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Abstract

Vascular cell adhesion molecule (VCAM)-1 has garnered significant research attention due to its potential as a disease bio-
marker and drug target across several inflammatory pathologies—including atherosclerosis, asthma, rheumatoid arthritis,
and inflammatory bowel disease (IBD). The VCAM-1 protein has also been noted for its functional involvement in cancer
metastasis and drug resistance to conventional chemotherapeutics. Although the anti-inflammatory and anti-cancer facets of
VCAM-1 antagonisation have been examined separately, there is yet to be a review that explicitly addresses the functional
interrelationship between these mechanisms. Furthermore, the pleiotropic mechanisms of anti-VCAM-1 therapies may pre-
sent a useful paradigm for designing drug candidates with synergistic anti-inflammatory and anti-tumorigenic effects. The
pathological overlap between inflammatory bowel disease (IBD) and colitis-associated colorectal cancer (CRC) serves as
the quintessential disease model to observe this therapeutic duality. This review thereby details the adhesive mechanisms
of VCAM-1 in colorectal disease—specifically, driving immune cell infiltration during IBD and tumour cell metastasis in
CRC—and posits the potential of this receptor as a common drug target for both diseases. To explore this hypothesis, the
current progress of novel VCAM-1-directed drug candidates in experimental models of IBD and CRC is also discussed.

Graphical Abstract

TOC Figure: Graphical abstract illustrating the multi-functional role of vascular cell adhesion molecule (VCAM)-1 in
colorectal diseases. VCAM-1 facilitates adhesive cell-to-cell attachments via a receptor-ligand binding mechanism with its
complementary integrin ligands, o,f3; and a,;. These VCAM-1-mediated interactions are involved in both inflammatory cell
recruitment during inflammatory bowel disease (IBD) and cancer cell metastasis in colorectal cancer (CRC), highlighting
the therapeutic potential of VCAM-1 as a drug target for both pathologies
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1 Introduction

Inflammation has long been established as one of the clas-
sical hallmarks of cancer [1]. One of the most extensively
researched examples of the predisposition of chronic inflam-
mation to malignant transformation is the marked risk asso-
ciation between inflammatory bowel disease (IBD) and
colitis-associated colorectal cancer (CRC) [2—-4]. Colitis-
associated CRC generally exhibits more advanced staging
and aggressive clinical course compared to the sporadic and
hereditary forms of the disease [2]. However, the lack of
clarity surrounding the molecular mechanisms driving the
transition from intestinal inflammation to dysplasia means
there is yet to be a definitive chemopreventive agent for
colitis-associated CRC in clinical practise [3]. Vascular cell
adhesion molecule (VCAM)—1 has shown remarkable prom-
ise as a biomarker and drug target across several autoim-
mune and cancerous pathologies [5]. Existing reviews have
reported the therapeutic effects of VCAM-1 in inflammation
and cancer separately [5, 6], but this is the first to defini-
tively explore the common roles of VCAM-1 across both
disease contexts. Colitis-associated CRC presents the ideal
disease model for observing the potential synergy of the
distinct anti-inflammatory and anti-metastatic mechanisms
of VCAM-1. Despite this, a striking research gap remains
in exploring the effects of anti-VCAM-1 therapies in colitis-
associated colorectal cancer or as a chemopreventive agent
in IBD. To evaluate the practicality of targeting VCAM-1
in colorectal diseases, this review discusses the recent pro-
gression of novel VCAM-1-directed therapeutics and their
efficacy in clinical trials and experimental models of IBD
and CRC.

2 Linking colorectal inflammation
and tumorigenesis

2.1 Inflammatory bowel disease and colitis

IBD refers to a group of idiopathic, chronic, and relapsing
inflammatory conditions affecting the gastrointestinal (GI)
tract, with the two archetypal phenotypes being Crohn’s
disease (CD) and ulcerative colitis (UC) [7]. Although the
etiology of IBD remains elusive, it is generally agreed that it
results from an aberrant and dysregulated immune response
against the gut microbiota [8]. This state of sustained
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inflammation in the intestinal mucosa presents clinically as
episodes of abdominal pain, diarrhoea, bloody stools, and
weight loss, which may eventually culminate in long-term
or even irreversible damage to the GI mucosal tissue [7, 9].
Despite continuing research into new treatment options and
strategies, the current health outcomes for IBD are far from
optimal, with patients constantly shifting between remission
and relapse status [8]. Moreover, the risk of neoplastic pro-
gression from chronic inflammation to malignancy means
that colitis-associated CRC is a life-threatening complication
that accounts for about 10-15% of IBD-associated mortality
[4]. Another significant concern is the proportion of IBD
patients who either do not respond to or gradually develop
a resistance to conventional immunomodulators over long-
term treatment regimens [10]. These challenges highlight the
need to commercialise new and alternative drugs to expand
the arsenal of existing treatment strategies available to severe
and refractory IBD patients.

Although several immunological mechanisms contribute
to the pathogenesis of IBD, disease progression is driven
largely by the dysregulated trafficking of immune cells, par-
ticularly T cells, to the gut. Even under normal physiological
conditions, the colonic mucosa contains a large amount of
mononuclear infiltrate due to its constant exposure to dietary
antigens, commensal microbes, and pathogens in the intes-
tinal lumen [11]. Tissue-resident memory CD4* T cells are
essential for antigen-specific recognition and the consequent
adaptive immune response during infection [12]. This resi-
dent T-cell population, therefore, needs to be maintained at
a level sufficient for protective immunity against harmful
pathogens without inducing autoimmunity to normal gut
microbiota and innocuous food antigens [13]. The homeo-
static balance of T-cell recruitment and retention within the
gut is dictated predominately by cell adhesion molecules
(CAMs)—a collection of endothelial surface receptors that
work together to mediate the sequential rolling, adhesion,
and transmigration of leukocytes across the intestinal epithe-
lium [14]. Initial leukocyte rolling results from the concur-
rent formation and dissociation of selectin-ligand and low-
affinity integrin-ligand interactions between circulating T
cells and the intestinal endothelium [15]. These “tethering”
interactions, while not strong enough for firm cell adhesion
or arrest, expose rolling T cells to chemotactic mediators,
prompting the molecular switch from selectin-mediated roll-
ing to high-affinity integrin-mediated cell recruitment [14].

Integrin-mediated cell recruitment is a critical step in
the tissue-specific homing of T cells to the colonic mucosa,
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specifically by mediating the transition from leukocyte
tethering to arrest and recruitment across the intestinal epi-
thelium. In their quiescent state, circulating T cells express
oy B,, B4, and o, integrins in an inactivated, low-affinity
conformation [16]. However, chemokine-dependent inflam-
matory activation during leukocyte rolling induces a con-
formational change from low- to high-affinity integrins,
which readily form firm adhesions with their endothelial
counter-ligands, intercellular adhesion molecule ICAM)—1
and ICAM-2, mucosal addressin cell adhesion molecule
(MAdCAM)—1, and VCAM-1 [15]. Arrested T cells then
polarise and transmigrate across the intestinal epithelium
into the colonic mucosa, where they proliferate and dif-
ferentiate to perform their respective effector functions in
maintaining gut immunohomeostasis [17]. Excessive infil-
tration of the lamina propria by CD4* T cells, however, is a
hallmark feature of chronic intestinal inflammation and IBD
[13]. Through pro-inflammatory signalling, the overabun-
dant T-cell population promotes inflammatory phenotypes
of other innate cells—including epithelial cells, phagocytes,
and myofibroblasts—thereby fuelling self-perpetuating
hyperresponsiveness to innocuous antigens in the intestinal
lumen [16]. This T-cell-driven autoimmunity results in a
state of chronic intestinal inflammation and colonic tissue
damage, clinically manifesting as IBD.

