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ABSTRACT: Vedolizumab is a humanized monoclonal antibody and one of the safest biologics for the treatment of
both forms of inflammatory bowel disease (IBD)-Crohn’s disease and ulcerative colitis. It targets the a4f7 integrin
and blocks leukocyte trafficking to the gut. Regardless of its efficacy in many patients, non-response to vedolizumab
treatment poses a significant clinical challenge. In this review, we synthesize recent findings on genomic, transcriptomic,
proteomic, and cellular biomarkers of vedolizumab response, emphasizing their roles in predicting therapeutic out-
comes and understanding non-responsiveness. Key insights include the identification of epigenetic and transcriptomic
signatures, the involvement of Th17 and IL-6 signaling, and the role of baseline inflammatory markers like albumin.
Discrepancies in findings highlight the complexity of biomarker discovery and underscore the need for standardized,
multiparametric approaches to refine personalized treatment strategies. By bridging knowledge gaps in vedolizumab
responsiveness, this review aims to advance biomarker-driven decision-making and improve outcomes for patients
with IBD.
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1 Introduction

Inflammatory bowel disease (IBD) is an immune-mediated condition causing chronic inflammation of
the gastrointestinal tract [1]. Patient’s genetic predisposition and gut microbiome, as well as environmental
factors, contribute to its complex and heterogeneous etiology, which still avoids complete comprehension
[2-4]. The worldwide rising incidence of IBD, however, is unambiguous [3,4]. The two major subtypes of IBD
are Crohn’s disease (CD) and ulcerative colitis (UC) [5]. CD is characterized by inflammation that extends
through the entire thickness of the intestinal wall and can occur anywhere along the gastrointestinal tract. In
contrast, UC primarily involves the colon and rectum, with inflammation limited to the mucosal layer [3].

Conventional, symptom-driven treatment of IBD includes the use of 5-aminosalicylic acid, corticos-
teroids, and immunomodulators [3,4,6]. Treatment of severe cases resistant to the above therapies was
revolutionized some 25 years ago by biologics such as infliximab, adalimumab, and golimumab, which
target tumor necrosis factor alpha (TNF-a) [6,7]. Later, additional biologics targeting a4f7 integrins
(vedolizumab), &4 integrin (natalizumab), interleukin (IL)-12/23 (ustekinumab), and IL-23 (risankizumab)
emerged and further reduced the need for hospitalization and surgery in IBD patients [8,9]. In recent years,
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the development of multiple target-specific biologics and biosimilars has supported a shift in IBD treatment
towards a treat-to-target approach, which means that biologics are now being used also in earlier stages of
disease [2,3,6]. With additional advantages such as good eflicacy, low incidence of adverse reactions, and
high safety, biologics may become the focus for IBD drug therapy approaches [6].

However, primary non-response to biologics, occurring in up to 40% of patients, and secondary loss
of response (up to 30% of patients) are significant backslashes for these therapies [10,11]. This, together with
the expanding array of treatment options, emphasizes the need to tailor biologics treatment more precisely
to individual patients’ disease profiles and implies the use of specific molecular (genetic, immunologic, etc.)
biomarkers that can effectively predict patient responses to the treatment in clinical decision-making [4,12].
In this review, we provide a comprehensive overview of the proposed molecular biomarkers that could
predict outcomes of treatment with vedolizumab in IBD patients before treatment initiation and further
discuss possible molecular pathways leading to vedolizumab failure.

2 Vedolizumab

IBD is characterized by the persistent recruitment of immune cells from the bloodstream into the
inflamed gut mucosa. This migration is tightly controlled through the action of cell adhesion molecules and
involves a coordinated sequence of events, beginning with the upregulation of selectins, followed by the
activation of integrins. Key integrins, including a232, a437, and a4p1, facilitate leukocyte transmigration
by binding to corresponding adhesion molecules, such as vascular cell adhesion molecule 1 (VCAM-1) and
mucosal vascular addressin cell adhesion molecule 1 (MAdCAMS-1), located on the vascular endothelium.
This binding enables firm adhesion of leukocytes to endothelial cells, a critical initial step in leukocyte
migration to the gut mucosa [6,13,14].

Vedolizumab (Entyvio; Takeda Pharmaceuticals) is a humanized monoclonal antibody targeting the
a4f7 integrin expressed on circulating gut-homing lymphocytes. By disrupting the interaction between
a4p7 and MAdCAM-1 on intestinal endothelial cells, vedolizumab selectively blocks lymphocyte traf-
ficking to the gut, preventing adhesion, infiltration, and transmigration to intestinal tissue (Fig. 1) [6,13].
Vedolizumab has proven effective and safe for both inducing and maintaining clinical remission in patients
with CD and UC [10]. Its gut-selective mechanism offers key advantages over other biologics by reducing
systemic infection risks and maintaining a relatively low incidence of side effects [15]. Still, as with other
biologics, initial non-responsiveness to treatment and loss of response over time are important issues also
with vedolizumab. The response rates to vedolizumab vary between 31%-47% at the end of the induction
phase (week 6), with remission rates ranging from 27%-45% after ~1 year of treatment, depending on dosing
schedules and disease type. UC patients generally exhibit higher response and remission rates compared to
CD patients, with real-world data slightly underestimating outcomes observed in clinical trials [16].

Though often used as a second- or third-line treatment after anti-TNF-« therapy failure, further research
into the molecular mechanisms underlying vedolizumab (non)response may support its use as a first-line
treatment, enabling more personalized IBD therapy [7]. It has also been shown that patients with less severe
disease, no prior exposure to biologics, and early response to vedolizumab have the highest rates of sustained
clinical and endoscopic response and remission [17]. However, no universally accepted clinical markers
currently exist to predict the response to vedolizumab therapy reliably [17]. This and vedolizumab’s delayed
onset prove that identifying predictive molecular biomarkers would help reduce periods of ineffective

treatment and improve early treatment decisions [18].
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Figure 1: Schematic representation of vedolizumab’s action. Selective binding of vedolizumab to integrin a«4f7 on
lymphocytes blocks its binding to mucosal vascular cell adhesion molecule 1 (MAdCAM-1) on gut endothelial cells,
thus preventing lymphocyte extravasation. (Created with BioRender.com)

3 (Epi)Genomic Biomarkers of Response to Vedolizumab

Due to its stability and invariability among tissues and samples, a patient’s DNA seems ideal material
to search for prospective biomarkers. Additionally, it can be retrieved from easily obtainable samples
such as blood, sputum, or stool. Genome-wide association studies have indeed identified ~240 distinct
genetic susceptibility loci related to IBD, highlighting the roles of genes associated with autophagy,
T-cell responses, and bacterial management as significant contributors to IBD pathogenesis. Quite some
research has also explored the link between these and other genetic variants and therapeutic responses
in IBD, but notable associations are mainly observed only in pediatric patients with very early-onset IBD
linked to monogenic defects [19]. Additionally, several single-nucleotide polymorphisms were associated
with patients’ response to anti-TNF-a [20]; we and others, however, could not identify any genome-wide
association studies reporting on genomic biomarkers associated with response to vedolizumab [21]. Recently,
though, Cusato et al. [22] specifically investigated polymorphisms of genes related to the Vitamin D pathway
in the vedolizumab treatment. The authors identified a single-nucleotide polymorphism in gene GC coding
for a Vitamin D transporter (GC 1296 AC) associated with poor response to vedolizumab after 1 year of
treatment in IBD; and another one in gene CYP24AI coding for the cytochrome that initiates Vitamin D3
degradation (CYP24A18620 AG), which was associated with high levels of fecal calprotectin (FC) (indicating
inflamed gut) after 1 year of treatment [22]. The study has built on a previous report that low baseline serum
levels of Vitamin D predict both short- and long-term failure of vedolizumab (observed after 14 weeks and
after 1 year of treatment, respectively) in IBD patients [23]. Recently, the beneficial role of Vitamin D on
vedolizumab treatment was additionally supported by another report that high baseline serum Vitamin
D is associated with better response to treatment after 6 months in UC patients [24]. Albeit, whether the
polymorphisms described by Cusato et al. are causally connected to Vitamin D levels in the blood sera of
IBD patients remains to be determined.

