy-
sis [191]. For those patients carrying risk haplotypes, concomitant
immunomodulator treatment or switch therapy may be the next
step of treatment. Based on these findings, we can make a conclu-
sion that pharmacogenetics paves a novel way to the prediction of
treatment response. If possible, prior-to-treatment screening for
risk genetic markers should be considered in routine clinical prac-
tice.

Aside from genotype testing, other clinical and serological
markers may provide additional information on the prediction of
infliximab response. Previous studies claimed that long disease
duration, smoking and others were associated with poor response
to infliximab, while concurrent immunomodulator treatment and
non-stricturing/penetrating phenotype were possible predictors
of favorable response rates [131, 132]. However, some patients
with clinical risk factors show adequate response to infliximab
and even gain MH, indicating that relying on clinical factors alone
cannot guarantee an accurate prediction. Studies in serological,
histologic, and fecal markers might provide more valuable and
reliable information. Studies suggested that a high baseline CRP
was associated with a better response rate, while p-ANCA+/ASCA-
was a hopeful predictor for lower response rates to infliximab [133,
136]. Moreover, serum and mucosal proteomic profiling can also
add value to a more precise prediction [137]. Pre-treatment serum
infliximab-modulated immune profiling including oncostatin-M
(OSM), TNFSF14 and others was demonstrated to be helpful in the
prediction of clinical response [192]. Caution needs to be exercised
when interpreting these results, because some results were gained
from a single-center study with a small sample. Moreover, these
candidate proteomic markers have not been further validated, re-
sulting in little clinical utility.

Gut microbiota is a key factor in the pathophysiology of IBD
[193]. Available data strongly support that fecal surrogates can
not only assist physicians in differential diagnosis and assess-
ment of disease activity, but also serve as clinically useful predic-
tors of therapeutic response to infliximab. Analysis of the com-
position, abundance, and diversity of intestinal microbiome be-
fore and after the infliximab therapy may provide some clues
about treatment response. A study demonstrated that six groups
of fecal bacteria might be promising predictive markers of ther-
apeutic response to infliximab [139]. In accordance with it, re-
sponders presented lower dysbiosis indexes and a higher num-
ber of faecalibacterium prausnitzii (F. prausnitzii) and Bifidobacteri-
ales when compared to non-responders, suggesting that F. praus-
nitzii and Bifidobacteriales could be candidate markers of predicting
therapeutic response of infliximab [137, 138]. Moreover, in virtue
of non-invasiveness, intestinal-specificity and stability, fecal pro-
teins such as FC and FL are also claimed to be potential mark-
ers for prediction. Although these fecal markers were reported to
be associated with response rates, divergent results should also
be noted [194]. Moreover, most of these findings are at the candi-
date discovery stage of the biomarker pipeline, more efforts are
needed to qualify and verify these candidate predictors in larger
populations. Therefore, larger, prospective, and independent stud-
ies should be carried out to clarify their roles in predicting treat-
ment response, and thus achieve precise prediction and avoid ex-
posure of non-responders to infliximab.

One class of predictors is insufficient for an accurate predic-
tion, therefore combined analysis of different-class markers may
further improve the accuracy of prediction and assist in making



individualized treatment regimens. This is a matter of prime im-
portance when making a therapeutic plan. Recently, a combined
panel of genetic and clinical surrogates showed an increased ac-
curacy in the prediction of primary nonresponse, compared with
a clinical-only panel (AUC 0.87 vs. 0.57) [195]. Dubinsky and col-
leagues combined analyzed genetic effects, clinical markers, and
serological surrogates, and built a predictive model comprising of
three “pharmacogenetic” loci, a known locus, p-ANCA positivity
and diagnosis of UC in pediatric patients [196]. When the risk fac-
tors were more than two, the relative risk of non-response became
15-fold higher than those who had only two or fewer risk factors,
with an AUC of 0.98. Similarly, Zhou et al. claimed that combined
analysis of Clostridiales abundance, FC levels and CDAI could dis-
criminate infliximab responders from non-responders with an ac-
curacy of 93.8% [113]. Indeed, these findings provide a possibility
for physicians to use a predictive model for the prediction of inflix-
imab response, although they must be confirmed independently,
on a larger scale, in a prospective cohort and also studied in an
adult cohort.

Adalimumab

Adalimumab is one full recombinant human IgGl antibody
against TNF-« and shows great effectiveness in induction and
maintenance of remission in CD and UC patients [197, 198]. It
is also used as a second-line therapy for moderate to severe ac-
tive patients and those nonresponse or intolerance to infliximab
[199]. Similar to infliximab, a great number of patients do not re-
spond to adalimumab. About one-third of CD patients fail to re-
spond to adalimumab in one-year follow-up [200]. More impor-
tantly, even among primary responders, 18.2% of patients suffer
from secondary adalimumab failure, and 37% of cases need dose
escalation [149]. Therefore, discriminating responders from non-
responders prior to initial therapy becomes particularly impor-
tant.

