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RESUMO

Introdugdo

A doenca inflamatéria intestinal (DIl) é uma doencga crénica que compreende dois
subtipos: colite ulcerosa (CU) e doenga de Crohn (DC). Enquanto a primeira estd restrita
ao colon, caraterizando-se por inflamagdo superficial da mucosa, a DC pode afetar
gualquer parte do trato digestivo, sendo caracterizada por inflamacdo transmural.
Embora tenham sido tradicionalmente estudadas em conjunto, porque partilham
caracteristicas comuns, sabemos atualmente que representam duas entidades
fisiopatologicas distintas. Estas doengas estdo associadas a multiplos fatores
patogénicos, incluindo uma série de variantes genéticas de suscetibilidade, uma
resposta imunitaria largamente desregulada, uma microbiota intestinal anormal e
causas ambientais.

A progressao da DIl e a resposta ao tratamento sdao extremamente varidveis, com
alguns doentes a apresentarem doenga ligeira, enquanto outros evoluem com doenga
grave ou complicada. Desta forma, os biomarcadores minimamente invasivos surgiram
como importantes indicadores de atividade da doenca, risco de recidiva, necessidade de
escalada terapéutica e/ou resposta ao tratamento. No entanto, apesar dos grandes
avancos nesta area, ainda escasseiam biomarcadores capazes de uma gestdo
personalizada e eficaz.

A dipeptidil peptidase-4 (DPP-4) é uma glicoproteina ligada a membrana que atua
como recetor, mas também existe na forma soluvel, atuando através da inativacao de
varios peptideos que participam da cascata inflamatdria. Esta protease da serina atraiu
particular interesse devido as observagdes de perfis de expressao alterados em doentes

com DII, emergindo assim como um potencial biomarcador.

Objetivos

Este trabalho teve como objetivo explorar a patogénese da DI, possibilitando a
identificacdo de potenciais biomarcadores de atividade e progndstico de doenca. Os

objetivos especificos foram: (a) avaliar o papel da DPP-4 sérica (sDPP-4) como preditora



da atividade de doenga e progndstico na DIl; (b) avaliar o potencial da DPP-4 fecal (fDPP-
4) como biomarcador de atividade de doenga na DII; (c) analisar os niveis de expressao
de DPP-4 em amostras de tecido intestinal de individuos com DIl; (d) analisar a evidéncia

disponivel através de uma revisao sistematica sobre DPP-4 e outras ectopeptidases.

Populacdao e Métodos

Para avaliar a capacidade preditora da sDPP-4, relativamente a atividade de doenga e
progndstico na DII, procedemos a um estudo de coorte prospetivo multicéntrico,
envolvendo 4 centros tercidrios, que incluiu 195 doentes com DIl (94 com CU e 101 com
DC). Para a sua avaliagdo recorreu-se a indices clinicos, sendo que 68 foram submetidos
a avaliagdao endoscdpica no inicio do estudo. Os doentes foram acompanhados durante
o periodo de seguimento para avaliar a necessidade de escalada terapéutica. Um
subgrupo de 46 doentes com DI, da coorte previamente referida, recrutados nas fases
de indugdo e manutengao da terapéutica bioldgica, foi avaliado em varios momentos ao
longo do tempo de seguimento, tendo como objetivo determinar a resposta ao
tratamento nesta segunda coorte. Os niveis de sDPP-4, proteina C reativa (PCR) e
calprotectina fecal (CF) foram quantificados no inicio do estudo e durante o seguimento.

Para esclarecer o potencial papel da fDPP-4 como biomarcador de atividade na DlI,
avaliamos uma coorte recrutada prospetivamente, composta por 101 doentes (51 com
CU e 50 com DC), do estudo acima mencionado. Estes foram avaliados através de indices
clinicos validados, biomarcadores sanguineos e fecais (sDPP-4, PCR, CF e fDPP-4), sendo
que 22 doentes com CU também apresentaram avaliagdo endoscépica. Para analisar os
niveis de expressao de DPP-4 em amostras intestinais de individuos com DIl foi também
realizado estudo imunohistoquimico.

Por fim, com o objetivo de se analisar a evidéncia cientifica disponivel, realizamos uma
revisdo sistematica sobre DPP-4 e DIl, estabelecendo uma ligacdo entre dados pré-
clinicos e clinicos, através do uso de modelos animais de inflamacdo intestinal e estudos
em doentes com esta patologia. Foram avaliados no total 45 estudos, permitindo
compreender o papel da DPP-4 na patogénese desta doenga, assim como potencial alvo

terapéutico.
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Principais resultados

No primeiro artigo incluido nesta tese, mostramos que os niveis de sDPP-4 eram
significativamente mais baixos em individuos com DIl ativa em comparag¢do com aqueles
em remissdo e controlos sauddveis, sendo capazes de discriminar a atividade clinica e
endoscdpica da remissdo, assim como a necessidade de escalada terapéutica. Alias, o
uso simultdneo de trés biomarcadores — sDPP-4, CF e PCR - aumentou
significativamente o poder preditivo, denotando uma abordagem “multibiomarcador”
promissora, tendo em conta a natureza complexa e heterogénea desta doenga. Além
disso, a utilidade da sDPP-4 na monitorizagao da resposta ao tratamento de doentes sob
terapéutica bioldgica foi também investigada, ajudando potencialmente na adaptagao
de estratégias de tratamento. Os nossos resultados revelaram niveis mais baixos de
sDPP-4 em “ndo respondedores”, particularmente em doentes com CU.

No segundo artigo, evidenciamos que os niveis de fDPP-4 foram significativamente
mais elevados em doentes com CU em remissao comparativamente com aqueles em
atividade. Pelo contrario, no grupo de doentes com DC ileal, aqueles que apresentaram
doenca ativa exibiram niveis mais elevados de fDPP-4. Demonstramos igualmente que
a fDPP-4 discrimina atividade versus remissdo clinica em ambos os grupos de doenga,
bem como atividade endoscépica em doentes com CU, com elevada precisao
diagnodstica. A analise imunohistoquimica revelou padrdes de expressao distintos no
tecido intestinal de individuos com DIl, com expressdao aberrante de DPP-4 apical em
doentes com CU em remissdo, enquanto aqueles com doenga ativa ndo apresentaram
tal expressao. Pelo contrario, individuos com DC ileal em remissdao apresentaram
elevada expressao apical de DPP-4, com tendéncia a redugao nos casos de doenga ativa,
embora nao tenham sido encontradas diferengas estatisticamente significativas.

Por fim, a revisdo sistematica (terceiro artigo), incluiu 45 estudos, 36 dos quais foram
realizados em modelos animais e 12 em humanos (3 incluiram ambos). Em modelos
animais, o uso de inibidores de DPP-4 melhorou significativamente a inflamagdo
intestinal, ao reduzir a atividade catalitica desta protease da serina sobre os seus
substratos. Os andlogos do peptideo semelhante ao glucagon (GLP) - 2 mostraram
beneficios considerdveis na recuperagdao do dano inflamatdrio, reportando melhorias

significativas nos indices histoldgicos e clinicos, bem como redugdao dos niveis de
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citocinas proé-inflamatérias e uma resposta intestinotrofica. O uUnico estudo de
intervengdo em humanos, com analogo do GLP-2 (teduglutida) mostrou uma tendéncia

para a remissao.

Conclusoes

Neste trabalho propomos uma perspetiva atualizada sobre biomarcadores na DIl, com
foco particular na DPP-4. Os resultados desta investigacdo sugerem que a sDPP-4 pode
ser usada nesta patologia como um biomarcador ndo invasivo de atividade clinica e
endoscépica, um preditor de escalada terapéutica (particularmente no contexto de uma
estratégia de vdrios biomarcadores) e também como um marcador de resposta a
terapéutica bioldgica. Além disso, os nossos resultados indicam que a fDPP-4 pode ser
usada como um biomarcador ndo invasivo de atividade na DII, particularmente em
pacientes com CU. Pela primeira vez, comprovamos que doentes com CU em remissao
apresentam expressdao imunohistoquimica aberrante de DPP-4, sugerindo que esta
podera ser importante para alcangar e manter a remissao. Estes estudos tornaram
evidente que os doentes com CU e DC tém perfis distintos de expressdao de DPP-4, o que
pode representar uma compartimentagao funcional.

O uso de inibidores de DPP-4 e analogos de GLP-2 mostrou claros beneficios no
tratamento da inflamagdo intestinal induzida experimentalmente. No entanto, a
extrapolagao destes resultados para seres humanos constitui um desafio e sera
necessaria investigacdo adicional para validar as suas potenciais aplicacGes diagndsticas

e terapéuticas na DII.

Palavras-chave:

Dipeptidil Peptidase-4; Doenga Inflamatdria Intestinal; Doenga de Crohn; Colite Ulcerosa; Biomarcadores.
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ABSTRACT

Background

Inflammatory bowel disease (IBD) is a chronic inflammatory disorder encompassing
two subtypes: ulcerative colitis (UC) and Crohn's disease (CD). While UC is limited to the
colon, involving superficial mucosal inflammation, CD can affect any part of the digestive
tract, being characterized by transmural inflammation. Although they have traditionally
been studied together because they share common characteristics, it is now evident
that they represent two different pathophysiological entities. These diseases are
associated with multiple pathogenic features, including several susceptibility gene
variants, a largely dysregulated immune response, an abnormal intestinal microbiota,
and environmental triggers.

IBD progression and treatment response are highly variable, with some patients
experiencing mild disease course, whereas others have severe or complicated disease.
Therefore, minimally invasive biomarkers have emerged as important indicators of
disease activity, risk of relapse, need for treatment escalation, and/or response to
therapy. Nevertheless, despite great advances in this area, biomarkers capable of
personalized and effective management are still lacking.

Dipeptidyl peptidase-4 (DPP-4) is a membrane-bound glycoprotein that acts as a
receptor but also exists in a soluble form, operating by inactivating peptides that
participate in the inflammatory cascade. This serine protease has attracted particular
interest due to observations of altered expression profiles in IBD patients, emerging as

a potential biomarker.

Purpose

This research project aimed to explore the pathogenesis of IBD, enabling the
identification of potential biomarkers of disease activity and prognosis. The specific aims
were: (a) to assess the role of serum DPP-4 (sDPP-4) as a predictor of disease activity
and prognosis in IBD; (b) to address the potential use of fecal DPP-4 (fDPP-4) as a

biomarker of disease activity in IBD; (c) to analyze the DPP-4 expression levels in

11



12

intestinal tissue samples of IBD patients; (d) to evaluate the evidence available in this

field through a systematic review about DPP-4 and other ectopeptidases.

Populations and Methods

For the assessment of serum DPP-4 as a predictor of disease activity and prognosis in
IBD, we conducted a multicentric, prospective cohort, involving 4 tertiary care centers,
that included 195 IBD patients (94 had UC and 101 had CD). These were evaluated using
clinical indexes, and 68 underwent endoscopic evaluation at baseline. Patients were
followed up to assess treatment escalation. A subgroup of 46 biologically treated IBD
patients of the above-described cohort, were enrolled in the induction and maintenance
phases of biological treatment and evaluated at several time points. Treatment
response was assessed in this second cohort. Serum DPP-4, C-reactive protein (CRP),
and fecal calprotectin (FC) levels were quantified at baseline and during follow-up.

To clarify the potential role of fDPP-4 as a biomarker of IBD activity, we evaluated a
prospectively recruited cohort, consisting of 101 patients with IBD (51 had UC and 50
had CD), from the above-mentioned study. These were evaluated using validated clinical
indexes, blood and fecal biomarkers (sDPP-4, CRP, FC, and fDPP-4), and 22 UC patients
also had endoscopic evaluation. In order to analyze the DPP-4 expression levels in
intestinal samples of IBD patients, immunohistochemical staining was also performed.

Finally, to evaluate the available evidence, we conducted a systematic review of DPP-
4 and IBD, establishing a link between preclinical and clinical data, using validated animal
models of intestinal inflammation and studies on IBD patients. We analyzed 45 studies,
allowing us to better understand the specific role of DPP-4 in IBD pathogenesis and also

as a therapeutic target.

Main results

In the first paper included in this thesis, we showed that sDPP-4 levels were
significantly lower in active IBD patients compared to those in remission and healthy
controls, being able to distinguish clinical and endoscopic activity from remission, along
with the need for treatment escalation. The simultaneous use of three biomarkers —

sDPP-4, FC, and CRP — significantly enhanced the predictive power, suggesting a
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promising multibiomarker approach for the complex and heterogeneous nature of IBD.
Furthermore, the utility of sDPP-4 in monitoring treatment response among biologically
treated patients was also investigated, helping potentially in tailoring treatment
strategies. Our results revealed lower sDPP-4 levels in nonresponders, particularly in UC
patients.

In the second paper, we evidenced that fDPP-4 levels were significantly higher in UC
patients in remission compared to those with active disease. On the contrary, in the
group of CD patients with ileal involvement, those with active disease exhibited higher
levels of fDPP-4. Fecal DPP-4 discriminated with high diagnostic accuracy, remitters from
patients with active disease, in both disease groups; it was also able to differentiate
endoscopic activity in UC patients. Immunohistochemical analysis revealed distinct
expression patterns in the intestinal tissue of IBD patients, with aberrant expression of
apical DPP-4 in UC patients in remission, while those with active disease did not show
such expression. In contrast, ileal CD patients in remission exhibited high expression of
apical DPP-4, with a trend toward reduced expression in cases of active disease,
although no statistically significant differences were found.

Finally, the systematic review (third paper), included 45 studies, 36 of which were
carried out in animal models and 12 in humans (3 included both). In animal models, the
use of DPP-4 inhibitors significantly improved intestinal inflammation, by reducing the
catalytic activity of this serine protease over its substrates. Glucagon-like peptide (GLP)
- 2 analogs showed substantial benefits in recovery from inflammatory damage,
reporting significative improvements in histological and clinical scores, as well as a
reduction in pro-inflammatory cytokine levels and an intestinotrophic response. The
sole interventional human study with a GLP-2 analog (teduglutide) demonstrated a

tendency to remission.

Conclusions

In this project, we propose an updated perspective on biomarkers in IBD, with a
particular focus on DPP-4. The results from this investigation suggest that sDPP-4 can be
used in IBD as a noninvasive biomarker of clinical and endoscopic activity, a predictor of

treatment escalation (especially in the context of a multi-biomarker strategy), and also

13



as a marker of biological treatment response. In addition, our results suggest that fDPP-
4 can be used as a noninvasive biomarker of IBD activity, particularly in UC patients. For
the first time, we showed that UC patients in remission present aberrant
immunohistochemical expression of DPP-4, suggesting it can be important to achieve
and maintain remission in UC. It is now clear that UC and CD patients have distinct DPP-
4 expression profiles, which might represent functional compartmentalization.

The use of DPP-4 inhibitors and GLP-2 analogs showed clear benefits in the treatment
of experimentally induced intestinal inflammation. However, extrapolating these results
to humans is challenging and more research is needed to validate their potential

diagnostic and therapeutic applications in IBD.

Keywords:

Dipeptidyl Peptidase-4; Inflammatory Bowel Disease; Crohn’s Disease; Ulcerative Colitis; Biomarkers.
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INTRODUCTION

1. INFLAMMATORY BOWEL DISEASE

1.1. Definition

Inflammatory bowel disease (IBD) is a chronic disorder, typically classified as one of
two subtypes: ulcerative colitis (UC) and Crohn’s disease (CD). These are separate
conditions with several clinical, endoscopic, and histologic features that are critical for
their diagnosis, some of which are overlapping.

UC is restricted to the colon, usually starting in the rectum and extending proximally
continuously. It is characterized by superficial mucosal inflammation, leading ultimately
to ulcerations, severe hemorrhage, toxic megacolon, and fulminant colitis. In contrast,
in CD, any part of the digestive tract can be affected, although the distal ileum and
proximal colon are more commonly afflicted, frequently in a noncontinuous way. It is
characterized by transmural inflammation, leading eventually to complications such as
fibrotic strictures, fistulas, and abscesses (Figure 1). Nearly 10% of IBD patients have

indeterminate colitis, which is when Crohn’s colitis cannot be distinguished from UC.?

Ulcerative colitis Crohn’s disease

Thickening of

. colon wall
Ulcerative

surface Cobblestone

Colon appearance

wall

Fistula

Continuous
inflammation

Patchy
inflammation

Figure 1. Differences between ulcerative colitis and Crohn’s disease. Adapted with permission from

the American Gastroenterological Association.?

Between 25-40% of IBD patients experience various extra-intestinal manifestations,

such as: anemia, arthritis, osteopenia/osteoporosis, erythema nodosum, pyoderma
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gangrenosum, aphthous stomatitis, uveitis/episcleritis, urolithiasis, kidney amyloidosis,

hepatitis, primary sclerosing cholangitis, and others (Figure 2).3

Neurologic

- Peripheral neuropathy

- Myelopathy

- Vestibular dysfunction

- Myasthenia gravis

- Cerebrovascular disorders

Ocular

- Uveitis
- Episcleritis / scleritis

Respiratory

- Interstitial lung disease
- Vasculitis

- Sarcoidosis

Cardiovascular

- Venous thromboembolism
- Pericarditis / myocarditis

Hepatobiliary

- Primary sclerosing cholangitis
- Cholelithiasis

- Acute pancreatitis

- Autoimmune hepatitis

" Renal and genitourinary tract

- Urolithiasis

- Kidney amyloidosis

- Granulomatous inflammation
of the genitalia

/ Dermatological

- Aphthous stomatitis
- Erythema nodosum

- Portal fibrosis and cirrhosis

- Pyoderma gangrenosum
- Sweet’s syndrome
- Metastatic Crohn’s disease

Bone and joints

- Arthritis

- Ankylosing spondylitis

- Sacroiliitis

- Metabolic bone disease

" Hematologic
- Anemia due toiron, folate, or
vitamin B12 deficiency
- Autoimmune hemolytic anemia
- Anemia of chronic disease
- Thrombocytopenic purpura

Figure 2. Extraintestinal manifestations of inflammatory bowel disease. Adapted from Das, 1999.3

Image created in BioRender.