A recent epigenome-wide association study by Joustra et al. identified 25 CpG loci that were associated
with response to vedolizumab treatment in CD [25]. These markers, particularly DNA methylation patterns,
that showed long-term stability across treatment phases, were found to predict both clinical and endoscopic
responses after 20-33 weeks of therapy with a high degree of accuracy (AUC = 0.87 and 0.75 for discovery


http://BioRender.com

994 BIOCELL. 2025;49(6)

and validation cohorts, respectively). 15 of these CpGs are located inside 14 distinct genes (Table 1), which
are linked to immune response and antigen processing via major histocompatibility complex (MHC) class I
and cell migration [26,27].

Table 1: Polymorphism and DNA methylation profile linked to response to vedolizumab treatment in IBD patients

Polymorphism  Gene symbol Full gene name NCBI gene ID NR genotype Disease Ref.
type

Peripheral blood (PCR on PBMCs)

Long-term response

rs7041 GC GC Vitamin D binding protein 2638 AC IBD [22]
Probe Gene symbol Full gene name NCBI gene ID Methylation Disease Ref.
profile (Re vs. NR) type

Peripheral blood (DNA methylation array on PBMCs)

Short-term response

cg00441209 OR51A4 Olfactory receptor family 51 401666 Low
subfamily A member 4
cg00706914 TULP4 TUB like protein 4 56995 High
cg02229781 MIR548F3 microRNA 548f-3 100302159 High
cg02601475 / / / High
cg03161606 / / / Low
cg03455316 / / / High
cg04546413 / / / Low
cg04674762 NID2 Nidogen 2 22795 High
cg05062694 CGREFI Cell growth regulator with EF-hand 10669 Low
domain 1
¢g05197062 GALNTL4 Polypeptide 374378 High

N-acetylgalactosaminyl-
transferase-like

4
cg05338672 HLA-C Major histocompatibility complex, 3107 High
class I, C
cg08017465 TSPEAR Thrombospondin type laminin G 54084 High CD [25]
domain and EAR repeats
cg08081727 / / / Low
cg09659072 / / / High
cgl2667521 / / / Low
cg12906381 RFPL2 Ret finger protein like 2 10739 High
cgl4115807 CYorf41-AS1 C9orf41 antisense RNA 1 101927380 High
cgl6467921 / / / Low
cgl7096289 HLA-C Major histocompatibility complex, 3107 Low
class I, C
cgl7764313 MCM2 Minichromosome maintenance 4171 Low
complex component 2
cgl7830959 HLA-B Major histocompatibility complex, 3106 High
classI, B
cg18319102 / / / High
g21070860 / / / High
€g25267487 / / / Low
€g25299227 ESRRB Estrogen related receptor beta 2103 High

Note: Re (responders), NR (non-responders).
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4 Transcriptomic Biomarkers of Response to Vedolizumab

Unlike DNA, RNA expression profiles vary between cell and tissue types and are susceptible to changes
due to the therapeutic use (i.e., vedolizumab) [13,26,27]. Thus, for transcriptomic analyses, both the location
and time point of sampling are of utmost importance. Regarding the latter, samples taken before induction
of the treatment (at baseline) are of the highest value for the prediction of response, as treatment had not yet
influenced them.

As with DNA, identification of predictive biomarkers from a sample that can be obtained in a minimally
invasive way, such as peripheral blood mononuclear cells (PBMCs), is very welcome. The already mentioned
Joustra et al. performed RNA-seq analysis on PBMCs samples from a subset of their discovery cohort of
CD patients, focusing on the expression of the genes identified by their methylation profiling [25]. They
showed that the low expression of RFPL2 and high expression of TULP4 are associated with response to
vedolizumab after 20-33 weeks of therapy (Table 2), thus confirming the result for these two genes on two
separate levels of expression. Products of both genes may be involved in ubiquitination and subsequent
proteasomal degradation of target proteins and have so far not been implicated in IBD. Alas, the only other
transcriptomic data on PBMCs we could find showed no significant differences between UC responders and
non-responders to vedolizumab at baseline [27].

Some more transcriptomic profiling was done on colon biopsies of IBD patients starting the
vedolizumab treatment. Although obtaining these samples requires a highly invasive procedure (endoscopy
and biopsy of the inflamed mucosa), the gut mucosa is the most relevant tissue for researching IBD.
The first published transcriptome analysis of colon mucosa from IBD patients on vedolizumab focused
on comparisons of the expression profiles in post- vs. pre-therapy samples. They found major differences
between the patients responding or not to vedolizumab but did not report on direct responder vs. non-
responder comparisons of samples taken pre-therapy [13,26]. The baseline data from these cohorts were,
however, used in later reports for the validation of their findings [7,10,28].

Verstockt et al. thus conducted whole transcriptome sequencing on inflamed colonic biopsies from
IBD patients collected before vedolizumab treatment and initially identified 186 differentially expressed
genes between patients who achieved endoscopic remission and those who did not, with 44 remaining
significant after applying a false discovery rate (FDR) threshold of 0.25 [10]. Using randomized general
linear regression within the 44 genes, they finally identified 4 genes (RGSI3, DCHS2, MAATSI, and PIWILI)
whose baseline expression in colon mucosa of IBD patients predicts endoscopic remission following 14—
30 weeks of vedolizumab with 80% accuracy (Table 2). Interestingly, while all four genes were significantly
upregulated in responders compared to non-responders (nominal p-value < 0.05), only one (DCHS2)
remained significant when more stringent significance criteria were applied (FDR < 0.05) [10]. They further
recruited 2 independent patient cohorts for whole transcriptome sequencing and one for qPCR analysis,
and additionally used data from Arijs et al. [13] to validate their 4-gene predictive signature. The authors
noted that the roles of these 4 genes in both IBD and healthy colonic mucosa remain poorly understood.
Nevertheless, they drew several conclusions based on their observations. Piwi-like Protein 1 (PTWILI), part of
the PIWI subfamily of Argonaute proteins, plays significant roles in cell proliferation, migration, survival, and
inflammation, with its expression notably elevated in vedolizumab responders. This upregulation suggests
that these patients may have enhanced stem cell survival compared to non-responders [10]. They found
MAATSI, coding for Cilia and flagella associated protein 91 (CFAP91) and DCHS2, coding for Cadherin
J, primarily located on endothelial cells, indicating their potential roles in cell migration and diapedesis,
which are critical processes for vedolizumab’s mechanism of action. The exact biological functions of
CFAP9I are still to be determined, while Cadherin J is known to be implicated in cell adhesion, which,
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knowingly plays a role in cell transmigration and consequently inflammation, together with immune system
modulation [10,29]. Lastly, regulator of G-protein signaling 13 (RGSI3) is predominantly expressed in the
epithelial barrier and influences CD4* T-cell migration by inducing unresponsiveness to CXCLI12, despite
high levels of its receptor on T-cells. Its increased expression in endoscopic remitters correlates with reduced
leukocyte trafficking and inflammation, while elevated levels in non-responders suggest mechanisms that
sustain inflammation despite vedolizumab therapy [10].

The Verstockt et al. report additionally described a set of 5 genes in pre-therapy induction inflamed
colonic biopsies from responders vs. non-responders to vedolizumab that meets the stringent FDR <
0.05 condition for significance. Among them, KRT23 and IFI6 expression levels were significantly lower,
while THEM35, DCHS2, and CLDNS levels were significantly higher in responders compared to the non-
responders (Table 2) [10]. Keratin 23 (KRT23) is part of the keratin family, a group of proteins essential
for maintaining the structural integrity of epithelial cells [30]. It has been implicated in various cancers,
including colorectal cancer, where it was found strongly expressed in colon adenocarcinomas but absent in
normal colon mucosa, suggesting its involvement in abnormal cell growths in the colon [31]. Furthermore,
KRT23 knockdown reduces cellular proliferation and affects DNA damage response pathways [31]. Therefore,
in IBD patients, lower KRT23 levels might correlate with reduced epithelial cell turnover and improved
mucosal healing during vedolizumab therapy. Interferon-alpha inducible protein 6 (IFI6) is recognized for
its multifaceted role in immune regulation and modulation, particularly in response to viral infections, but
its connection with IBD still needs to be thoroughly researched. The Claudin 8 (CLDN8) gene encodes a
member of the claudin family, which are integral membrane proteins and components of tight junction
strands [32]. The higher expression of both DCHS2 and CLDN8 in responders compared to non-responders,
therefore, suggests that cell adhesion and the integrity of epithelial or endothelial cell layers are crucial
for a better response to vedolizumab, whose mechanism of action specifically involves preventing the
transmigration of immune cells across these layers.