Some genetic markers might aid physicians in predicting the
therapeutic response to adalimumab. Koder et al. suggested that
patients with ATG16L1 (rs10210302) CT/TT genotype were more
likely to achieve biological response, compared to those with CC
genotype (OR: 9.44) [144]. Moreover, other candidate predictive
markers including Toll like receptor 2 (TLR2), TNF receptor superfam-
ily member 1A (TNFRSF1A), FasL etc. were also claimed to be as-
sociated with adalimumab response [142, 145, 150]. However, it
is noteworthy that different standards of treatment response are
set in various studies. Some investigated the clinical response
rates, whereas others explored the difference in endoscopic re-
mission and histologic remission between responders and non-
responders. Besides, these identified genetic variants show rel-
atively small effect sizes on composite disease response scores
[194]. So, more risk SNPs with large effect sizes are needed to be ex-
plored. What’s more, genetic heterogeneity across ethnicities also
should be noted.

In addition to genetic predictors, predictive roles of clinical,
serological and fecal markers have also been identified. Avail-
able data showed that demographic and disease characteristics
including smoking, primary failure to infliximab, EIMs and others
are correlated with a loss of response and dose escalation [140,
149]. With respect to CRP, contradictory results have been found.
Some studies suggested an association between low baseline CRP
and good treatment response, while other studies claimed that
high baseline levels of CRP were associated with a better ther-
apeutic response [194, 197, 201]. Such inconsistency can be ex-
plained by the fact that CRP is not only associated with inflam-
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matory phenotypes, but also predictive of more severe disease
[194]. Besides the conventional inflammatory protein, a team from
Switzerland further investigated the predictive role of T-cells from
peripheral blood mononuclear cells (PBMCs). A serological pre-
dictive panel comprising T-cell surface receptor (CD25) and re-
lated cytokine markers (IL-5) was generated, which performed ef-
fectively with an acceptable accuracy of 91% [152]. Recent ad-
vances in endoscopy also provide a possibility for physicians to
predict treatment response. in vivo molecular imaging by con-
focal laser endomicroscopy (CLE) and fluorescent antibodies to
TNF revealed that the patients with increased baseline levels of
mTNF + cells had significantly higher short-term response rates
than those with decreased numbers of mTNF + cells [147]. This re-
sult could be explained by the fact that high levels of mTNF + cells
indicate high numbers of targets for anti-TNF biologics. Therefore,
the response rates increase. This finding does hold promise for
endoscopy-based treatment prediction. Fecal markers also show
promising potential in the prediction of therapeutic response to
adalimumab. The abundance of protective microbiota including
Barnesiella, Anaerostipes, Tyzzerella, etc. was increased in respon-
ders. Conversely, a decrease in pathogenic bacteria Escherichia-
Shigella was found in adalimumab-responsive patients [148]. From
this point, these changed fecal microbiota are capable of predict-
ing the treatment response to adalimumab. It is important to note
that human gut microbiome is highly dynamic and personalized,
but most microbiome studies concentrate on a single time point
and certain patients (small sample size and specific ethnic group).
Longitudinal studies of the long-term change of microbiome in
responders and non-responders across different ethnicities are
therefore required.

It should be noted that a single marker seems to be inade-
quate for the prediction of treatment response. So, Gorenjak et al.
used machine learning support vector machines algorithm, and
developed a prediction model consisting of the expression and
genotype data of four potential genes [202]. This model showed
a surprisingly high accuracy of 100% in predicting adalimumab
response. More recently, Busquets et al. developed an algorithm
comprising four microbial markers and used it to differentiate re-
sponders from non-responders, with a favorable sensitivity and
specificity (93.33% and 100%) [203]. Furthermore, Bouhnik et al. as-
signed a value to different variables (clinical, laboratory, and imag-
ing parameters) and constructed a prognostic score to aid precise
prediction [204]. A higher prognostic score represents a high pos-
sibility of adalimumab response at week 24.

Given that adalimumab and infliximab are both anti-TNF-«
agents, most predictors used in infliximab therapy might also be
used in adalimumab treatment. However, an important issue de-
serves our close attention. For those with a loss of response to
infliximab, the response rate to adalimumab varies significantly
between different individuals. Some show astonishing response
rates, while others are still non-responders. There may be var-
ious underlying factors influencing the responsiveness to adali-
mumab and infliximab respectively. Therefore, comparative stud-
ies are required to identify specific predictors of infliximab and
adalimumab with the aim of improving the accuracy of predic-
tion and avoiding the failure of second-line anti-TNF therapy of
adalimumab.

Vedolizumab

Vedolizumab is a humanized, more selective, monoclonal an-
tibody against gut-homing a4pg7 integrin [154]. Well-known,
three-phase, randomized controlled trials (GEMINI) demonstrated



14 | Precis Clin Med

its adequate efficacy in induction and maintenance of remission
for patients with CD and UC [154, 205]. Similar to infliximab and
adalimumab, vedolizumab is not always an effective treatment.
Available data suggested that the clinical response rates at week
14 after vedolizumab therapy are 49%-64% in CD and 43%-57% in
UC, respectively [162, 206, 207]. However, even in these initial re-
sponders, approximately 20% of patients become secondary non-
responders and stop vedolizumab due to lack or loss of effec-
tiveness [208, 209]. Hence, identifying predictors of treatment re-
sponse to vedolizumab holds the key to precision treatment.

