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Abstract

The development of Crohn’s disease is characterized by a breakdown of homeostatic immune-
bacterial communication, which takes place at the intestinal mucosa when environmental triggers
impact genetically predisposed individuals. Converging lines of evidence support the hypothesis
that this pathogenetic model develops through sequential, although interrelated, steps that
indicate failure of mucosal defense mechanisms at various stages. In this context, immunological
phenomena that mediate the initial appearance of inflammatory lesions across the intestinal tissue
may substantially differ from those that mediate and perpetuate chronic inflammatory responses.
A compromise in the integrity of the epithelial barrier is among the earliest events and leads to
accelerated influx of intraluminal antigens and intact microorganisms within the immunologically
rich lamina propria. Inadequate clearance of invading microorganisms may also occur due to
defects in innate immunity, preventing the timely and complete resolution of acute inflammatory
responses. The final step is the development of persistent adaptive responses, which also differ
between early and late Crohn’s disease. Current progress in our ability to delineate single cell
transcriptomics and proteomics has allowed the discovery of cellular and molecular mechanisms
that participate in each sequential step of CD development. This will not only advance our
understanding of CD pathogenesis but also facilitate the design of targeted therapeutic approaches.

In recent years, great progress has been made regarding our understanding of Crohn’s
disease (CD) pathogenesis. This has led to the currently accepted hypothesis that the
fundamental, underlying abnormality in this condition is dysregulated crosstalk between
commensal microflora and the gut mucosal-associated immune system. This defect,
however, is only revealed when harmful environmental pressures impact individuals with
a CD risk-conferring genetic predisposition. Thus, the occurrence of CD-specific intestinal
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inflammation at the individual level signifies the rare, unfortunate convergence of genetic,
environmental, immunological, and microbiome-related triggers. This multifactorial process
greatly impedes the discovery of globally-applied mechanisms to provide a uniform
explanation for the development of CD and simplifies its therapeutic management.

Further adding to this complexity, CD, like several other chronic inflammatory conditions,
most likely evolves through separate, although interrelated, phases. Such diversity is well-
recognized at the clinical level, wherein an initial inflammatory stage is typically followed
by stricturing and/or penetrating phenotypes.! Similar diversity appears to also occur at

the immunological level. Indeed, CD has traditionally been considered as a paradigm of
dysregulated adaptive immunity, a concept which reflected the need to discriminate between
the chronic nature of CD-related intestinal inflammation and inflammatory states associated
with infectious or other acute insults. This approach, however, has been recently challenged,
as it does not take into account important, earlier stages that occur at the intestinal mucosa
of patients with CD.2 Such events are the direct result of injury caused by CD-triggering
factors and precede the transition to the chronic stage. These early phases of CD are
critically dependent upon the breakdown of epithelial defenses and deficiencies in the
innate arm of immunity. More importantly, not only do such early phenomena initiate acute
inflammation, but they also dictate the fate of subsequent adaptive pathways. Therefore,
intestinal damage in CD needs to be viewed as a continuum that is initiated by defective
epithelial barrier function, amplified due to compromised bacterial clearance by innate
immunity, and perpetuated via dysregulated adaptive immune responses. It is obvious that
such diversity is important, not only from a pathogenic perspective, but may also have
critical therapeutic implications. In this narrative review, we will focus on immunological
events that take place during the early stages of CD. The involvement of the microbiome

in the development of intestinal inflammation has been extensively reviewed in several
publications and will not be included in this review.

What is early Crohn’s disease?

Although, conceptually, there is little doubt for the existence of an early stage of CD,

its definition, and more importantly, its recognition, have proved to be a very challenging
task. There are several reasons for this. Clinicians tend to define early CD as its purely
inflammatory form of short duration, without stenotic and/or penetrating complications

and no previous need for disease-modifying therapies, such as immunomodulators or
biologics.3 4 This definition facilitates uniformity of patients for clinical trials, but at the
same time, suffers from important limitations.® First, it assumes that “early” coincides with
the initial clinical presentation of inflammation leading to disease diagnosis. This, however,
may oftentimes not be the case as low-grade subclinical inflammation may go unnoticed
for long periods before a definitive diagnosis is reached. More importantly, several

studies clearly demonstrated that, before symptoms manifest, endoscopic and histologic
inflammation may already be evident within the gut mucosa. This was elegantly shown

by the pioneering work of Rutgeerts et al., who, regarding the postoperative recurrence of
Crohn’s disease, demonstrate that one year after right hemicolectomy, mucosal ulcerations
are detected in more than 70% of the patients at the nonterminal ileum, although only 20%
report symptoms.® Similarly, in mechanistic studies using the fecal diversion and re-infusion
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model, D’Haens et al. shows that histologic inflammation is already evident within 8 days
following exposure of the nonterminal ileum to autologous luminal contents’. Second,