1.2. Epidemiology

IBD occurs worldwide, although North America and Northern Europe have the highest
incidence, suggesting a north-south gradient. There is evidence of an increasing
incidence and prevalence over time and in different regions around the world, with UC
remaining slightly more prevalent than CD.*

The prevalence of IBD has been increasing in Portugal, and the last national available
data from 2007 estimates a prevalence of 71/100 000 inhabitants and 73/100 000
inhabitants for UC and CD, respectively. In terms of IBD prevalence in Europe, Portugal
is ranked average, but its incidence is increasing toward the highest-ranked group.®

These diseases occur in all socioeconomic groups, but their incidence is particularly

high in Caucasians and Ashkenazi Jewish descendants.!
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IBD has traditionally been considered a disease of the West, nevertheless, incidences
in the Eastern hemisphere are growing and follow geographical patterns of
Westernization (Figure 3).° Research on migrant populations moving from low- to high-
prevalence areas of IBD and the subsequent increase of the disease prevalence in future
generations, highlight the influence of new environmental and lifestyle factors,
suggesting that their impact is most pronounced during the initial phases of life when

the immune system is still developing and the microbiota is becoming established.’

Lowest prevalence H B Highest prevalence

Figure 3. Inflammatory bowel disease global prevalence, in 2015. Adapted with permission from

Springer Nature. Kaplan, 2015.8

Although both of these diseases can manifest at any stage of life, their incidence is
highest between the second and fourth decade, with a subsequent peak observed in the

seventh decade.”

1.3. Etiopathogenesis

Although the trigger for IBD is unknown, four major pathways might initiate the
disease: genetic susceptibility, environmental trigger, gut microbiota, and immune

response (Figure 4).°
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Figure 4. Interaction of different factors contributing to the onset of IBD. Reproduced with

permission from Springer Nature. Sartor, 2006.%°

Host and microbial factors have been implicated in the pathogenesis of IBD, which
ultimately results in inappropriate immune responses against microorganisms residing
in the intestinal lumen.!! Therefore, immune events must be integrated and interpreted
in the context of a larger scenario in which genetics, the environment, and the

microbiota have significant roles in IBD pathogenesis.’

1.3.1. Genetics

Multiple studies have demonstrated that first-degree relatives of IBD patients have a
higher incidence of the disease compared to the general population, as well as a greater
genetic risk, that is particularly higher for those with CD.1%14 |n fact, research conducted
on monozygotic twins with IBD revealed that the concordance rate for CD was
significantly greater than that of UC (50% versus 19%), and continued to rise over time.*
CD patients also demonstrate a genetic clinical pattern, with concordance in disease
location (e.g., ileal versus colonic) and behavior (e.g., stricturing versus penetrating).1®
Furthermore, another factor suggesting a genetic cause is the presence of genetic
anticipation, when the subsequent generations develop earlier onset and more severe
disease.®

The first susceptibility gene for CD, NOD2 (nucleotide-binding oligomerization domain

containing 2), also known as CARD15 (caspase-activating recruitment domain family,
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member 15), was identified in 2001 and drove further research for additional genes.'’
Genome-wide association studies have been notably successful at implicating IBD risk
loci and more than 240 risk variants have been identified. These can affect pathways
responsible for regulating adaptive immunity (e.g., IL23R); genes controlling epithelial
barrier function (e.g., ECM1); intracellular pathways recognizing microbial products
(e.g., NOD2); and the autophagy pathway, which regulates the recycling of intracellular
organelles and elimination of intracellular microorganisms (e.g., ATG16L1, IRGM, and
NOD2).%18 These loci account for only a small fraction of total variance in disease risk (8-
13% in CD and 4-7% in UC), demonstrating that no single susceptibility gene is sufficient

to cause IBD.1?

1.3.2. Environmental factors

It is possible that dietary factors influence the risk of developing IBD. Food antigens
are thought to induce an immunologic response, leading ultimately to the development
of IBD, but no particular pathogenic antigens have yet been identified.?° Individuals who
consumed excessive amounts of meat, total fats, and polyunsaturated/omega-6 fatty
acids were associated with an increased risk of CD and UC. Conversely, a decreased CD
risk was reported in people with substantial intake of dietary fiber, specifically from
fruits and cruciferous vegetables.?!

Cigarette smoking is correlated with an increased risk of CD and its complications (e.g.,
strictures, fistulae), as well as the need for surgery.?%23 In patients with ulcerative colitis,
quitting smoking is linked to an increase in disease activity and a higher probability of

24 While the underlying cause of this paradox remains

requiring hospitalization.
unknown, it is possible that nicotine and smoking metabolites have direct effects on
blood flow, microbiota composition, as well as immune and barrier function.?®

Some medications can act as risk factors for IBD, in particular nonsteroidal anti-
inflammatory drugs (NSAIDs), oral contraceptives, and hormone replacement therapy.
These appear to be associated with an increased incidence of IBD, although the risk is

small.?®2” While IBD has been linked to antibiotic exposure, the causality of this

association remains unknown.?8
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1.3.3. Microbiota

A substantial microbial community, consisting of millions of bacteria, viruses, fungi,
and eukaryotic microorganisms, colonizes the gastrointestinal tract, especially the colon
and distal ileum. This collection of organisms is known collectively as the
microbiome.192°

The intestinal microbiota is acquired at birth and undergoes significant
transformations during the first year of life. Several environmental exposures (e.g., food,
hygiene, antibiotics) exert a major influence on the intestinal microbiota in childhood.
On the contrary, in adults, it is moderately stable over time, although variations can
occur due to environmental factors and diseases.3°

The intestinal microbial colonization is essential to the development and maturation
of the immune system. These commensal bacteria are usually innocuous and exist in a
mutually beneficial relationship with the host, interfering with the ability of pathogens
to colonize and invade, due to competition for space and nutrients. When the integrity
of the mucosal barrier is compromised, they can become pathogenic by crossing the
epithelium, stimulating an immune response, leading ultimately to intestinal
inflammation.’®3! The disruption of the normal balance between the intestinal
microbiota and host, known as dysbiosis, has been associated with IBD.3233

In conclusion, the microbiota is protective for most individuals, may be a permissive
bystander in some IBD patients, or may have a more significant role in others, depending

on the interactions with genes and environment, especially in childhood.”

1.3.4. Immune dysregulation

A dysregulated response with excessive and inadequate immune reactivity to the
microbiota of the intestinal lumen is implicated in the pathogenesis of IBD, highlighting
the importance of a balanced immune response.

In the healthy state, macrophages engulf and destroy pathogens and infected cells.
The dendritic cells initiate immune responses in mucosal tissues by acquiring antigens
and interacting with naive B and T lymphocytes. Naive B cells become activated and
differentiate into plasma cells, which undergo IgM-to-IgA isotype switching. IgA is

secreted and transported across the epithelium and neutralizes toxins and pathogens
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without causing inflammation, due to its incapacity to fix complement. Therefore, the
mucosal immune system promotes an anti-inflammatory environment due to active
downregulation of immune responses.'’® However, in IBD patients, activated
macrophages produce increased levels of interleukin (IL)-6, IL-12, IL-23, and tumor
necrosis factor (TNF), which are proinflammatory cytokines. After the presentation of
antigens by dendritic cells, CD4+ T lymphocytes proliferate and differentiate into type 1
T helper (Th) and type 17 Th cells, upregulating chemokine receptors and integrins,
enabling them to enter the systemic circulation and redistribute to mucosal surfaces,
where they carry out inflammatory functions.”!® Therefore, these patients present
increased levels of mucosal and circulating B lymphocytes, plasma cells, autoantibodies,
and increased antibodies to microbial antigens, pointing to an abnormal B-cell
regulation. In fact, IgG-secreting plasma cells are increased in IBD patients, leading to
inflammation through recruitment of immune cells and activation of complement, in
contrast to the IgA predominance in the healthy state.3#3> Other inflammatory cells,
such as neutrophils, found within the mucosa in IBD patients, must be recruited from
the blood vessels through an enhanced expression of adhesion molecules on leukocytes
and endothelial cells and increased chemokines, a process called "mucosal homing".3¢
Therapeutic approaches aimed at inhibiting mucosal homing of leukocytes are already
in use in clinical practice.

In conclusion, mucosal immunity must maintain a delicate balance between regulating
tolerance to benign antigens (e.g., food and commensal microorganisms) and
conducting surveillance for pathogens, in order to elicit an appropriate immune

response to benefit the host, without causing damage.?’

1.4. Therapy

There are several drugs used in the treatment of IBD, including untargeted therapies
(corticosteroids, aminosalicylates, and immunomodulators), and targeted biological
therapies (anti-TNF-a antibodies, anti-a4B7 integrin antibodies, anti-interleukin-12/23

antibodies, and Janus kinase - JAK - inhibitors).%’
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Corticosteroids are the most important treatment to induce remission in IBD patients
with active disease. However, they must be used in conjunction with other treatments,
as long-term steroid use is not recommended for the management of IBD.”3839

Mesalazine and sulfasalazine, which are 5-aminosalicylic acid-based medications, are
the cornerstone of treatment in mild to moderate UC, due to their efficacy in inducing
and maintaining remission. On the contrary, these therapies have limited value for the
treatment of CD.”3839

Thiopurines (azathioprine and 6-mercaptopurine) are immunomodulators recognized
as steroid-sparing agents in IBD patients and are indicated for maintenance therapy of
moderate to severe CD and also for UC that remains active despite optimally dosed 5-
aminosalicylic acid therapy. Methotrexate, another immunomodulator, is usually
reserved for CD patients who fail to respond or are intolerant to thiopurines.’3839

When an immunomodulator therapy alone has failed to achieve satisfactory control
over a patient's disease, biological therapy is indicated for the induction and
maintenance of remission. Despite the good response to these drugs, almost 30% of IBD
patients do not achieve a satisfactory clinical response and those who do, will suffer a
loss of response of 5-10%, each year, commonly related to immunogenicity.3® The anti-
TNF-a monoclonal antibodies are efficacious and have revolutionized the treatment of
IBD. They are used in moderate to severe luminal CD (infliximab and adalimumab) and
UC (infliximab, adalimumab and golimumab). Vedolizumab is a monoclonal antibody
that inhibits leukocyte trafficking in the intestinal mucosa, by blocking the a4p7 integrin,
resulting in intestinal selective anti-inflammatory activity, and is approved for induction
and maintenance therapy for CD and UC. Ustekinumab is an anti-IL-12/23 monoclonal
antibody with efficacy in the treatment of moderately to severely active CD.¥
Tofacitinib, an oral small molecule JAK inhibitor, is used for treating patients with
moderate to severe UC, who have failed or are intolerant to anti-TNF agent-based
therapy.*®®

The main target of IBD treatment is to induce and maintain disease remission, which
means control of intestinal inflammation, improvement of symptoms, and the

prevention of long-term damage.’
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2. BIOMARKERS IN INFLAMMATORY BOWEL DISEASE

A biomarker has been previously defined as “a characteristic that is measured as an
indicator of normal biological or pathogenic processes, and biological responses to an
exposure or intervention, including therapeutic interventions” .**** Biomarkers comprise
a wide variety of molecular, physiologic, histologic, endoscopic, and radiographic
indicators, being the basis of precision medicine.*?

Over the past few decades, researchers have focused on identifying reliable
biomarkers of disease burden that can be easily tested in biological samples, without
affecting the quality of patients’ life. Yet, in the IBD field, we lack minimally invasive
validated biomarkers to accurately diagnose and prognosticate disease course, as well
as to predict and monitor response to treatment.*

The ideal biomarker should fulfill three distinct domains: (a) reliability for the disease;
(b) patient compliance; (c) kinetic stability. First, the ideal biomarker should have the
capability to accurately measure the true concentration of a marker, being able to
distinguish between different levels of severity, with high specificity and reproducibility.
Second, it should be harmless for the patient (i.e., have reduced invasiveness), rapid
(with quick results and no need to follow a preparation), and also cost-effective. Finally,
it should be stable with long-term storage or shipment and also invariable (not
influenced by systemic inflammation, for instance).*4>

So far, the ideal biomarker that possesses all the above-mentioned qualities does not
exist and the discovery of an ideal biomarker seems unattainable. Therefore, the
combination of distinct biomarkers can prove to be advantageous.*

Serum inflammatory markers are useful for identifying active inflammation, although
they are not specific and may be elevated in conditions other than gastrointestinal
disorders. In contrast, fecal biomarkers are typically more accurate due to their direct
contact with the intestinal mucosa.*® Next, we will address several biomarkers in use in
clinical practice.

Orosomucoid is an acute-phase protein, predominantly produced in the liver as a
result of tissue damage, inflammation, or infection. There is a correlation between

circulating orosomucoid levels and the disease activity of IBD, as assessed by standard
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disease activity indices. However, its extended half-life of 5 days limits its utility as an
indicator of disease activity improvement.*’

Serum C-reactive protein (CRP) is generally recognized as an inflammatory marker in
the IBD field. Produced by hepatocytes in response to stimulation from inflammatory
cytokines (IL-1, IL-1B, and TNF-«a), this acute-phase reactant has a relatively short half-
life of about 19h.%® Increased levels of CRP help differentiate mucosal active disease
from quiescent IBD. However, due to its non-specific nature as a biomarker, CRP levels
may rise in the presence of infections and extraintestinal inflammation, among other
conditions besides IBD.*® On the other hand, normal CRP levels can be seen in IBD
patients with active disease, in particular those who are asymptomatic and have mild
mucosal lesions, namely with ileal disease.*® The contexts in which CRP has been shown
to be most reliable are the distinction between IBD and irritable bowel syndrome (IBS)°,
CD patients with transmural inflammation, UC patients with extensive colitis®!, and the
monitoring of disease relapse and therapy failure>>>3,

The erythrocyte sedimentation rate (ESR) is an indirect measure of inflammation,
largely through an increase in plasma viscosity, due to the production of acute phase
response proteins.>* However, ESR rises slowly compared with CRP during inflammation
and declines even more slowly after the improvement of this state.>® It is also affected
by the hematocrit, both in anemia and polycythemia, as well as in other diseases and
physiologic states such as aging and pregnancy, reducing its accuracy and specificity in
IBD.>

Calprotectin is one of the most important biomarkers in IBD, currently used to evaluate
diagnosis and monitor response to treatment.>® It is a zinc and calcium-binding protein,
primarily existing in neutrophil granules, presenting an important antimicrobial
function. When compared to the blood levels of healthy people, the concentration in
feces is six times higher.>’ Patients with active IBD have increased levels of fecal
calprotectin (FC) and this is due to neutrophil margination in the bowel mucosa.>® FC
lacks specificity and elevated levels have been found in a range of other conditions such
as celiac disease, colon cancer, intestinal infections, and with the use of NSAIDs.>®
However, elevations of FC levels in these situations are typically much lower than those
found in active IBD, so they are still helpful, particularly when considering their absolute

levels.®® FC showed to be an important tool for differentiating between IBD and IBS*?, as
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well as a biomarker of endoscopic activity in IBD (mainly UC)®%, a predictor of clinical and
endoscopic relapse®?®* and also a predictor of response to treatment®>-8,

Fecal lactoferrin (FL) is a fecal biomarker with similar results compared with FC. It is an
iron-binding glycoprotein that is primarily released by neutrophils after margination in
the bowel mucosa. Data do not differ from the results already observed for FC, as a
consequence, FL does not provide any additional clinical utility when considered
independently.®°

In the future, advanced biomarkers such as microRNAs, metabolomics, and genetic
testing could enable precise screening of susceptible individuals before disease onset,
as well as the diagnosis of symptomatic patients.”®

Biomarkers testing significantly assist in the management of IBD patients and gained
particular importance as less invasive and cost-effective modalities for a curative

approach in IBD.#71

3. DIPEPTIDYL PEPTIDASE-4

Dipeptidyl peptidase (DPP)-4, also known as cluster of differentiation 26 (CD26), is a
110-kDa glycoprotein and was first reported by Hopsu-Havu and Glenner in 1966.72 It is
a multifunctional protein, with several biological actions: (a) acts as a surface antigen to
interact with other molecules, to mediate the interaction between cells-cells and cells-
matrix; (b) acts as a cell surface coreceptor mediating viral entry (e.g., severe acute
respiratory syndrome coronavirus-2 [SARS-CoV-2]); (c) plays several regulatory roles in
immune activation/inflammatory response, and tumorigenesis; (d) regulates the
activities of hormones, cytokines, growth factors, and neuropeptides.’?

DPP-4 is a member of the serine peptidase/prolyl oligopeptidase gene family,
subclassified partly by structure and function, which includes: (a) the membrane-bound
peptidases DPP-4 and fibroblast activation protein a (FAP-a); (b) the resident
cytoplasmic enzymes DPP-8 and DPP-9; (c) the nonenzymatic members DPP-6 and DPP-
10.74

Human DPP-4 is composed of 766 amino acids (a.a.), including a short cytoplasmic N-

terminal tail (a.a. 1-6), a hydrophobic transmembrane segment (a.a. 7-28), a flexible
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stalk (a.a. 29-48), and a large extracellular part (a.a. 49-766) that can be further divided
by a heavily glycosylated region (a.a. 49-289), a cysteine-rich region (a.a. 290-510), and
a catalytic region (a.a. 511-766), which selectively removes the N-terminal dipeptide

from peptides with proline or alanine at the penultimate position (Figure 5).”>7®
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Figure 5. Schematic representation of the DPP-4 dimer on the cell surface. The vertical bar at the left
represents the primary structure with the delineation of the different regions (not to scale). Sites
within the glycosylated and cysteine-rich regions serve as a receptor or ligand for different
molecules, including adenosine deaminase (ADA) and fibronectin, in order to mediate its non-
enzymatic functions. The enzymatic activity resides in the catalytic pocket, formed by residues
located in the C-terminal portion of the protein. Adapted with permission from Springer Nature.