2.2 Colorectal cancer

CRC is the third-most common form of malignancy and the
fourth-most common cause of cancer-related death worldwide
[18]. Tumorigenesis initiates in the normal intestinal mucosa,
usually developing from adenomatous polyps that eventually
infiltrate the submucosa and metastasise if left untreated [19].
As is the general principle of most cancers, CRC is typically a
sporadic disease driven by somatic mutations; however, it may
also result as a complication of long-term colonic inflamma-
tion, such as in IBD [20]. Indeed, the risk of developing CRC
is 1.5- to 2.4-fold higher among IBD patients compared to the
general population [21]. Currently, the first line of defence
against CRC is early detection and treatment of precursor
lesions through faecal occult blood testing and colonoscopy
surveillance [22]. The prognostic significance of inflamma-
tory biomarkers in CRC [23] and the beneficial effects of anti-
inflammatory drugs in CRC chemoprevention [24] suggest
a potential utility for anti-inflammatory novel therapeutics
targeting both sporadic and colitis-associated CRC. As such,
studies in novel immunotherapies targeting tumorigenesis are
rapidly gaining traction, with the goal of not only reducing
CRC incidence and mortality but also improving clinical out-
comes for patients with advanced and refractory diseases that
may escape early surveillance procedures.

The current understanding of CRC progression is that
neoplastic lesions originate as aberrant crypt foci, which

may subsequently develop into adenomatous polyps and,
ultimately, colorectal carcinoma [25]. The most well-
understood underlying mechanism that drives the colorec-
tal adenoma-to-carcinoma sequence is the accumulation of
genetic and epigenetic mutations in oncogenes and tumour
suppressor genes, which is defined as sporadic CRC [26].
However, colitis-associated CRC demonstrates a molecu-
larly distinct, accelerated version of this sequence stemming
from inflammatory gene expression and tissue damage [27].
While sporadic mutations tend to result from chromosomal
and microsatellite instability, inflammation-induced muta-
tions are generally attributed to oxidative DNA damage by
reactive oxygen species (ROS) [2]. Furthermore, the carci-
nogenic effects of inflammatory signalling pathways have
also been observed, including, but not limited to, immune
cell recruitment by tumour necrosis factor-a (TNF-a) and
nuclear factor-kB (NF-kB), pro-proliferative and anti-apop-
totic effects of interleukin (IL)—16 and IL-22, and epithe-
lial STATS3 signalling [28]. Although better characterised in
colitis-associated CRC, in recent years, there has also been
a growing body of evidence supporting the role of inflam-
mation in potentiating sporadic colorectal tumours [29]. The
inherent relationship between inflammation and carcinogen-
esis means that anti-inflammatory therapies are a promising
avenue for preventing and treating CRC.

3 Vascular cell adhesion molecule-1
as a therapeutic target

VCAM-1, or CD106, is a cytokine-inducible surface gly-
coprotein that mediates leukocyte trafficking to sites of
inflammation via firm adhesive interactions with its com-
plementary integrin ligands [30]. The receptor is found pre-
dominantly on activated endothelial cells of tissue vascular
beds, though its expression has also been observed in certain
classes of haematopoietic cells and cancer cells [31, 32].
As a member of the immunoglobulin (Ig) superfamily,
VCAM-1 structurally consists of six or seven extracellular
Ig-like domains, a transmembrane domain, and a cytoplas-
mic domain [33]. VCAM-1 binds its primary ligand, a,p;
integrin, via IDSPL recognition sequences within its highly
homologous first and fourth domains [34]. However, the dif-
ferential affinities of these two domains create an activation-
dependent “molecular switch” dictating VCAM-1-mediated
cell recruitment, in which the simultaneous binding of
domains one and four necessary for firm adhesion requires
prior integrin activation [35]. Additionally, VCAM-1 has
demonstrated binding activity with a,f, [36], oy B, [37],
aoP; [38], and opP, [39] integrins, although these interac-
tions are not as well defined as that of a,B;. The firm adhe-
sive interaction between VCAM-1 on activated endothe-
lial cells and high-affinity o,f,—and, to a lesser extent,
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o, B,—on circulating immune cells plays an integral role in
driving the transition from initial cell capture and rolling
on the endothelium to arrest and transmigration across the
vessel wall during inflammation [33].

Aside from its role in mediating leukocyte recruitment,
VCAM-1 is also a common molecular component of mul-
tiple endothelial signalling pathways—most notably, those
involved in regulating vascular permeability and neovas-
cularisation (Fig. 1) [33, 40]. Clustering VCAM-1/a,f,
and VCAM-1/u,f; interactions during inflammatory cell
recruitment relay multiple intracellular signals that prompt
the cytoskeletal and extracellular remodelling of activated
endothelial cells to their inflamed, pathological phenotype
[41]. These pathways include a Racl-mediated signalling
cascade that destabilises local adherens junctions between
adjacent endothelial cells via the clathrin-dependent

L

internalisation of VE-cadherin and redox-driven activa-
tion of matrix metalloproteinases [33]. Cells more readily
migrate through the weakened endothelial cell-to-cell con-
tacts, resulting in the compromised endothelial barrier and
excessive cell infiltration commonly observed in inflam-
matory and cancerous disease pathologies [41]. Several
VCAM-1-activated signalling intermediates involved in
regulating vascular permeability—particularly extracellular
signal-related kinase (ERK)1/2, mitogen-associated protein
(MAP) kinase, and focal adhesion kinase (FAK)—also serve
as mediators of angiogenesis [42]. More recently, Kaur et al
[40] also found that surface VCAM-1 expression regulates
pro-angiogenic IL-8 activation on retinal endothelial cells
through the JunB transcription factor to stimulate vessel
sprouting and formation. The pleiotropic effects of VCAM-1
in endothelial signalling mean that VCAM-1 activation is an

Soluble expressibn in serum
: N ._
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Surface expression on tumour cells

Surface éxpression on endothelial cells

Fig. 1 Conceptual diagram illustrating the role of vascular cell adhe-
sion molecule (VCAM)—1 expression and signalling across various
tissues. As a common mechanism, surface VCAM-1 expression on
affected cells is upregulated by various inflammatory stimuli, after
which the protein binds to its corresponding o, integrin ligands on
complementary cells. VCAM-1 activation and signalling pathways
exert different effects in different cell types. Activated cells shed solu-
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ble VCAM-1, which binds to circulating leukocytes in the blood to
shape the immune response. Surface VCAM-1 on cancer cells binds
tumour-associated macrophages to send anti-apoptotic signals and
block tumour cell killing by the immune system. Surface VCAM-1
on inflamed vascular endothelial cells binds to circulating leukocytes
in the bloodstream to increase vascular permeability and leukocyte
recruitment into adjacent tissues
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essential step in several molecular mechanisms underlying
endothelial dysfunction and, therefore, in a wide range of
disease processes involving the vasculature.