the definition of early is difficult to apply to patients, who from the start, present with
disease complications (/.e., stenosis or internal fistula) without recalling a clinically-evident
inflammatory phase; this, in fact, is the case in almost 20% of patients with CD.8 This is
particularly true for ileal CD, as oftentimes inflammation in this location produces no or
subtle symptoms, which may easily be overlooked or attributed to IBS in young persons,
only to present afterwards with obstruction due to intestinal strictures or perforating events,
such as abscess formation and/or internal fistulae. Even when diagnosis is made shortly after
such complications, disease is way too advanced, pathologically and immunologically, and
should not be considered as “early”. Furthermore, this distinction has specific and significant
clinical implications as clinicians are inclined to think that, following initial diagnosis, CD
is presumably at an early stage, particularly if the patient does not report previous intestinal
clinical manifestations. Such downgrading of disease progression and severity, however,
may lead to the undertreatment of patients. In such cases, the “window of opportunity” for
changing the natural course of CD disease may be irreversibly missed. Finally, longitudinal
studies from Israel and the Netherlands have shown that serological indicators of mucosal
immunoreactivity precede the clinical presentation of CD by several years, indicating that
immunological phenomena may occur much earlier that “early” CD.%: 10

The identification of early CD from the basic research standpoint also is not devoid

of controversy. Such studies almost exclusively rely on animal models of intestinal
inflammation, which allow for manipulations that are not possible in humans. Early

stages of inflammation can be relatively easily traced in these models. Moreover, the
triggering factors are usually clearly defined, being chemical injury or targeted genetic
manipulation, etc. Nevertheless, currently used animal models of inflammation are rarely
fully representative of the human condition.! In addition, what these experimental models
show us is that several diverse immunological pathways may all lead to the common
phenotypic outcome of mucosal inflammation. Such results are difficult to fit into a single,
uniformly-applied model for early CD.

Failure of mucosal defense mechanisms as the early event in the
immunopathogenesis of intestinal inflammation in Crohn’s disease

The intestinal mucosa is a unique environment wherein an enormous amount of potentially
harmful intraluminal antigens lie in close proximity to the largest immunological machinery
of the body. This renders inflammation a constant possibility in the gut, one that is

only avoided via the existence of the intestinal mucosal barrier. This is a complex

and multilayered anatomical and functional structure, which ensures the physical and
biological separation of the intestinal microflora and food antigens from lamina propria
immunocytes; it also regulates the occasional and, from the developmental standpoint,
necessary encounter between them. Included in this defense network are the mucus layer and
natural antimicrobial peptides, the epithelial monolayer with interconnecting tight junctions,
as well as innate and adaptive immunity constituents of the lamina propria. Integrity of

the epithelial barrier is determined by both genetic factors and environmental challenges,
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most commonly enteric infections, toxins and medications, which may act either directly, or
indirectly by inducing alterations of the bacterial flora or epigenetic modifications.12 Most
likely, development of IBD signifies the failure of one or more aspects of the mucosal barrier
in individual patients!3 that takes place in a stepwise fashion, with some events occurring
earlier than others (Figure 1).

Breakdown of the epithelial barrier: the Trojan horse for initiating

inflammation?

Converging lines of evidence support the notion that one of the earlier events that take place
in patients with CD is the breakdown of the epithelial barrier, which is demonstrated by
increased small intestinal permeability (Table 1). In patients with active disease, it is not
possible to discriminate whether this is the cause or the result of chronic inflammation. On
the other hand, such defects may, in fact, precede the appearance of clinical, macroscopic, or
even histologic inflammation. Among various genetic determinants for CD susceptibility, a
risk locus has been detected in MUC19 and MUCL genes, which code for components of the
intestinal mucous, thus contributing to integrity of the barrier.1# Furthermore, patients with
quiescent CD also have increased paracellular permeability® which importantly, appears

to increase the risk for subsequent disease flares.18 Moreover, a plethora of studies report
altered small intestinal permeability in first-degree relatives of patients with CD17: 18, This
may be genetically-determined, since relatives who carry the CD risk-conferring NOD2
3020insC frameshift mutation display increased intestinal permeability more often and

to a higher degree than noncarriers.1® A primary barrier defect was recently proposed

by Keita et al., based on their finding of increased baseline and induced permeability in
healthy monozygotic, but not dizygotic, twins of patients with CD.20 Such findings indicate
that ongoing inflammation is not a prerequisite for dysregulated epithelial permeability;
rather, the latter is an early event that facilitates the influx of luminal antigens into

the immunologically-rich lamina propria, thus initiating inflammation. In fact, when first
degree relatives are subjected to video capsule endoscopy, no increase is observed in the
number of ulcerations compared to patients with normal permeability.2! This “permeability-
to-inflammation” sequence is strongly supported by mechanistic studies in experimental
models. In CD-like ileitis-prone SAMP1/YitFc mice, increased paracellular permeability