Existing evidence demonstrated that clinical features and sero-
logical biomarkers, as well as fecal surrogates and pharmacolog-
ical parameters, are correlated with the therapeutic response of
vedolizumab in IBD. The association between baseline disease ac-
tivity and clinical remission rates has been confirmed in several
studies. GEMINI 1 and 2 trials showed that patients with baseline
Mayo score < 9 and CDAI score < 330 had higher clinical remis-
sion rates at week 6 and week 54 [207]. Other clinical characteris-
tics such as smoking history, anti-TNF failure, active perianal le-
sions, etc. are also predictors of unfavorable response rates [154,
160, 161]. Different opinions regarding the association between
disease course and vedolizumab response have been expressed.
Patients with longer disease duration are more prone to lose re-
sponse to vedolizumab [154, 207]. However, the contradictory find-
ing was seen in another study [155]. The former can be explained
by the fact that patients with longer disease duration are prone
to have a severe disease course and to be treated with anti-TNF
before, thus, they are at risk of losing response to vedolizumab.
However, longer disease duration also results in very chronic in-
flammation and T cell exhaustion, indicating a good prognosis
in chronic autoimmune disease [155, 210]. These findings again
need further replication studies to validate their predictive roles
in vedolizumab response.

Conventional serum markers may further assist physicians in
evaluating the disease state and selecting the most appropriate
patients. Current evidence shows that high baseline CRP and low
baseline albumin are associated with poor response [155, 163].
However, whether CRP served as a positive or negative predic-
tor of therapeutic response remains to be determined [194, 206].
Underlying factors including different outcome definition, differ-
ent observation time, and confounding variables might contribute
to these paradoxical findings. Recently, vedolizumab responders
were claimed to have higher baseline expression of transmem-
brane protein 223 (TMEM223) in PBMC Treg cells in comparison
with those non-responders. On the contrary, a high expression
level of CXCL3 was suggested to be a negative marker of adequate
response to vedolizumab [156]. Besides PBMC, transcriptional pro-
files of mucosal Treg cells also provided additional information
about discrimination between vedolizumab responders and non-
responders [156].

Besides traditional inflammatory markers, specific changes in
integrin expression profiles are also associated with treatment re-
sponse. Schneider et al. demonstrated that the baseline frequen-
cies of a4p7-expressing T cells were statistically lower in clini-
cal responders than that in non-responders [211]. However, other
studies drew the opposite conclusion that high baseline 487 ex-
pression levels of T, B and NK cells predicted good therapeutic re-
sponse [157, 158]. During vedolizumab therapy, an increased ex-
pression of «4B7 integrin was associated with good clinical pre-
sentation, while increased levels of «481 and «EB7 indicated bad
outcomes [158]. Such contrasting conclusions provide an impe-
tus for further studies to clarify the relationship between baseline
a4p7 integrin levels and vedolizumab response. In addition, «487

receptor saturation was also identified as a candidate predictive
biomarker. Non-responders often present lower «487 receptor sat-
uration rates at trough than responders, and the saturation rates
are reduced over time [157]. In 2017, Rath et al. used CLE to detect
a4p7 expressing cells in colonic mucosa, and further suggested
that absent w487 expressing cells might lead to poor therapeu-
tic response to vedolizumab [164]. These results certainly open a
new approach for identifying patients who will benefit most from
vedolizumab and add value to personalized vedolizumab therapy.
However, this study only included five patients with CD, highlight-
ing the need to conduct studies with a larger sample size and val-
idating its predictive role in the UC patients.

As mentioned previously, a central role of gut microbiota has
been confirmed in the pathophysiology of IBD. A recent study as-
sessed its relationship with vedolizumab response. CD patients in
remission (at week 14) had a higher baseline «-diversity and more
abundant Roseburia inulinivorans and Burkholderiales species, com-
pared with the patients with high disease activity [159]. Thirteen
microbial pathways including branched chain amino acid (BCAA)
synthesis were markedly enriched in quiescent CD patients, com-
pared with non-remission patients. With the help of gut micro-
biota, physicians might predict the vedolizumab response more
accurately and make a personalized therapeutic regimen accord-
ing to individual microbiota characteristics of each patient.

However, the one class of markers alone performs imperfectly
in predicting vedolizumab response. Therefore, researchers suc-
cessfully developed a mixed model consisting of clinical data,
microbial taxonomy and pathway relative abundance to predict
treatment response with an AUC of 0.776, which outperformed
each individual model established in their study [159]. Further-
more, another two scoring systems consisting of various clinical
and serological markers have also been established and validated
in patients with CD and UC [155, 212]. Dulai et al. assigned differ-
ent values to various variables (medication history, surgery, dis-
ease behavior, albumin and CRP) and developed a vedolizumab
response scoring system [212]. It performed effectively in the pre-
diction of clinical remission, and MH with an AUC of 0.67 and 0.72,
respectively [212]. As for UC, another scoring system consisting
of different parameters including medication history, disease du-
ration, endoscopic activity and albumin was constructed. When
the score is below 26 points, patients are less likely to achieve
corticosteroid-free remission at week 26 (the sensitivity and speci-
ficity is 93% and 15%, respectively) [155]. It should be noted that
there are few data specifically investigating the effects of genetic
variants, FL and serum antibodies such as ASCA and p-ANCA on
the vedolizumab response prediction. Further studies are needed
to clarify the relationships clearly.