Razavi, 2022.”7 Image created in Adobe Photoshop CS6.
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DPP-4 is present on the cell surface in various forms (monomer, dimer, tetramer), and
this process is initiated upon interaction at the cysteine-rich region level, with DPP-4
itself or with other binding partners.”®’® Apparently, DPP-4 needs dimerization for
enzymatic activity, however, Chien et al. demonstrated that the monomers of DPP-4 are
not completely devoid of activity, as previously speculated, having much lower activities
than the dimeric DPP-4.78 Although dimerization is not entirely required to complete the
active site architecture of DPP-4, it may affect the efficiency of cleavage of substrates by
the catalytic active site or allow intercellular communication.’®

DPP-4 is ubiquitously expressed on the surface of many cell types, among which are
epithelial cells, fibroblasts, and lymphocytes. The expression level of this protein varies
considerably across tissues and has a widespread organ distribution. It can be found in
the intestinal and renal brush border membranes, glandular epithelial cells, liver and
pancreas, vascular endothelium, and cells of the immune system.

Particularly abundant on the brush-border membranes of the small intestine, DPP-4
expression increases distally, being high in the jejunum and ileum, and low in the
duodenum.’8! On the contrary, DPP-4 is not expressed on normal colon epithelium,
although aberrantly present in colon tumors.®! The surface-expressed DPP-4/CD26 is
also considered a general marker of cellular activation in the immune system and its
expression levels increase on T, NK, and B cells, after stimulation.8?

The precise mechanisms controlling DPP-4 gene transcription and its enzymatic
activity remain unclear and may be potentially cell type-dependent. So far, it is well
known that interferons (a, B, and y) and IL-12 are capable of upregulating the DPP-4
expression, supporting its role in immune cells activation.83%*

Additionally, DPP-4 can be found in a soluble form, which is devoid of the
transmembrane region and the intracellular segment, retaining its enzymatic properties
due to the intact catalytic center. Accordingly, serum DPP-4 (sDPP-4) is responsible for
95% of all dipeptidyl peptidase activity in human serum.® It is believed to result from
specific proteolytic cleavage of the membrane-anchored form, through a process called
shedding, by a group of enzymes collectively referred to as “sheddases”. Several studies
reported that matrix metalloproteinases (MMPs) are involved in this process: MMP1,
MMP2, and MMP14 have been implicated in the release of DPP-4 from smooth muscle

cells, MMP14 from adipocytes, and kallikrein 5 from Th17 cells.8%87
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The shedding process occurs due to a complex interplay between different proteases
(in a cell type-specific manner), and an anomalous shedding could be a potential reason
for the altered sDPP-4 concentrations, in some diseases.®%%’ Since DPP-4 is shedded with
intact enzymatic function, it can exert biological functions in a paracrine or endocrine
fashion and participate in intracellular signaling events in targeted cells. Nonetheless,
the precise mechanisms by which sDPP-4 induces signal transduction remain obscure
and no specific receptors have been identified so far.%®

Besides shedding, DPP-4 might also be processed within intracellular storage granules
to allow for its rapid release, as Lettau et al. demonstrated in a previous study. The
authors showed that DPP-4 can be stored in secretory granules of human cytotoxic
lymphocyte populations, and upon stimulation, vesicular DPP-4 is rapidly translocated
to the cell surface, leading to a substantial discharge of proteolytically active DPP-4.
Consequently, the observed changes in serum DPP-4 concentrations in several diseases
might be explained by the fact that activated effector lymphocytes are a significant
source of this peptidase.®®

DPP-4 transmits signals across cell membranes through interactions with adenosine
deaminase (ADA), collagen, fibronectin, caveolin-1, T-cell antigen CD45, and
components of the extracellular matrix (ECM) (Figure 5).8%°1 A study by Tanaka et al.
assessed whether the enzymatic activity of DPP-4 is necessary or not for its co-
stimulatory action, suggesting that while enzymatic activity might contribute to signal
transduction, it is not essential for this process.>?

Many bioactive or inactive precursor peptides have been identified as potential
substrates of DPP-4 action, such as: peptide hormones (glucagon-like peptide [GLP] -
1/2), neuropeptides (substance P, neuropeptide Y), chemokines, and growth factors.
Nevertheless, it is important to highlight that, even if they are good substrates in vitro,
additional clearance pathways may be more significant in humans or simply have no
effect on their biological activity.®>°*

The relative importance of an enzymatic versus non-enzymatic role of DPP-4 for
normal physiological regulation, as well as for the pathogenesis of various diseases, is
still largely unknown. Due to its implication in immunoregulation and fibrotic response,
increasing studies are focusing on the potential role of DPP-4 in inflammatory disorders,

such as IBD.
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3.1. DPP-4 and inflammatory bowel disease

The expression and activity of DPP-4 have been the focus of research as a possible
biomarker for many diseases, including IBD. It is extensively glycosylated, which protects
it from proteolytic attack and contributes to its increased stability, making it an
interesting biomarker in IBD patients.

Xiao et al. reported decreased sDPP-4 enzymatic activity (by 3.5-fold) in IBD patients
compared to healthy individuals.®® Hildebrandt et al. and Varljen et al. found that sDPP-
4 activity correlates negatively with disease activity scores (Crohn's Disease Activity
Index [CDAI], Rachmilewitz index, and Truelove and Witts" classification) and with
inflammatory markers (orosomucoid and CRP), in IBD patients.’®®” Additionally, these
patients presented a higher surface expression of DPP-4/CD26 as well as a proliferation
of CD26-positive T cells co-expressing CD25 (IL-2 receptor a chain), potentially
promoting a systemic T cell activation toward a Thl immune response.’® Moran et al.
also reported lower sDPP-4 levels in CD patients (1.5 times lower) than in healthy
controls, as well as a 2.7-fold reduction in DPP-4 protein expression in intestinal tissue
from CD patients, when compared to healthy tissue controls (assessed by western
blotting). The sDPP-4 levels described had a significant inverse correlation to disease
activity as measured by the CRP, but not the CDAI.*®

The pathophysiological mechanisms underlying the association between decreased

sDPP-4 levels and active inflammation in IBD remain largely unknown.

3.2. DPP-4 as a regulator of extracellular matrix and fibrosis

All tissues contain a highly dynamic ECM, consisting of fibrillar macromolecules
(collagens, elastin, fibronectin), and non-fibrillar components (glycoproteins,
proteoglycans, hyaluronan), forming a complex network, that undergoes controlled
remodeling.”® In addition to serving as a framework for cells, within tissues, the ECM
also participates in several molecular pathways and activities, including cellular

proliferation, migration, and adhesion.1%°
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ECM remodeling is a continuous process involving deposition, degradation, and
modification of its structure, generated by several enzymes such as MMPs, neutrophil
elastases, and meprins.’®? In normal circumstances, the ECM continuously remodels
itself, and throughout this process, the synthesis of new matrix elements coexists with
matrix degradation, being determinant in the preservation of tissue homeostasis.
Consequently, aberrant ECM remodeling can accelerate disease progression by
modulating cell-ECM interactions and intracellular signaling pathways.1%2

The increased remodeling of the ECM is one of the defining characteristics of IBD, as
the structure and function of the intestinal tissue matrix undergo progressive
modifications, as a result of an excessive and protracted inflammatory response.%® The
continuous cycle of fibroblast activation and ECM deposition ultimately leads to tissue
fibrosis and functional damage.103

DPP-4/CD26 is expressed in fibroblasts and increases the production of matrix
components and profibrotic mediators, by enhancing intracellular transforming growth
factor-beta (TGF-B) signaling. It has been shown to bind to collagen and fibronectin,
facilitating cell migration, and contributing to the formation of the fibrotic
microenvironment. DPP-4/CD26 also forms a complex with Seprase/fibroblast

activation protein-a (FAP-a), assisting in the degradation of matrix proteins, which

further facilitates cell migration (Figure 6).194105
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Figure 6. Impact of DPP-4/CD26 on fibroblasts. Adapted with permission from John Wiley & Sons,

Inc. Ohm, 2023.%% |mage created in BioRender.
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As a consequence, in addition to its enzymatic and costimulatory functions, DPP-
4/CD26 may play a role in the pathogenesis of several chronic fibrotic diseases.

Growing evidence suggests that DPP-4/CD26 inhibition may be able to prevent
excessive matrix deposition while promoting physiological tissue repair. Therefore, it

could be a potential target for antifibrotic therapy. 1
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PURPOSE

The general aim of this investigation presented hereby in this thesis was to contribute
to the comprehension of IBD pathogenesis and identify potential biomarkers of disease

activity and prognosis.

For this purpose, three main objectives were defined, as follows:

1 - Evaluation of the role of serum DPP-4 (sDPP-4) as a predictor of disease activity
and prognosis in IBD (Paper I)

e Clarify the role of sDPP-4 as a biomarker of IBD activity.

e Address its potential in predicting the need for treatment escalation and

monitoring response to biological therapy.

2 — Address the potential use of fecal DPP-4 (fDPP-4) as an emergent biomarker and
analyze the DPP-4 expression levels in intestinal samples of IBD patients (Paper 1)
e Evaluate the potential use of fDPP-4 as a biomarker of IBD activity.
e Assess the mechanisms underlying the variations of DPP-4
immunohistochemical expression profiles, in intestinal tissue samples of IBD

patients.

3 — Systematic review on the importance of sDPP-4 and other ectopeptidases in IBD
(Paper Ill)
e Evaluate the evidence available in this field through a systematic review
about sDPP-4 and other ectopeptidases.
e Understand their specific role in IBD pathogenesis.
e Provide a link between preclinical and clinical data on their role in IBD,
through the use of validated animal models of intestinal inflammation and
studies on IBD patients.

e Discuss the potential role of DPP-4 as a therapeutic target.
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MATERIAL AND METHODS

The approaches followed for each study and detailed methodologies are indicated in

the articles belonging to the thesis.
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RESULTS & PUBLICATIONS

Paper |

“Serum Dipeptidyl Peptidase 4: A Predictor of Disease Activity and Prognosis in

Inflammatory Bowel Disease”

Inflamm Bowel Dis. 2020;26(11):1707-1719.
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ORIGINAL RESEARCH ARTICLE—CLINICAL

Serum Dipeptidyl Peptidase 4: A Predictor of Disease Activity and
Prognosis in Inflammatory Bowel Disease

Pedro Pinto-Lopes, MD, MSc,*** Joana Afonso, MSc,** Rui Pinto-Lopes, MD, MSc,' Cdtia Rocha, MSc,*!
Paula Lago, MD,** Raquel Gongalves, MD,* Helena Tavares de Sousa, MD,**5% Guilherme Macedo, MD, PhD,"*
Cldudia Camila Dias, PhD,"*** and Fernando Magro, MD, PhD*%**; for the Portuguese IBD Study Group (GEDI|)

Background: Serum dipeptidyl peptidase 4 (DPP-4) has drawn particular interest as a biomarker in inflammatory bowel disease (IBD), as this
protease inactivates several peptides that participate in the inflammatory cascade.

Methods: Two prospectively recruited cohorts consisting of 195 patients (101 had Crohn’s disease [CD] and 94 had ulcerative colitis [UC]) were
evaluated using clinical indexes and followed up to assess for treatment escalation. Sixty-eight patients underwent endoscopic evaluation at base-
line. In the second cohort of 46 biologically treated patients, treatment response was assessed. Serum DPP-4, C-reactive protein (CRP), and fecal
calprotectin levels were quantified at baseline and during follow-up.

Results: Median DPP-4 levels were significantly lower in active IBD patients when compared with remitters (CD: 1043 [831-1412] vs 1589
[1255-1956] ng/mL; P < 0.001; UC: 1317 [1058-1718] vs 1798 [1329-2305] ng/mL: P = 0.001) and healthy controls (2175 [1875-3371] ng/mL).
In fact, DPP-4 was able to distinguish clinical and endoscopic activity from remission, with areas under the curve (AUC) of 0.81/0.93 (CD) and
0.71/0.79 (UC), along with the need for treatment escalation, with comparable AUCs of 0.79 (CD) and 0.77 (UC). Furthermore, DPP-4 levels
were higher in responders to treatment and more pronounced among UC (1467 [1301-1641] vs 1211 [1011-1448] ng/mL; P < 0.001) than CD
patients (1385 [1185-1592] vs 1134 [975-1469] ng/mL; P = 0.015).

Conclusions: Our results suggest that serum DPP-4 can be used as a noninvasive biomarker of IBD activity and biological treatment response

and a predictor of treatment escalation, particularly when combined with other biomarkers.

Key Words: biomarkers, dipeptidyl peptidase 4, inflammatory bowel disease

INTRODUCTION
Crohn’s disease (CD) and ulcerative colitis (UC) are
part of a group of idiopathic autoimmune inflammatory
bowel diseases (IBDs) characterized by disease flares fol-
lowed by periods of remission. Disease flares usually involve
episodes of mucosal inflammation, which ultimately result in
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structural and functional alterations in the intestinal epithe-
lium." Thus, the main goals of IBD treatment are to induce
and maintain clinical remission. Still, even in cases of effec-
tive treatment, subclinical inflammation may persist, contrib-
uting to the risk of relapse and the need to escalate treatment
to immunomodulators, biological therapies, or even surgery.’
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Accurate detection of inflammation in the intestinal
mucosa is challenging, which is reflected by the fact that most
clinical scores correlate poorly with disease activity.' The
Harvey-Bradshaw Index (HBI) for CD and the partial Mayo
Score (pMS) for UC are commonly used indexes; however, they
tend to reflect patients’ well-being rather than the degree of
intestinal inflammation.* Examination of biopsy samples col-
lected during endoscopic procedures remains the gold standard
for assessing intestinal inflammation, but it is rather invasive
and might lead to misleading results if the endoscope fails to
reach the lesion site.® In this context, biomarkers have emerged
as important indicators of disease activity, risk of relapse, need
for treatment escalation, and/or response to therapy. Among
the panel of biomarkers available, those measurable in serum
samples have the greatest potential to provide a timely and con-
venient assessment of inflammation in routine clinical practice
settings.®

Over the past few years, several studies have focused on
identifying and characterizing the key molecules involved in
the regulation of mucosal immunity and IBD pathogenesis.
Dipeptidyl peptidase 4 (DPP-4) has drawn particular interest in
this context due to observations of altered expression profiles
in patients with IBD.”* DPP-4 has a widespread distribution,
being expressed in numerous tissues, such as intestine, kidney,
liver, lung, prostate, adipocytes, thymus, spleen, lymph nodes,
and on activated lymphocytes (B and T cells), monocytes, and
endothelial cells."” This enzyme is active as a cell surface protein
(CD26) but also exists in a soluble form, which is thought to
result from proteolytic cleavage of the membrane-bound form
into the circulation in a process called “shedding,” acting as a
protease that cleaves and inactivates several peptides like neuro-
peptides, chemokines, and growth factors.’

This study aims to clarify the role of serum DPP-4 as a
biomarker of IBD activity, specifically addressing its potential
in predicting the need for treatment escalation and monitoring
response to biological therapy.

METHODS

Study Design and Population

This article reports on 2 cohorts and was designed to meet
the Standards for Reporting Diagnostic Accuracy requirements
(Supplementary Table 1). The first was a multicentric, prospec-
tive cohort involving 4 tertiary care centers (Centro Hospitalar
Sao Jodo, Porto; Centro Hospitalar do Porto, Porto; Hospital
de Braga, Braga; Centro Hospitalar Universitario do Algarve,
Faro, Portugal) that included active and remitting IBD patients
attending routine outpatient consultations or who were ad-
mitted to the hospital due to an IBD flare. Between October
2014 and December 2017, 195 consecutive patients were invited
to participate in this study; follow-up was carried out until
May 2018. All patients with IBD were eligible to participate.
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Patients were excluded from the study if they were younger
than 18 years, had an unclear IBD diagnosis (indeterminate co-
litis), or had other autoimmune diseases.

The second cohort was a subgroup of 46 biologically
treated IBD patients of the above-described cohort attending
outpatient consultations between July 2016 and December
2017. Follow-up was carried out until May 2018. Patients
were enrolled in the induction and maintenance phases of
biological treatment (namely infliximab, adalimumab, or
vedolizumab) and evaluated at several time points (5 per pa-
tient). These assessments were scheduled according to routine
practice, taking into account the condition being studied (CD
or UC) and the treatment received. Patients were excluded if
they did not comply with these routine clinical assessments.
A control group of 52 healthy volunteers was enrolled as part
of this study. Figure 1 provides an illustration of the study
design.

Ethical Considerations

The local research ethics committees for each study
center granted approval for this study. All patients provided
their written informed consent before enrollment.

Assessments

For both cohorts, demographic and clinical data were col-
lected at baseline. Disease location and clinical phenotypes were
evaluated with the Montreal classification''; disease activity was
assessed using the HBI'? (clinical remission < 4) and the pMS"
(clinical remission < 1) for CD and UC patients, respectively.
For the second cohort, physicians reported clinical outcomes at
several data collection time points, according to HBI and pMS.
The investigators were blinded to fecal calprotectin (FC) and
C-reactive protein (CRP) levels during assessment.