is detected as early as 3-wks of age, preceding histologic evidence of disease 22. This is
followed by dysregulated mucosal immunological responses, which culminate to overt ileitis
by 8-10 weeks of age23. Strikingly, a very similar sequence of events was also reported in
IL10~~ mice with detectable permeability defects occurring by 2-wks of age, followed by
mucosal upregulation of IFNy and TNFa and eventually, development of inflammation.24
The ability of barrier defects to propagate inflammatory responses is further supported by
the development of colitis in mice deficient for either the xenobiotic transporter, mdria 25,
or the tight junction protein, claudin-7 28, which both affect the integrity and function of the
epithelial barrier.

Alterations in epithelial permeability may also be a manner in which environmental
factors trigger intestinal inflammation.2”- 28 In fact, a recent study examined the in
depth contribution of 167 IBD-associated SNPs and found no associations with increased
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permeability in first degree relative of patients, indicating that environmental triggers are
more important than genetic background2®. Furthermore, of interest, a certain percentage
of CD patients’ spouses also report increased permeability.3% Along these lines, certain
studies show that both non-steroidal anti-inflammatory drugs (NSAIDs) and aspirin exert
a damaging effect on the integrity of tight junctions and intestinal permeability, which are
more prominent in first-degree relatives of CD patients than in unrelated healthy controls.31
Similarly, studies in rats show that environmental stress increases epithelial permeability
that is dependent on adrenal corticosteroids,32 thus providing a candidate mechanism for
stress-induced CD flares.33 Of specific importance to IBD is the finding that cigarette
smoking is associated with intestinal barrier dysfunction in the small intestine, but not the
large intestine, of mice.34

Taken together, these experimental and clinical observations provide strong proof-of-concept
for the etiological significance of early permeability defects in IBD. Nevertheless, only
longitudinal studies with careful follow-up will eventually answer the question as to
whether increased intestinal permeability in relatives of CD patients occurs at an early,
pre-inflammatory step or conversely, represents an indicator of subclinical inflammation,
which disrupts the integrity of the barrier. It should be mentioned, however, that the recent
RISK study identified that seropositivity for CBirl, a marker of immune response against
bacterial flagellin, has the strongest effect on disease progression towards complications.3>
Positivity for this marker provides indirect evidence for a compromised intestinal barrier
being a critical early step in CD patients, leading to failure to separate commensal bacteria
from the immunologically-rich lamina propria and initiating proinflammatory reactivity
within the intestinal mucosa.

Over-reactivity in the face of defective innate immunity. An immunological

“paradox”?

The noted early increase in permeability leads to unrestricted entry of intraluminal bacteria
and their products into the lamina propria and encounter with the immunologically-enriched
compartment of this area. Under homeostatic conditions, this would result in rapid and
complete elimination of intruding microorganisms by the innate arm of immunity. In
contrast, strong evidence indicates that failure of this “clearance” process is an early, critical
event in the natural history of CD, pointing to “defective immunity” as the core abnormality
that initiates chronic inflammation (Table 2).

First, among more than 150 CD risk-modifying polymorphisms described so far in genetic
association studies, the majority consists of genes that encode for proteins that are critically
involved in the recognition of, and response to, microbe associated molecular patterns.14: 36
Although none of these polymorphisms suffices to induce a phenotypic effect by itself, they
indicate that a subset of individuals, who are preconditioned to develop CD, are deficient

in their ability to eliminate intruding microorganisms. Polymorphisms in the genes for the
intracellular bacterial sensor, NOD2, and the autophagy gene, ATG16L 1, are among the
most prominent, and may act in synergy to create a state of immunological compromise that
particularly affects Paneth cells.3” This leads to reduced secretion of natural antimicrobial

Clin Gastroenterol Hepatol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bamias and Cominelli Page 6

peptides, which further diminishes the anti-bacterial efficacy of the intestinal mucosa. For
example, patients with CD have been reported to display suppressed expression of ileal a-
defensins and the inability to upregulate colonic p-defensin production, whereas CD-derived
monocytes fail to induce Paneth cell defensins.38: 39

Second, it has long been recognized that patients who suffer from monogenic disorders

that affect phagocyte function very often develop chronic intestinal inflammation. Most
prominent among these are chronic granulomatous disease (CGD) and glycogen storage
disease type 1b. Careful analysis of the clinical and histological characteristics of the
intestinal lesions from patients with such conditions fail to identify any differences with CD,
a finding that points to a common immunopathogenesis, as well.2% As the genetic defect in
such individuals is present at birth, it precedes the development of intestinal inflammation,
thus providing direct proof that deficient handling of invading microorganisms is a sufficient
early step that initiates mucosal inflammatory pathways.