Gazouli et al. showed that long-term non-response to vedolizumab in UC is also associated with specific
pre-treatment gene-expression mucosal signatures [28]. They screened an array of 84 genes connected to
inflammatory response and autoimmunity to identify 21 genes (14 upregulated, 7 downregulated) with
statistically significant differential expression in 54-week responders vs. non-responders to vedolizumab.
9 of them (CCL24, CCL5, CXCLI10, CXCL5, CXCL9, IL23A, CEBPB, LTB, and SELE) were also confirmed by
qPCR on a larger independent cohort of patients and the RNA-seq data from Arijs et al. [13]. The authors
added two more highly regulated genes from their dataset (CXCL6, CD40LG), the 4 genes (PIWILI, MAATSI,
RGS13, and DCHS2) described by Verstockt et al. [10], and OSM, which was also previously described as
predictive of vedolizumab response in UC [33], to the confirmation cohort analysis. All the additional genes
were also significantly upregulated in responders. All together they thus describe 16 differentially expressed
genes between vedolizumab responders and non-responders with multiple confirmations (Table 2), of which
a subset of 13 genes (CCL5, CXCL10, CXCL5, CXCL9, IL23A, CEBPB, LTB, SELE, CXCL6, PIWILI, RGSI3,
DCHS2, and OSM) could predict treatment outcome with a 95% accuracy [28].
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Table 2: RNA markers linked to response to vedolizumab treatment in IBD patients

Gene symbol Full gene name NCBI gene Expression (Re  Disease Ref.
ID vs. NR) type

Peripheral blood (RNAseq on PBMCs)

Short-term response

RFPL2 Ret finger protein like 2 10739 Down CD [25]
TULP4 TUB like protein 4 56995 Up CD -
Colon (RNAseq/RNA array/qPCR on inflamed colon biopsy)
Short-term response
CLDN8 Claudin 8 9073 Up
DCHS2 Dachsous cadherin-related 2 54798 Up
IFI6 Interferon alpha inducible protein 6 2537 Down
KRT23 Keratin 23 25984 Down IBD [10]
MAATSI MYCBP associated and testis expressed 1 89876 Up
PIWILI Piwi like RNA-mediated gene silencing 1 9271 Up
RGSI3 Regulator of G protein signaling 13 6003 Up
TMEM35 Transmembrane protein 35 59353 Up
IL6 Interleukin 6 3569 Down IBD [7]
VCAMI Vascular cell adhesion molecule 1 7412 n.d. ucC [34]
FFAR2-NRF1 Free fatty acid receptor 2—nuclear respiratory n.a.* Down
factor 1
FFAR2-RELB Free fatty acid receptor 2—RELB n.a* Down
proto-oncogene, NF-«xB subunit
FFAR2-EGR1 Free fatty acid receptor 2—early growth naX* Down
response 1
FFAR2-NFKBI Free fatty acid receptor 2—NF-«B subunit 1 nax Down uC [34]
CSF3R-RELB Colony stimulating factor 3 receptor—RELB n.a* Down
proto-oncogene, NF-xB subunit
ITGB4-ETS1 Integrin subunit beta 4—ETS Proto-oncogene 1 n.a* Down
MIN score / n.a. High IBD [35]
Long-term response
CCL24 C-C motif chemokine ligand 24 6369 Up
CCL5 C-C motif chemokine ligand 5 6352 Up
CD40LG CD40 ligand 959 Up
CEBPB CCAAT enhancer binding protein beta 1051 Down
CXCLI0 C-X-C motif chemokine ligand 10 3627 Down
CXCL5 C-X-C motif chemokine ligand 5 6374 Down ucC [28]
CXCL6 C-X-C motif chemokine ligand 6 6372 Up
CXCL9 C-X-C motif chemokine ligand 9 4283 Down
DCHS2 Dachsous cadherin-related 2 54798 Up
IL23A Interleukin 23 subunit alpha 51561 Down
LTB Lymphotoxin beta 4050 Down
MAATSI MYCBP associated and testis expr. 1 89876 Up
OSM Oncostatin M 5008 Up
PIWILI Piwi like RNA-mediated gene silencing 1 9271 Up
RGSI3 Regulator of G protein signaling 13 6003 Up
SELE Selectin E 6401 Down

Note: Re (responders), NR (non-responders), n.a. (not applicable), n.d. (not defined), *(receptor-transcription factor
pairs), MIN score includes expression of G0S2 (G0/Gl1 switch 2; NCBI Gene ID 50486), SI00A9 (S100 calcium binding
protein A9; NCBI Gene ID 6280), SELE (Selectin E; NCBI Gene ID 64016), CHI3LI (Chitinase 3 like 1; NCBI Gene
ID 1116), MMPI (Matrix metallopeptidase 1; NCBI Gene ID 4312), and CXCLI3 (C-X-C motif chemokine ligand 13;
NCBI Gene ID 10563).
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A pathway network analysis of the differentially expressed genes was also performed. Among the prin-
cipal pathways were those that interfere with immune cell trafficking. Notably, chemokines CXCL10, CXCLJ9,
CXCL5, which activate and recruit leukocytes [36] and selectin E (SELE), responsible for the accumulation
of blood leukocytes at sites of inflammation [37], showed higher mucosal expression in non-responders.
On the other hand, CXCL6 (involved in neutrophil recruitment) [38], CCL5, and CCL24 (chemoattractants
for monocytes and T-cells) [39,40] were higher in responders. All these data suggest dysregulated immune
cell trafficking as a major factor in non-response to vedolizumab. Previous reports focusing on post-
vs. pre-treatment comparisons of vedolizumab responders and non-responders also noted disruptions of
signaling cascades related to adhesion, diapedesis, and migration of granulocytes and agranulocytes with
vedolizumab treatment. Specifically, increases in CXCL9 and CXCLIO in non-responders at week 14 and
downregulated CXCLI0 and SELE expression in responders between weeks 0 and 52 were reported [13,26].
Lack of response was also associated with higher expression of IL23A, which codes for the p19 subunit
of IL-23. This suggests not only that the IL-23/Th17 pathway may contribute to vedolizumab resistance
but also that these patients might benefit from emerging anti-p19 therapies (risankizumab) [28]. Further,
upregulated TNF-a receptor superfamily (TNFRSF) genes, part of the noncanonical nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) pathway, were observed in non-responders, supporting
previous reports of persistent TNF-a pathway activation. Additionally, interleukin, MyD88, and toll-like
receptor signaling were impaired in non-responders. These pathways are crucial in chronic inflammation
and contribute to processes like apoptosis, cellular infiltration, and loss of integrity and function of the gut.
Overall, these findings suggest that anti-integrin therapies like vedolizumab impact not just cell trafficking,
but also other inflammatory pathways [28].

Singh et al. also used gene expression data from baseline colon mucosa samples described by Arijs
et al. [13]. They first assessed four vedolizumab-specific genes (MADCAMI, VCAMI, ITGB4, and ITGB?),
which code for pivotal players in the vedolizumab’s mode of action and found that VCAMI was differentially
expressed between responders and non-responders, though in their publication they do not define what the
difference was (Table 2) [34]. Next, they employed a network-based diffusion model to identify signaling
pathways that predict how UC patients respond to vedolizumab [34]. They focused on the T-cell receptor
network and analyzed connectivity between receptors (i.e., genes) and transcription factors (TF). The model
identified 48 receptor-TF pairs that separate short-term responders and non-responders to vedolizumab,
with the top 10 pairs reaching AUC > 0.79. The best discriminatory ability was demonstrated by four pairs of
TFs, NRF1, RELB, EGR1, and NFKB1, with the gene FFAR2 (free fatty acid receptor 2), which all had increased
signals in patients not responding to treatment after 6 weeks on vedolizumab (Table 2). FFAR2 codes for
a G-protein coupled receptor, which was reported as a critical precursor in inflammatory and immune
responses in the intestine [41,42]. The four TFs are similarly connected to the same pathways, particularly
to the TNE NF-kB, and JNK (jun N-terminal kinase) pathways. Additionally, the authors also used a deep
learning method, nnet, to analyze the receptor-TF pairs. This analysis identified 39 pairs that separated the
responders and non-responders, with top-scoring discriminators FFAR2-NRF1, CSF3R-RELB, and ITGB4-
ETS]1, with increased signals in patients not responding to treatment, reaching AUC ~0.80 (Table 2). The
predictive network based on these pairs highlighted critical interactions within cytokine and fatty acid
signaling pathways, emphasizing their role in stratifying UC subgroups for anti-integrin therapy [34].