Treatment Escalation

Treatment escalation was evaluated in the first cohort.
A therapeutic adjustment was considered treatment escala-
tion in the following situations: (a) introduction of a new drug
due to flare, including a new immunomodulator or biological;
(b) switching between immunomodulators or biologicals; (c)
increasing dosage or shortening the infusion interval in biolog-
ically treated patients; and (d) need to undergo bowel-related
surgery."* Therapy changes due to adverse reactions or inter-
ruptions due to the occurrence of infections were not con-
sidered treatment escalation.

Treatment Response

Response to biological treatment was evaluated in the
second cohort, after induction and during the maintenance
phase of infliximab, adalimumab, and vedolizumab, both for
CD and UC patients. Response was defined as a decrease in
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A

Mean time for CD: 80+21 weeks
Mean time for UC: 70+16 weeks
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Mean time for CD: 53217 weeks
Mean time for UC: 54117 weeks
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N=195

DPP4.
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CRP

DPP-4 DPP-4 DPP-4
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CRP CRP

L

=

DPP-4 DPP-4
FC FC
CRP CRP

J

Biomarker’s evaluation according to routine practice, taking into account the
condition being studied (CD or UC) and the treatment received

FIGURE 1. Study selection and follow-up scheme. The first cohort included 195 IBD patients between October 2014 and December 2017, and fol-
low-up was carried out until May 2018 to evaluate treatment escalation. Blood and stool samples for DPP-4, CRP, and FC were collected at baseline (1
determination only). The second cohort, a subgroup of the first, which was composed of biologically treated IBD patients in the induction and main-
tenance phases, included 46 patients between July 2016 and December 2017, followed until May 2018. Stool and blood samples were collected at
baseline and at evaluations (5 determinations per patient) at several time points to evaluate treatment response.

HBI of >2 points from baseline in CD patients and as a de-
crease in pMS 23 points and 230% from baseline and a decrease
in the rectal bleeding subscore >1 or an absolute rectal bleeding
subscore of 0 or 1 in UC patients.''¢

Nonresponse to biological treatment was defined as
failure to achieve those objectives (ie, primary nonresponse) or
loss of response, with relapse of clinical symptoms while on
treatment after an initial favorable response to induction and
maintenance therapy (ie, secondary loss of response), requiring
drug optimization including switch to another therapy or the
addition of corticosteroids or immunomodulators.' ¥

Biomarkers

Stool and blood samples were collected to quantify FC,
serum DPP-4, and CRP. For the first cohort, they were col-
lected at baseline; for the second cohort, 5 samples were col-
lected per patient at the time of infusion during evaluation at
several time points. Collected stool samples were kept at 4°C
(for a maximum of 48 hours) until shipment to the central
laboratory (Department of Pharmacology and Therapeutics,
Faculty of Medicine of University of Porto, Porto, Portugal).
Fecal calprotectin was extracted from stools within 7 days
after collection using the Fecal Sample Preparation Kit
(Roche Diagnostics, Mannheim, Germany) following the
manufacturers’ instructions and then stored at —80°C until
quantification. Fecal calprotectin concentrations were de-
termined using the automated fluoroimmunoassay-EliA test
(Phadia, ThermoFisher, Sweden). Blood samples were taken
by venipuncture after a minimum fasting of 6 hours. Blood
samples were processed within an hour of sampling (using

centrifugation at 2500g for 15 minutes at 4°C) and stored at
—~80°C until further analysis. Serum DPP-4 levels were meas-
ured using a quantitative enzyme-linked immunosorbent assay
(Sigma-Aldrich, St. Louis, MO, USA), according to the manu-
facturers’ instructions. Serum CRP levels were determined by
standard techniques. Laboratory investigators were blinded to
any clinical information about the patients.

Endoscopic Assessment

Endoscopic procedures (ileocolonoscopy, full colonos-
copy, or flexible sigmoidoscopy) were performed for some of
the patients of the first cohort at baseline in the setting of rou-
tine clinical practice, with the proceduralist blinded from the
biomarker’s results. The endoscopic reports (including photo-
graphs) were reviewed by an IBD physician (F.M.) to grade en-
doscopic activity.

In CD patients, endoscopic evaluation was based on
the presence or absence of ulceration, and endoscopic remis-
sion was defined as the resolution of ulceration at colonos-
copy."” Rutgeerts score was used as the standard evaluation of
postsurgical recurrences at the ileocolic anastomosis level in
CD patients. Scores of i0 or il were regarded as postsurgery re-
mission, and scores of i2, i3, or i4 were considered postsurgery
recurrence.”” In UC patients, endoscopic activity was assessed
according to the Mayo endoscopic score, which reflects the se-
verity of intestinal inflammation on colonoscopy as follows:
0 points, normal or inactive disease; | point, mild disease (er-
ythema, decreased vascular pattern, and mild friability); 2
points, moderate disease (marked erythema, absent vascular
pattern, friability, and erosions); and 3 points, severe disease
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(spontaneous bleeding and ulcerations). Endoscopic remission
was defined as a Mayo endoscopic score of 0.

Statistical Analyses

Categorical variables are described as absolute and rela-
tive frequencies and were analyzed using the Fisher exact test.
Continuous variables are presented as mean and standard de-
viation (for parametric data) or median and interquartile range
(in nonparametric distributions). Missing data (a few FC and
CRP determinations) were handled by exclusion.

Hypothesis testing was performed using unpaired 7 tests
or Mann-Whitney tests, as appropriate, taking into account
normality assumptions and the number of groups compared.
Correlation between variables was assessed using the Spearman
rank-order correlation test. Receiver operating characteristics
(ROC) curves were generated by plotting sensitivity against
specificity, and areas under the curve (AUC) were calculated
to determine the optimal cutoff points for the biomarkers of
interest. Kaplan-Meier curves of time to treatment escalation
were generated for all patients, and the log-rank test was used
for comparisons between groups. Patients who had no need for
treatment escalation during the study were censored at the end
of follow-up.

Statistical Package for Social Sciences, version 25.0 (IBM
SPSS Statistics for MacOS), and GraphPad Prism, version 7.00
for Mac OS X (GraphPad Software, La Jolla, CA, USA), were
used for the statistical analysis and plot design. In all cases, sig-
nificance was set at P < (0.05.

RESULTS

Cohorts’ Characterization and Disease Outcomes

The first study cohort consisted of 195 patients, of whom
101 had CD and 94 had UC (Table 1). Of these, 56.4% and
63.8% were in clinical remission, respectively. Age, sex, disease
duration, age at diagnosis, and the need for a previous surgical
resection were similarly distributed between patients in clinical
remission and those with clinical activity, except for the UC pa-
tients in clinical remission, who had significantly longer disease
duration and were mainly female. Interestingly, the Montreal
classification was similarly distributed between CD patients
in remission and those with clinical activity, but not between
UC patients. In the UC subgroup, the E3 category was more
frequent in clinically active patients, whereas the E1 and E2
categories were more frequent among remitters. Medication
was not significantly different between CD or UC patients. As
expected, the mean clinical activity score was higher in patients
with active disease when compared with those in clinical remis-
sion (HBI in CD patients: 7.6 £3.2vs 1.4 £ 1.3; P <0.001; pMS
in UC patients: 4.7 £ 2.3 vs 0.1 *+ 0.3; P < 0.001). Similarly,
therapeutic escalation during follow-up was more frequent in
patients with clinical activity at baseline (CD patients: 72.7%
vs 17.5%; P < 0.001; UC patients: 47.1% vs 6.7%; P < 0.001).
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The mean follow-up time (range) was 80 * 21 (25-102) weeks
among CD patients and 70 16 (29-92) weeks among UC pa-
tients. The 52 healthy controls recruited in the scope of this
study had an average (SD) age of 46.4 (18.6) years, the ma-
jority of them were female (57.7%), and a single healthy control
(1.9%) had undergone a previous surgical resection.

As mentioned before, the second cohort consisted of a
subgroup of the first cohort composed of patients enrolled
in the induction and maintenance phases of biological treat-
ment, in order to prospectively conduct a clinical and analyt-
ical (DPP-4, FC, CRP) evaluation, including 5 assessments per
patient. This cohort consisted of 46 patients, 24 with CD and
22 with UC; of these, 75.0% and 77.3% were in clinical remis-
sion at baseline, respectively. Age, sex, disease duration, age at
diagnosis, previous surgical resection, Montreal classification,
Montreal behavior, and medication at baseline were similarly
distributed between patients in clinical remission and those
with clinical activity (Supplementary Table 2). Crohn’s disease
patients in clinical remission were significantly younger at diag-
nosis (25.1 £ 9.6 vs 38.5 £ 18.1; P = 0.027). The mean clinical
activity score was higher in active disease patients (HBI in CD
patients: 5.8 £ 1.0 vs 1.6 £ 1.3; P <0.001; pMS in UC patients:
32+ 1.6vs 03 %0.5 P=0.016), as was the occurrence of
the need to escalate treatment (CD patients: 42.9% vs 18.9%;
P =0.022; UC patients: 48.1% vs 15.2%; P = 0.001).

Serum DPP-4 as a Marker of Disease Activity

Levels of blood and fecal biomarkers in the first cohort
are presented in Table 2. In both diseases, patients with clinical
activity had significantly higher serum CRP and FC levels and
lower serum DPP-4 when compared with those in clinical remis-
sion. Healthy controls had a median (interquartile range [IQR])
FC concentration of 30 (16-43) pg/g, which was lower than that
of CD and UC patients in clinical remission (P = 0.002 and
P = 0.014, respectively) and that of clinical activity (P < 0.001
and P < 0.001, respectively). Moreover, these control individ-
uals had a DPP-4 median concentration of 2175 (1875-3371)
ng/mL, which was higher than that of CD and UC patients in
clinical remission (P < 0.001 and P = 0.006, respectively) and
that of those with clinical activity (P < 0.001 and P < 0.001, re-
spectively). For both CD and UC patients, serum DPP-4 levels
were negatively correlated with FC, serum CRP, and the ac-
tivity index, whereas FC was positively correlated with serum
CRP and the activity index (Supplementary Table 3).

ROC curves computed using the data from the first co-
hort showed that serum DPP-4 is able to differentiate between
patients with clinical activity and those in clinical remission,
with AUCs of 0.81 (95% confidence interval [CI], 0.72-0.90;
P <0.001) for CD and 0.71 (95% CI, 0.60-0.82; P = 0.001) for
UC (Fig. 2). These AUCs were identical to or lower than those
calculated for FC (CD: 0.84; 95% CI, 0.75-0.92; P < 0.001;
UC: 0.91; 95% CI, 0.86-0.97; P < 0.001) and CRP (CD: 0.90;
95% CI, 0.83-0.97; P < 0.001; UC: 0.84; 95% CI, 0.75-0.93;
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FIGURE 2. Receiver operating characteristics curve analysis of serum DPP-4, FC, and serum CRP in predicting clinical activity in CD patients (A) and

UC patients (B) (first cohort, n = 195).

P < 0.001). Serum DPP-4 performs equally well in postoper-
ative CD patients, as evidenced by an identical AUC of 0.81
(95% CI, 0.65-0.97; P = 0.005).

Correlation of Serum DPP-4 With Endoscopic
Activity

During the recruitment period, 34 CD patients under-
went ileocolonoscopy or full colonoscopy; of these, 11 (32%)
had endoscopic remission and 23 (68%) had endoscopic ac-
tivity. Regarding UC patients, 34 underwent colonoscopy
or flexible sigmoidoscopy during the recruitment period.
According to Mayo endoscopic score, 14 patients (41%) had
endoscopic remission and 20 (59%) had endoscopic activity. In
both diseases, patients in the endoscopic activity group had sig-
nificantly higher serum CRP and FC levels and lower serum
DPP-4 when compared with those in the endoscopic remission
group (Table 2). Biomarker levels and clinical activity scores

(HBI and pMS) strongly correlated with the endoscopic ac-
tivity group (Supplementary Table 3).

ROC curves confirmed that serum DPP-4 could help
clinicians discriminate between patients with endoscopic ac-
tivity and those in remission, with high AUCs of 0.93 (95%
CI, 0.84-1.00; P <0.001) for CD and 0.79 (95% CI, 0.59-0.98;
P =0.010) for UC. These were generally higher than those cal-
culated for the clinical activity and remission groups.

The definition of optimal cutoff points (highest sum of
sensitivity and specificity) based on ROC curves (Fig. 3) showed
that CD patients, with serum DPP-4 levels >1534 ng/mL, FC
levels <146 ug/g, and serum CRP levels <4.3 mg/L, were in en-
doscopic remission in 35.9%., 39.0%, and 47.0% of the cases,
respectively. The proportion of UC patients in endoscopic re-
mission was 39.3% when serum DPP-4 levels were >1786 ng/
mL, 35.5% when FC levels were <106 ug/g, and 53.2% when
serum CRP levels were <3.5 mg/L.
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FIGURE 3. Receiver operating characteristics curve analysis of serum DPP-4, FC, and serum CRP in predicting endoscopic activity in CD patients (A)

and UC patients (B) (first cohort, n = 195).

Table 3 summarizes the sensitivity, specificity, negative/
positive predictive values (NPV/PPV), and negative/positive
likelihood ratios (NLR/PLR) to evaluate the performance of
the biomarkers of interest in the assessment of endoscopic ac-
tivity in the first cohort. These tests presented high sensitivity
(CD patients: DPP-4 [91.3%]; FC [86.4%)]; CRP [91.3%]; UC
patients: DPP-4 [89.5%]; FC [100.0%)]; CRP [80.0%)]).

A major proportion of IBD patients with active disease
did not present CRP elevation. In this population, it was evi-
denced that serum DPP-4 had a slightly better performance
than FC in the discrimination of endoscopic activity (AUC,
0.82; 95% CI, 0.70-0.94; P = 0.002; vs AUC, 0.77; 95% CI,
0.61-0.94; P = 0.009) (Supplementary Fig. 1).

Serum DPP-4 as a Predictor of the Need for

Therapeutic Escalation
ROC analysis from the first cohort showed that serum
DPP-4 at baseline may help clinicians discriminate between
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patients who require treatment escalation and those who do not
require it, with AUCs of 0.79 (95% CI, 0.69-0.88; P < 0.001) for
CD and 0.77 (95% CI, 0.67-0.87; P < 0.001) for UC (Fig. 4).
These AUCs were comparable to those calculated for FC (CD:
0.71;95% CI, 0.60-0.81; P < 0.001; UC: 0.81; 95% CI, 0.72-0.90;
P <0.001) and CRP (CD: 0.80; 95% CI, 0.71-0.89; P < 0.001;
UC: 0.74;95% CI, 0.61-0.87; P =0.001). These ROC curves were
used do define the optimal cutoff points (highest sum of sensi-
tivity and specificity). The time to treatment escalation in CD
patients, stratified according to these biomarker cutoff points, is
shown in Figure 5. This analysis showed that CD patients with
serum DPP-4 levels <1452 ng/mL, FC >840 pg/g, or serum CRP
>5.0 mg/L had a significantly shorter time to treatment escala-
tion (P < 0.001). After 1 year, 62.2% of CD patients with DPP-4
levels below the cutoff (ie, 1452 ng/mL) had escalated treatment,
whereas only 7.8% of those with DPP-4 levels above the cutoff
had done so. Moreover, the simultaneous presence of 3 pos-
itive biomarkers (ie, indicative of worse outcome according to
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TABLE 3. Blood and Fecal Biomarker Performance (95% Cl) in the Assessment of Endoscopic Activity (First

Cohort, n=195)

Crohn’s Disease

Sensitivity, % Specificity, % PPV, % NPV, % PLR NLR
DPP-4 < 1534 ng/mL 91.3(72.0-98.9) 88.9 (51.8-99.7) 95.5(76.7-99.3) 80.0 (51.1-93.9) 8.2(1.3-52.4) 0.1(0.0-0.4)
FC > 146 pg/g 86.4 (65.1-97.1) 63.6 (30.8-89.1) 82.6 (68.1-91.4) 70.0 (42.7-88.0) 2.4(1.1-5.3) 0.2 (0.1-0.7)
CRP > 4.3 mg/L 91.3(72.0-98.9) 72.7 (39.0-94.0) 87.5(72.6-94.9) 80.0 (50.3-94.0) 3.4(1.3-8.9) 0.1 (0.0-0.5)
Ulcerative Colitis
Sensitivity, % Specificity, % PPV, % NPV, % PLR NLR
DPP-4 < 1786 ng/mL 89.5(66.9-98.7) 63.6 (30.8-89.1) 81.0 (65.7-90.4) 77.8 (46.7-93.3) 2.5(1.1-5.5) 0.2 (0.0-0.7)
FC > 106 pg/g 100.0 (83.2-100.0) 85.7 (57.2-98.2) 90.9 (73.5-97.3) 100 7.0 (1.9-25.3) 0
CRP > 3.5 mg/L 80.0 (56.3-94.3) 85.7 (57.2-98.2) 88.9 (68.5-96.7) 75.0 (54.9-88.1) 5.6 (1.5-20.6) 0.2 (0.1-0.6)
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FIGURE 4. Receiver operating characteristics curve analysis of serum DPP-4, FC, and serum CRP in predicting treatment escalation in CD patients (A)

and UC patients (B) (first cohort, n = 195).
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FIGURE 5. Kaplan-Meier cumulative event curves of time to predict treatment escalation in CD patients (A) and UC patients (B) (first cohort, n = 195).In CD
patients (A), a single marker represents either DPP-4 <1452 ng/mL or FC >840 ug/g or CRP >5.0 mg/L. Two markers represent a combination of 2 of the cat-
egorical variables as a combined biomarker. Three markers represent DPP-4 <1452 ng/mL and FC >840 ug/g and CRP >5.0 mg/L as a combined biomarker.