Third, studies in patients with sporadic CD have shown that a compromised response to
acute insults may be a common abnormality independent of genetic background. In elegant
earlier studies, Marks et al. studied the mucosal reactivity of healthy controls as well as
patients with CD and UC to acute injury inflicted by biopsy during colonoscopy. They were
able to show that post-injury, mucosal elevations of MPO, a marker of neutrophil infiltration
and IL-8, an epithelial-derived monocyte-chemotactic protein, are significantly suppressed
in patients with CD.#1 Nevertheless, genetic control is always present as peripheral blood
mononuclear cells are also deficient in their capacity to secrete IL-1p after stimulation, but
only if they are derived from patients with NOD2 mutations. In subsequent experiments,

it was shown that inoculation with £. coliinduced attenuated local responses in patients
with CD. The latter demonstrate defective initial clearance and substantially delayed total
clearance of bacteria.#2 43 Taken together, these converging data indicate that it may be
possible for a subset of CD patients to suffer from an inherent lack of bacterial clearance in
the lamina propria due to defective innate immunity.

Fourth, animal studies provide definitive proof for the paramount importance of intact
innate immunity in the containment of harmful mucosal insults and prevention of
chronic inflammation. This is clearly shown in the DSS colitis model of acute injury
and repair, wherein several studies with knockout mice display the same “paradoxical”
effect. Specifically, mice that are rendered deficient for established pro-inflammatory
mediators and thus, expected to demonstrate amelioration of inflammation, instead suffer
from substantially more severe colitis. Included in this list are innate cytokines and
signaling molecules, such as IL-1p, IL-33, TL1A/DRS, IL-18, NF-kB and MyD88, but
also TNFa itself.## In murine models of intestinal inflammation, such factors appear to
be protective during acute inflammation, but exert pure pro-inflammatory functions in
later stages. This “cytokine paradox” may be explained if we consider that, when barrier
integrity is compromised, there is accelerated entry of bacterial-associated factors into
the lamina propria. Failure to mount a strong pro-inflammatory response against them
would lead to inadequate bacterial clearance and persistence of antigenic material, a
form of functional “dysbiosis” that may lead to unrelenting activation of immunological
pathways and injury of the intestinal mucosa. In fact, this was mechanistically shown in
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SAMP1/YitFc mice. lleitis in this strain is almost completely prevented by administration
of the probiotic mixture, VSL#3, an effect that is mediated by the probiotic’s ability

to upregulate TNFa, which in this case, acts in a prophylactic manner by fortifying

the intestinal epithelial barrier.4> 46 The specificity of this finding is demonstrated by
abrogation of the beneficial effect of VSL#3 when anti-TNF neutralizing antibodies

are administered. Interestingly, these outcomes are not observed in mice with fully
established ileitis.*> 46 These studies emphasize the complexity of mucosal inflammatory
pathways, demonstrating a clear distinction between mechanisms that mediate early vs.
late ileitis, even if the same molecules participate in both phases. This dichotomous
functionality of innate cytokines is most probably explained by the specifics of each
clinical and/or experimental setting, including differences in cellular sources, antigenic
loads and specificities, mucosal immunological milieu, as well as temporal and spatial
associations. The discovery and characterization of innate lymphoid cells (ILCs) further
adds to the complexity of homeostatic vs. inflammatory signaling at the gut mucosa. ILCs
are innate lymphocytes that are selectively enriched at mucosal sites and, currently include
NK, ILC1, ILC2, and ILC3 and LTi cells, which all bare distinct immunotypes and exert
divergent functions.#’ Their involvement in the pathogenesis of IBD remains unclear, but
phenotype and functional diversity between acute and chronic immunological responses has
been demonstrated. In particular, under non-inflammatory conditions, ILC3s are prominent
producers of homeostatic IL-22 in response to DC-derived IL-23 or epithelial cell-derived
IL-7.48 During chronic inflammation, however, ILC3s may contribute to mucosal injury

in a variety of ways. In particular, ILC3s may produce IL-22 with pro-inflammatory
function,9 secrete pathogenic 1L-17° or produce GM-CSF, which recruits inflammatory
monocytes into the intestine and sustains local inflammation.>1 Other possibilities also
include a decrease of protective ILC3s in chronic inflammatory states and an increased
ILC1/decreased ILC3 balance. In fact, re-distribution with an elevated ILC1/ILC3 ratio

has been reported both in patients with CD and in experimental colitis, which may also
allude to the possibility of transdifferentiation of ILC3s to ILC1s via myeloid-cell produced
IL12+/-1L-23.52 In a similar fashion, ILC2s may also exert diverse roles in the intestinal
mucosal environment. ILC2s are pivotal participants in anti-helminthic immunity but also
contribute to the maintenance of the intestinal barrier.>3 Nevertheless, their role in the
development of experimental colitis has been controversial as they have been assigned either
a pro-inflammatory, IL-25 dependent or a protective, 1L-33 mediated role.54 55