Using cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq), Hsu et al. analyzed
immune cell interactions as well as cell-type specific transcription profiles in peripheral blood and colonic
tissue, specifically of lamina propria mononuclear cells (LPMCs) of UC patients about to start vedolizumab
treatment [43]. They focused on Th17 CD4" T-cells and their interactors and proposed that these cells from
vedolizumab non-responders and responders may receive different cellular signals, potentially explaining
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the previously observed differences in the gene expression profiles of these cells in UC patients [43].
Their findings revealed that non-responders (assessed after 5-9 months on therapy) presented colonic Th17
CD4" T-cells with increased expression of pro-inflammatory cytokines IL17A, ILI7F, IFNG, and CCL20.
Additionally, these cells had upregulated genes coding for transcription factors AHR, NFKBI, RUNXI,
STAT3, BATF, HIFIA, and IRF4 that support TH17 effector function (Table 3). Further, inflammatory
monocytes/macrophages expressed high levels of pro-inflammatory ILIA, IL1B, OSM and CCL20, innate
lymphoid cells (ILC)/natural killer (NK) cells expressed high GZMB and FASLG possibly promoting
apoptosis in Thl7 cells and terminal effector CD4* and CD8" T-cells had upregulated IFNG and GZMB,
again indicating enhanced cytotoxic and inflammatory responses [43]. In contrast, responders exhibited high
expressions of known anti-inflammatory signals. In Th17 cells, this means high expression of more regulatory
IL23A, CCL5, and TGFBI, while pro-inflammatory cytokines and effectors (IL6ST, ILI7A, IL1I7F, GZMA,
GZMB, CCL20, and IFNG) were decreased. In myeloid dendritic cells, GSTPI (involved in detoxification and
immune regulation) was increased (Table 3) [43]. Based on transcription profiles, the authors also researched
interactions between Th17 and other cell types. Responders showed greater interactions between Th17 cells
and myeloid dendritic cells (linked to anti-inflammatory signaling), while non-responders maintained a
pro-inflammatory cytokine profile that resembled active disease. The persistence of these monocyte-driven
signals suggests that while vedolizumab effectively reduces inflammation in some patients, it does not com-
pletely inhibit all inflammatory pathways, particularly those sustained by innate immune cells. This finding
underscores the complexity of immune regulation in UC and highlights the need for additional therapeutic
strategies to target persistent monocyte activity in patients who fail to respond to vedolizumab [43].

Table 3: Cell-type specific RNA markers linked to response to vedolizumab treatment in IBD patients

Gene symbol Full gene name NCBI gene ID Expression Disease Ref.
type

Colon (CITE-seq of colon immune cells)

Short-term response

Th17 CD4* T-cells
ILI7A Interleukin 17A 3605 High in NR, low in Re
IL17F Interleukin 17F 112744 High in NR, low in Re
IFNG Interferon gamma 3458 High in NR, low in Re
CCL20 C-C motif chemokine ligand 20 6364 High in NR, low in Re
AHR Aryl hydrocarbon receptor 196 High in NR
NFKBI Nuclear factor kappa B subunit 1 4790 High in NR
RUNX1 RUNX family transcription 861 High in NR
factor 1
STAT3 Signal transducer and activator 6774 High in NR UuC  [43]
of transcription 3
BATF Basic leucine zipper ATF-like 10538 High in NR
transcription factor
HIFIA Hypoxia inducible factor 1 3091 High in NR
subunit alpha
IRF4 Interferon regulatory factor 4 3662 High in NR

(Continued)
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Table 3 (continued)

Gene symbol Full gene name NCBI gene ID Expression Disease Ref.
type
IL6ST Interleukin 6 cytokine family 3572 Low in Re
signal transducer
GZMA Granzyme A 3001 Low in Re
GZMB Granzyme B 3002 Low in Re
IL23A Interleukin 23 subunit alpha 51561 High in Re
CCL5 C-C motif chemokine ligand 5 6352 High in Re
TGFBI Transforming growth factor 7040 High in Re
beta 1
Inflammatory monocytes/macrophages
ILIA Interleukin 1 alpha 3552 High in NR
ILIB Interleukin 1 beta 3553 High in NR uc  [43]
OSM Oncostatin M 5008 High in NR :
CCL20 C-C motif chemokine ligand 20 6364 High in NR
ILC (Innate lymphoid cells)/NK (natural killer) cells
GZMB Granzyme B 3002 High in NR uc 43
FASLG Fas ligand 356 High in NR ‘
Terminal effector CD4" T-cells
IFNG Interferon gamma 3458 High in NR uc  [43]
GZMB Granzyme B 3002 High in NR i
Terminal effector CD8* T-cells
IFNG Interferon gamma 3458 High in NR uc 43
GZMB Granzyme B 3002 High in NR ’
Myeloid dendritic cells
GSTPI Glutathione S-transferase pi 1 2950 High in Re UC  [43]

Note: Re (responders), NR (non-responders).

Shi et al. examined multiple RNA datasets from mucosal biopsies of IBD patients to identify the
GIMATS module (which comprises IgG plasma cells, Inflammatory monocytes, Activated T-cells, and
Stromal cells and will be discussed in the section on cells as biomarkers). To enhance the clinical applicability
of their findings, they additionally developed a simplified six-gene model, known as the MIN score, which
serves as an indirect predictor of treatment response by reflecting the GIMATS module [35]. This score was
derived using the least absolute shrinkage and selection operator (LASSO) regression, which identified six
key genes (G0S2, SI00A9, SELE, CHI3L1, MMPI, and CXCLI3) that best correlated with the GIMATS module.
While these genes were not directly tested for their predictive power in vedolizumab response, the MIN score
was validated across multiple cohorts and demonstrated high accuracy in classifying patients into immune
(I type), metabolic (M type), or normal (N type) subtypes based on their baseline immune and metabolic
signatures. Patients with a high MIN score (I type), characterized by elevated immune activation, were more
likely to respond favorably to vedolizumab, while those with a low MIN score (M type), associated with
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enhanced metabolic activity, showed a preference for anti-TNF therapy (infliximab/adalimumab). Patients
with a moderate MIN score (N type) exhibited no clear preference for either treatment [35].

5 Protein Biomarkers of Response to Vedolizumab

Considerations regarding the sampling location and time point are valid not only for RNA but also for
protein level studies. Blood serum plasma/serum samples thus seem perfect—they are routinely collected,
often in regular intervals, and provide a convenient platform for the analysis of inflammation—related
mediators, including those dispersed from the inflamed intestinal tissue. This makes blood plasma/serum a
valuable surrogate for assessing both the severity and extent of disease activity [7].

C-reactive protein (CRP) is considered a well-established serum biomarker for IBD diagnosis. Signifi-
cantly elevated levels of serum CRP are closely linked to the acute-phase response. This response reflects a
persistently overactive innate immune system, which plays a central role in driving tissue damage and is the
primary cause of symptoms in affected patients [44]. Specifically, when CRP is released from hepatocytes, it
accumulates in already damaged tissue, activating the complement system and triggering pro-inflammatory
effects that exacerbate tissue damage and contribute to disease progression [45]. Therefore, CRP levels
directly indicate the intensity of pathological stimulation in the body. CRP level in the blood serum is thus
frequently assessed as a potential protein marker for response to various therapies in IBD patients.

Shelton et al., using a US cohort of patients with CD and UC treated with vedolizumab, found that
baseline CRP > 8.0 mg/L was associated with lower odds of response and therefore predictive of week
14 remission in both CD and UC, as well as in IBD in general (Table 4) [46]. They explained this by
elevated CRP representing greater disease burden, which leads to more difficulty achieving early response.
These observations were independently corroborated in a Danish cohort for CD patients and the IBD in
general, but not for UC, where the authors found no differences between the patients who were responsive
or not to vedolizumab after 14-20 weeks of treatment [7]. Interestingly, more recent studies found no
differences between good and poor early responders and do not support elevated baseline CRP as a predictor
of poor early response in CD or UC either [25,47]. Sustained long-term response (assessed after 1 year
on vedolizumab) in CD and UC patients was defined by a low concentration of CRP at week 14 [48].
Baseline CRP in the same study, however, could not predict long-term response for either disease. A similar
conclusion was also reached by two other recent studies on IBD in general [49,50], while an earlier study did
correlate elevated baseline CRP with poor response after 1 year of vedolizumab [51]. Altogether, while initial
reports quite unanimously highlighted the baseline CRP as a good predictor, especially of early response to
vedolizumab, data collected in recent years seem not to support this conclusion (Table 4).