In UC patients (B), a single marker represents either DPP-4 <1472 ng/mL or FC >785 pg/g or CRP >6.0 mg/L. Two markers represent a combination of 2 of the
categorical variables as a combined biomarker. Three markers represent DPP-4 <1472 ng/mL and FC >785 pug/g and CRP >6.0 mg/L as a combined biomarker.
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the cutoffs) was also associated with a significantly shorter time
to treatment escalation: 80.0% of patients with 3 positive bio-
markers had escalated treatment after 1 year, whereas only 3.3%
of patients with 3 negative biomarkers had done so.

Patients with UC showed similar results (Fig. 5), and
those with serum DPP-4 levels <1472 ng/mL, FC >785 pg/g,
or serum CRP >6.0 mg/L showed a significantly shorter time
to treatment escalation (P < 0.001). After 1 year, 36.3% of
all patients with DPP-4 levels below the cutoff had escalated
treatment vs only 4.1% of all patients with DPP-4 levels above
the cutoff. Furthermore, 85.0% of patients with all 3 positive
biomarkers had escalated treatment after 1 year, whereas none
of the patients with negative biomarker levels had done so.
These tests displayed high NPV, which was more pronounced
among UC patients (DPP-4 [92.0%]; FC [92.3%]; CRP [90.5%])
than CD patients (DPP-4 [85.0%]; FC [70.8%]; CRP [84.0%]),
demonstrating that a large proportion of patients with negative
tests did not need to escalate therapy (Table 4).

Serum DPP-4 as a Marker of Response to
Biological Treatment

The second cohort, consisting of biologically treated
patients in the induction and maintenance phases, was
stratified into responders/nonresponders to determine the
presence of significant differences in the levels of the bio-
markers of interest (Supplementary Table 4). All patients
had 5 measurements of biomarkers; whenever the first de-
termination was before the beginning of induction, the as-
sessment was not considered for analysis. Overall, the median
serum DPP-4 levels were significantly higher in responders;
this difference was more pronounced among UC (1467 ng/
mL vs 1211 ng/mL; P < 0.001) than CD patients (1385 ng/
mL vs 1134 ng/mL; P = 0.015). Fecal calprotectin levels
were also significantly different between IBD responders and
nonresponders, whereas CRP levels were significantly higher

in CD nonresponders (compared with responders) but not in
UC nonresponders. ROC analysis of DPP-4, FC, and CRP
in predicting response to treatment in IBD patients showed
that the 3 biomarkers have a similar ability to distinguish
between IBD responders and nonresponders, with AUCs
of 0.68 (0.61-0.75; P < 0.001) for DPP-4, 0.76 (0.70-0.83;
P <0.001) for FC, and 0.67 (0.60-0.74; P < 0.001) for CRP
(Supplementary Fig. 2).

DISCUSSION

The use of clinical parameters to ascertain remission
in IBD patients is challenging, as they tend to be more of a
subjective indicator of patient well-being than an objective
assessment of intestinal inflammation and response to treat-
ment. Nonetheless, early detection of persistent activity is of
the utmost importance in clinical practice, as this often predicts
the need to escalate therapy and/or to undergo a surgical resec-
tion.'” Such prediction may allow clinicians to optimize their
therapeutic approach in a preventive fashion, thereby avoiding
disease progression.'®

The gold standard procedure used to evaluate mu-
cosal inflammatory levels—endoscopic analysis—is invasive.
Therefore, there is an urgent need to find and validate noninva-
sive biomarkers that can be easily extracted and quantified from
blood or fecal samples, along with which levels can accurately
indicate the degree of disease activity. This study is, to the best
of our knowledge, the first to explore the potential of serum
DPP-4 as a biomarker of IBD disease activity and prognosis.
Our results are promising: Lower levels of serum DPP-4 were
significantly associated with disease activity in both CD and
UC patients, as were higher levels of 2 other currently known
biomarkers (FC and CRP). Moreover, serum DPP-4 was in-
versely correlated both with disease activity scores (HBI and
pMS) and endoscopic activity groups, a correlation that was
shown to be stronger in CD patients than in UC patients. The

TABLE 4. Blood and Fecal Biomarker Performance (95% Cl) in the Assessment of Treatment Escalation (First Cohort,

n=195)
Crohn’s Disease
Sensitivity, % Specificity, % PPV, % NPV, % PLR NLR
DPP-4 < 1452 ng/mL 85.0(70.2-94.3) 65.4 (50.9-78.0) 65.4 (56.0-73.7) 85.0(72.5-92.4) 2.5(1.7-3.6) 0.2 (0.1-0.5)
FC > 840 pg/g 48.8 (32.9-64.9) 86.4 (75.0-94.0) 71.4 (55.0-83.7) 70.8 (63.9-76.9) 3.6(1.8-7.4) 0.6 (0.4-0.8)
CRP > 5.0 mg/L 81.0 (65.9-91.4) 72.4 (59.1-83.3) 68.0 (57.7-76.8) 84.0(73.4-90.9) 2.9(1.9-4.6) 0.3 (0.1-0.5)
Ulcerative Colitis
Sensitivity, % Specificity, % PPV, % NPV, % PLR NLR
DPP-4 < 1472 ng/mL 79.0 (54.4-93.9) 65.7 (53.4-76.7) 38.5(29.5-48.2) 92.0 (82.6-96.5) 2.3(1.5-3.4) 0.3 (0.1-0.8)
FC > 785 pg/g 75.0 (50.9-91.3) 82.2(71.5-90.2) 53.6 (39.9-66.8) 92.3 (84.8-96.3) 4.2(24-7.3) 0.3 (0.1-0.7)
CRP > 6.0 mg/L 70.0 (45.7-88.1) 77.0 (65.8-86.0) 45.2(33.2-57.7) 90.5 (82.8-94.9) 3.1(1.8-5.1) 0.4 (0.2-0.8)
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ROC curves confirmed that serum DPP-4 is able to distinguish
endoscopic activity scores better than clinical activity indices
(HBI and pMS).

Although published data regarding serum DPP-4 levels
among IBD patients are scarce, the few existing studies are
consistent with our results. In fact, Xiao et al. compared a
small number of IBD patients (5 with CD and 1 with UC)
with otherwise healthy subjects (n = 6) and reported signifi-
cantly lower serum DPP-4 activity among IBD patients.” In
another study, Hildebrandt et al. showed that DPP-4 activity
was significantly lower in 110 patients with IBD (63 with CD
and 47 with UC) when compared with 28 control subjects.®
Moreover, the same authors reported an inverse correlation
between serum DPP-4 activity and clinical activity scores,
such as the Crohn’s Disease Activity Index (CDAI) and the
Rachmilewitz score. Finally, Moran et al. reported the exist-
ence of significantly lower serum DPP-4 levels in 23 CD pa-
tients when compared with 17 otherwise healthy controls and
a negative correlation between serum DPP-4 levels and CRP’
A recent observational study by Abrahami et al. showed that
the use of DPP-4 inhibitors is associated with increased risk
of IBD in patients with type 2 diabetes, although the absolute
risk was small. The authors advised physicians to be aware of
this association and avoid using DPP-4 inhibitors in patients
with elevated risk of IBD.*' In contrast, an observational
study by Kim et al. concluded that DPP-4 inhibitor therapy
results in decreased risk of autoimmune diseases, including
IBD.?* Because of conflicting studies, a recent meta-analysis
of clinical trials and observational studies was conducted to
analyze the potential risk of IBD when comparing DPP-4 in-
hibitor therapy with controls in adult diabetes patients. Based
on a conservative random-effects analysis, DPP-4 inhibitors
do not appear to increase the risk of IBD, but long-term
postmarketing surveillance is warranted.”

Further studies are needed to understand the pathophys-
iological process(es) sustaining the association between de-
creased serum DPP-4 levels and active inflammation in IBD.
Two hypotheses can be outlined: Either reduced DPP-4 levels
are directly implicated in IBD pathogenesis, or their decrease is
part of a counter-regulatory mechanism that reduces the activa-
tion of the peptide hormones that participate in the inflamma-
tory cascade, thereby limiting the systemic immune response.

Our results show that serum DPP-4 is able to differentiate
between IBD patients in remission and those with active disease
(clinical and endoscopic activity), with low levels indicating
mucosal inflammation. Serum DPP-4 performed equally well
in postoperative CD patients. This marker also revealed added
benefit in IBD patients with normal CRP, as it was capable of
distinguishing endoscopic activity in this population (slightly
better than FC).

Baseline DPP-4 levels also proved to be important pre-
dictors of the need for treatment escalation in both CD and
UC. Moreover, these levels can be combined with the 2 known
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IBD biomarkers, CRP and FC, improving the power of this
prediction. Therefore, DPP-4 assessment can potentially be
used to predict disease course at an early stage to identify pa-
tients who would benefit from more aggressive therapy.

Finally, serum DPP-4 levels are also different between re-
sponders and nonresponders to biological therapy, both in CD
and UC patients, and these could be used to monitor response
to treatment, avoiding unnecessary exposure to futile treat-
ments and lowering the risk of adverse events.

Our study was prospectively designed, included a
multicentric cohort, and was, to the best of our knowledge,
the first to assess the potential of serum DPP-4 as a bio-
marker of treatment escalation and biological treatment re-
sponse in IBD patients. It should be acknowledged that both
cohorts were recruited from tertiary hospitals, and there-
fore our findings may not be applicable to the overall IBD
community.

CONCLUSIONS

Serum DPP-4 is a promising noninvasive biomarker of
IBD activity and biological treatment response and a predictor of
the need to escalate the therapeutic approach. As a blood-based
marker, DPP-4 (and CRP) offers a few advantages over FC, as not
all patients are able or willing to provide fecal samples. Blood sam-
ples, on the other hand, are relatively easy to obtain and process.

Pending further exploration and validation in larger
multicentric cohorts, our results suggest that serum DPP-4 can
be used to monitor IBD patients and to anticipate therapeutic
adjustments, reducing the frequency of invasive endoscopic
procedures and contributing to a preventive and targeted ther-
apeutic approach.

SUPPLEMENTARY DATA
Supplementary data are available at Inflammatory Bowel
Diseases online.
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Supplementary Table 1. STARD 2015: An updated list of essential items for reporting
diagnostic accuracy studies

Section & Topic

TITLE OR
ABSTRACT
1 Identification as a study of diagnostic accuracy using at least one measure of accuracy (such as
sensitivity, specificity, predictive values, or AUC)
ABSTRACT
2 Structured summary of study design, methods, results, and conclusions (for specific guidance, see
STARD for Abstracts)
INTRODUCTION
3 Scientific and clinical background, including the intended use and clinical role of the index test
4 Study objectives and hypotheses
METHODS
Study design 5 Whether data collection was planned before the index test and reference standard were performed
(prospective study) or after (retrospective study)
Participants 6 Eligibility criteria
7 On what basis potentially eligible participants were identified (such as symptoms, results from previous
tests, inclusion in registry)
8 Where and when potentially eligible participants were identified (setting, location and dates)
9 Whether participants formed a consecutive, random or convenience series
Test methods 10a : Index test, in sufficient detail to allow replication
10b : Reference standard, in sufficient detail to allow replication
11 Rationale for choosing the reference standard (if alternatives exist)
12a : Definition of and rationale for test positivity cut-offs or result categories of the index test, distinguishing
pre-specified from exploratory
12b : Definition of and rationale for test positivity cut-offs or result categories of the reference standard,
distinguishing pre-specified from exploratory
13a ;| Whether clinical information and reference standard results were available to the performers/readers of
the index test
13b | Whether clinical information and index test results were available to the assessors of the reference
standard
Analysis 14 Methods for estimating or comparing measures of diagnostic accuracy
15 : How indeterminate index test or reference standard results were handled
16 How missing data on the index test and reference standard were handled
17 Any analyses of variability in diagnostic accuracy, distinguishing pre-specified from exploratory
18 Intended sample size and how it was determined
RESULTS
Participants 19 Flow of participants, using a diagram
20 Baseline demographic and clinical characteristics of participants
21a : Distribution of severity of disease in those with the target condition
21b : Distribution of alternative diagnoses in those without the target condition
22 Time interval and any clinical interventions between index test and reference standard
Test results 23 Cross tabulation of the index test results (or their distribution) by the results of the reference standard
24 Estimates of diagnostic accuracy and their precision (such as 95% confidence intervals)
25 Any adverse events from performing the index test or the reference standard
DISCUSSION
26 Study limitations, including sources of potential bias, statistical uncertainty, and generalizability
27 Implications for practice, including the intended use and clinical role of the index test
OTHER
INFORMATION
28 Registration number and name of registry
29 ‘Where the full study protocol can be accessed
30 Sources of funding and other support; role of funders
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Supplementary Table 2. Demographic and clinical characteristics of the study

population in the 2"¢ cohort (N=46).

Crohn’s disease

Ulcerative colitis

Clinical Clinical Clinical Clinical
remission activity P-value remission activity P-value
(n=18) (n=6) (n=17) (n=5)

Age, yr, mean = SD 344+83 54.0+9.8 <0.001 Age, yr, mean + SD 424 +16.7 43(')(?; 0.936
Female, n (%) 11 (61.1) 2(33.3) 0.357 Female, n (%) 10 (58.8) 1(20.0) 0.311
Discase QUratio’ ¥, gex67  1S2E oo4g  DUeMeCUmHOYL  gri56 72540 0707
(SRR anag F o CEUEEE oqmm BE ows
fe’:evc‘;:::s:’(%}:;' 4222)  3(500) 0318 :’;;fg::sl‘:'(%;:)‘" 1(5.9) 0 1.000
Acivityseore (HBD. 16513 58210 <0001 3)“;;;‘)‘-‘/';22? LD 03£05  32£16 0016
Montreal location * Montreal extent ®

L1 #L4, n (%) 7(38.9) 3 (50.0) El, n (%) 0 0

L2 +14,n (%) 3(16.7) 2(33.3) E2, n (%) 8 (47.1) 4(80.0) 0.323

L3 +14,n (%) 8 (44.4) 1(16.7) 0430 E3, n (%) 9(52.9) 1 (20.0)

L4, n (%) 0 0
Montreal behavior ¢

BI, n (%) 7 (38.9) 2(33.3)

B2, n (%) 6(33.3) 3(50.0) 0.744

B3, n (%) 5(27.8) 1(16.7)
Perianal disease, n (%) 7 (38.9) 4 (66.7) 0.357
Medications at baseline
5-A54, n (%) 1(5.6) 0 1.000  5-4SA4, n (%) 6(35.3) 1(20.0) 1.000
Azathioprine, n (%) 8 (44.4) 4 (66.7) 0.640  Azathioprine, n (%) 9(52.9) 2 (40.0) 1.000
Methotrexate, n (%) 1(5.6) 1(16.7) 0.446 Methotrexate, n (%) 1(5.9) 0 1.000
ﬁzlogfc treatment, n 18 (100) 6 (100) _ ﬁzlogic treatment, n 17 (100) 5(100) _
Therapetic 4(222)  3(500) 0307  Therapeutic 3(17.6) 3(600)  0.100

escalation, n (%)

escalation, n (%)

2L1 — ileal; L2 — colonic; L3 — ileocolonic; L4 — upper disease
YE1 — proctitis; E2 — left sided colitis; E3 — pancolitis
¢B1 — non-stricturing, non-penetrating; B2 — stricturing; B3 — penetrating; P — perianal disease; 5-ASA — 5
aminosalicylic acid; HBI — Harvey-Bradshaw index; pMS — partial Mayo Score; SD — Standard deviation
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Supplementary Table 3. Correlation coefficient (R Spearman) between biomarkers,
clinical indexes and endoscopic activity (1% cohort, N=195).

Parameters (I({:(;:)l;ixl:i(;:) P-value
DPP-4 vs FC (n=91) -0.55 <0.001
DPP-4 vs CRP (n=91) -0.54 <0.001
DPP-4 vs HBI (n=92) -0.47 <0.001
FC vs HBI (n=100) 0.57 <0.001
Crohn’s disease CRP vs HBI (n=100) 0.67 <0.001
DPP-4 vs E?rii:;;())pic activity - 0.67 <0.001
FC vs Endoscopic activity (n=33) 0.64 <0.001
CRP vs Endoscopic activity (n=34) 0.66 <0.001
HBI vs Endoscopic activity (n=34) 0.72 <0.001
DPP-4 vs FC (n=88) -0.36 0.001
DPP-4 vs CRP (n=89) -0.25 0.017
DPP-4 vs pMS (n=89) -0.43 <0.001
FC vs pMS (n=93) 0.72 <0.001
Ulcerative colitis CRP vs pMS (n=94) 0.60 <0.001
DPP-4 vs Endi)scopic activity 048 0.008
(n=30)
FC vs Endoscopic activity (n=34) 0.82 <0.001
CRP vs Endoscopic activity (n=34) 0.68 <0.001
pMS vs Endoscopic activity (n=34) 0.83 <0.001

CRP — C-reactive protein; DPP-4 — Dipeptidyl peptidase 4; FC — Fecal calprotectin; HBI — Harvey-Bradshaw index;
pMS — partial Mayo Score
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Supplementary Table 4. Levels of biomarkers during the study, stratified by response to

biological treatment (2" cohort, N=46).

Crohn’s disease Ulcerative colitis
Responders Non-responders Responders Non-responders

(n=9) (n=15) P-value (n=8) (n=14) P-value
DPP-4
(ng/mL), 1385 (1185-1592) 1134 (975-1469) 0.015 1467 (1301-1641) 1211 (1011-1448)  <0.001
median (IQR)
FC (ng/9),
median (IQR) 90 (34-278) 510 (229-832) <0.001 178 (51-560) 675 (271-923) <0.001
CRP (mg/L), . : g
median (IQR) 1.1(0.6-3.1) 5.2(2.9-10.1) <0.001 2.7(1.6-4.3) 2.6 (1.3-10.1) 0.698

CRP — C-reactive protein; DPP-4 — Dipeptidyl peptidase 4; FC — Fecal calprotectin; IQR — Interquartile range

63



64

Supplementary figure 1. Receiver operating curve (ROC) analysis of serum dipeptidyl
peptidase 4 (DPP-4) and fecal calprotectin (FC) in predicting endoscopic activity in IBD
patients with normal CRP (1% cohort, N=195).