Finally, the de novo development of IBD-like intestinal inflammation in patients receiving
anti-cytokine therapies for other immune-mediated disorders provides in vivo proof-of-
principle for the failure of immunological surveillance by innate immunity as an early
step in IBD pathogenesis. This, in fact, is repeatedly reported for patients that are treated
with anti-TNF agents.56: 57 Furthermore, new onset of IBD is also described in patients
receiving immunosuppression after organ transplantation®8, once again indicating that
intestinal inflammation can be associated not only with immune reactivity, but also with
immunosuppression. Lastly, the rapidly expanding field of immune-related adverse effects
following immune checkpoint inhibition (such as anti-CTLA4 or anti-PDL1/PD1 blockade)
in patients with malignancies has opened a new field for the study of pathogenesis of
IBD.5% 60 Not only do such cases provide proof-of-principle for the critical importance of
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early, antigen presentation-related immunological effects in the preservation of homeostasis,
but they also offer a unique opportunity to study /n vivo early events in IBD development.

In all, the aforementioned studies indicate that during an acute insult, gut-associated
lymphoid tissue (GALT) reacts by augmenting local innate immune functions, which are
necessary for effectively eliminating the plethora of bacterial-driven and potentially harmful
stimuli. It follows that genetically-determined impairment of innate immunity pathways in
patients with CD may render them unable to handle disease-inducing environmental factors.
Consequently, CD is increasingly considered a state of immunodeficiency of the innate

arm of immunity, underlying defective bacterial recognition, autophagy and/or antigen
presentation. As such, IBD may belong to a group of disorders associated with bacterial
processing, in which the far end of the spectrum is represented by diseases, such as CGD

or glycogen storage disease 1h. This “innate immunodeficiency” may therefore represent a
critical, early point of mucosal regulatory failure, which is inevitably followed by persistent
setting of the mucosal immunostat to “inflammation” and the development of chronic
disease.

The evolving pattern of adaptive immunity in Crohn’s disease: early is not

the same as late

Following the breakdown of the epithelial barrier and/or inadequate ‘bacterial” clearance,
the adaptive immune system faces the task of handling a diverse and abundant antigenic
load within the lamina propria. This leads to lymphocyte activation and the generation of
effector immunological pathways that eventually maintain intestinal injury via the constant
generation of inflammatory mediators. There is now compelling evidence to support the
notion that initial reactivity of adaptive immunity to antigen penetration into the lamina
propria is quite different from that observed during late phases of CD.

In an earlier study, Kugathasan et a/. examined the immunophenotype of pediatric patients
with CD, comparing patients with recent diagnosis (0-6 months, first attack, /.e., presumably
early disease) to those with long-standing disease (5-8 years, presumably late disease)®l.
The authors found that early CD resembles an acute infectious colitis with an 1L-12-induced,
polarized Th1-type response, as determined by high IFN-y production and IL-12Rp2 chain
expression in isolated T-cell clones. Such changes are absent in children with late CD,
wherein the development of Th2-specific, IL-4 producing clones is noted. In addition,
elevated mucosal levels of 1L-12p40 and IL-12RB2 mRNA is observed in early, but not late
CD. In another study, Nakajima et al. characterized CD lesion—specific clonal TCR bands
that were obtained either from apthoid lesions (early disease) or areas with frank ulceration
(late disease). Although considerable overlap exists between the two types of lesions, the
authors also note the presence of discrete early-lesion-specific TCR patterns. Interestingly,
the latter are conserved among separated apthae, but absent in the intervening, non-inflamed
mucosa, pointing to the fact that they may correspond to T cell clones that are specifically
activated in the early phases of CD.%2 The importance of early immunological alterations

in CD is also emphasized in a recent publication showing that altered barrier function and
blood T cell phenotype (as well as intestinal microbiota changes) are shared by patients
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with CD and their unaffected siblings®3. Along the same line, newly diagnosed, untreated
adult patients with IBD display unique patterns of maturation and activation patterns of
T-cells along with distinct cytokine responses.54 Moreover, in a recent publication, the
relative contribution of Th1 and Th17 responses in peripheral blood immunophenotypes
were compared and found significantly different between patients with early vs. late CD.55
Similar diversity is also seen at the mucosal level when lymphocytic cytokine mRNA levels
were compared and found to be disparate between patients with longstanding inflammation
and early post-operative recurrence.® The translational implications of such findings were
shown in a recent study reporting certain candidate serum biomarkers that discriminated
newly diagnosed, untreated CD patients from healthy controls.%”