On the contrary, multiple authors consistently reported higher baseline albumin concentration at the
initiation of the therapy as associated with both short- and long-term response to vedolizumab in CD [52],
UC [53,54], and IBD patients [49,50] (Table 4). This is consistent with the notion that albumin levels decline
in response to inflammatory stimuli, reflecting the acute-phase response to inflammation [55]. Mechanisms
leading to low albumin levels during inflammation are increased capillary permeability, decreased synthesis,
increased utilization and catabolism, and abnormal distribution and loss through the gastrointestinal
tract [56]. Referring to CRP, inflammatory cytokines inhibit the liver’s ability to produce albumin, shifting
protein production towards acute-phase reactants such as CRP [56]. This again implies the potential of both
CRP and albumin as predictive biomarkers for assessing the severity of IBD and potentially determining
response to vedolizumab therapy, though, as described above, recent reports do not support this role for CRP.

Multiple studies were also looking at the concentrations of FC, which is usually also routinely followed
in IBD patients. Levels of FC are similar to CRP levels, connected with the severity of the inflammation, with
higher levels showing severe disease activity, for example, in CD [57]. Consequently, low FC concentrations
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in week 14-16 have been associated with a positive treatment response in UC/IBD, even after 1 year of
therapy [48,58]. Baseline FC levels, however, have not been associated with the response to vedolizumab in
CD [25], UC [59], or IBD [48,49,51,58] in general.

In addition to commonly monitored markers such as albumin, CRP, FC, and hemoglobin (no associa-
tion to the effectiveness of vedolizumab [48,50]), other blood proteins were also assessed for their biomarker
potential. In a study done by Alexdottir et al., they analyzed serum levels of various extracellular matrix
(ECM) turnover markers, including fragments of types I, III, IV, and VI collagen, along with markers of
neutrophil activity, in CD patients before they started vedolizumab therapy [60]. They showed that non-
responders exhibited significantly higher baseline levels of ECM degradation markers C1M, C3M, C4M,
C6Ma3, basement membrane turnover marker PRO-C4, and a marker of neutrophil activity CPa9-HNE
compared to long-term (>12 months) responders. Additionally, ratios reflecting collagen formation and
degradation balance (C3M/PRO-C3, C4M/C4G, PRO-C4/C4G) were also elevated in non-responders. These
results suggest that increased neutrophil activity and ECM turnover are associated with a poorer response
to vedolizumab treatment in CD patients [60].

Coletta et al. analyzed a set of 45 cytokines, chemoattractants, growth factors, and signaling molecules
in the sera of CD and UC patients before vedolizumab treatment. They showed that increased circulating
baseline levels of IL-1f3, IL-2, PDGF-AA, and CCL4 are associated with clinical remission and endoscopic
response to vedolizumab in CD patients after 14 weeks of treatment (Table 4) [61]. Additionally, high baseline
IL-22 and IL-23 were associated with clinical remission, and high baseline IL-5 with endoscopic response
in the CD group [61]. High baseline levels of a completely different set of proteins-GM-CSE, CCLI19, and
TRAIL were associated with short-term clinical remission and endoscopic response to vedolizumab in UC
patients (Table 4) [61]. Yet again, the picture changed when looking at the clinical remitters at week 54, which
demonstrated lower baseline levels of IL-17A, TNF-«, CCL19, and higher baseline levels of CXCL1 in CD
patients, and lower baseline levels of G-CSF and IL-7 in UC patients [61]. Th17-related pathways, particularly
involving the CCR6/CCL20 axis, were thus recognized as key players linked to non-response, especially in
CD [61].

Table 4: Protein markers linked to response to vedolizumab treatment in IBD patients

Protein symbol Full protein name Expression Disease Reference
(Re vs. NR)

Peripheral blood (ELISA/multiplex ELISA/immunoassay on blood serum/plasma)

Short-term response

ALB Albumin Up CD, UC [52-54]
CRP C-reactive protein Down IBD [7,46]
CRP C-reactive protein Down/n.d. CD [7,46]/[25,26]
CRP C-reactive protein Down/n.d. UcC [46]/(7,47]
CCL19 C-C motif chemokine ligand 19 Up UcC [61]
CCL4 C-C motif chemokine ligand 4 Up CD [61]
GM-CSF Granulocyte-macrophage Up UC [61]
colony-stimulating factor
IL-18 Interleukin-1 beta Up/n.d. CD/IBD [611/17]
IL-2 Interleukin-2 Up/n.d. CD/IBD [611/17]
IL-22 Interleukin-22 Up/n.d. CD/IBD [61]/17]

(Continued)
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Table 4 (continued)
Protein symbol Full protein name Expression Disease Reference
(Re vs. NR)

IL-23 Interleukin-23 Up/n.d. CD/IBD [61]/17]
IL-5 Interleukin-5 Up CD [61]
IL-6 Interleukin-6 Down/n.d. IBD/CD [71/161]
OoC Osteocalcin Up IBD, UC [7]

PDGF-AA Platelet-derived growth factor Up CD [61]
subunit AA
sCD40L Soluble CD40 ligand Down/n.d. CD [7]/161]
TRAIL TNF-related apoptosis-inducing Up ucC [61]
ligand
Long-term response

ALB Albumin Up IBD, UC [49,50,53,54]
CRP C-reactive protein Down/n.d. IBD [51]/[49,53]
CRP C-reactive protein n.d. CD, UC [48]

CCL19 C-C motif chemokine ligand 19 Down CD [61]

CXCL1 C-X-C motif chemokine ligand 1 Up CD [61]

G-CSF Granulocyte colony-stimulating Down uC [61]
factor

IL-17A Interleukin-17A Down CD [61]

IL-6 Interleukin-6 Up/n.d. ucC [62]/[59,61]
IL-7 Interleukin-7 Down uUcC [61]
IL-8 Interleukin-8 Up/n.d. UcC [59,62]/[61]

TNF-« Tumor necrosis factor-alpha Down CD [61]

sCIM Serum type I collagen degradation Down CD [60]

fragment

sC3M Serum type III collagen Down CD [60]

degradation fragment

sC4M Serum type IV collagen Down CD [60]

degradation fragment
sC6Ma3 Serum type VI collagen Down CD [60]
degradation fragment
sCPa9-HNE Serum collagen type III Down CD [60]
degradation fragment generated
by neutrophil elastase
sPRO-C4 Serum type IV collagen formation Down CD [60]

fragment

Note: Re (responders), NR (non-responders), n.d. (no differences), s (serum).

An even wider analysis of 37 inflammation-related proteins and 15 Th17-associated cytokines (49 distinct
targets) in the plasma of IBD patients that failed anti-TNF-« treatment was performed by Soendergaard
et al. [7]. They proposed that persistent activation of the IL-6 pathway and dysregulation of the CD40
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ligand pathway may be involved in driving inflammation in IBD patients who fail vedolizumab therapy.
Specifically, they observed a relationship between lower baseline IL-6 levels in IBD patients, lower soluble
CD40 ligand (sCD40L) in CD patients, and a positive vedolizumab response after completion of the 14-
week induction regimen (Table 4). Further, they also found that osteocalcin was higher among IBD and UC
patients responding to vedolizumab compared with non-responders [7]. They additionally validated their
IL-6 findings, but not those for sCD40L or osteocalcin, using a publicly available RNA-seq dataset from Arijs
etal. [13] (Table 2).