AUC — Area under the Curve; CI — Confidence interval
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Supplementary figure 2. Receiver operating curve (ROC) analysis of serum dipeptidyl
peptidase 4 (DPP-4), fecal calprotectin (FC) and serum C-reactive protein (CRP) in
predicting response to treatment in IBD patients (2"¢ cohort, N=46).

AUC — Area under the Curve; CI — Confidence interval
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ARTICLE

Fecal Dipeptidyl Peptidase-4: An Emergent Biomarker in
Inflammatory Bowel Disease

Pedro Pinto-Lopes, MD, MSc!23, Francisco Melo, MD, MSc3, Joana Afonso, PhD3#, Rui Pinto-Lopes, MD, MSc®, Cétia Rocha, MSc35,
Daniel Melo, MD, MSc?, Guilherme Macedo, MD, PhD8, Claudia Camila Dias, PhD®1°, Fatima Carneiro, MD, PhD7!! and
Fernando Magro, MD, PhD3##12 for the Portuguese IBD Study Group (GEDII)

INTRODUCTION: Dipeptidyl peptidase-4 (DPP-4) is a membrane-bound glycoprotein that acts as a receptor but also
exists in a soluble form. It has been recognized as a mediator of inflammation and considered a
biomarker in inflammatory bowel disease (IBD).

METHODS: We evaluated a prospectively recruited cohort, consisting of 101 patients with IBD, using validated
clinical indexes; 22 patients with ulcerative colitis (UC) underwent endoscopic evaluation. Fecal DPP-4
(fDPP-4) levels were analyzed and correlated with clinical scores, Mayo endoscopic score (in UC
patients), serum DPP-4, C-reactive protein, and fecal calprotectin. Immunohistochemical staining for

DPP-4 in intestinal biopsies was also performed.

RESULTS: When compared with remitters, median fDPP-4 levels were higher in patients with ileal Crohn’s disease (CD)
(7,584[1,464-7,816] vs 2,104 [630-2,676]1 ng/mL, P= 0.015) and lower in patients with UC exhibiting
clinical activity (1,213 [559-1,682] vs 7,814 [2,555-7,985] ng/mL, P< 0.001). Patients with UC
presenting endoscopic activity also had lower levels than remitters (939 [559-1,420] vs 7,544
[4,531-7,940] ng/mL, P= 0.006). Fecal DPP-4 discriminated clinical activity from remission with areas
under the curve of 0.76 (95% confidence interval [CI] 0.58-0.94, P = 0.015) and 0.80 (95% Cl
0.68-0.93, P<0.001) inCDand UC, respectively; it allowed to differentiate endoscopic activity in patients
with UC, with areas under the curve of 0.84 (95% Cl 0.63-1.00, P = 0.009). Immunohistochemical
analysis revealed higher DPP-4 apical expression in UC remitters, but no statistically significant differences
were revealed between patients with ileal CD.

DISCUSSION:  Our results suggest that fDPP-4 can be used as a biomarker of IBD activity, particularly in UC. The
expression profiles in intestinal tissue might represent a functional compartmentalization of DPP-4

expression.

SUPPLEMENTARY MATERIAL accompanies this paper at http:/links.lww.com/CTG/A521

Clinical and Translational Gastroenterology 2021;12:¢00320. https://doi.org/10.14309/ctg.0000000000000320

INTRODUCTION

Inflammatory bowel disease (IBD) encompasses 2 main distinct
forms, Crohn’s disease (CD) and ulcerative colitis (UC). These
conditions are characterized by repeated episodes of mucosal
inflammation and result in marked alterations in intestinal
structure and function (1). Although the etiology of IBD is still

unknown, the most accepted hypothesis states that the disease is
initiated and maintained by an inappropriate immune response
to unknown environmental or microbial antigen(s) in genetically
susceptible individuals (1).

Although the diagnosis of IBD is still a challenge, over the past
few years, several studies managed to identify key molecules
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involved in IBD pathogenesis. In this context, dipeptidyl peptidase-
4 (DPP-4) emerged as a potential noninvasive biomarker of IBD
activity and as a monitoring tool of the response to biological
treatments (2). DPP-4, also known as the cell surface antigen CD26,
is a transmembrane glycoprotein expressed in numerous tissues,
including intestinal brush border membrane and cells of the im-
mune system (3,4). Its activity and expression have been studied in
epithelial cells from different regions of the human small intestine
and colon. Protein activity and expression levels are high in the
ileum and jejunum, low in the duodenum, and not detectable in the
colon (5). DPP-4 is also present in a soluble form believed to result
from specific proteolytic cleavage of the membrane-bound form,
through a process called shedding, mediated by various enzymes in
a cell type-specific manner (6). Potent cytokines such as RANTES
(regulated on activation, normal T cell expressed, and secreted) and
tumor necrosis factor-a (TNF-a) are some of the substrates de-
scribed for DPP-4, suggesting a complex immunomodulatory role
of DPP-4 in serum (7-10).

Although published data regarding DPP-4 expression among
patients with IBD are scarce, a few studies demonstrated that
when compared with healthy controls, patients with IBD present
lower levels of circulating/serum DPP-4 and higher membrane
expression of CD26 in T lymphocytes (11-13). DPP-4/CD26 was
associated to the pathogenesis of IBD because of its involvement
in immune regulation, extracellular matrix formation, and tissue
remodeling. Our group also demonstrated that serum DPP-4
(sDPP-4) is able to discriminate patients with IBD in remission
from those with active disease (clinical and endoscopic activity),
with low levels indicating mucosal inflammation. Baseline sDPP-
4 levels proved to be important predictors for treatment escala-
tion and showed to be useful to monitoring response to IBD
treatment, thus avoiding unnecessary treatments and lowering
the risk of adverse events (2).

In this context and considering the demonstrated data about
the different expression profiles of DPP-4 in patients with IBD,
the study of the correlation of fecal DPP-4 (fDPP-4) with IBD can
contribute to further explain the role of this protein in this disease.

This prospective study aims to clarify the role of fDPP-4 as a
biomarker of IBD activity and to correlate it with clinical param-
eters and other biomarkers, namely: sDPP-4, fecal calprotectin
(FC), and C-reactive protein (CRP). In addition, our study intends
to assess the mechanisms underlying the variations of DPP-4 ex-
pression levels in IBD, through the evaluation of the expression of
DPP-4/CD26, in intestinal samples of patients with IBD.

MATERIAL AND METHODS

Patients and study design

This study included 101 patients diagnosed with CD and UC
previously recruited for another study performed by our re-
search group (2). The cohort included active and remitting
patients with IBD attending routine outpatient consultations or
who were admitted to the hospital because of an IBD flare. A
control group of 40 healthy volunteers was recruited from
phlebotomy clinics for blood and fecal samples collection pur-
poses. These were randomly selected after screening with a
standardized questionnaire to ensure no medical history of IBD.
An additional 10 individuals who underwent ileocolonoscopy
for non-IBD/noninflammatory diseases were included for im-
munohistochemical analysis. Inclusion and exclusion criteria
have been previously described (2). The local Research Ethics
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Committee granted approval for this study. All patients signed
an informed written consent.

Demographic and clinical data were collected at baseline.
Disease location and clinical phenotypes were evaluated with the
Montreal classification (14). Disease activity was assessed using
the Harvey-Bradshaw index (HBI) (15) (clinical remission <4)
for patients with CD and the partial Mayo Score (pMS) (16)
(clinical remission =1) for patients with UC.

This article was designed to meet the Standards for Reporting
Diagnostic Accuracy requirements (see Supplementary Table 1,
Supplementary Digital Content 1, http://links.lww.com/CTG/A521).

Biomarkers assessment
Stool samples were collected and kept at 4 °C, for a maximum of
48 hours, until shipment to the laboratory. Fecal DPP-4 was
extracted from stool samples, within a maximum of 7 days after
collection using the Fecal Sample Preparation kit (Roche Diag-
nostics, Mannheim, Germany) and stored at —80 °C until
quantification. These fecal samples underwent only one freeze-
thaw cycle. DPP-4 levels were measured using a quantitative
enzyme-linked immunosorbent assay (Sigma-Aldrich, St. Louis,
MO), according to the manufacturers’ instructions.

The protocols for the measurement of fecal calprotectin,
sDPP-4, and serum C-reactive protein were followed as described
in a previous study (2).

Endoscopic assessment

Endoscopic procedures were performed on some of the patients
in the context of a previous study, with the endoscopist blinded
for the biomarker results (2). The endoscopic reports (including
photographs) were reviewed by an IBD physician (F.M.) to grade
endoscopic activity. Because of the low number of patients with
ileal CD with endoscopic evaluation, the authors used these data
only for patients with UC. In these patients, endoscopic activity
was assessed according to the Mayo endoscopic score, which
reflects the severity of intestinal inflammation on colonoscopy as
follows: 0 points, normal or inactive disease; 1 point, mild disease
(erythema, decreased vascular pattern, and mild friability); 2
points, moderate disease (marked erythema, absent vascular
pattern, friability, and erosions); and 3 points, severe disease
(spontaneous bleeding and ulcerations). Endoscopic remission
was defined as a Mayo endoscopic score of 0 (17).

Immunohistochemical assessment

Biopsies and surgical resections of small intestine and colon from
25 patients with IBD (UC: 13 colon samples; CD: 12 ileum
samples) and 10 healthy volunteers (5 ileum and 5 colon samples)
were managed following conventional protocols. Immunohisto-
chemical staining for DPP-4/CD26 was carried out in formalin-
fixed and paraffin-embedded tissues. These were immunostained
with a monoclonal antibody specific for DPP-4/CD26 (Novus
Biologicals NB 100-59021, rabbit anti-human, working dilution
1:800) using the BenchMark ULTRA automatic system (Ventana
Medical Systems, Oro Valley, AZ). Reactions were revealed using
the UltraView Universal DAB (Ventana Medical Systems). Im-
munohistochemical expression of DPP-4/CD26 was evaluated in
the epithelial apical side, cytoplasm, and remaining membrane.
Membranous and cytoplasmic expression of DPP-4 was semi-
quantitatively analyzed. The scoring system was mainly based on
membranous staining: 0, no membranous staining of epithelial
cells; 1+, membrane staining in up to 25% of epithelial cells; +2,
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Table 2. Clinical scores and fDPP-4 levels in IBD patients

uc cD
Clinical
Clinical remission Clinical activity remission  Clinical activity
(n = 29) (n=22) (n=23) (n=27) P
Clinical activity score (pMS), 0 (0-0) 5(3-7) <0.001 Clinical activity score (HBI), 1(0-2) 7 (6-9) <0.001
median (IQR) median (IQR)
fDPP-4 (ng/mL), 7814 1,213 (559-1,682) <0.001 fDPP-4 (ng/mL), median 2,104 2,964 0.142
median (IQR) (2,555-7,985) (IQR) (630-3,269)  (811-7,782)
E2 7,791 894 (564-1,682) 0.039 L1 2,104 7,584 0.015
(2,880-7,981) (630-2,676) (1,464-7,816)
E3 7,824 1,235(559-1,514)  0.009 L3 1,393 900 0.669
(4,623-7,992) (434-5,290)  (347-7,645)
uc
Endoscop Endoscop
remission (n = 8)  activity (n = 14)
fDPP-4 (ng/mL), median 7,544 939 (559-1,420) 0.006

(IQR) (4,531-7,940)

El, L2 and L4 patients were excluded from subgroup analysis because of a low number of patients in these categories.

E2—Ileft sided colitis; E3—pancolitis; L1—ileal; L3—ileocolonic.

CD, Crohn's disease; fDPP-4, fecal dipeptidyl peptidase-4; HBI, Harvey-Bradshaw index; IQR, interquartile range; pMS, partial Mayo score; UC, Ulcerative colitis.

membrane staining observed in 26%-50% of epithelial cells; and
+3, membrane staining in >50% of epithelial cells.

Statistical analyses

Categorical variables are described as absolute and relative fre-
quencies and analyzed using Fisher exact tests. Continuous vari-
ables are presented as median and interquartile range (for
asymmetrical distributions). When testing hypothesis concerning
continuous variables, the nonparametric Mann-Whitney test was
used as appropriate, taking into account normality assumptions
and the number of compared groups. Correlation between vari-
ables was assessed using the Spearman rank-order correlation test.
Receiver operating characteristics (ROC) curves were generated by
plotting sensitivity against specificity, and the areas under the curve
(AUC) were calculated. The level of statistical significance was set
at 0.05. Statistical Package for Social Sciences V.25.0 (IBM SPSS
Statistics for MacOS, Armonk, NY) and GraphPad Prism V.8.00
for Mac OS X (GraphPad Software, La Jolla, CA) were used for the
statistical analysis and plot design.

RESULTS

Cohort characterization and disease outcomes

The cohort enrolled in this study included 101 patients with IBD
(50 with CD and 51 with UC), and 40 healthy controls; of the
former, 46% of the patients with CD and 57% of the patients with
UC were in clinical remission (Table 1). Age, sex, disease duration,
age at diagnosis, and need for previous surgical resection were
similarly distributed among the groups, except for patients with
CD in clinical remission, who had significantly longer disease
duration. Montreal classification was equally balanced between
patients with CD in remission and with active disease, but not
between patients with UC: the E3 category was more frequent in
patients with active disease (77%), whereas E1 and E2 categories
were more frequent among remitters (14% and 59%, respectively).

Clinical and Tr

1 Gast terology

As for medication, remitters were mainly patients with CD and UC
on 5-amino-salicylic acid (30% and 86%, respectively).

The main outcomes of the study are described in Table 2.
Twenty-two patients with UC underwent colonoscopy, and
according to the Mayo endoscopic score, 8 patients (36%) were in
endoscopic remission and 14 (64%) had endoscopic activity.

Fecal DPP-4 levels were lower in patients with UC with clinical
activity comparing with remitters (1,213 [559-1,682] vs 7,814
[2,555-7,985] ng/mL, P < 0.001) and healthy controls (1,213
[559-1,682] vs 2,842 [1,570-5,712] ng/mL, P = 0.019). However,
remitters presented higher levels of f{DPP-4 than healthy controls
(7,814 [2,555-7,985] vs 2,842 [1,570-5,712] ng/mL, P = 0.006).
Patients with UC exhibiting endoscopic activity also had lower
levels than remitters (939 [559-1,420] vs 7,544 [4,531-7,940]
ng/mL, P = 0.006) and healthy controls (939 [559-1,420] vs 2,842
[1,570-5,712] ng/mL, P = 0.004). CD patients with active ileal
disease showed higher fDPP-4 than those in remission (7,584
[1,464-7,816] vs 2,104 [630-2,676] ng/mL, P = 0.015). No statis-
tically significant differences were found among ileocolonic pa-
tients with CD (clinical remission: 1,393 [434-5,290] ng/mL vs
clinical activity: 900 [347-7,645] ng/mL, P = 0.669), between pa-
tients with active ileal CD and healthy controls (7,584
[1,464-7,816] vs 2,842 [1,570-5,712] ng/mL, P = 0.086), and be-
tween patients with ileal CD in clinical remission and healthy
controls (2,104 [630-2,676] ng/mL vs 2,842 [1,570-5,712] ng/mL,
P = 0.061) (Table 2 and Figure 1).

ROC curves confirmed that in UC (Figure 2a), f{DPP-4 is able
to discriminate between (i) healthy controls and patients in
clinical remission and with clinical activity, with an AUC 0f 0.70
(95% confidence interval [CI] 0.56-0.84, P = 0.006) and 0.68
(95% CI10.53-0.84, P = 0.019), respectively (Figure 2, 1.2 and 1.3);
(ii) healthy controls and patients with endoscopic activity, with an
AUC of 0.76 (95% CI 0.61-0.91, P = 0.004) (Figure 2, 2.3); (iii)
patients with clinical activity and remitters, with an AUC of 0.80
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Figure 1. Comparison of median fecal DPP-4 levels in healthy controls and
patients with UC regarding clinical activity (a) and endoscopic activity (b)
and in healthy controls and patients with ileal CD regarding clinical activity
(c). CD, Crohn’s disease; DPP-4, dipeptidyl peptidase-4; UC, ulcerative
colitis.

(95% CI 0.68-0.93, P < 0.001) (Figure 2, 1.1); and (iv) patients
with endoscopic activity and those in endoscopic remission, with
an AUC of 0.84 (95% CI 0.63-1.00, P = 0.009) (Figure 2, 2.1).
ROC curves also showed that in patients with ileal CD (Figure 2b),
fDPP-4 can discriminate remitters from patients with clinical
activity, with an AUC of 0.76 (95% CI 0.58-0.94, P = 0.015)
(Figure 2, 3.1).

In patients with UC, fDPP-4 correlated positively with sDPP-4
(r = 0.52, P < 0.001) and CD26 intestinal immunostaining (r =
0.54, P = 0.049) and inversely correlated with other biomarkers
such as FC (r = —0.43, P = 0.001) and serum CRP (r = —0.32,
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P = 0.022), as well as with pMS (r = —0.51, P < 0.001) and Mayo
endoscopic score (r = —0.57, P = 0.005). In this group of pa-
tients, SDPP-4 correlated directly with CD26 intestinal expres-
sion (r = 0.72, P = 0.006). Patients with CD, with ileal
involvement, presented a direct correlation between fDPP-4 and
CRP (r = 0.43, P = 0.018) and between sDPP-4 and CD26 in-
testinal expression (r = 0.64, P = 0.025) (Table 3).