The inducible and localised nature of VCAM-1 expres-
sion has marked it as a protein of interest across disease
pathologies as a predictive disease biomarker and a potential
therapeutic target. While VCAM-1 is minimally expressed
on most resting vascular endothelial beds, it is significantly
upregulated in areas of endothelial dysfunction following
injury or stress [31]. Endothelial induction of VCAM-1
expression has been demonstrated following stimulation by
various pro-inflammatory factors, including lipopolysac-
charide (LPS) [43], TNF-a [44], and several ILs [45-47].
As such, concentrated regions of aberrant VCAM-1 overex-
pression generally delineate areas of endothelial dysfunc-
tion and disease activity in experimental disease models
and human IBD patients. Elevated soluble VCAM-1 in the
serum and endothelial VCAM-1 expression on the colonic
mucosa and associated microvasculature are also considered
credible biomarkers for colorectal inflammation [48] and
carcinogenesis [49]. Moreover, VCAM-1, along with other
CAMs, has been implicated to have a functional role not
only in leukocyte trafficking during IBD [50] but also in
tumour cell invasion and metastasis in CRC [51]. Naturally,
therapeutic blockade of inflammatory cell infiltration and
cancer cell metastasis via VCAM-1 has been posed as an
intriguing strategy for a range of inflammatory and cancer-
ous pathologies, including colorectal diseases.

3.1 Role of VCAM-1 in intestinal inflammation

The functional role of VCAM-1 in mediating immune cell
trafficking to the inflamed colonic mucosa has established
the protein as a central contributor to the pathogenesis of
IBD. VCAM-1 involvement in pathological cell recruitment
has been defined across a range of inflammatory disease
pathologies, including atherosclerosis [52], asthma [53],
rheumatoid arthritis [54], and colitis [50]. Several clinical
studies have investigated the utility of soluble VCAM-1 as a
serum biomarker of colitis, with elevated soluble VCAM-1
levels observed in CD and UC patients. In addition, upregu-
lated VCAM-1 on the activated colonic endothelium dur-
ing inflammation increases the recruitment of a, integrin-
expressing immune cells, contributing to excessive immune
cell infiltrate and the dysregulated immune response (Fig. 2).
Sans et al [50]. demonstrated the functional significance of
VCAM-1 in IBD by observing VCAM-1 upregulation and
the consequent increase in leukocyte-endothelial adhesion
on colonic venules in murine models of experimental coli-
tis. Furthermore, the authors demonstrated that the selective
inhibition of VCAM-1 with a neutralising monoclonal anti-
body (mAb) reduced VCAM-1-mediated leukocyte recruit-
ment and significantly attenuated macroscopic colonic tissue

damage and colitis symptoms [50, 55]. The selective block-
ade of VCAM-1-mediated leukocyte adhesion has, therefore,
been suggested as a precise and effective means of inhibiting
dysregulated cell infiltration during intestinal inflammation
and colitis.

Naturally, the basis of VCAM-1 as an inducible cell adhe-
sion receptor is the most conspicuous molecular mechanism
of its pathological involvement in IBD. However, VCAM-1
also serves as a critical component of specific signalling
pathways involved in vascular remodelling and intestinal
barrier function, which are both essential processes for
sustaining chronic colitis [33, 56]. As discussed earlier,
VCAM-1 mediates cell recruitment of T cells and progenitor
mast cells across the colonic vascular endothelium into the
mucosa via firm adhesive interactions between endothelial
VCAM-1 and complementary o, integrins on these circu-
lating cells (Fig. 2) [57, 58]. Furthermore, the clustering of
VCAM-1/a, integrin interactions initiates Racl signalling
involved in cell-to-cell junctional weakening, resulting in the
increased vascular permeability of activated endothelia [59].
As VCAM-1 has been directly implicated in endothelial dys-
function of the blood-brain barrier [60], a similar role for the
protein in disrupting the gut-blood barrier could be plausibly
linked to the “leaky gut” physiology commonly observed
in IBD patients. Additionally, the pro-angiogenic effects
of VCAM-1 activity—such as increased B-cell activation
and cytokine signalling—stimulate vessel remodelling of
the mucosal and submucosal microvascular architecture,
which, in turn, exacerbates inflammatory cell recruitment
and mucosal tissue destruction during IBD [58, 61].

3.2 Role of VCAM-1 in colorectal tumour
development

In addition to its involvement in inflammatory cell traf-
ficking during colitis and IBD, VCAM-1 has recently been
implicated to play a critical role in tumour development in
CRC via similar cell migration—based mechanisms [51].
VCAM-1 overexpression has been reported in several can-
cer pathologies—including breast [62, 63], ovarian [64, 65],
gastric [66, 67], and pancreatic cancer [68, 69]. Studies
investigating CRC progression have found a correlation
between elevated VCAM-1 expression levels and the extent
of tumour development, lymph node involvement, and can-
cer metastasis [49, 51, 70, 71]. Similar to its adhesive func-
tion in immune cell trafficking, VCAM-1 expressed on the
surface of tumour cells tethers leukocytes, endothelial cells,
and other innate cells that express a, integrins, enhancing
adhesion-based processes such as cell invasion and metas-
tasis (Fig. 3) [62]. Indeed, in a study characterising the
tumorigenic capabilities of VCAM-1 in CRC, Zhang et al
[51]. demonstrated that VCAM-1-overexpressing Caco-2
and RKO colon carcinoma cell lines displayed significantly
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Fig.2 Pictorial overview summarising the mechanisms of vascular
cell adhesion molecule (VCAM)—1 in the pathogenesis of inflamma-
tory bowel disease (IBD). Inflamed intestinal microvessels associated
with colitic lesions express elevated levels of VCAM-1 compared to
the normal vasculature of healthy colon tissues. Surface VCAM-1
receptors bind to complimentary o, integrin ligands to facilitate path-

enhanced cell migration and invasion in vitro and pulmo-
nary and hepatic metastasis in vivo compared to control and
VCAM-1-knockdown lines. In validating the functional role
of VCAM-1 in colorectal tumour development and metas-
tasis, VCAM-1-directed therapeutics have been revealed as
a potential therapeutic strategy for treating and preventing
CRC.

Much like in IBD, the pathogenic contributions of
VCAM-1 in CRC are not limited purely to its ability to bind
integrin for cell-to-cell adhesion, but also in downstream
signalling pathways involved in endothelial dysfunction and
tumour cell survival. During CRC, VCAM-1 expression is
upregulated both on colorectal tumour cells and endothelial
cells of the surrounding microvasculature, therefore playing
several distinct functions in cancer development. Though
VCAM-1 is generally described as an endothelial protein,
several varieties of transformed cancer cells also aberrantly
overexpress VCAM-1 on their surface [72]. In a mecha-
nism resembling VCAM-1-mediated leukocyte-endothelial
cell attachment, VCAM-1-expressing tumour cells have
previously demonstrated a tendency to adhere to cognate
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Angiogenes:

ological cell-to-cell adhesions involved in vascular inflammation and
other related disease processes. These VCAM-1/a, integrin interac-
tions facilitate leukocyte-endothelial interactions and endothelial sig-
nalling pathways involved in inflammatory cell recruitment and angi-
ogenesis, two pathological mechanisms that are critical to IBD

a-expressing leukocytes, such as monocytes and tumour-
associated macrophages [62, 73]. These leukocytes appear to
promote the growth and survival of VCAM-positive tumours
and metastases, specifically by conveying anti-apoptotic sig-
nals via surface VCAM-1 clustering, subsequent recruitment
of phosphorylated ezrin, and downstream PI3-kinase/Akt
activation [62]. Endothelial VCAM-1 expression on tumour-
associated vasculature also plays a significant role in neovas-
cularisation. A study by Ding et al [66] demonstrated that
VCAM-1/a, integrin interactions between endothelial cells
and pericytes stimulated endothelial sprouting and angiogen-
esis in gastric cancer. Considering the mounting evidence of
VCAM-1 involvement in angiogenesis across several cancer
pathologies, it would be expected that aberrant VCAM-1
expression would serve a similar function in CRC.