Ustekinumab

Ustekinumab is a fully human monoclonal IgG 4, antibody to
the p40 subunit of IL-12 and IL-23 [213]. Ustekinumab binds
the common p40 subunit, blocks the biological activity of IL-
12 and IL-23, and finally stops the inflammatory cascade [214].
Well-established UNITI trials demonstrated that ustekinumab is
a more effective treatment than placebo in induction and main-
tenance therapy for patients with CD [23]. It has also been ap-
proved to treat moderate to severe UC patients in the UNIFI
study [24]. Similar to the above biological agents, there were also
lots of primary non-responders and secondary non-responders to
ustekinumab. Moreover, some patients suffer from unacceptable
side effects during the course of treatment. Therefore, exploring



predictors of ustekinumab response and applying them to clinical
practice become an essential part of the treatment work in IBD.

Initial studies revealed that patients with higher disease activ-
ity exhibited poorer response in the long term [165, 166]. CD pa-
tients with Harvey-Bradshaw index (HBI)>7 at induction have a
lower likelihood of achieving clinical response at follow-up [165].
Disease locations and phenotypes may also provide clinically use-
ful information for the prediction process. Structuring disease is
a negative predictor of good clinical response, while patients with
colonic/ileocolonic disease are more prone to have clinical re-
sponse at 6 months [165]. Other clinical characteristics including
female, previous anti-TNF failure and others may also help physi-
cians to predict ustekinumab response [207].

As for genetic, serological, and fecal predictors, few studies
investigated the associations with ustekinumab response in pa-
tients with IBD. Most studies focused on psoriasis. Several genetic
studies claimed that SNPs in IL-12B and TNFAIP3 (TNF alpha in-
duced protein 3) influence therapeutic response in psoriasis pa-
tients [215, 216]. However, genetic studies on IBD patients are still
limited. A Japanese study team analyzed the mucosal gene ex-
pression pattern and found that the baseline expression levels of
IL-23A, TNF, FOXP3 and others differed between ustekinumab re-
sponders and non-responders [168]. This opens the possibility of
using mucosal gene expression patterns to predict therapeutic re-
sponse in IBD. As for serological data, a previous study suggested
that the response rates were higher in CD patients with base-
line CRP > 10mg/L than that in those with CRP < 10 mg/L [167].
Overall, little is known about the effects of other serum inflam-
matory markers and antibodies such as ESR, ANCA and ASCA on
the response rates of ustekinumab. Recently, the low baseline FC
level was claimed to be a valuable predictor of good response to
ustekinumab [171]. With respect to intestinal microbiota, the CER-
TIFI study suggested that baseline microbial signatures could pre-
dict disease remission with acceptable accuracy [169]. The base-
line Faecalibacterium and Bacteroides were significantly higher in pa-
tients in remission than that in non-remission patients six weeks
after ustekinumab induction [169]. Thus, a random forest pre-
diction model including several clinical and microbiota markers
has been developed. It can successfully predict clinical remission
and clinical response with an AUC of 0.844 and 0.733, respectively
[169]. These findings suggested that baseline microbial metacom-
munity could help physicians identifyOpatients who will benefit
most from specific treatment.

Based on the above findings, Ustekinumab Clinical Decision
Support Tool (UST-CDST) has been developed. The UST-CDST
is calculated using five markers including anti-TNF-a exposure,
bowel surgery, fistulizing disease, smoking and albumin level.
Then, Park et al. assessed the predictive performance of UST-CDST
in 130 patients with CD, and demonstrated it highly effective in
predicting clinical remission at week 20 [217]. On the whole, ex-
ploration and analysis of predictors of ustekinumab do add value
to personalized therapy, but available predictors need to be val-
idated in independent and larger cohorts. More novel, accurate
and feasible predictors are also required to be identified.

Indeed, biological agents become the mainstay in the treat-
ment of IBD. They effectively help IBD patients in achieving dis-
ease remission and prevent patients from abdominal surgery and
hospitalization. However, response rates are extremely different
in individuals. To those primary non-responders, biologics not
only expose patients to unnecessary risk of infection, allergy and
even death, but also delay effective treatment and increase med-
ical expense. Therefore, precise prediction of treatment response
to biologics before giving treatment has been a pressing matter in
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the management of IBD. Additional new predictors with favorable
sensitivity and specificity, and comprehensive panels or models of
different-class predictors are required to guide the treatment.

Precision monitoring of key medications

Therapeutic drug monitoring (TDM) is the most important as-
pectin the field of precision monitoring. Once patients start treat-
ment, rigorous monitoring of treatment response becomes an in-
tegral part in the management of IBD. Variations of pharmacody-
namics, pharmacokinetics and pharmacogenetics between differ-
ent patients lead to further study into the relationships between
drug metabolites, serum drug concentrations, anti-drug antibod-
ies, and clinical outcomes. Thiopurines and biological agents in-
cluding infliximab, adalimumab, vedolizumab and ustekinumab
are the most studied in the treatment of IBD.