DPP-4/CD26 immunohistochemical evaluation

Figure 3 shows an example of the immunohistochemical ex-
pression of DPP-4/CD26 in healthy volunteers and in patients
with IBD. Normal colon mucosa (Figure 3, 1A) did not express
DPP-4/CD26, whereas the ileum (Figure 3, 2A) displayed pos-
itive luminal membrane reinforcement (P = 0.002). Sixty per-
cent of the patients with UC in clinical remission (n = 5)
presented some degree of apical DPP-4/CD26 expression
(Figure 3, 1B) compared with none of those with clinical activity
(n = 8) (P = 0.012) (Figure 3, 1C). All patients with CD with
ileal disease in clinical remission (n = 5) showed high apical
DPP-4/CD26 expression, in contrast to 29% of the patients with
CD with clinical activity (n = 7) (Figure 3, 2B and 2C); never-
theless, these differences did not reach statistical significance
(P = 0.190). Although cytoplasm and basolateral membrane
were always negative for DPP-4/CD26 expression, lymphocytes
of lamina propria were positive for this marker in all cases, as
expected (see Supplementary Table 2, Supplementary Digital
Content, http://links.lww.com/CTG/A521).

DISCUSSION

In this prospective study, we explored, for the first time, the po-
tential of fDPP-4 as a biomarker of IBD activity. To further un-
derstand the role of DPP-4 in IBD, we evaluated the expression of
DPP-4/CD26 in biopsies and surgical resections of small intestine
and colon from patients with IBD and healthy volunteers.

Our study evidenced that fDPP-4 levels were lower in patients
with UC with clinical and endoscopic activity compared with
those in remission. Conversely, ileal patients with CD with clin-
ical activity presented higher fDPP-4 levels than remitters. ROC
curves confirmed that fDPP-4 is a biomarker able to discriminate
clinical activity in patients with IBD (UC and CD) and endo-
scopic activity in patients with UC. It correlated well with other
biomarkers such as sDPP-4, FC, and serum CRP and with clinical
and endoscopic activity scores in patients with UC. These results
resemble, in some way, those obtained in a previous study of our
group in which we proved that sDPP-4 was able to discriminate
IBD remitters from patients with active disease (clinical and en-
doscopic activity), with low levels indicating mucosal in-
flammation (2). In fact, in that study, lower levels of sSDPP-4 were
associated with disease activity, in both patients with CD and UC,
and sDPP-4 was inversely correlated with both disease activity
scores (HBI and pMS) and endoscopic activity groups. Experi-
mental and clinical studies on other diseases such as systemic
lupus erythematosus (18), rheumatoid arthritis (19), and co-
lorectal cancer (20) also reported changes in sDPP-4 activity.

Our study also aimed to contribute toward a deeper knowl-
edge on the mechanisms underlying the changes in DPP-4 levels
in patients with IBD and on the origin of f{DPP-4. Because free
DPP-4 s originated from the membrane bounded form, the study
of the shedding process is of utmost importance to clarify these
aspects (21). Although DPP-4 shedding is poorly understood,
recent studies attempted to unravel the molecular basis of this
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Figure 2. Receiver operating characteristics (ROC) curve analysis of fecal DPP-4 in predicting clinical and endoscopic activity in patients with UC (a) and
clinical activity in patients with ileal CD (b). 1.1—patients with UC in clinical remission vs patients with UC with clinical activity; 1.2—healthy controls vs
patients with UC in clinical remission; 1.3—healthy controls vs patients with UC with clinical activity; 2.1—patients with UC in endoscopic remission vs
patients with UC with endoscopic activity; 2.2—healthy controls vs patients with UC in endoscopic remission; 2.3—healthy controls vs patients with UC with
endoscopic activity; 3.1—patients with ileal CD in clinical remission vs patients with ileal CD with clinical activity; 3.2—healthy controls vs patients with ileal
CD in clinical remission; and 3.3—healthy controls vs patients with ileal CD with clinical activity. AUC, areas under the curve; CD, Crohn’s disease; Cl,
confidence interval; DPP-4, dipeptidyl peptidase-4; fDPP-4, fecal DPP-4; UC, ulcerative colitis.
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Table 3. Cormrelation coefficients (R Spearman) between DPP-4 and
other biomarkers, clinical indexes (HBI and pMS), Mayo endoscopic
score, and immunohistochemical expression in IBD patients

Correlation (r
Parameters spearman) P
uc fDPP-4 vs sDPP-4 (n = 51) 0.52 <0.001
fDPP-4 vs FC (n = 51) -0.43 0.001
fDPP-4 vs CRP (n = 51) -0.32 0.022
fDPP-4 vs pMS (n = 51) —-0.51 <0.001
fDPP-4 vs Mayo endoscopic -0.57 0.005
score (n = 22)
fDPP-4 vs DPP-4 intestinal 0.54 0.049
expression (n = 13)
sDPP-4 vs DPP-4 intestinal 0.72 0.006
expression (n = 13)
lleal  fDPP-4 vs sSDPP-4 (n = 30) -0.18 0.356
cD fDPP-4 vs FC (n = 30) 0.32 0.081
fDPP-4 vs CRP (n = 30) 0.43 0.018
fDPP-4 vs HBI (n = 30) 0.23 0.228
fDPP-4 vs DPP-4 intestinal —0.06 0.873
expression (n = 10)
sDPP-4 vs DPP-4 intestinal 0.64 0.025

expression (n = 12)

CD, Crohn's disease; CRP, C-reactive protein; DPP-4, dipeptidyl peptidase-4;
FC, fecal calprotectin; fDPP-4, fecal dipeptidyl peptidase-4; HBI, Harvey-
Bradshaw index; pMS, partial Mayo Score; sDPP-4, serum dipeptidyl
peptidase-4; UC, ulcerative colitis.

phenomenon. Réhrborn et al. (6) showed that DPP-4 shedding is
based on a complex interplay between different matrix
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metalloproteases in a cell type-specific manner: MMP1, MMP2,
and MMP14 are involved in DPP-4 shedding from human vas-
cular smooth muscle cells and MMP9 from adipocytes. Nargis
et al. verified that in patients with type 2 diabetes mellitus, cir-
culatory Th17 cells express increased amounts of kallikrein-
related peptidase 5 that consequently cleaves DPP-4 from the
surface of Th17 cells, shedding them into circulation (22).

Although the knowledge on the tissues and cell types involved
in the generation of the soluble pool of DPP-4 is limited, bone
marrow derived cells, endothelium, adipocytes, enterocytes, and
hepatocytes have been identified as important sources (23). De-
spite these advances, the origin and regulation of the circulating
DPP-4 in various inflammatory diseases, including IBD, has not
yet been clarified.

In this context, our immunohistochemical assays, imple-
mented to evaluate the location and expression of DPP-4/CD26,
lead to improved knowledge on the origin of serum and fecal
DPP-4. The results obtained with healthy volunteers confirmed
those from previous studies: ileal mucosa, unlike colon mucosa,
expresses DPP-4/CD26 (4,5). We evidenced that DPP-4/CD26
is expressed in the lymphocytes of lamina propria in normal
mucosa and in the mucosa of patients with IBD. With these
results, we hypothesize that fDPP-4 is originated mainly by
shedding from small intestine enterocytes because epithelial
cells from normal colon mucosa did not express it. However, in
patients with IBD DPP-4/CD26 was expressed in colon mucosa
which also contributed to the pool of fDPP-4. UC and CD pa-
tients showed distinct inmunohistochemical patterns. Patients
with UC in remission presented higher immunohistochemical
expression of DPP-4/CD26 and higher levels of both fDPP-4
and sDPP-4. These results suggest that this receptor/enzyme can
be important to achieve and maintain remission in these

Figure 3. Immunohistochemical expression of DPP-4/CD26 in normal colon mucosa (1A, original magnification x40), UC in clinical remission (1B, original magnification
% 100), UC with clinical activity (1C, original magnification x100), normal ileum mucosa (2A, original magnification x40), ileal CD in clinical remission (2B, original
magnification x100), and ileal CD with clinical activity (2C, original magnification x40). CD, Crohn's disease; DPP-4, dipeptidyl peptidase-4; UC, ulcerative colitis.
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patients, with a protective role against relapses. On the contrary,
patients with CD with active ileitis presented lower sDPP-4 but
higher levels of fDPP-4, without differences in the intestinal
expression of DPP-4/CD26. We believe that this phenomenon
can be associated to a loss of the receptor/enzyme, from the
epithelium to the intestinal lumen. These observations might be
associated with increased levels and activity of the MMPs re-
sponsible for the shedding of biologically active proteins from
their membrane-anchored proforms. In fact, several animal
model experiments and analysis of IBD patient biopsies dem-
onstrated that the expression and activity of the MMPs is
upregulated in this disease, especially MMP1, MMP3, MMP9,
and MMP26 (24). Therefore, the different patterns of fecal and
serum DPP-4 expression might be reflecting such activity in
patients with IBD.

Through its enzymatic function, DPP-4 can modulate the ac-
tivity of several mediators of immunity and inflammation. There-
fore, we hypothesize that DPP-4 may be implicated in IBD
pathogenesis being responsible for activation of proinflammatory
or inactivation of anti-inflammatory mediators. Low levels of sDPP-
4, as evidenced in patients with active IBD, are believed to be part of
acounter-regulatory mechanism that could prevent the degradation
of anti-inflammatory peptides, promoting mucosal healing (13).

This study has a few limitations: (i) patients were recruited
from tertiary-level hospitals, and therefore, our findings may not
be applicable to the overall IBD community; (ii) only patients
with UC underwent endoscopic assessment; and (iii) the endo-
scopic evaluations and immunohistochemical assays were per-
formed in a small population, and thus, we anticipate that larger
prospective studies must be carried out to validate these results.

In conclusion, our results suggest that fDPP-4 can be used as a
noninvasive biomarker of IBD activity, particularly in patients
with UC. We believe that the expression profiles of DPP-4, pre-
viously described in other processes, are unlikely to represent
simple up/downregulations induced by inflammation. In fact, the
DPP-4 variations herein evidenced are governed by more com-
plex mechanisms, suggesting the existence of a functional com-
partmentalization of DPP-4 expression.
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Study Highlights
WHAT IS KNOWN

/ Dipeptidyl peptidase-4 (DPP-4) exhibit altered expression
profiles in patients with inflammatory bowel disease (IBD).
Serum DPP-4 is a biomarker of IBD activity and biological
treatment response and predictor of treatment escalation.

/ There are no published data about fecal DPP-4 or
immunohistochemical assays of DPP-4/CD26 in patients with
IBD.

WHAT IS NEW HERE

/ Fecal DPP-4 levels were higher in ileal Crohn's disease and
lower in patients with UC exhibiting clinical activity.

Patients with ulcerative colitis (UC) with endoscopic activity
had lower fecal DPP-4 levels than remitters.

/ Immunohistochemical analysis revealed aberrant DPP-4
apical expression in patients with UC in remission.

TRANSLATION IMPACT

\/ Fecal DPP-4 can be used as a noninvasive biomarker of IBD
activity, particularly in patients with UC.

Therapeutic decisions may be implemented early enough for
patients at higher risk of disease progression.
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Supplementary Table 1. STARD 2015: An updated list of essential items for reporting
diagnostic accuracy studies

Section & Topic

TITLE OR
ABSTRACT
1 Identification as a study of diagnostic accuracy using at least one measure of accuracy (such as
sensitivity, specificity, predictive values, or AUC)
ABSTRACT
2 Structured summary of study design, methods, results, and conclusions (for specific guidance, see
STARD for Abstracts)
INTRODUCTION
3 Scientific and clinical background, including the intended use and clinical role of the index test
4 Study objectives and hypotheses
METHODS
Study design 5 Whether data collection was planned before the index test and reference standard were performed
(prospective study) or after (retrospective study)
Participants 6 Eligibility criteria
7 On what basis potentially eligible participants were identified (such as symptoms, results from previous
tests, inclusion in registry)
8 Where and when potentially eligible participants were identified (setting, location and dates)
9 Whether participants formed a consecutive, random or convenience series
Test methods 10a | Index test, in sufficient detail to allow replication
10b : Reference standard, in sufficient detail to allow replication
11 Rationale for choosing the reference standard (if alternatives exist)
12a | Definition of and rationale for test positivity cut-offs or result categories of the index test, distinguishing
pre-specified from exploratory
12b : Definition of and rationale for test positivity cut-offs or result categories of the reference standard,
distinguishing pre-specified from exploratory
13a | Whether clinical information and reference standard results were available to the performers/readers of
the index test
13b | Whether clinical information and index test results were available to the assessors of the reference
standard
Analysis 14 : Methods for estimating or comparing measures of diagnostic accuracy
15 How indeterminate index test or reference standard results were handled
16 : How missing data on the index test and reference standard were handled
17 : Any analyses of variability in diagnostic accuracy, distinguishing pre-specified from exploratory
18 | Intended sample size and how it was determined
RESULTS
Participants 19 : Flow of participants, using a diagram
20 : Baseline demographic and clinical characteristics of participants
21a : Distribution of severity of disease in those with the target condition
21b : Distribution of alternative diagnoses in those without the target condition
22 : Time interval and any clinical interventions between index test and reference standard
Test results 23 Cross tabulation of the index test results (or their distribution) by the results of the reference standard
24 : Estimates of diagnostic accuracy and their precision (such as 95% confidence intervals)
25 : Any adverse events from performing the index test or the reference standard
DISCUSSION
26 Study limitations, including sources of potential bias, statistical uncertainty, and generalizability
27 : Implications for practice, including the intended use and clinical role of the index test
OTHER
INFORMATION
28 : Registration number and name of registry
29 : Where the full study protocol can be accessed
30 Sources of funding and other support; role of funders
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Supplementary table 2. Imnmunohistochemical expression in intestinal tissue of DPP-

4/CD26.

uc
Clinical remission Clinical activity
(n=5) (n=8) P-value
DPP-4/ CD26 (no IHC expression), n (%) 2 (40) 8 (100)
0.012
DPP-4/ CD26 (IHC expression), n (%) 3 (60) 0
lleal CD
Clinical remission Clinical activity
(n=5) (n=7) P-value
DPP-4/ CD26 (no IHC expression), n (%) 0 2(29)
0.190
DPP-4/ CD26 (IHC expression), n (%) 5(100) 5(71)
Healthy controls
lleum Colon
(n=5) (n=5) P-value
DPP-4/ CD26 (no IHC expression), n (%) 0 5(100)
0.002
DPP-4/ CD26 (IHC expression), n (%) 5(100) 0

IHC - Immunohistochemical
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Basic SCIENCE REVIEW ARTICLE

The Role of Dipeptidyl Peptidase 4 as a Therapeutic Target
and Serum Biomarker in Inflammatory Bowel Disease:
A Systematic Review

Francisco Jorge Melo, MD,* Pedro Pinto-Lopes, MD,** Maria Manuela Estevinho, MD,** and Fernando Magro,
MD, PhD**

Background: The roles dipeptidyl peptidase 4 (DPP4), aminopeptidase N (APN), and their substrates in autoimmune diseases are being in-
creasingly recognized. However, their significance in inflammatory bowel diseases (IBD) is not entirely understood. This systematic review aims
to discuss the pathophysiological processes related to these ectopeptidases while comparing findings from preclinical and clinical settings.

Methods: This review was conducted according to the PRISMA guidelines. We performed a literature search in PubMed, SCOPUS, and Web
of Science to identify all reports from inception until February 2020. The search included validated animal models of intestinal inflammation
and studies in IBD patients. Quality assessment was performed using SYRCLE’s risk of bias tool and CASP qualitative and cohort checklists.

Results: From the 45 included studies, 36 were performed in animal models and 12 in humans (3 reports included both). Overall, the methodo-
logical quality of preclinical studies was acceptable. In animal models, DPP4 and APN inhibition significantly improved intestinal inflammation.
Glucagon-like peptide (GLP)-1 and GLP-2 analogs and GLP-2-relase-inducing drugs also showed significant benefits in recovery from inflamma-
tory damage. A nonsignificant trend toward disease remission with the GLP-2 analog teduglutide was observed in the sole interventional human
study. All human studies reported an inverse correlation between soluble DPP4/CD26 levels and disease severity, in accordance with the proposal
of DPP4 as a biomarker for IBD.

Conclusions: The use of DPP4 inhibitors and analogs of its substrates has clear benefits in the treatment of experimentally induced intestinal

inflammation. Further research is warranted to validate their potential diagnostic and therapeutic applications in IBD patients.

Key Words: pathogenesis, inflammation, translational, biomarker, ectopeptidase

INTRODUCTION

Inflammatory bowel diseases (IBDs) are a group of
chronic relapsing autoimmune disorders, comprising Crohn’s
disease (CD),' ulcerative colitis (UC),> and an intermediate
spectrum of unclassifiable conditions designated as indeter-
minate colitis.’> Inflammatory bowel disease present many
extraintestinal manifestations and may pertain to a cluster
of autoimmune diseases affecting the same patient.* Left un-
treated, these conditions are highly debilitating and potentially
life-threatening and represent a high economic burden." > *
In recent decades, IBD has been the target of intensive

research, with considerable progress in the therapeutic man-
agement of the disease and related pathologies. However, most
available treatment strategies have a significant amount of
nonresponders and a wide range of adverse effects." > Thus,
the development of new and optimized therapeutic weapons is
now supported by research on the underlying pathophysiolog-
ical mechanisms of IBD.