3.3 Summarising the functional overlap of VCAM-1
in IBD and CRC

As inflammation is one of the classical hallmarks of cancer
pathogenesis, it is only natural that certain autoimmune
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Fig.3 Pictorial overview summarising the mechanisms of vascu-
lar cell adhesion molecule (VCAM)—1 in the pathogenesis of colo-
rectal cancer (CRC). Colorectal tumour cells express elevated levels
of VCAM-1 compared to healthy colonic epithelial cells. Surface
VCAM-1 receptors bind to complimentary a, integrin ligands to

disorders and cancer pathologies share several inflamma-
tory markers and molecular mechanisms [1]. VCAM-1
serves a functional role across several distinct intercel-
lular interactions and signalling pathways—not only as a
surface receptor on endothelial cells, but also ectopically
in tumour cells and as a soluble form in serum [30, 31]. As
such, the concept of VCAM-1 as a functional bridge link-
ing IBD and CRC hinges on its multi-functional involve-
ment in several disease processes underlying colonic
inflammation and tumorigenesis. VCAM-1-mediated
cell adhesion and transmigration is a well-established
functional overlap, facilitating immune cell recruitment
in IBD and tumour cell metastasis in CRC [50, 51]. The
primary ligand for VCAM-1, o,p, integrin, is expressed
on multiple cell types—including monocytes, lympho-
cytes, and many tumour cell types. Therefore, VCAM-1/
a,f, interactions are remarkably versatile, being capable
of leukocyte-endothelial, tumour-leukocyte, and tumour-
endothelial attachment [32]. Furthermore, the regulatory
effect of VCAM-1 activation and cross-linking on multi-
ple signalling pathways—including vascular permeability
[33], angiogenesis [42, 74], and anti-apoptosis [62]—also
explains the broad involvement of the protein in both

RAY-21Y
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facilitate pathological cell-to-cell adhesions involved in vascular
inflammation and other related disease processes. These VCAM-1/
o, integrin interactions facilitate leukocyte-endothelial, tumour-leu-
kocyte, and tumour-endothelial interactions involved in angiogenesis,
immune evasion, and metastasis mechanisms involved in CRC

IBD and CRC despite the pathophysiological differences
between the two diseases.

Considering the synergistic effects of VCAM-1 in IBD
and CRC via its multiple cell-to-cell signalling mechanisms,
the potential of the protein as a multi-functional drug tar-
get is an intriguing platform for precision nanomedicines in
colorectal disease treatment. The remainder of this review
goes on to summarise the existing evidence and current
developments supporting the anti-colitic and anti-cancer
potential of several approved and novel therapeutics that
target VCAM-1 in colorectal pathologies (listed in Tables 1,
2, and 3).

4 Therapies that block VCAM-1 binding
activity

Although conventional anti-inflammatory therapeutics for
IBD and CRC have traditionally been aimed at suppress-
ing pleiotropic inflammatory mediators, the specific focal
blockade of VCAM-1-mediated immune cell trafficking
has gained considerable attention as a precise and effective
strategy against colonic disease. Using non-specific immune
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modulators to ubiquitously block several molecular signal-

% ling pathways, while effective in countering the inflamma-
% tory response, may sometimes actually be overeffective in
B suppressing immune function. This is evidenced by the asso-
§ ciation of conventional immune suppressors and biologics
% g = with increased risks for opportunistic infections and other
= g iaj adverse side effects during treatment for IBD and CRC [75].
= On the other side of the coin, the significant incidence of
S0 - -y lack or loss of response in patients receiving anti-TNF-a
% «:E) = S T:; e 3 ;ﬁ 2 agents seriously undermines the therapeutic efficacy of anti-
25 5 £ < EEL g é‘ 5 é colitic and anti-cancer drugs that target immune mediators
" fén £z § 5 (g 5 é 3 é § E [76]. These observations raise questions as to whether down-
%ﬂ : ; é g § éé ‘:5 2 §0§ é stream drug targets might be less susceptible to compensa-
& <Et 2238 § gog i.)’ g ﬁ‘: % 5 tion by other inflammatory signalling pathways. By limiting
E S E5S5ESS 2588 drug activity to VCAM-1-mediated interactions, selective
" antibody and small molecule drug (SMD) antagonists can,
g 2 3 therefore, circumvent the traditional pitfalls associated with

g «2 ag broad-spectrum immunomodulators.
» % £ L; E The concept of anti-adhesion therapies selectively target-
"08) g § g 5 ing endothelial CAM receptors has gained considerable trac-
E g 8 E P tion in colorectal disease research due to their integral role
£ g g 2 % in inflammatory cell recruitment and cancer cell metastasis.
2= Currently, the three primary therapeutic targets for selec-

tive immunoblockade of leukocyte recruitment across the
colonic epithelium are VCAM-1/a,p,, ICAM-1/a,f,, and
MAdCAM-1/a,PB, [77]. Pre-clinical studies targeting differ-
ent routes of cell trafficking show that selecting the receptor-
ligand interaction that most optimally balances efficiency
and selectivity is not a simple task. Comparative investiga-
tions by Sans et al [50] and Soriano et al [55] evaluating the
differential effectiveness of CAM-immunoneutralising anti-
bodies in murine colitis demonstrated that selective blockade
of the VCAM-1 axis was superior to that of the ICAM-1
and MAdCAM-1 axes. However, this balance of efficacy is
highly variable between different in vitro and in vivo models
of colitis [50, 55, 78-80]. Although all three CAM recep-
tors have been defined as suitable target ligands for colonic
disease treatment, VCAM-1 has recently garnered particular
interest after being revealed as a critical facilitator of colon
tumour survival and metastasis in addition to its established
role in intestinal inflammation [51].

In vitro models

N/A

Fluorescein isothiocy-
anate (FITC)

Label

4.1 Anti-integrin antibodies

bles

Anti-integrin antibodies have shown a great degree of prom-
ise as novel anti-colitic drug candidates in both pre-clini-
cal and clinical studies and, therefore, could pose a viable
strategy for blocking VCAM-1/a,,f3,-mediated cell recruit-
ment across various colorectal pathologies. Antagonists
to the o, subunit of the integrin heterodimer have the dis-
tinct advantage of being able to inhibit both o,f, and o,f-,
effectively blocking both VCAM-1/o,f3,- and MAdCAM-1/
a,P,-mediated routes of leukocyte extravasation [81].