Thiopurines

Thiopurines have extremely complicated metabolic pathways. As
aforementioned, 6-TGNs are the therapeutic metabolites, and also
responsible for myelosuppression [172]. Therefore, during thiop-
urine treatment, monitoring thiopurine metabolites become an
essential part, which may assist in selecting appropriate thera-
peutic doses, achieving better therapeutic effectiveness, and re-
ducing the possibility of adverse events.

Among these kinds of metabolites, measurements of 6-TGN
and 6-MMP levels are applied in routine clinical practice. Several
studies reported that the 6-TGN cut-off level of 230 pmol/8 x 108
red blood cells (RBCs) was associated with clinical remission [218].
Combined analysis of prior-treatment TPMT activity and post-
treatment 6-TGN levels can further assist physicians in monitor-
ing treatment response of thiopurines. Kwan and colleagues pro-
posed that TPMT activity below 30.5 U combined with a 6-TGN
level above 230 pmol/8 x 108 RBCs was significantly correlated
with clinical response [219]. Another commonly used monitoring
parameter is 6-MMP. Combined assessment of 6-TGN and 6-MMP
further helps physicians distinguish clinical response, resistance
and nonadherence, and thus guide dose and therapeutic program
adjustment [220]. However, the monitoring of 6-TGN and 6-MMP
levels shows an unfavorable sensitivity of 62% and a specificity
of 72% for clinical response [221]. Due to different study designs,
sample sizes and included groups, as well as different assays and
instruments used to detect metabolite concentrations, various
threshold values have been set in different studies. This caused
some difficulties for physicians to make explanations for 6-TGN
and 6-MMP values and monitor therapeutic effects.

As aforementioned, thiopurine metabolites are also in close as-
sociation with adverse events secondary to thiopurine treatment.
Thus, it is possible to minimize the risk of side effects of thiop-
urines by measuring 6-TGN and 6-MMP concentrations. Patients
with 6-MMP levels above 5700 pmol/8 x 10® RBCs have an in-
creased 3-fold risk of hepatotoxicity than those with lower 6-MMP
levels, whereas 6-TGN steady-state levels above 490 pmol/8 x 108
RBCs are found to be significantly correlated with leukopenia
[222]. The TOPIC study also revealed that not only increased
6-TGN concentrations (213 pmol/8 x 10%® RBCs), but also ele-
vated 6-MMP levels (3525 pmol/8 x 10% RBCs) were in associa-
tion with leukopenia with an OR of 6.2 and 5.9, respectively [173].
Given that patients with mutant genotypes of TPMT, NUDT15 and
ITPA presented higher 6-TGN levels in comparison with wild-
types, the optimal cut-off value of 6-TGN should be consid-
ered to be reduced in those with mutant genotypes [223]. So,
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measurements of 6-MMP and 6-TGN concentrations have been
recommended as an effective strategy to maximize therapeutic
efficacy and minimize adverse events. A target 6-TGN level be-
tween 230 and 450 pmol/8 x 10® RBCs is recommended by the
American Gastroenterological Association Institute for IBD pa-
tients with thiopurine monotherapy [224]. Dose escalation or ther-
apy switch should be considered when the 6-TGN concentration is
below 230 pmol/8 x 108 RBCs, while dose reduction should be sug-
gested once the 6-TGN concentration is above 450 pmol/8 x 10°
RBCs. It is noteworthy that some patients with very high concen-
trations of 6-MMP and 6-TGN do not develop hepatotoxicity and
leukopenia, while patients with relatively lower levels of 6-MMP
and 6-TGN may still suffer from these adverse events. In this re-
gard, thiopurine metabolite measurement cannot replace serial
monitoring of liver enzymes and complete blood counts, but may
provide useful supplemental information to therapeutic monitor-
ing.

Infliximab

Infliximab is a highly effective treatment in both CD and UC pa-
tients, however about 20%-40% of patients become secondary
non-responders over time [225]. The rationale for the lack or
loss of response is complex. Multiple factors including molecular
structures, pharmacodynamics, pharmacokinetics and pharma-
cogenetics result in different response rates. A good many non-
responders show inadequate serum drug concentrations, which
are associated with increased clearance by either development
of ADAs or mechanisms other than immunogenicity [220]. ADAs
neutralize infliximab effects by binding to it and forming an im-
mune complex, then cleared by the reticuloendothelial system.
Smoking, a diagnosis of rheumatoid arthritis, high disease activ-
ity, treatment interval of more than 11 weeks, neutrophil CD64
ratio > 6 and starting infliximab dose < 7.5 mg/kg are claimed
to be risk factors for ADAs [226, 227]. Many studies demonstrated
that serum drug concentrations and ADAs are significantly corre-
lated with clinical efficacy. The landmark study into the correla-
tion was pioneered by Baert and colleagues [228]. They reported
that a serum infliximab concentration of 12.0 ug/ml or more at
week four was associated with a longer duration of clinical re-
sponse. In the same study, the concentration of ADAs (8.0 ug/ml)
was claimed to be inversely correlated with the duration of re-
sponse to infliximab. The following studies also confirmed the cor-
relation in UC patients [229]. Besides clinical response, increased
IFX trough levels are also associated with MH, improved radiologic
outcomes and a better disease course, as well as reduced hospital-
izations and surgeries [225, 230]. Therefore, monitoring of serum
infliximab concentrations and ADAs during infliximab treatment
is particularly important in the management of IBD.