Elevated osteocalcin levels observed in responders may suggest a less intense or shorter duration
of inflammation compared to non-responders, potentially indicating a reduced bone impact. Osteocalcin
itself does not appear to have a direct influence on the inflammatory process [7]. To the contrary, IL-
6 is a key inflammatory mediator that drives immune cell activation, recruitment, and the acute phase
response. Moreover, it is important for Thl-mediated intestinal inflammation [7]. Its elevated expression
and persistently activated pathway point toward heightened systemic inflammation and, therefore, increased
severity of disease in non-responders to vedolizumab treatment. IL-6 also promotes the differentiation of
Th17 cells and the activation of various pro-inflammatory pathways, including Janus kinase/signal transducer
and activator of transcription (JAK/STAT), which can drive inflammation independent of a4f7-mediated
leukocyte transmigration [63]. As a result, high circulating levels of IL-6 can sustain immune activation
and inflammatory cascades that are not primarily reliant on the gut-specific integrin interactions targeted
by vedolizumab. Therefore, these patients may experience persistent inflammation that vedolizumab itself
cannot fully address, resulting in poor treatment outcomes. Additionally, it is known that IL-6 affects
endothelial cells and modulates vascular permeability, which could potentially affect leukocyte trafficking
patterns and interfere with vedolizumab’s efficacy [64]. Research has therefore highlighted IL-6’s role outside
of the pathways targeted by vedolizumab therapy. Some studies investigated the effects of blocking IL-
6 signaling in inflammatory conditions in IBD, specifically CD. They reported positive effects on disease
severity and induction of remission compared to controls [65,66]. Therefore, additional or alternative
treatments modulating IL-6-driven pathways would be necessary to tackle non-response to vedolizumab
when patients present high levels of circulating IL-6.

Higher baseline levels of sCD40L in non-responders to vedolizumab underscore the relevance of the
CD40/CD40L axis in IBD pathogenesis and immune regulation [67]. CD40L is primarily expressed on
activated T-cells but can also appear on other immune cells in response to inflammatory signals. This ligand
interacts with CD40, a receptor found on both immune and non-immune cells, particularly on antigen-
presenting cells, leading to cellular activation and cytokine release [67]. Blocking CD40/CD40L signaling
has been shown to reduce inflammation, primarily by limiting Thl T-cell responses [68]. Interestingly,
Soendergaard et al. report increased sCD40L levels in CD non-responders to vedolizumab, a condition
primarily driven by Thl inflammation, but not in UC, which is generally Th2-mediated. These findings
suggest that targeting the CD40/CD40L axis might help to dampen excessive Thl-mediated responses in CD,

/

but not UC, potentially improving treatment outcomes in vedolizumab-resistant cases [7].

Two of the proteins that were identified as biomarkers of short-term response to vedolizumab in the
Soendergaard et al’s study, and four of the proteins identified by Coletta et al’s study were also tested in
the other study. None of these were confirmed as a biomarker in both studies (Table 4). A similar lack of
independent confirmation can also be found among the proposed protein biomarkers of long-term response
to vedolizumab. We could find no additional reports on markers proposed by Coletta et al. Instead, two
recent reports by Bertani et al. proposed the serum patterns of IL-6 and IL-8 at baseline and over the first
6 weeks of treatment with vedolizumab in UC patients as useful to predict therapeutic outcome [59,62] —a
result not supported by the Coletta et al. Specifically, they observed associations between high baseline values
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of IL-6 (significant in only one of the two reports) and IL-8 (significant in both reports) and their reduction
in the first three months of treatment with clinical response at twelve months in UC patients [59,62].

The association between high IL-8 concentrations and the effectiveness of vedolizumab is especially
interesting. IL-8 is primarily produced by macrophages and epithelial cells and plays a crucial pro-
inflammatory role by attracting neutrophils to sites of inflammation [69], while vedolizumab predominantly
impacts the trafficking of a4f7 expressing T-cells [70]. The notion that modulation of mucosal innate
immunity, especially macrophages, contributes to the efficacy of vedolizumab is also confirmed by other
authors [71]. Higher levels of IL-6 may also reflect heightened innate immunity activity in patients under-
going vedolizumab treatment [62]. The studies by Bertani et al. present conflicting findings regarding the
correlation between IL-6 levels and response to vedolizumab when compared to Soendergaard et al., who
observed an opposite result (Table 4). The discrepancy may be attributed to the studies’ different endpoints.
Moreover, Soendergaard et al. specifically focused on patients previously treated with anti-TNF-« agents, a
cohort in which vedolizumab is typically less effective [16,48]. Additionally, anti-TNF-« therapies are known
to reduce IL-6 levels, potentially influencing these results [72,73].

All the studies describing the putative protein biomarkers of vedolizumab response discussed so far
were focused on cytokines, chemokines, and other signaling molecules. Contrary to that, Battat et al.
looked at the molecules that enable the adhesion of immune cells to the blood endothelium-the process
targeted by vedolizumab. They found that serum levels of soluble a437 (s-a47) increased, while soluble
MAdCAM-1 (s-MAdCAM-1) and s-vascular cell adhesion molecule-1 (s-VCAM-1) decreased more rapidly
in UC patients achieving clinical remission after 26 weeks of vedolizumab therapy than in the non-
responders [47]. Additionally, s-MAdCAM-1, s-intracellular adhesion molecule-1 (ICAM-1), s-VCAM-1, and
s-TNF-a decreased more rapidly in patients reaching endoscopic remission [47]. The increased s-a4/7
correlated with symptom improvements and may result from reduced gut trafficking and a subsequent
rise in serum concentrations or prolonged half-life of circulating lymphocytes bound to vedolizumab [47].
The study, however, found no differences in levels of the observed proteins between the responders and
non-responders to vedolizumab at baseline.

6 Cells as Biomarkers of Response to Vedolizumab

While no differences were found in baseline serum levels of adhesion molecules, a different picture is
seen when a4p7 is viewed as a marker on specific types of immune cells. Boden et al. observed that IBD
patients responding to vedolizumab after 22-30 weeks had higher baseline percentages of a47 expressing
blood immune cells (PBMCs) than the non-responders [74]. Specifically, they found higher percentages
of w437 expressing naive-, effector memory- and terminal effector memory-CD4" T-cells, naive-, effector
memory- and terminal effector memory-CD8" T-cells, naive B-cells, and NK cells (Table 5). Contrary to
that, Schneider et al. recently reported that, at baseline, T-cells (CD3*, which includes CD4" and CD8*
T-cells) and specifically CD4" T-cells expressed less a47 in the patients responsive to vedolizumab [75].
They report a similar, but not significant, result also for the CD8" T-cells. Additionally, Fuchs et al. and
Colletta et al. described a lower abundance of a4 37 expressing CD4* T/Th1/Th17 CD4" T-cells in the blood
of IBD responders to vedolizumab (Table 5) [61,76]. While there are some technical differences between the
studies (use of cryopreserved vs. fresh samples, definition of response, etc.), these can scarcely explain the
clearly opposing results, which will need additional testing and confirmation in the future. On the other side,
Rath et al. looked at the a4f7 expression in immune cells of the gut mucosa of the IBD patients starting
the vedolizumab treatment. They observed more a4f37 expressing cells in the inflamed colon biopsies of
patients who then responded to treatment (assessed after 14 weeks) than in the non-responders [26]. The
observation was also true for UC and CD patients separately (Table 5). This observation, however, does
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not have independent confirmation. Namely, Coletta et al. similarly looked at various types of CD4" T-
cell subsets in colon mucosa of IBD patients starting the vedolizumab treatment and found no significant
differences in a4 37 expression [61]. Interestingly, low expression of a4/37 integrins on peripheral B-cells and
NK cells, as well as gut mucosa B-cells, NK cells, monocytes and macrophages, was associated with high
baseline serum levels of Vitamin D [23], which in turn is associated with favorable response to vedolizumab
as already described [23,24]. The observations of Gubatan et al. thus indirectly support the reports made by
Schneider et al., Fuchs et al., and Colletta et al. regarding the peripheral blood immune cells, but oppose the
report of Rath et al. on the immune cells in gut mucosa.