These earlier reports are remarkably recapitulated in studies of immunological
characterization of the natural history of experimental chronic intestinal inflammation.
Animal models of colitis or ileitis offer a unique opportunity to clearly discriminate
between immunological phenomena that precede the development of mucosal damage (pre-
clinical stage), those that occur concomitantly to the initial presentation of inflammation
(early disease), and those that persist after disease has been present for an extended

period of time (late disease). Work utilizing the SAMPL/YitFc strain has pioneered this
concept in that this model does not require any chemical, genetic or immunological
manipulations, and develops small intestinal inflammation with remarkable similarity to
CD, including localization to the terminal ileum, presence of lymphoplasmatocytic infiltrates
and formation of granulomas.23 Extensive, time-course-based immunophenotyping reveal
the clear distinction of two immunological stages in this model, an early Th1 dominant and
a late mixed Th1/Th2. SAMP1/YitFc mice do not display histological disease at week 4, but
gradually demonstrate overt inflammation by week 10. Thus, the interval between weeks 4—
10 weeks should be considered an early stage, whereby prevailing immunological pathways
eventually lead to ileitis. It has been shown, in fact, that this early stage is dominated

by increased IFNy and TNFa, bearing the characteristics of a typical Th1 response.®8
Interestingly, this disease phase is clearly dependent on bacterial triggers, as it is greatly
prevented by either probiotic or antibiotic therapies.*> 69 Following the establishment of
chronic ileitis, however, the mucosal milieu in SAMP1/YitFc mice is completely altered and
dominated by huge increases of IL-33, IL-13 and IL-5,58 70 indicating the appearance of

a strong Th2 response, whereas Th1 responses remain preserved. Interestingly, this “early/
Th1” to “late Th2” transition appears to be a common pattern in chronic inflammation. A
similar pattern is also reported in IL-10 knock-out mice, in which colitis development is
also characterized by early Th1 immunity evolving to Th2 later on.” Furthermore, chronic
TNBS colitis starts as a pure, Th1-mediated immunological response that is dependent on
elevated IL-12p70 and IFNy, only to be replaced at later time points with exaggerated

Th2 and Th17 immunity dominated by increases in I1L-13 and 1L-23, respectively.”2. Taken
together, it appears that mucosal immunoregulation varies with the course of human IBD.

It also indicates that early disease development may depend on limited, bacterial-driven
mechanisms that may also respond more optimally to therapeutic intervention. This is
actually supported by the well-established notion that patients with a short duration of

CD demonstrate higher response rates to anti-TNF agents. Such positive indications for
early intervention has also been recently suggested for anti-integrin therapy.’3 The latter
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may also be linked to observations in the SAMP1/YitFc mice, demonstrating that, during
the induction phase of ileitis, lymphocytes utilize homeostatic trafficking mechanisms that
are similar to those in the healthy mucosa. Therefore, it makes sense that drugs that

target the a4p7/MadCAM-1 pathway, such as vedolizumab or etrolizumab, may be more
efficient in early disease. In contrast, upon commencement of the chronic phase, not only
are homeostatic pathways substantially upregulated, but alternative pathways that involve
proinflammatory chemokines, adhesion molecules, and integrins are also triggered.”* These
may be more resistant to currently utilized anti-integrin interventions. Overall, these studies
strongly imply that patients with the initial manifestations of IBD may represent an ideal
population in which immunomodulation may have optimal therapeutic efficacy. Recently,
monoclonal antibodies that target I1L-23, the central Th17 cytokine, have evolved as reliable
therapeutic options for CD. The currently approved mAb, ustekinumab, targets p40, a chain
that is shared by IL-12 and IL-23, thus interfering with both Th1 and Th17 immunity.

On the other hand, novel monoclonal antibodies also target p19, the 1L-23-specific chain.
Interestingly, a recent report pointed to temporally distinct involvement of I1L-12 and IL-23
in the pathogenesis of chronic murine colitis, with the former triggering the initiation of
colitis and the latter driving the chronic disease phase.” At the moment, it is not known
whether these experimental findings translate into the human disease setting; nevertheless, if
this proves to be the case, it may affect the selection of biologics in clinical practice.

Translational implications: can we intervene early in CD?