In view of the close relationship between clinical efficacy and
serum infliximab concentrations, TDM can be used to manage
patients with a secondary loss of response to infliximab. Physi-
cians can make therapy adjustments such as dose intensifica-
tion, dose reduction, dose interval shortening, adding concomi-
tant immunomodulator, or therapy switch (other anti-TNF agents
or other-class biological agents) according to concentrations of in-
fliximab and ADAs. In comparison with the empiric management
of secondary non-responders, the TDM-tailored therapeutic algo-
rithms show improved outcomes and cost-effectiveness [225]. The
TAXIT study concluded that trough-level-based infliximab ther-
apy outperforms system-based therapy in preventing flares dur-
ing maintenance treatment. This study also indicated that TDM-
based therapy can be proactively applied prior to loss of response

[231]. Importantly, different disease phenotypes may show dif-
ferent optimal trough concentrations of infliximab. For example,
trough levels of 10 ug/ml or more are recommended for patients
with fistulizing phenotypes, while for patients with luminal CD,
the recommended range is 3-7ug/ml [224]. From this point, target
drug concentrations are not universal.

It should be noted that about 16%-39% of patients receiving
scheduled infusion of infliximab have undetectable drug concen-
trations without the development of antibodies [232]. Antibody-
positive subjects show similar rates of clinical remission and en-
doscopic improvement to antibody-negative patients, which lim-
itsits clinical utility in guiding physicians to optimize therapy out-
comes [229, 232]. Moreover, studies also found that similar serum
drug concentrations resulted in different effectiveness of inflix-
imab between IBD patients, and a large number of non-responders
had very high circulating drug trough levels [233]. These find-
ings indicate that other inflammatory mediators other than TNF-
a may be implicated in the ongoing inflammatory activity, and
other contributing factors such as body weight, gender and un-
healthy lifestyles may influence therapeutic effectiveness. Thus,
monitoring drug concentrations and ADAs alone is not adequate
enough for precisely monitoring therapeutic effects. Algorithms
consisting of different contributing factors such as body weight,
gender, disease activity, disease extent, albumin levels, CRP con-
centrations, etc. are needed to be explored.

Adalimumab

Adalimumab is another anti-TNF agent widely used in clinical
practice. Lacking of or losing response to adalimumab is also
relatively frequent in IBD patients. Undetectable concentrations
of adalimumab and the development of ADAs partly account
for the unfavorable response rates. Several studies demonstrated
that IBD patients greatly benefit from higher adalimumab drug
concentrations in clinical, endoscopic and histological remission
[234]. In an American study, a cut-off value of 7.5 pg/mL and 7.8
png/mL of adalimumab was best associated with endoscopic heal-
ing and histological remission, respectively [234]. Similarly, an-
other exposure-response relationship study suggested that a cut-
off value of 8.14 ug/ml correctly distinguished patients with MH
from those without MH, with a sensitivity of 91.4% [235]. With re-
spect to ADAs, the random adalimumab concentrations are no-
tably lower in those with detectable ADAs. As a result, histologi-
cal and endoscopic remission rates are lower [234]. These findings
reflected that monitoring serum adalimumab concentrations and
ADAs during the treatment is of great importance in disease man-
agement.

Given the vital roles of serum adalimumab concentrations and
ADAs, TDM is of great help in guiding clinical decision making.
For example, secondary non-responders with low adalimumab
trough levels and lacking of ADAs conformation benefit most
from adalimumab escalation. However, switching to other-class
biologics should be considered in patients with low concentra-
tions of adalimumab and detectable ADAs. However, one aspect
should be taken into consideration is that no defined threshold
has been established for guidance of therapeutic interventions.
One pilot study of 78 children with CD investigated the associ-
ation between proactive TDM and clinical remission. They set
the treatment target of adalimumab level as 5 ug/ml. As a re-
sult, the proportion of corticosteroid-free clinical remission in
the proactive TDM group and the reactive TDM group was 82%
and 48%, respectively. Although most of patients in the proac-
tive TDM group achieved clinical remission, about 87% of subjects



underwent adalimumab escalation [236]. From this point, the op-
timal concentration target would be higher than 5 ug/ml. Thus,
some studies then recommend a target range of 7.2-12.0 ug/ml
[237,238]. Moreover, currently available assay techniques used for
the detection and quantification of serum drug levels and ADAs
include the enzyme-linked immunosorbent assay (ELISA), fluid-
phase radioimmunoassay, and homogeneous mobility shift assay
(HMSA) [233]. The lack of a gold standard assay limited its routine
clinical use. Different studies used different assay techniques and
proposed different threshold values, which caused great difficul-
ties for disease management in daily clinical practice. Therefore, it
is definitely a pressing need to establish a gold standard or optimal
assay technique, and set up a universally acknowledged threshold
of adalimumab to assist in optimizing dosing regimens, therefore
maximizing the effectiveness and minimizing the adverse events
of adalimumab in clinical practice.