The already mentioned Coletta et al. also observed generally higher baseline levels of circulating
memory Thl CD4" T-cells in IBD patients responding to vedolizumab at week 14 (true also for UC and
CD patients separately) and a similar result also for Th1/Th17 CD4" T-cells (only significant for IBD and
UC). The elevated level of circulating Thl cells was also a marker for a prolonged response of IBD patients
measured after 54 weeks (Table 5) [61]. In the lamina propria, the results were opposite- lower baseline levels
of memory Th17 and Th1/17 cells correlated with a positive endoscopic response after 14 and after 54 weeks of
treatment in IBD patients [61]. These results were also true when looking only at UC patients and response
after 14 weeks (Table 5) [61]. Th17- and Thl-related pathways have thus again, similar to RNA and protein
markers, proven relevant for patient responsiveness to vedolizumab. Hsu et al. also performed immune
profiling of colon tissue in UC patients. They observed increased levels of naive B-cells and decreased
levels of Thl7 (corroborating the Coletta et al. result), terminal effector CD4" T-cells, terminal effector
CD8" T-cells, and ILC/NK cells in responders compared to non-responders (evaluated 5-9 months after
initiation of vedolizumab) [43]. They, however, observed no differences in Th1/17 subset and no differences
in peripheral immune cell populations between responders and non-responders. These findings suggest that
vedolizumab’s primary immunomodulatory effects occur within the gut microenvironment rather than in
circulating immune cells, reinforcing the concept that its mechanism of action is largely localized to the
intestinal mucosa [43].

Using deconvolution of their RNA-seq data from pre-therapy induction inflamed colon biopsies,
Verstockt et al. described increased levels of monocytes, Ml-polarized macrophages, eftector memory-
and regulatory CD4* T-cells, as well as decreased levels of naive B-cells in samples from IBD non-
responders to vedolizumab (Table 5) [10]. At least part of their results is not supported by data obtained
by immunostaining of specific cell types. Specifically, Colletta et al. found no differences in the levels of
regulatory T-cells (Tregs) and memory CD4" T-cells in lamina propria samples isolated from IBD patients
starting on vedolizumab [61]. Interestingly, though, observed differences in levels of monocytes and M1
macrophages underscore the involvement of the innate immune system in responsiveness to vedolizumab, as
already described above when discussing putative serum markers at the protein level. Using a deconvolution
approach on RNA-seq data from blood samples, Haglund et al. also looked for differences between the good
and poor responders to vedolizumab before the induction of the treatment, but found none [27].

A deconvolution approach was also utilized by Shi et al. They examined multiple RNA datasets
from mucosal biopsies of IBD patients and identified the GIMATS module—comprising IgG plasma cells,
inflammatory monocytes, activated T-cells, and stromal cells—as the most effective predictor of vedolizumab
response [35]. Patients with a high GIMATS score showed a significantly greater likelihood of responding
to vedolizumab after 4-6 weeks of treatment compared to those with lower scores. Functional analysis
revealed that responders exhibited enriched immune signaling pathways, particularly involving IL-17,
cytokine interactions, and macrophage activation, suggesting a key role of innate immunity in vedolizumab’s
efficacy [35].
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Some authors took the use of patients’ immune cells to predict response to vedolizumab a step further.
They isolated the CD4" T-cells from PBMC’s of UC/IBD patients about to start the vedolizumab treatment.
Next, they tested the cells’ capability to bind to a simplified model of a capillary—an ultrathin borosilicate
tube coated with recombinant human MAdCAM-1—under perfusion [12,75]. Both studies showed that high
dynamic adhesion of CD4" T-cells to MAACAM-1 at baseline correlates with short-term clinical response
to vedolizumab as defined after 15 or 30 weeks of treatment for UC and IBD patients, respectively [12,75].
As vedolizumab blocks the a47-MAdCAM-1 connection, one could speculate that these functional results
support the notion of higher baseline percentages of a47 expressing blood immune cells predicting better
response to treatment as proposed by Boden et al. [74]. However, the functional model reported by Schneider
et al. [75] showed exactly the opposite (see the previous section and Table 5).

In both functional studies, part of the isolated CD4" T-cells were also treated with vedolizumab
in vitro to test how the treatment affects their capability to bind to the MAdCAM-1-coated capillary model.
In both instances, vedolizumab treatment reduced the capability of CD4" T-cells for dynamic adhesion to
MAdCAM-1, and this reduction was significantly more prominent in patients responsive to the vedolizumab
than in non-responders [12,75], further confirming functional validity and relevancy of such in vitro testing.

Table 5: Cell types linked to response to vedolizumab treatment in IBD patients

Cell type % Cells (Re vs. NR) Disease type Reference

Colon (deconvolution of RNAseq data from inflamed colon biopsy)

Short-term response

Monocytes Lower/n.d.
MI macrophages Lower/n.d.
Effector memory CD4"* T-cells Lower/n.d. IBD [10]/[27]
Regulatory CD4" T-cells Lower/n.d.
Naive B-cells Lower/n.d.
GIMATS module score Higher IBD [35]

Colon (flow cytometry/CITE-seq on LPMCs)

Short-term response

Th17 CD4" T-cells Lower IBD, UC [43,61]
Th1/Th17 CD4* T-cells Lower/n.d. IBD/UC [61]/[43]
Terminal effector CD4" cells Lower UC [43]
Terminal effector CD8" cells Lower UC [43]
Innate lymphoid cells (ILC)/NK Lower UC [43]
cells
Naive B-cells Lower UC [43]
a4f37" Th1/Th17 CD4* T-cells Lower IBD [61]
a4 7" cells Higher IBD, CD [26]
Long-term response
Th17 CD4" T-cells Lower
Th1/Th17 CD4* T-cells Lower IBD (1]

Peripheral blood (flow cytometry on PBMCs)

(Continued)
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Table 5 (continued)

Cell type % Cells (Re vs. NR) Disease type Reference
Short-term response
Thl CD4" T-cells Higher/n.d. IBD, CD, UC/UC [61]/[43]
Th1/Th17 CD4* T-cells Higher/n.d. IBD, CD/UC [61]/[43]

a437t CD3" T-cells Lower IBD [75]

a47t CD4* T-cells Lower IBD [75,76]
a437" Th1/Th17 CD4" T-cells Lower IBD [61]
a4f7" Naive CD4" T-cells Higher IBD [74]
a4p7" Effector memory CD4"* Higher IBD [74]

T-cells
a4f7* Terminal effector memory Higher IBD [74]
CD4" T-cells
a4f7* Naive CD8" T-cells Higher IBD [74]
a437" Effector memory CD8* Higher IBD [74]
T-cells
a4p7" Terminal effector memory Higher IBD [74]
CD8" T-cells
a4 37" Naive B-cells Higher IBD [74]
a4f37" Natural killer cells Higher IBD [74]
Long-term response

Thl CD4" T-cells Higher IBD [61]

Note: Re (responders), NR (non-responders), n.d. (no differences), GIMATS module comprises IgG plasma cells,
Inflammatory monocytes, Activated T-cells, and Stromal cells.

7 Key Challenges and Future Directions

When investigating predictive biomarkers for vedolizumab therapy response, several clinical factors
must be considered. Key variables include the biologic treatment history of patients (biologic-naive vs.
previously treated), dosing regimens, standardized time points for sample collection, and the timing of
response assessment and diagnostic criteria [77]. For example, prior exposure to anti-TNF agents is currently
the most reliable indicator associated with reduced efficacy of vedolizumab therapy [16]. In addition,
baseline disease severity is negatively associated with vedolizumab response [78]. The accompanying use
of other medicaments, such as immunosuppressants and steroids, may also influence, for example, gene
expression, posing an additional challenge in studies involving biologics, as recruiting truly naive IBD
patients is often difficult [28]. Additional factors such as age and sex differences among responders and
non-responders should be systematically examined. For instance, pediatric patients have markedly higher
rates of nonresponse to vedolizumab compared to adults, especially in cases with more extensive and severe
disease phenotypes [79,80], which are, in general, more prevalent in childhood-onset CD compared to the
CD in adults [81]. Next, Colleta et al. identified female sex as an independent variable negatively associated
with clinical remission after one year of vedolizumab treatment, underscoring the influence of sex on drug
response and corroborating earlier findings on sex-related diftferences in therapy outcomes [61]. Moreover,
the distinction between treatment response (i.e., improvement in symptoms) and remission (i.e., no active
disease), or clinical and endoscopic evaluation of response/remission, is critical, and consistency in defining
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these outcomes is essential for reliable biomarker validation. Furthermore, short- and long-term treatment
effects need to be taken into consideration—patients experiencing a clinical response by week 6 of treatment,
for instance, are more likely to achieve steroid-free remission at one year [78]. Last but not least, some studies
report on predictive biomarkers for IBD patients overall, while others specifically for CD or UC patients.