There is now indisputable evidence to support a distinction between at least two phases

in the natural history of CD. Early disease consists of the initial events that take place
when homeostatic mechanisms fail and acute inflammatory responses cannot be resolved.
In contrast, late disease is established after adaptive immunity has been irreversibly primed
towards dysregulated effector phenotypes. Temporal themes in disease evolution cannot
be overemphasized, given the fact that inflammatory mediators, primarily innate cytokines
and ILCs, oftentimes play dichotomous roles during early and late disease states. The
translational implications of these immunological phenomena are obvious. While late
disease has been traditionally treated with anti-inflammatory approaches, patients with early
disease may benefit more from enhancement of innate immune responses, which may
require “thinking outside the box”.”6 Treatment that specifically aims to correct defective
epithelial barrier in IBD remains in its infancy, and the few reported efforts that have
reached the clinical stage have been applied to patients with UC rather than CD. It should
be noted that one of the properties of mesalamine is fortification of the epithelial barrier,
most probably via its function as an agonist for peroxisome proliferator-activated receptor-
v (PPAR-y). Interestingly, although mesalamine is not currently recommended for the
treatment of CD, its sole potential indication may be the prevention of post-operative
recurrence in low-risk patients, thus, interfering with early pathogenetic events in CD.

In recent studies, hyperbaric oxygen treatment and phosphatidylcholine (PC), which both
act by augmenting intestinal barrier function, have shown positive results in UC, but

so far, have not been tested in CD 78-80, Targeting defective clearance in CD is an

equally difficult task. Based on the resemblance between CD and inherent deficiencies of
phagocytosis, treatment with haemopoietic growth factors has been proposed for sporadic

Clin Gastroenterol Hepatol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bamias and Cominelli

Page 11

cases as well. Such treatment aims to correct defective phagocytosis, thus, enhancing innate
immunity. Nevertheless, a sustained benefit has not been shown in clinical trials.81: 82
Another therapeutic approach targets defective autophagy, via administration of rapamycin,
an mTOR inhibitor that is widely used for the prevention of post-transplant rejection, and
has also been shown to upregulate autophagy in vitro.83 Proof-of-principle is provided

by findings of abnormal mTOR activation in the inflamed colon of IBD patients and

the development of a murine model of inflammation-induced colon cancer that depends

on mTOR-Stat3 signaling®*. In addition, rapamycin has been reported to induce clinical
response in a patient with severe refractory CD.8%

Although there is large theoretical support for therapeutic approaches that target epithelial
barrier and/or innate immunity in CD, there are several obstacles that need to be overcome
before such efforts reach the clinical arena (Table 3). First, patients whose disease is in early
stages are rarely recognized in clinical practice, making properly designed clinical trials
difficult, if not impossible, at the present time. Second, several of the “early” pathogenetic
mechanisms are intertwined with pathways of more advanced stages. A typical example

is TNF overproduction that is a characteristic of the late adaptive immune response, but
also, a strong inducer of epithelial barrier compromise. Finally, most probably, CD represent
a spectrum of overlapping, but not identical disorders. Thus identification of groups of
patients with absolutely matching profiles remains a very challenging task.

The aforementioned problems are further exemplified by the current lack of reliable
biomarkers that can discriminate between different immunological profiles that may be
expected to respond in a uniform manner to common therapies. This is, however, prone

to change in the near future as results from single cell protein and mRNA analyses

are beginning to accumulate.8® Single-cell RNA-sequencing (ScRNA-seq) allows for full
transcriptomic analysis at a single-cell level; hence, the cellular composition of intestinal
tissues are depicted in detail, including rare cell types that may not contribute to expression
profiling via bulk RNA analysis. This is followed by bioinformatic approaches that
incorporate computational analysis to further categorize cells by their genomic signatures
and expands analysis to lineage decisions and intercellular networks. Such approaches have
already started to provide fruitful results and have uncovered unique cellular components
of the inflammatory milieu in 1BD.87: 88 |n parallel to scRNA-seq, single-cell proteomic
analysis has also advanced. Traditional flow cytometry has been gradually replaced by
cytometry by time of flight (CyTOF), which allows simultaneous quantification of over 40
cellular parameters (soon to exceed 100). This again, is followed by computational analysis,
which enables the characterization of proteomic heterogeneity at the single-cell level.

By applying this new methodology, a remarkable variability of cellular composition was
recently shown across various locations of the normal human colon, a finding with obvious
implications for appropriate tissue sampling in IBD research.8? Finally, single cell RNA
and protein characterization can now be combined in individual samples, further enhancing
the accuracy of cellular compartmentalization in intestinal tissue during homeostasis and
inflammation.%0

The current recognition of early clinical, or even pre-clinical, stages of CD will clearly
affect both the design and therapeutic targets of future clinical trials. In this sense, there
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is currently a shift in clinical research towards epidemiological studies aimed to delineate
factors that determine the initial development of CD. In a recent trial of this type, archived
serum samples from the United States Defense Medical Surveillance System were screened
by proteomics for the presence of various soluble proteins.%! Patients who later developed
CD were compared with healthy controls, and the predictive value of various proteins was
evaluated. The authors were able to identify 51 proteins that could predict the development
of CD after 1 or 5 years. Interestingly, no predictive biomarkers were found for UC. Ina
different approach, Canadian scientists have launched the Genetic Environmental Microbial
(GEM) project, focusing on first degree relatives of patients with IBD in an effort to
identify predictive factors for the future development of IBD.%2 As several individuals of
this population are expected to develop IBD later on in life, the comparative analysis of
their environmental and genetic signatures will definitely further elucidate the pathogenesis
of the early steps in CD. Since these early events appear to differ from later ones, this