Lipid-shelled microbub-

Carrier

(VHPKQHRG-GSK)

Table 2 (continued)
anti-VCAM-1 peptide

Ligand

@ Springer
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Natalizumab (Tysabri©) is a chimeric recombinant human
IgG, anti-a, integrin antibody that has been FDA-approved
for treating multiple sclerosis and moderate-to-severe CD
[82, 83]. Several clinical studies support the therapeu-
tic potential of natalizumab for inducing and maintaining
remission in patients with active IBD [84-91]. Interestingly,
natalizumab treatment has demonstrated significant benefit
in patients exhibiting a lack or loss of response to TNF-a
antagonists, suggesting a potential superiority in drug
mechanism compared to conventional biologics [90, 92].
However, the reported association between natalizumab
treatment and progressive multifocal leukoencephalopa-
thy, a life-threatening opportunistic infection of the central
nervous system, has raised significant concerns regarding
its safety profile [93]. Natalizumab use has, therefore, been
restricted to adult patients with moderate-to-severely active
CD who have previously discontinued conventional thera-
pies or TNF-a antagonists [83].

Despite its therapeutic promise, the initial enthusiasm
regarding natalizumab has noticeably dampened in recent
years, particularly following the emergence of alternative
integrin inhibitors with superior safety profiles. Research
attention has shifted primarily towards vedolizumab (Enty-
vio®), a monoclonal antibody specifically blocking the o3,
but not the a,f3,, heterodimer [94]. Following its therapeutic
success in clinical trials, vedolizumab has been approved
for treating and maintaining moderate-to-severe UC and
CD, albeit only in patients with insufficient response to
conventional pharmaceuticals [95]. Most importantly, due
to the gut-specificity of the MAdCAM-1/0,f3, interaction,
vedolizumab exhibits no observed association with progres-
sive multifocal encephalopathy, unlike natalizumab [94].
Theoretically, natalizamab would appear to be a promising
anti-cancer drug due to its ability to block integrin-mediated
tumour cell adhesion and migration in metastasis. Although
natalizumab treatment has been shown to display inhibi-
tory multiple myeloma development in vivo [96], the anti-
cancer potential of natalizumab has yet to be definitively
established. In more recent years, research attention has
been turning away from natalizumab towards more specific
inhibitors in favour of safety over a broader spectrum of
inhibition. Nonetheless, further clinical investigation and
reviews of current literature are warranted to define optimal
treatment parameters for natalizamab as a safe and effective
IBD treatment.

4.2 Small molecule drug (SMD) integrin inhibitors

SMD integrin inhibitors have shown promise as novel
therapeutics for colorectal disease by directly inhibiting the
VCAM-1/a,f, interaction. While therapeutic antibodies are
superior in terms of target selectivity, SMDs are virtually
non-immunogenic, granting them greater tolerability in

intermittent and cyclic treatment regimens [97]. Carotegrast
methyl (AJM300) is an SMD inhibitor of the o, subunit that
has recently received approval in Japan following its success
in clinical trials [98, 99]. Clinical studies by Yoshimura et al
[100] and Matsuoka et al [97] supported the safety and effi-
cacy of AJM300 for active UC patients who had previously
exhibited inadequate response or intolerance to mesalamine
or corticosteroids. Notably, AIM300 was specifically formu-
lated for oral administration. This bestows it a significant
advantage compared to most other drug candidates targeting
the VCAM-1/a,f, interaction, which are generally adminis-
tered intravenously. The increased incidence of progressive
multifocal encephalopathy associated with natalizumab has
so far not been as evident in AJM300 studies. However, the
shared mechanism of a, blockade would suggest this is still
arisk. Although AJM300 has been approved for use in mod-
erate UC, further studies should be conducted to properly
clarify the association between integrin inhibition and the
development of progressive multifocal encephalopathy.

4.3 Anti-VCAM-1 antibodies

Antibodies directly targeting VCAM-1 present an attractive
strategy for the selective blockade of VCAM-1-mediated
cell recruitment during intestinal disease. The therapeutic
potential of anti-VCAM-1 antibodies has been investigated
in various experimental inflammatory disease models,
including atherosclerosis [101], asthma [102], and rheuma-
toid arthritis [103]. In a study characterising the roles of
ICAM-1 and VCAM-1 during colitis, Sans et al [50] high-
lighted the therapeutic potential of VCAM-1 antibody block-
ade for preventing pathological leukocyte infiltration and
associated intestinal inflammation. The authors found that
ICAM-1 and, to a greater degree, VCAM-1 antibody block-
ade significantly attenuated leukocyte adhesion to colonic
venules in experimental rat models of 2,4,6-trinitrobenzene
sulphonic acid (TNBS)-induced colitis. Following these
experiments, long-term treatment of colitic animals with
5F10 anti-VCAM-1 mAb was shown to significantly reduce
inflammatory cell infiltrate, macroscopic tissue damage, and
colitis symptoms. Interestingly, the authors found that simul-
taneous ICAM-1/VCAM-1 blockade did not further inhibit
leukocyte adhesion compared to VCAM-1 blockade alone,
implicating VCAM-1 as an optimal adhesion target for selec-
tive inhibition of colitis-associated leukocyte recruitment
[50]. The superior anti-colitic effects of VCAM-1 antibody
blockade compared to other endothelial CAM targets were
later corroborated by Soriano et al [55], who demonstrated
that chronic treatment with MK1.91 anti-VCAM-1 mAbs,
but not with ICAM-1 mAb or MAdCAM-1 mAbs, signifi-
cantly improved dextran sodium sulphate (DSS)-induced
murine colitis. Moreover, the authors commented that the
specific inhibition of a particular endothelial CAM may be

@ Springer
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preferable for more selective pharmacological activity and
minimal effects on normal physiological trafficking.

However, the superiority of VCAM-1 to other endothe-
lial CAMs was brought into contention by later studies.
Watanabe et al [80] demonstrated that 429 anti-VCAM-1
mADb decreased splenic lymphocyte adhesion in colonic
venules. The authors also noticed that combined blockade
of VCAM- and MAdCAM-1 further inhibited cell adhesion
compared to separate inhibition. In addition to their anti-
inflammatory activity against IBD, anti-VCAM-1 antibodies
may also pose a therapeutic benefit in preventing tumour
proliferation and metastasis in CRC. Chu et al [104] devel-
oped domain-based bispecific antibodies to VCAM-1 and
glycoprotein non-metastatic melanoma protein B (GPNMB)
to test their efficacy in the selective killing of cancer cells.
The authors demonstrated that the antibodies were able to
specifically kill VCAM-1 and GPNMB-expressing lines, and
non-specific killing was wholly avoided at all but the highest
test concentration [104]. The promising results of this study,
combined with the established involvement of VCAM-1 in
CRC progression, warrant investigations into the therapeutic
effects of anti-VCAM-1 antibodies on specific colon cancer
lines [51]. The high specificity of antibody-based immuno-
therapies makes them an attractive option for targeted treat-
ment of cancer and inflammation. Therefore, therapeutic
anti-VCAM-1 antibodies remain a subject of interest within
the scope of both IBD and CRC.