The above conundrum of variables and the fact that majority of the reports are made on relatively small
cohorts are the reason that, while numerous predictive biomarkers for response to vedolizumab therapy in
IBD have been proposed, as presented in this paper, few have actual multiple independent confirmations
(Fig. 2), and none have so far achieved universal acceptance or implementation in clinical practice [82,83].
Additionally, only two of the described (epi)genetic markers (TULP4 and RFPL2) were also described on the
expression level (see Tables 1 and 2), while none of the RNA markers were confirmed on the protein level.
True, IL-6 was observed as a predictive biomarker once on RNA and twice on the protein level; however, it was
in different sample types and with opposite results (see Tables 2 and 3). Thus, these do not count as multiple
confirmations. A similar situation is also true for CCLI19. In all these regards, the situation with predictive
biomarkers for vedolizumab treatment response is similar to that of biomarkers for predicting anti-TNF-
a response [20]. A way forward may be in implementing multiparametric models as recently suggested by
Scribano et al. [16] and Chen et al. [83]. Indeed, a 4-RNA expression profile described by Verstockt et al. [10]
and confirmed by Gazouli et al. [28] is one of the few predictive biomarkers with multiple confirmations,
albeit even here the first report describes short-term response in IBD patients and the other one long-
term response in UC (Table 2, Fig. 2). Another multiparametric model, so far without an independent
confirmation—the GIMATS module and its simplified surrogate MIN score were described by Shi et al. [35].
These models, based on immune cell profiling, have been used by the authors not only to predict response
to vedolizumab but also to discriminate patients who are more likely to respond to either vedolizumab or
to an alternative therapeutic (anti-TNFa)—a feature that would be extremely helpful in clinical decisions.
Nevertheless, both the 4-RNA expression profile and the GIMATS/MIN score require relatively complex
handling (taking a colon biopsy, isolating RNA, and performing and analyzing RNA sequencing), making
them impractical for routine clinical use. Similar is true also for the single-cell approaches, such as CITE-seq
used on intestinal immune cells by Hsu et al. [43] to discriminate vedolizumab responders and non-
responders, or single-cell RNA-seq used by Gorenjak et al. [84] to tackle anti-TNFa non-response. While
all these studies and approaches create invaluable data that is used to better understand the non-response
to biological therapy, it is unlikely that they would ever become part of the everyday clinical practice due to
their technically demanding implementation.

Looking at a broader picture and focusing on biological pathways rather than individual markers also
has its merit, particularly for understanding (non)-response to treatment rather than directly predicting it.
Here, concordance between different types of biomarkers is more evident, though mostly only at a very broad
level. Not surprisingly, (epi)genetic, transcription, and protein biomarkers of response to vedolizumab are
connected to immune response, inflammation, and cell migration, in particular, immune cell trafficking.
The sole existence of non-responders to anti-a4f7 treatment suggests the presence of alternative pathways
driving immune cell recruitment in patients with IBD. Specifically, vedolizumab’s blocking of leukocyte
recruitment through a4f7-MAdCAM-1 may allow compensation of this transmigration through some
additional integrin systems, which leads to maintained leukocyte infiltration into sites of inflammation in
the gut [10]. Proposed compensatory pathways of immune cell transmigration are leukocyte VLA4 («4/1)
binding to endothelial VCAM-1, leukocyte «Ef7 binding to epithelial E-cadherin, and leukocyte LFA-1
(aLB2) binding to endothelial ICAM-1 and -2 [7]. However, as described above, conflicting results exist
regarding this issue. Pro-inflammatory pathways mediated by TNF-a, NF-kB, and most prominently, IL-6
are another common denominator of multiple predictive biomarkers on RNA and protein levels. While the
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results regarding IL-6 itself vary between different reports (see Tables 2 and 3), the fact remains that IL-6
signaling is associated with responsiveness to vedolizumab. The same goes for the Th17 pathway, which was
also highlighted by multiple, mostly consistent, reports on RNA, protein, and cell-type level (see Tables 2-5).
In particular, high levels of Th1/Th17 cells in the blood of non-responders to vedolizumab and low levels of
the same cells (and of Th17 cells) in colon mucosa of responders are in line with high serum levels of IL-23
and low expression of IL23A in colon mucosa of responders. IL-23 is a key cytokine of Th17 polarization and
maintenance [85]. However, as both IL-6 and IL-23/Th17 pathways are also associated with responsiveness to
anti-TNF-a [20,86], it seems that they predict the efficacy of biologics in general and not of vedolizumab in
particular. This notion elucidates another important issue—a good predictive biomarker for any treatment
should be specific for this treatment alone, thus supporting clinicians in deciding among multiple available
treatments. As CRP is also associated with responsiveness to anti-TNF-« [20], the list of potential biomarkers
specifically predicting response to vedolizumab and having multiple confirmations grows extremely short.
It consists only of the already mentioned 4-RNA profile, serum albumin, another very broad indicator of
heightened inflammation, and serum Vitamin D levels. Still, a combination of multiple markers, even if
each individually has poor specificity, might result in a good multiparametric model as already proven by
the 4-RNA expression profile and the GIMATS/MIN score discussed earlier. Given the fact that IL-6, CRP,
albumin, and Vitamin D are all found in blood serum samples, which are easy to collect and measured with
simple, standardized methodology [23,46,52,62], this prospect would be worth exploring.

Response to

LM vedolizumab treatment

Higher levels
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in IBD
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Th17 CD4+ T-cell IL-6 pathway Vitamin D

IL-23/Th17 pathway

Figure 2: Biomarkers of response to vedolizumab treatment in IBD patients with multiple independent confirmations.
High expression of DCHS2, MAATSI, PIWILI, and RGSI3 in the patients’ colon mucosa, high serum albumin, high
serum Vitamin D, low serum CRP, low levels of a4 37" CD4* T-cells and Th17 CD4" T-cells in the peripheral blood were
associated with good response to vedolizumab in multiple studies. IL-6 and IL-23/Th17 pathways are also associated
with patients’ responsiveness to vedolizumab, but the direction of this association (increase/decrease) varies between
studies. Markers with multiple confirmations but also recorded independent negative results are marked in gray. The
type of disease (IBD/CD/UC) in which the markers were confirmed is specified in brackets next to the marker names.
(Created with BioRender.com)

In a way, functional in vitro testing also represents a very broad view of the responsiveness of the patients
to vedolizumab treatment. With this approach, one does not search for biomarkers such as specific RNAs or
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proteins. Rather, one measures how the patient’s immune cells react after exposure to the therapeutic in an
artificial environment. The results of the test protocol proposed by Allner et al. [12] are indeed encouraging,
although limited to CD4* T-lymphocytes. While trafficking of these cells is highly relevant for IBD pathology,
they are not the only relevant immune cell type facilitating the a47-MAdCAM-1 mechanism [87,88].
Similarly, alternative pathways of extravasation are not considered by the proposed model, which would thus
need additional development, together with strict standardization of the protocol and clear cutoffs, which
were already proposed by the authors of the study.

8 Conclusions

Vedolizumab has shown great efficacy in treating IBD, as evidenced by multiple real-life studies.
Nevertheless, a substantial proportion of patients do not attain steroid-free clinical remission within the
first year of treatment [48,51,78]. Early identification of patients unlikely to respond to vedolizumab could
enable tailored therapeutic adjustments, optimizing treatment to better suit individual patient needs [83].
For now, this remains a significant challenge for clinicians, and reliable predictive biomarkers would thus be
of great assistance.

Currently, predictive biomarkers for vedolizumab response in IBD remain few, general, and lacking
specific categorization by factors like age, sex, or biologic naivety. Efforts to identify biomarkers are dispersed
across a range of invasive and minimally invasive collection methods, spanning genetic, transcriptomic,
proteomic, and even cellular-level biomarkers. Addressing these gaps necessitates extensive research through
multicenter collaborations and the use of harmonized study protocols to refine and validate predictive
biomarkers across diverse patient populations [83]. The development of multiparametric prediction models,
preferably using easily accessible samples like peripheral blood and simple readouts, should be the aim of
these efforts. The combined measurement of serum IL-6, CRP, albumin, and Vitamin D, maybe accompanied
by flow cytometric assessment of blood levels of a4f7" CD4" T-cells, seems an attractive starting point.
Additionally, the development of advanced cell models that enable functional testing of proposed biomarkers
and the exploration of underlying signaling pathways would enhance the identification of specific predictive
biomarkers for vedolizumab non-response in IBD patients, as well as the development of strategies to address
this challenge.
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