Vedolizumab

Vedolizumab shows a unique function that it specifically sup-
presses gut inflammation without systemic immunosuppression
[163]. Moreover, it also presents a better safety profile with minor
infusion reaction and serious infection than anti-TNF agents, be-
cause it is a more specific antibody against gut-homing «4p7 inte-
grin [154]. Published data demonstrated that higher vedolizumab
serum concentrations are associated with higher remission rates
and better clinical response in both UC and CD patients [239].
The GEMINI trials demonstrated that the median trough concen-
trations at week 6 were higher in remitters than that in non-
remitters [163]. In 2019, Osterman et al. proposed that a cut-off
value of 37.1 ug/ml at week 6 and 12.7 ug/ml at steady state was
associated with clinical remission [240]. More recently, the tar-
get trough concentration of 32.0 ug/ml at week 6 was claimed
to be correlated with week 52 clinical remission [239]. However,
other studies suggested a lower target concentration for endo-
scopic remission (10ug/ml) and MH (18ug/ml) [225, 241]. A cut-off
value of 20.0 ug/ml at week 22 was suggested to be a predictor of
achieving endoscopic remission in another study [242]. It is clear
that higher trough concentrations are correlated with better out-
comes. So, in view of this, monitoring serum drug levels may add
value to dosing regimens in patients with insufficient response to
vedolizumab.

Several factors have been reported to have an effect on drug
concentrations or clearance rates. A population pharmacokinetic
analysis demonstrated similar clearance rates in CD and UC pa-
tients, while for patients with extremely lower albumin and higher
body weight, the clearance rates would increase [243]. Given that
only 3.7%—4.1% of patients develop transient ADAs and 0.4%-1.0%
of patients have persistently positive ADAs in GEMINI trials, the
relationship between ADAs and clinical efficacy is still uncertain
[154, 205]. A randomized, double-blind, placebo-controlled study
suggested similar clinical remission rates in patients with ADAs
and those without ADAs (12% vs. 14%) [244]. While in the GEMINI
trials, the development of ADAs was associated with a significant
decrease in serum drug concentrations, and the latter was con-
firmed to be correlated with clinical effectiveness [154, 205]. This
is in line with the results of a population pharmacokinetic analy-
sis that vedolizumab linear clearance in those with positive ADAs
was estimated to be 12% higher than that in patients with neg-
ative ADAs [243]. Therefore, more efforts are needed to elucidate
the effects of ADAs on the clinical outcomes, and then optimize
disease management.
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With regard to these patients with concomitant immunosup-
pressive treatment, special attention should be paid. Available
data suggested that concomitantimmunomodulator is associated
with decreased immunogenicity of vedolizumab, while it has no
clinical effect on the pharmacokinetics of vedolizumab [163, 243].
This did not correspond to the finding in anti-TNF agents that con-
comitant immunosuppressant therapy is not only correlated with
decreased immunogenicity, but also associated with increased
clearance [228]. There might be additional modes of action of
vedolizumab and some underlying factors accounting for the dif-
ference. Exploring these contributing factors and other mecha-
nisms of action might further assist physicians in determining
therapeutic strategies in patients with insufficient responses. It is
important to note that the evidence for proactive/reactive TDM of
vedolizumab is relatively limited. Whether TDM of vedolizumab
is cost-effective also remains to be elucidated.

Ustekinumab

Ustekinumab is a new biological agent used for patients with
moderate-to-severe CD and UC [23, 24]. Available data into the
relationship between trough ustekinumab concentrations and
treatment outcomes are relatively limited. In accordance with the
above biologics, higher trough concentrations of ustekinumab in-
dicate higher response rates. Ustekinumab target threshold of 3.7
ug/ml at week 8 was proved to be correlated with clinical response,
while a trough concentration of 4.5 ug/ml at week 26 was claimed
to be associated with endoscopic improvement and lower CRP lev-
els, as well as trends toward FC normalization and endoscopic re-
mission [245, 246]. The IM-UNITI trial proposed that the target
trough concentration of ustekinumab at week 24 was 1 ug/mL,
which was best associated with clinical remission [247]. More re-
cently, a target ustekinumab concentration of 2.11 ug/mL at week
16 was claimed to be correlated with fistula healing in CD [248].
Caution needs to be exercised when explaining these results, be-
cause different disease phenotypes, measurement time points,
and desired outcomes of interest have been set in studies. As a re-
sult, different target trough concentrations of ustekinumab have
been proposed.

Contrary to anti-TNF biologics, immunogenicity has less of an
effect on the response rates to ustekinumab [213]. About 2.3%
of patients were reported to develop ADAs during treatment in
the IM-UNITI trial, while in the CERTIFI trial, only 0.7% of pa-
tients had positive results for ADAs at week 36 [23, 213]. Such a
low prevalence of ADAs is not powerful enough to explain rea-
sons for the tloss of response. Moreover, the positive effect of con-
comitant immunosuppressive therapy on the prevention of ADAs
development seen in anti-TNF-« treatment may not be relevant
to ustekinumab [249]. Therefore, further exploration of other fac-
tors influencing therapeutic response should be a research prior-
ity. Although dose optimization results in higher response rates
in several other studies, whether patients with low trough ustek-
inumab concentrations will benefit from dose escalation is un-
clear. So, proactive/reactive TDM studies are needed to fill this gap.
Moreover, definite thresholds and therapeutic drug concentration
intervals are also required to be defined and validated in large,
independent cohorts.