4.4 VCAM-1 antisense oligonucleotides

An alternative strategy for directly inhibiting VCAM-1-me-
diated cell trafficking during colonic disease is specific
VCAM-1 knockdown by antisense oligonucleotides (ASOs).
Antisense gene suppression using oligonucleotides has been
demonstrated to selectively inhibit the expression of different
endothelial CAMs (including ICAM-1, VCAM-1, ELAM-1,
and E-selectin) on inflamed endothelia in vitro [105, 106].
ASOs therefore present a viable means of selectively block-
ing specific routes of cell recruitment to effectively reduce
pathological leukocyte infiltration and tumour cell extrava-
sation with minimal off-target effects on normal cell traf-
ficking. As a proof-of-concept, Rijcken et al [79] devel-
oped 2’-O-methoxyethyl chimeric ASOs directed against
VCAM-1 (ISIS 18155) and ICAM-1 (ISIS 18111) and evalu-
ated their ability to directly inhibit leukocyte adherence and
infiltration during intestinal inflammation. The authors dem-
onstrated that by suppressing VCAM-1 and ICAM-1 expres-
sion in submucosal and mesenteric venules, ASOs were able
to dose-dependently attenuate histological and macroscopic
inflammation in colitic rat models [79]. In a head-to-head
comparison of the ICAM-1 and VCAM-1 ASOs in terms of
therapeutic efficacy, the authors noted that while ICAM-1
was more effective at lower dosage concentrations, VCAM-1

@ Springer

represented a far more specific target for intestinal inflam-
mation, similar to findings observed in tests of therapeutic
anti-VCAM-1 antibodies. These results suggest that regard-
ing the balance of drug efficacy and safety, VCAM-1 may
present a more suitable drug target for specificity when treat-
ing colitic lesions.

Further research into the anti-colitic effects of VCAM-1
antisense therapy beyond Rijcken et al.’s study has appar-
ently been set aside in favour of ASO candidates targeting
other endothelial CAMs. In particular, the ICAM-1-directed
ASO, alicaforsen (ISIS 2302), has been thoroughly inves-
tigated as a novel therapy for CD and UC in clinical tri-
als [107, 108]. Results have been somewhat divided, with
several studies observing no significant differences between
control and placebo groups in clinical remission at the pri-
mary endpoint. However, several of these studies still dem-
onstrate a modest and durable improvement of intestinal
disease symptoms of alicaforsen, indicating the possible effi-
cacy of the drug mechanism. The promise of alicaforsen as a
drug candidate for IBD suggests a similar utility of VCAM-1
ASOs in colitis, which may even be better with the thera-
peutic blockade of an alternative adhesion molecule. How-
ever, a suitable VCAM-1 ASO candidate is yet to advance
beyond in vivo testing. Despite the promise of other ASOs in
cancer models, VCAM-1 ASOs have yet to be investigated
in experimental models of colorectal cancer. Regardless of
their decreased use in more recent years, VCAM-1-targeted
ASOs could still present a viable drug strategy for the tar-
geted treatment of colonic diseases.

5 VCAM-1-targeted systems
for visualisation and drug delivery

So far, this review has discussed the application of VCAM-
1-directed therapeutics for the selective inhibition of
migration-based mechanisms underlying inflammatory cell
infiltration and cancer cell metastasis. However, a fair share
of research attention has also been devoted to the potential
utility of VCAM-1 as a cell surface receptor for the active
targeting of functionalised nanosystems.
VCAM-1-antagonising peptides and antibodies have been
widely utilised as targeting moieties for visualising inflam-
mation and delivering anti-inflammatory agents in disease
pathologies involving endothelial dysfunction, particularly
atherosclerosis [109, 110]. Similarly, VCAM-1-functional-
ised nanosystems have also proven promising as a potential
platform for cancer theranostics [111, 112]. The upregula-
tion of VCAM-1 on inflamed colonic vessels and colorectal
tumour vasculature, coupled with its involvement in immune
cell infiltration and cancer cell metastasis, has highlighted
it as an attractive candidate for receptor-mediated imaging
and drug delivery systems in colorectal disease. However,
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research attention has been divided between different
endothelial CAM receptor targets, meaning VCAM-1-tar-
geted systems have been somewhat overshadowed by their
ICAM-1- [113] and MAdCAM-1-targeted [114] counter-
parts. Although there is no definitive consensus as to which
endothelial CAM ligand is most suitable for colorectal dis-
ease treatment, the restriction of MAdCAM-1 expression to
gut-associated epithelia marks it as a preferable target for
minimising extracolonic accumulation and systemic toxic-
ity. However, the localised expression of VCAM-1 in extra-
colonic sites of carcinogenesis and inflammation raises the
possibility of identifying and treating IBD comorbidities and
secondary tumours of metastatic CRC. To fully exploit the
potential of this functional versatility, further studies char-
acterising the properties and effects of VCAM-1-conjugated
nanosystems in experimental colonic disease models are
warranted.

5.1 VCAM-1-targeted systems for visualising
inflammation

VCAM-1-targeted optical nanoprobes that can selectively
image the activated mesenteric microvasculature associated
with pathological cell extravasation may become a valuable
tool for detecting and quantitating colorectal disease activ-
ity. Complementary to conventional endoscopy assessments,
non-invasive cross-sectional imaging and ultrasonography
techniques have proven advantageous in evaluating the
extent and severity of colitic lesions during IBD [115]. For
CRC diagnostics, radiologic imaging is also the principal
means of initial disease staging and subsequent surveil-
lance for disease recurrence [116]. In the wake of recent
advances in non-invasive imaging technologies, receptor-
functionalised ‘nanobeacons’ that can specifically bind and
visualise biomarker ligands on the intestinal mucosa are
beginning to gain research interest as a possible imaging
modality for detecting and quantifying disease activity dur-
ing colonic disease [117]. In particular, the localised expres-
sion of VCAM-1 to areas of inflammation can be exploited
to achieve specific visualisation of colitic lesions and colo-
rectal tumours by labelling the peripheral activated vascu-
lature associated with these disease sites. VCAM-1-targeted
probes have already shown promise in experimental models
of cardiovascular [109, 118, 119] and neurologic [120] dis-
eases. Drawing from this rationale, studies have emerged
to investigate the efficacy of VCAM-1-targeted probes for
visualising colitic lesions during IBD [121-123]. VCAM-
1-based visualisation is yet to be explored in the context
of CRC, but the promise of anti-VCAM-1 antibodies and
VCAM-1-conjugated systems in other cancer models implies
the likelihood of favourable outcomes for colorectal tumour
visualisation [104, 111, 112].