will also affect our interventional strategies. Although effector immunological pathways
will continue to offer cellular and molecular targets, earlier steps may be amenable to

quite different approaches, among which microbiome-related therapies may be at the very
center. For example, the Exploring MEChanisms Of disease traNsmission In Utero through
the Microbiome (MECONIUM) study reported the establishment of dysbiosis in infants
born to mothers with IBD, as opposed to babies of healthy mothers.%3 Furthermore, the
dysbiotic IBD-related flora induced immunological alterations in germ-free mice, indicating
a transmittable abnormality. It follows that both the mother and infant microflora offer

a therapeutic opportunity to restore a healthy flora and prevent the development of a pro-
inflammatory-prone immune system. This appealing hypothesis would require therapeutic
approaches that are quite disparate from the currently implemented immunosuppression.
Probiotics may induce beneficial modifications of the microbiome, although the particular
microorganisms, dosage and duration of therapies are far from known at the moment.
Alternatively, diet interventions may induce an anti-inflammatory state, either in a direct
manner or indirectly via microbiome changes. Similarly, fecal material transplantation
offers the opportunity for broad remodeling of the microbiome and correction of dysbiosis,
although several technical and clinical issues remain to be resolved. It should be noted,
however, that targeting the microbiome is only one of several possible interventions in high
risk individuals for developing CD. In this sense, drugs that are commonly used for the
treatment of unrelated conditions, such as statins and metformin, may offer unexpected
benefits in high-risk individuals or during early disease stages. Recognizing patients with
these early forms of CD via clinical or laboratory biomarkers will be critical for the design
of clinical trials that will test these unconventional therapeutic approaches.
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Figure 1. Early steps in the pathogenesis of Crohn’ s Disease.
Crohn’s disease develops due to sequential failure of defense mechanisms within the

intestinal mucosa that requires the unfavorable combination of genetic defects, caused by
one or more CD-risk modifying polymorphisms, and mucosal injury, inflicted by harmful
environmental factors. The latter also intervenes with the composition and metabolic
properties of the commensal flora, leading to structural or functional dysbiosis, which
critically contributes to the loss of mucosal homeostasis. Breaches in the integrity of the
epithelial barrier are among the earliest pathogenetic events in Crohn’s disease, which,

in combination with defective repair mechanisms, allow for a constant flux of bacterial
antigens from the intestinal lumen into the immunologically-rich lamina propria (epithelial
model). In healthy states, such bacterial-related products are effectively removed by
phagocytes of the innate arm of immunity. In contrast, patients with CD demonstrate
defective “clearance” mechanisms induced by genetically-determined deficiencies that
include, but are not limited to, bacterial-sensing, autophagy and unfolded protein response.
These processes culminate to inadequate removal of antigenic material and relentless
stimulation of inflammatory responses (innate-immunity model). A final effect of such
constant inflammatory input is the unbalanced expansion of pro-inflammatory, Teff-type
adaptive immunity, which is dominated by Th1 cells and cytokines, along with inefficient
suppressive activity, either due to Treg defects and/or inefficient apoptosis of Teff cells
(early adaptive immunity model).
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Table 1.

Evidence for failure of the integrity of the intestinal epithelial as an early event in the pathogenesis of Crohn’s
disease

[ Genetic polymorphisms in Muc19 increase risk for Crohn’s disease

O Increased intestinal permeability in first degree relatives of CD patients

Q Increased intestinal permeability in CD patients in remission (which predicts subsequent flare)
O Mice deficient for madria, claudin-7, or muc2 develop colitis

Q In longitudinal studies in mice, permeability defect precedes development of inflammation
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Table 2.

Evidence for defective bacterial clearance by innate immunity as an early event in the pathogenesis of Crohn’s
disease

0 Genetic polymorphisms in various genes associated with bacterial handling modify the risk for developing Crohn’s disease

1 Monogenic disorders that affect innate immunity pathways are associated with development of CD-like intestinal inflammation
[ Defective and delayed acute response to injury in patients with sporadic CD

Q Protective roles of innate cytokine during acute injury/repair (as opposed to proinflammatory roles in chronic inflammation)

1 De novo development of IBD-like lesions in patients treated with targeted biological therapies
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Table 3.

Obstacles in the treatment of early Crohn’s disease

[ Difficulty in obtaining adequate number of patients with truly early disease
Q Overlap between early and late mechanisms
[ Variability of the clinical, pathological and immunological spectrum of CD

[ Lack of reliable biomarkers associated with early or late disease
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