It is an indisputable fact that TDM plays a vital role in the
monitoring and management of IBD. Based on pharmacodynamic,
pharmacokinetic and pharmacogenetic properties of drugs, ther-
apeutic targets will be achieved more easily and final outcomes
of IBD patients will be improved. Indeed, measurements of drug
metabolites, drug concentrations and ADAs significantly optimize
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IBD therapy, but it is still insufficient to achieve precise moni-
toring. Combined analysis of other clinical, serological, histologic
and fecal factors along with TDM might further improve the pre-
cision of monitoring. Although TDM shows its great advantages
in monitoring treatment response, deficiencies such as invasive-
ness, inconvenience and costliness make it unacceptable for some
patients. Exploring markers directly or indirectly reflecting drug
concentrations in saliva, sweat and feces, as well as noninvasive
tests with acceptable price, sensitivity and specificity is in ur-
gent demand. What’s more, the time delay between sample col-
lection and sample results should also be taken into considera-
tion. Current studies mostly elucidate the influence of TDM on
clinical and endoscopic outcomes. The relationship between TDM
and optimal therapeutic targets such as MH, deep remission, and
disease course change remains to be established in the follow-
ing studies. Of note, various studies claimed an association be-
tween drug levels and disease remission. Whether this relation-
ship is causal (high drug levels cause disease remission) or con-
sequential (disease remission/decreased disease activity causes
reduced drug clearance/high drug levels) remains to be fully clar-
ified. Moreover, TDM for infliximab has been widely used in clinic,
while TDM for new biologics such as adalimumab, vedolizumab
and ustekinumab has been limited partly due to incomplete ana-
lytic techniques, undefined thresholds, and unclear pharmacoki-
netics. Therefore, more efforts should be put into the investiga-
tion of standard assay techniques, optimal thresholds, and exact
metabolic mechanisms. With the unceasing efforts, TDM will play
an increasingly key role in precision monitoring in patients with
IBD.

Future precision medicine in IBD

Medical therapy does play a critical role in the treatment of pa-
tients with IBD, and biological drugs such as infliximab, adali-
mumab, vedolizumab and ustekinumab targeting different sig-
naling pathways have brought a revolutionary influence on the
treatment of IBD. To achieve the goal of precision treatment, stud-
ies regarding new therapeutic agents, optimal therapeutic targets,
different disease patterns, and patients’ choices are in desperate
need. With the increasing understanding of the pathogenesis of
IBD, new pathophysiology has been found. Exploration of novel
medicine targeting new targets with excellent therapeutic effects
may further promote the development of precise treatment. Some
new medicines targeting different targets such as JAK3, inter-
leukins, chemokine receptor, cell adhesion molecule and protein
kinase are developed. In recent years, IBD has been added to the
expanding disease indications for some ‘old’ medicines that have
already been applied in other immune-mediated diseases such as
RA, SLE and psoriasis. This paved the way for the new use of old
medicine. Therefore, exploration of the same signaling pathways
implicated in IBD and other diseases may add value to the pre-
cise treatment of IBD. Combination therapy of immunosuppres-
sants and biological agents obtained favorable therapeutic effi-
cacy, which provides a possibility of application of various drugs
targeting different pathways for IBD treatment.

Given that IBD is a progressive disease, patients with IBD
present different pathophysiological characteristics in different
disease stages. Therefore, physicians are advised to select differ-
ent therapeutic targets in different disease stages during the en-
tire disease course. Precision and individualized therapy will be
the future medical model. Although numerous markers have been
identified for precision treatment and precision monitoring in IBD,
however, these available markers need external and prospective

validation. Well-designed, large-scale, and well-paired phase II or
phase Il trials may provide more information about clinical trans-
lation. Moreover, clarifying that these identified markers merely
reflect inflammation (correlation) or are part of the pathogenesis
of IBD (causation) is also required. Compared studies on the above
markers between unaffected siblings of IBD patients and those af-
fected siblings will facilitate the identification of the exact roles of
available markers in IBD. Besides, it is also important to determine
the various roles of markers in different disease stages and the
functional impacts on disease onset and progression. More impor-
tantly, intestinal damage of IBD is a progressive process, which im-
pels doctors to carry out early and effective interventions before
bowel damage. Thus, defining the terminology of the preclinical
phase and exploring preclinical markers will be needed. Prospec-
tively collecting preclinical samples and closely following up ‘at-
risk’ family cohorts hold great promise to help precision preven-
tion and change the natural disease course of IBD. Moreover, more
importance should be attached to the environmental risk mark-
ers including prenatal and perinatal factors, drug exposure, diet
and physical exercise, and imaging (such as magnetic resonance
imaging and ultrasound) characteristics. Explaining the contribu-
tions of environmental and imaging risk markers in the preclinical
stage might provide crucial insights into the disease pathogen-
esis and precision prediction of disease onset and development.
What's more, considering different healthcare systems and finan-
cial structures around the world, more multidimensional predic-
tion and monitoring tools integrating multi-omics data should be
developed. Thus, an interdisciplinary collaboration between med-
ical scientists, bioinformaticians, economists and manufacturers
is encouraged. By achieving these endeavors, we are getting closer
and closer to the goal of precision medicine in IBD.
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