5.1.1 anti-VCAM-1 antibodies

Radiolabelled anti-VCAM-1 mAbs have been investigated
as potential scintigraphy tracers for detecting and evaluating
colitic lesions in vivo [121, 122]. Sans et al [121] first dem-
onstrated the diagnostic capability of anti-VCAM-1 mAbs
for assessing colonic inflammatory damage by performing
scintigraphic and biodistribution studies of intravenously
administered iodine-123 ('*°I)-labelled SF10 probes in rat
models of TNBS-induced colitis. The authors demonstrated
that specific binding and uptake of anti-VCAM-1 mAb
probes were significantly higher in colitic rats compared to
control animals, constructing scintigraphic images that cor-
related to increased expression of VCAM-1 in the inflamed
colon. Aside from the colon, scintigraphic uptake of anti-
VCAM-1 mAD also reached statistical significance in the
liver and spleen, but extracolonic accumulation did not dif-
fer between colitic and control animals [121]. These results
were corroborated by a later study from Liu et al [122],
which evaluated anti-VCAM-1 single-chain variable frag-
ments (scFvs) radiolabelled with technetium-99 m (**™Tc)
as scintigraphic markers for IBD diagnosis and evaluation.
Single photon emission computed tomography (SPECT) and
computed tomography (CT) imaging confirmed that anti-
VCAM-1 mAb probe uptake was significantly enhanced in
the distal colons of colitic rabbits compared to correspond-
ing controls, which correlated to heightened VCAM-1
expression in immunohistochemical samples of colonic tis-
sues [122]. The cumulative findings of these two studies
support the diagnostic mechanism of targeted antibodies for
specifically binding VCAM-1 to precisely evaluate the loca-
tion and extent of colonic inflammation during IBD.
Within the research scope of colonic imaging techniques,
radiolabelled anti-VCAM-1 antibodies have so far only been
investigated and employed for evaluating IBD. However,
the selective involvement of VCAM-1 across several other
colonic and extracolonic disease pathologies suggests a pos-
sible functional versatility of anti-VCAM-1 antibodies that
is yet to be fully explored. The upregulation of VCAM-1 on
colorectal tumour tissues compared to normal colonic tis-
sues implies the potential utility of anti-VCAM-1 antibodies
for visualising not only sites of colitis but also malignant
polyps and neoplastic lesions during CRC. Furthermore, the
extracolonic accumulation of radiolabelled anti-VCAM-1
antibodies observed from in vivo biodistribution studies
[121], while traditionally considered a limitation in imag-
ing specificity, may present an intriguing possibility for
screening colorectal comorbidities involving dysregulated
VCAM-1 activity. For instance, concentrated regions of
aberrant VCAM-1 expression, either on inflamed endothelia
or on tumour surfaces, could potentially detect IBD-asso-
ciated inflammatory conditions or sites of CRC metastasis
when screening for colorectal disease. The most distinct
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advantage of anti-VCAM-1 antibodies is their specificity;
thus, a great deal of research attention has shifted to their
application as targeting moieties in conjugated nanocarrier
systems. Though this has somewhat overshadowed the use
of immunoblocking antibodies as therapeutic agents for IBD
and CRC, studies into anti-VCAM-1 antibody mechanisms
and efficacy still provide significant insights into cell adhe-
sion-targeting strategies in colonic diseases.

5.1.2 VCAM-1-conjugated microbubbles

Contrast-enhanced ultrasound imaging using VCAM-1-con-
jugated microbubbles has also been studied as a potential
imaging modality for visualising colonic inflammation in
IBD. Microbubbles are gas-containing microspheres that
have been widely employed as contrast enhancers for ultra-
sound imaging and carrier agents for targeted drug delivery
[124]. Yang et al [125] supported the utility of VCAM-1 as
a targeting ligand for microbubble systems by demonstrating
that VCAM-1 mAb-conjugated microbubbles significantly
increased adhesion to LPS-activated HUVECs in vitro com-
pared to non-targeted control microbubbles. Several stud-
ies have developed VCAM-1-targeted microbubble systems
for visualising atherosclerotic plaques [126, 127]; however,
these systems have been underutilised in the context of IBD.
A study by Tlaxca et al [123] demonstrated that lipid-shelled
microbubbles functionalised with anti-VCAM-1 antibodies
were able to selectively bind to the inflamed mesenteric
endothelium for ultrasound-based molecular imaging in
vivo using CD-like TNFAARE mouse models. Punctate
contrast patterns observed by ultrasound imaging demon-
strated the selective intravascular binding of the targeted
microbubbles to areas of aberrant VCAM-1 expression,
representing inflamed colonic tissues [123]. These results
support the usefulness of VCAM-1 functionalisation for
visualising inflammation while preventing binding to adja-
cent ‘bystander’ tissues, implying a molecular specificity
superior to conventional imaging techniques.

Although investigated to a lesser extent compared to
their utility in IBD, VCAM-1-conjugated microbubbles
have also demonstrated a potential application for ultra-
sound imaging in CRC. Microbubble systems targeted to
molecular markers on angiogenic endothelia have been
proposed as an intriguing diagnostic platform for detecting
and monitoring tumour neovascularisation during cancer,
and VCAM-1 serves as a cancer-indicative biomarker for
tumour-associated microvessels [128]. The micron-scale
diameter of microbubbles restricts them to the intravas-
cular compartment, marking them as practical blood pool
agents for functional imaging of angiogenesis by visual-
ising blood flow and perfusion at tumour tissues [129].
In a study testing the diagnostic capabilities of ligand-
decorated microbubbles in vivo, Unnikrishnan et al [130]
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employed VCAM-1 peptide-conjugated microbubbles
for ultrasound imaging of tumour vasculature in MC38
colon adenocarcinoma tumour-bearing mice. The authors
demonstrated that their VCAM-1-targeted microbubble
formulation was effectively and selectively retained in
the tumour vasculature with significantly lower retention
in the contralateral leg muscle. These results denoted a
superior selectivity to non-targeted control microbubbles,
which did not accumulate in the tumour vasculature [130].
The improved specificity of VCAM-1-conjugated micro-
bubble systems thus presents a functional and convenient
platform for grading CRC upon presentation and evalu-
ating the effectiveness of anti-angiogenic therapies after
initial diagnosis.

5.2 VCAM-1-targeted systems for targeted drug
delivery

Receptor-mediated imaging and drug delivery systems
are certainly not a foreign concept in the context of colo-
rectal disease research, and VCAM-1-conjugated nano-
carriers represent a viable avenue of study. Membrane-
targeted nanosystems are generally considered a very
attractive strategy for selective drug accumulation in
the GI tract, as they can precisely locate and exploit the
inflamed colonic endothelium for enhanced drug perme-
ability and retention [131]. Furthermore, targeted drug
delivery into the colon is highly desirable for reducing
systemic toxicity, especially for highly toxic drugs such
as chemotherapeutics. Most importantly, colon-specific
delivery systems need to be capable of protecting the
drug en route to the colon to avoid premature stomach
absorption or degradation. Some conventional examples
of colon-targeted drug delivery systems include prodrugs
[132], pH- [133] and time-dependent release systems
[134], and bacteria-responsive [135] carrier systems.
However, the unpredictable nature of the dysregulated
gut microbiome during colonic disease means that diges-
tive parameters, such as transit time and physiological
pH, frequently vary between patients and are, there-
fore, virtually impossible to account for in drug design.
Receptor-functionalised nanocarrier systems targeting
endothelial biomarkers such as VCAM-1 aim to circum-
vent these challenges. VCAM-1-conjugated nanocarri-
ers have previously been shown to improve the water
solubility of anti-inflammatory drugs to enhance their
bioavailability and drug delivery. Naturally, a range of
VCAM-1-conjugated nanocarriers have been designed
and investigated as potential platforms for treating IBD
and CRC. While this remains a highly novel study area,
VCAM-1-targeted nanocarriers constitute an area of keen
interest for targeted colon treatment.
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5.2.1 Mesenchymal stem cells

In recent years, studies have put forward cell surface coat-
ing of mesenchymal stem cells (MSCs) with anti-VCAM-1
mAbs to enhance cell targeting to sites of colonic tissue
injury during colorectal disease. MSCs are pluripotent non-
haematopoietic stem cells that have been shown to exert
immunomodulatory effects by secreting trophic and anti-
inflammatory factors such as cytokines, chemokines, and
growth factors [136]. Previous studies have demonstrated the
capabilities of MSCs for reducing chronic colonic inflam-
mation and regulating gut microbiome dysbiosis, suggesting
a possible utility for the treatment and prevention of both
IBD and colitis-associated CRC [137]. In recent years, the
therapeutic potential of functionalising MSCs with target-
ing ligands to enhance cell homing to diseased tissues has
emerged as a particular area of research interest. A com-
parative research study by Ko et al [138] demonstrated that
anti-VCAM-1 antibody—coated MSCs exhibited higher rates
of delivery efficiency to the mesenteric lymph nodes and
inflamed colon compared to uncoated MSCs, isotype anti-
body—coated MSCs, and anti-MAdCAM-1 antibody—coated
MSC:s. Interestingly, VCAM-1 antibody—coated MSCs also
demonstrated significantly enhanced therapeutic and sup-
pressive capabilities compared to all other MSC candidates.
This observation could be attributed in part to the improved
delivery mechanism but, also, as hypothesised by the
authors, to synergistic immunomodulatory effects released
by anti-VCAM-1 antibodies [138].

5.2.2 Polymeric nanoparticles

Polymeric nanoparticles (NPs) have also been explored as a
potential platform for VCAM-1-targeted drug delivery sys-
tems in colorectal disease. Compared to conventional colon-
targeted drugs, polymeric NP formulations—including
poly(lactide-co-glycolide) (PLGA), poly(lactic acid) (PLA),
poly(ethylene glycol) (PEG), chitosan, and gelatin—exhibit
advantageous features such as efficient drug encapsulation,
improved durability to enzymatic and microbial degradation,
and increased mucosal adhesion and absorption within the
GI tract [139]. Several novel polymeric NP systems have
exhibited promising results in experimental models of IBD
and CRC, unveiling their potential as therapeutic nanocar-
riers for early diagnosis and efficient treatment of colonic
diseases [140, 141] Sakhalkar et al [142] first explored the
benefits of NP-antibody coupling for targeted drug delivery
by conjugating biodegradable PEG-PLA block polymer NPs
with different endothelial CAM antibody ligands, includ-
ing VCAM-1, and comparing their adhesion to inflamed
endothelia. The authors found that the NPs selectively
accumulated at cytokine- and trauma-stimulated endothe-
lia relative to non-inflamed endothelia both in vitro and in

vivo [142]. As a continuation of this study, Sakhalkar et al
[143] then tested the adhesive capacity of anti-VCAM-1
mAb-conjugated PEG-PLA NPs to the colonic vasculature
in colitic mouse models. The authors demonstrated that
their VCAM-1-targeted NPs exhibited more specific and
augmented accumulation on colonic venules of colitic mice
compared to healthy controls [143]. Following these prom-
ising results, the next step will be to assess the therapeutic
effectiveness of drug-loaded VCAM-1-conjugated poly-
meric NPs in experimental models of IBD.

5.2.3 Microbubbles

Similar to their utility as optical nanoprobes for visualising
diseased colorectal tissues, VCAM-1-functionalised micro-
bubbles may also present a potential strategy for targeted
drug delivery in colorectal disease. Ultrasound-mediated
microbubble delivery, in which microbubbles transport a
drug or gene to desired tissues for destruction by targeted
ultrasound irradiation, has been proposed as an innovative
technique for non-invasive, site-specific delivery of bioac-
tive materials [144]. The distinct advantage of microbubbles
as a nanocarrier platform is that the ultrasonic field can be
focused precisely on tissues and organs of interest, thereby
minimising the risk of undesirable off-target effects [145].
Conjugating microbubble vehicles with targeting antibod-
ies is a possible strategy for improving the specificity of
microbubble systems, and the localisation of VCAM-1 to
disease-associated vasculature marks it as a highly attractive
candidate ligand for this purpose. Tlaxca et al [123] found
that once intravenously administered in colitic TNFAARE
mice, VCAM-1 and MAdCAM-1-targeted microbubbles
selectively accumulated in the lower abdominal cavity for
site-specific delivery of luciferase plasmid. Furthermore,
microbubble accumulation was significantly higher in the
disease model compared to wild-type controls, which sug-
gested that elevated VCAM-1 and MAdCAM-1 expression
following colitis induction mediated the inflammation-
dependent binding and drug delivery of the targeted micro-
bubble system [123]. From the results of this study, VCAM-
1-conjugated microbubbles seem to present a practical and
intriguing platform for targeted colon treatment.

6 Perspectives and conclusions

The involvement of VCAM-1 in both inflammatory cell infil-
tration and cancer cell metastasis bestows it a remarkable
functional versatility as a drug target for a wide range of
diseases. In the context of colorectal disease research, the
role of VCAM-1-mediated cell-to-cell interactions in both
IBD and CRC creates an intriguing possibility for colon-
directed, VCAM-1-antagonising drug systems with dual
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applications against both pathologies. These synergistic
anti-inflammatory and anti-cancer effects are well worthy
of attention, considering that IBD patients have a signifi-
cant predisposition for developing colitis-associated CRC.
With this in mind, the notion of a VCAM-1-directed, anti-
colitic drug with additional chemopreventive effects could
substantially improve disease maintenance and prognosis for
IBD patients. Several anti-VCAM-1 drug candidates have
already been investigated separately in IBD and CRC mod-
els. However, very few studies have explicitly commented
on the possibility of dual functionality across both diseases.
This is primarily because it is so challenging to create an
experimental model that can faithfully and consistently
recapitulate the progression of IBD to CRC as observed in
humans. At present, the most substantive evidence can be
gained from colitis-associated CRC animal models, par-
ticularly the murine azoxymethane (AOM)/DSS-induced
model [147]. Furthermore, studies documenting the anti-
atherosclerotic effects of VCAM-1 inhibiting therapeutics
in cardiovascular disease models bring to light the possibil-
ity of anti-colitic drugs with auxiliary effects on comorbid
atherosclerotic lesions [41]. While well established, the
relationships between related colorectal and cardiovascular
pathologies can be highly complex, which warrants the need
for more comprehensive studies and investigations into the
multi-functional capacity of VCAM-1-directed therapies.
VCAM-1 also functions as a very interesting targeting
moiety for medical imaging and drug delivery systems in
colonic disease. The inherent immunoblocking activity of
anti-VCAM-1 agents means that anti-VCAM-1-peptide and
antibody-conjugated nanosystems may be able to synergis-
tically inhibit pathological cell migration processes while
specifically delivering drugs to sites of inflammation. This
review describes several existing studies of VCAM-1-func-
tionalised diagnostic and therapeutic nanosystems that dem-
onstrate the enhanced drug accumulation and therapeutic
efficacy of conjugating vehicles with anti-VCAM-1 vectors.
However, it remains undetermined whether these observa-
tions can be attributed purely to more efficient drug delivery
or may also be a consequence of the inherent therapeutic
effects of certain VCAM-1-binding agents. The continual
improvement of enteric microencapsulation and coating
techniques for oral drug formulations has prompted a notable
shift towards oral administration in the rational drug design
of colon-targeted drug systems. Despite this trend, exist-
ing VCAM-1-functionalised nanosystems for visualising
and treating colonic diseases have only been administered
intravenously. This apparent hesitation towards develop-
ing oral VCAM-1-conjugated nanoformulations is likely
due to the inherent challenges of oral delivery for reach-
ing endothelial drug targets compared to conventional vas-
cular drug delivery. Naturally, one of the most significant
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obstacles in adapting VCAM-1-targeted vehicles for oral
delivery is designing a carrier system that is capable of not
only surviving the GI environment but also crossing the
gut-blood barrier to bind target VCAM-1 on the mesenteric
endothelium. Although not yet tested in the context of colo-
rectal disease, VCAM-1-functionalised lipid nanoemulsions
have previously shown promise for oral delivery to sites of
endothelial inflammation [148]. As such, VCAM-1-directed
nanosystems still present an attractive avenue for designing
and developing inflammation-targeted colorectal disease
therapeutics.
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