Dipeptidyl peptidase 4 (DPP4), homologous to cell-
surface marker CD26 (cluster of differentiation 26), is a
near-ubiquitous membrane protease that cleaves N-terminal
dipeptides from many endogenous and exogenous peptides.’
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This enzyme is well-known for its physiological action in the
incretin axis as the main cause for the rapid inactivation of the
incretins glucagon-like peptide (GLP)-1 and gastric inhibitory
polypeptide (GIP).> The GLP-1 analogs and DPP4 inhibitors
(DPP4i), which act by increasing the half-life of endogenous
GLP-1, are potent insulinotropic drugs used in the therapy of
diabetes mellitus.®’

In the last 2 decades, interest in DPP4, aside from its
utility in glycemic control, has grown. In fact, plasma levels of
this protein have been inversely correlated with disease severity
in IBD and other autoimmune diseases (ADs), making it a po-
tentially new biomarker and a valid therapeutic target for these
conditions.®

The 766-amino acid (aa) CD26/DPP4 is a membrane pro-
tein, with many distinct physiological roles (Fig. 1). It contains
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an independent C-terminal catalytic region, a cysteine-rich re-
gion, a glycosylation-rich region, a flexible stalk, a transmem-
brane domain, and a short cytosolic tail. It presents specific
binding sites to fibronectin (and other extracellular matrix
components) and extracellular adenosine deaminase (ADA).’
After dimerization, CD26/DPP4 is able to activate intracellular
signaling pathways as a type 2 membrane receptor.’ The mech-
anism underlying its cleavage and shedding to plasma in its sol-
uble form, sCD26/DPP4 (aa 39-766), is still unclear." Either
through direct cell-signaling or by cleaving immune mediators,
it interferes in several immunoregulatory processes.” By binding
to caveolin-1 on the surface of antigen-presenting dendritic cells
(DCs), DPP4/CD26 stimulates the expression of costimulatory
CD86, through NF-kB signaling, thereby promoting T-cell ac-
tivation.!! Cosignaling with CD45, it enhances T-cell expression
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FIGURE 1. Proposed mechanistic view of CD26/DPP4-centered interactions in intestinal inflammation—Th1-polarizing perspective. Membrane
CD26/DPP4, coupled to CD45 in naive T helper cells, directly stimulates NF-kB-dependent T-cell activation and differentiation into a Th1 phenotype.
Additionally, it proteolytically cleaves N-terminal dipeptides from a variety of substrates, including GLP-1, GLP-2, VIP, and NPY. GLP-1 is a negative
regulator of NF-kB and costimulatory DC signals. GLP-2, acting via GLP-2R, is an intestinotrophic peptide that stimulates the production and release
of intestinal growth factors (EGF, KGFR, IGF-1), which stimulate iSC proliferation and differentiation, effectively counteracting mucosal inflamma-

tory lesions. GLP-2,

acts as partial agonist/antagonist at GLP-2R. VIP is a negative regulator of neutrophil and lymphocyte chemotaxis and inhibits

macrophage activation. NPY is an ENS-derived pro-inflammatory peptide. CD26/DPP4 is shed to plasma through a mechanism not yet completely
understood. Abbreviations: BNP, brain natriuretic peptide; CCL/CXCL, Chemokines; CCR/CXCR, Chemokine receptors; CD, cluster of differentiation;
DC, dendritic cell; ENS, enteric nervous system; EGF, epidermal growth factor; GHRH, growth hormone-releasing hormone; GIP, gastric inhibitory pol-
ypeptide; GLP-1/-2/-1R/-2R, glucagon-like peptide 1/2/1-receptor/2-receptor; GPR40, G-protein coupled receptor 40 (FFAT, free fatty acid receptor
1); GPR120, G-protein coupled receptor 120 (FFA4, free fatty acid receptor 1); IGF-1/-1R, insulin-like growth factor 1/1-receptor; IL, interleukin; IFN-y,
interferon-gamma; iSC, intestinal stem cell; iISEMF, intestinal sub-epithelial myofibroblasts; KGF/KGFR, keratinocyte growth factor/receptor; MMP,
matrix metallopeptidase; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; NPY, neuropeptide Y; PACAP, pituitary adenylate cyclase-activating
polypeptide; PYY, peptide YY; sCD26/DPP4, soluble CD26/DPP4; SDF-1/CXCL12, stromal cell-derived factor 1; SP, substance P; TGRS, G-protein
coupled bile acid receptor 1 (GPBAR1); Th, T helper cell; TNF-a, tumor necrosis factor alpha; VIP, vasoactive intestinal peptide; Y1, NPY receptor type
1. Substrates in orange have altered receptor subtype specificity after cleavage by DPP4. Substrates in black mainly lose their bioactivity.
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of interleukin (IL)-2 and ultimately contributes to differentia-
tion into a T helper (Th) 1 phenotype.'>* Adenosine deaminase
binding to CD26 colocates ADA to the cell surface, allowing
local degradation of adenosine (a known inhibitor of T-cell
activation) to inosine, hence controlling its extracellular levels
at the immunological synapse. Furthermore, ADA binding to
CD26 was found to produce a direct costimulatory response in
T-cell activation.'**

Many bioactive or inactive precursor peptides are sub-
strates of DPP4, including peptide hormones (GLP-1, GLP-
2), neuropeptides (neuropeptide Y, substance P), and many
chemokines and growth factors. Additionally, this enzyme acts
as long as the penultimate amino acid is either proline or ala-
nine. It is also capable of cleaving N-terminal X-glycine/serine/
valine/leucine, albeit at a slower rate. Cleavage is hindered by
the presence of proline in NH,-Xaa-Xaa-Pro position.* In in-
flammatory settings, the most relevant substrates of DPP4 are
GLP-1, GLP-2, and vasoactive intestinal peptide (VIP).

In addition to its insulinotropic action, GLP-1, acting
through GLP-IR, stimulates protein kinase A (PKA) and
leads to the inhibition of the T-cell costimulatory CD28/
CD86 signal.' It is rapidly inactivated by DPP4 into GLP-
1, - With a short half-life of around 1 to 4 minutes.” The
GLP-2 is a sister molecule of GLP-1 that is co-expressed and
coreleased from enteroendocrine L cells, after processing of
their common precursor, proglucagon. Through its receptor,
GLP-2R, localized in enteric nervous plexuses (myenteric, sub-
mucosal)'® and subepithelial myofibroblasts,” stimulates the
release of key intestinal growth factors such as KGF, IGF-1,
and EGF; this mechanism reverts inflammatory changes in
the intestinal epithelium.” " As with GLP-1, GLP-2 is rap-
idly inactivated by local DPP4 to GLP-2, ., with a half-life of
7 minutes; however its metabolite has a half-life of around 27
minutes.”” Additionally, GLP-2, ., acts as a competitive inhib-
itor of GLP-2 at GLP-2R.?* Teduglutide, a DPP4-resistant long
half-life GLP-2 analog, is approved for use in short bowel syn-
drome and is under investigation for its applicability in IBD.*
In addition, GLP-2 stimulates the release of VIP from enteric
neurons.’* Vasoactive intestinal peptide is a 28-amino acid pep-
tide with a short half-life of around 1 minute and a wide range
of effects, including neurotransmitter, immunomodulatory,
and secretagogue activities.” *¢ It inhibits TNF-a production
by macrophages” and promotes T, cell differentiation toward
a Th2 phenotype.®

Aminopeptidase N (APN) is an ectopeptidase homolo-
gous to CD13.% It is being studied in the setting of hemato-
logical disorders and gained interest as a potential co-effector
of DPP4/CD26 in immune regulation. Aminopeptidase
N is involved in antigen processing and interaction with ex-
tracellular matrix proteins.*® Its substrates include several
immunoregulatory molecules.’ It cleaves off N-terminal neu-
tral amino acids of oligopeptides but stops if proline is in
the penultimate position.?! These catalytic specificities, the

subcellular localization similar to CD26, and increased expres-
sion in activated T cells point to a potential role of APN/CD13
as a DPP4/CD26-substrate generator and vice versa, acting in
tandem as regulators of immune responses. This is further sup-
ported by an improved anti-inflammatory response of the dual
APN/DPP4 inhibition compared with antagonism of only one
of either of these proteins.’> For this reason, we decided to ex-
tend the scope of this review to also include reports on the role
of APN/CD13 in intestinal inflammation.

Although some reviews on the importance of DPP4 and
APN on AIDs and inflammation have been published, the
knowledge on their specific role in IBD pathogenesis is lim-
ited. This systematic review aims to fill this gap and provide a
link between preclinical and clinical data on the role of these
ectopeptidases in IBD (as well as other molecules of their re-
lated axes), through the use of validated animal models of in-
testinal inflammation® and studies on IBD patients.

METHODS

This review was conducted following the recommenda-
tions of the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses Statement (PRISMA 2009).* Study
screening was conducted in 3 electronic databases: PubMed,
Web of Science, and SCOPUS, covering all reports published
through February 4, 2020. The query used for PubMed was as
follows: “DPPR OR DPPIV OR Dipeptidyl peptidase 4 OR
Dipeptidyl peptidase IV OR CD26 OR ADCP2 OR Adenosine
deaminase complexing protein 2 OR Aminopeptidase N OR
Alanyl aminopeptidase OR Alanine aminopeptidase OR CD13
OR AAP OR APN AND inflammatory bowel disease OR
crohn’s disease OR ulcerative colitis.” Similar queries were used
for the other 2 databases, after syntax adaptation. To ensure
the inclusion of all pertinent studies, the reference lists of the
included reports were reviewed by 2 independent researchers.

All preclinical reports emphasizing the pathophysiolog-
ical role of DPP4/CD23 and APN/CD13 in intestinal inflam-
mation models, in addition to clinical reports demonstrating a
link between DPP4/APN and IBD, were assessed for inclusion.
Reports concerning other molecules pertaining to the physio-
logical axes of these factors were also considered, as long as
there was at least an indirect link to DPP4 or APN.

The inclusion criteria were (1) articles studying the asso-
ciation between DPP4/CD26 and IBD in animal models of in-
testinal inflammation and human patients; (2) articles studying
the association between APN/CD13 and IBD in animal models
of intestinal inflammation; and (3) articles studying the associ-
ation between related molecules of the DPP4 axis with known
therapeutic potential, specifically GLP-1 and GLP-2 (and mol-
ecules that influenced GLP-1 or GLP-2 levels, such as TGRS,
G-protein coupled receptor [GPR]-40, and GPR120), and IBD
in animal models of intestinal inflammation and human pa-
tients. No restrictions on publication language were applied.
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The exclusion criteria were (1) review papers, metanalyses,
letters, commentaries, guidelines, editorials, meeting abstracts,
and case reports; (2) studies with no relation to IBD or related
animal models of colitis (intestinal cancer studies, radiation-
induced injury, etc.); (3) studies with no pathophysiological
association with DPP4 or APN; (4) studies including other
substrates of DPP4 and APN (setting a limit to study screening
and to avoid an overreaching and unfocused review of all pos-
sible substrates and their influence in DPP4-dependent inflam-
matory pathways); and (5) studies without available abstract.

The risk of bias in individual studies was assessed using
quality evaluation tools/scales adapted to study type. For pre-
clinical animal studies, SYRCLE’s risk of bias (RoB) tool was
used.® For studies in humans, CASP checklists were used for
qualitative®® and cohort’” reports. These tools were applied
by 2 independent reviewers, and discrepancies were solved by
consensus.

RESULTS

Study Selection and Characteristics

Study selection, following the PRISMA 2009 Flow
Diagram,* is outlined in Figure 2. Of the 45 studies selected for
review, 36 used animal models of intestinal inflammation,* 7
and 12 concerned human IBD patients™® ¢ ¢ 7% (3 reports
included both®* % 7). The characteristics and main results of

Literature search
Publication date: up to 04/02/2020
Databases Reference list
PubMed: n=84 n=14
Scopus: n=136 Other sources
Web of Science: n=120 n=5

animal studies are described in Supplementary Table 1 and
those of human studies in Table 1. For animal studies, disease
and animal models, with respective variations, are compiled in
Supplementary Table 2.

Most animal studies consisted of interventional proto-
cols of varying durations that tested the effects of DPP4i,
APNi, GLP-1, or GLP-2 analogs (mostly long-acting, DPP4-
resistant, or by continuous infusion) and related drugs on the
recovery from experimentally induced intestinal lesions.

The most used model of colitis was the dex-
tran sulfate sodium (DSS) model (n = 25), followed by
2.4.6-trinitrobenzenesulfonic acid (TNBS, n = 7), indomethacin
(n=135), HLA-B27 (n =2), CD4+ transfer (n = 1), and irinotecan
(n = 1) models. The most commonly used strains of mice were
Balb/c and C57BL/6 mice. Seven reports utilized knock-out
mice for CD26/DPP4, and 1 study used Glp2r~~ mice.

Despite wide variations in protocol, we decided to inter-
pret each model’s group as a whole, inasmuch as all experiments
were able to elicit an inflammatory response to some extent and
were therefore deemed internally valid.

With a single exception of an interventional study,™ all
studies in human IBD patients were observational, focusing
on serum activity, levels of DPP4, APN, GLP-2, GLP-2R, and
others, in addition to associated clinical and endoscopic find-
ings. None of the included studies in IBD patients used DPP4
inhibitors.

Conference paper/meeting abstract/proceedings papers: n=16

Excluded

Al infl

No link between DPP4/CD26 or APN/CD13 and IBD/intestinal inflammation: n= 18

of i ion: n=56

Not in IBD patients or animal models of intestinal inflammation: n=1
No link between DPP4/CD26 or APN/CD13 and IBD/intestinal inflammation: n=3

Excluded

¢ T
| Exclusion of duplicates (n=147) | 4
Reviews: n=57
‘ Guidelines: n=1
| Results: =193 | Letters: n=2
¢ o | News article: n=1
First screening J Notes/commentaries: n=9
Title + abstract Metanalysis: n=1
* Not in IBD or animal
[ Screened: n=32 |
Second screening | »|
Manuscript review
‘ Book chapter: n=2
Included: n=26
v
Total: n=45
Animal studies: n=36

Human studies: n=12

FIGURE 2. Study screening and selection process.
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Quality Assessment

The results of the methodological quality evaluation are
summarized in Supplementary Tables 3-5. Overall, preclinical
studies do not report sufficient details to allow for proper risk of
bias assessment, with most items being answered as “unclear,”
according to SYRCLE’s RoB tool* (Supplementary Table 3).
Unlike randomized clinical trials (RCTs), experimental studies
in animals usually do not implement tools to assess internal va-
lidity and risk of bias in their study design. Consequently, the
generalizability of their findings is compromised due to poor re-
porting.* In the revised studies, the most affected domains were
inadequate randomization during allocation of study groups
and outcome assessment and lack of blinding/concealment.

For the included reports on human patients, we used 2
separate CASP checklists, according to study design: qualita-
tive* (Supplementary Table 4) and cohort’” (Supplementary
Table 5). Human qualitative studies showed a better perfor-
mance under appraisal when compared with animal studies due
to better reporting. Nevertheless, some doubts arise (eg, “Can’t
tell”) in the items related to adequate recruitment, representa-
tiveness, and significance of the study population. Furthermore,
the studies revealed a low ability to extrapolate findings to the
general population, most often due to low sample size and high
homogeneity (eg, only female subjects, only recruited from ter-
tiary centers, etc.). As expected, cohort studies had better clas-
sifications, yet the generalizability of the results was also an
important drawback.

DPP4/CD26 and APN/CD13

Animal studies

None of the studies in CD267~ mice with experimentally
induced colitis showed significant differences in histological
and clinical scores compared with wild-type strains.* 464553
Conversely, Iwaya et al®*® demonstrated a significant yet tran-
sient improvement of intestinal inflammation in an early phase
of colitis development in DPP4-deficient (F344/Du) rats.

Reports using DPP4 inhibitors showed either partial or
significant improvement of clinical and histological scores and
reduction of MPO activity and pro-inflammatory cytokine
leVelS.u' 43,51, 52, 55, 61, 65,67, 71-73

Bank et al* studied the effects of combined inhibition of
both DPP4 and APN on colitis attenuation. The dual DPP4/
APN inhibitor IP12.C6 promoted the expression of TGF-f3 and
FOXP3 compared with separate inhibition and controls. In a
similar manner, dual inhibition of APN and neprilysin (NEP,
CD10) by sialorphin or a sialorphin analogue also significantly
improved colitis, in part through p- and x-opioid receptor-
dependent mechanisms.” ¢

Human studies
Serum CD26/DPP4 expression and/or activity was found
to be significantly lower in IBD patients compared with healthy

controls.”>7 882 Patients with active disease showed lower
levels than patients in remission, and sCD26/DPP4 levels were
negatively correlated with disease severity and classical inflam-
matory markers, such as C-reactive protein (CRP).”> 7788 [
addition, Hildebrandt et al*’> reported significant increases in
CD25*/CD26* and CD2*/CD25* peripheral blood lymphocytes
in IBD patients vs controls but no differences in the popula-
tion of CD2*/CD26" cells. Moran et al’® showed that DPP4 ex-
pression was significantly reduced in tissue samples from the
terminal ileum of IBD patients. Still, the authors reported sig-
nificantly higher levels of DPP4 in a Caco-2 cell-based study
after exposure to rhTNF-a.”° As with similar reports, they
showed an inverse correlation between serum DPP4 (sDPP4)
levels and CRP; however, such correlation was not found for
CDAL™

In a recent multicentric prospective cohort undertaken by
our study group,” sDPP4 was found to have a strong inverse
correlation with clinical and endoscopic activity. It performed
equally well in postoperative CD patients. Optimal cutoff
points were defined based on receiver operating characteristics
(ROC) curve analysis of sSDPP4 and 2 other biomarkers, CRP
and fecal calprotectin (FC). These were used to predict clinical
activity, endoscopic activity, and treatment escalation in both
CD and UC patients. Stratification according to these cutoffs
in a Kaplan-Meier curve showed that after 1 year, 62.2% of
CD patients and 36.3% of UC patients with DPP4 levels below
the cutoff (<1452 ng/mL and <1472 ng/mL, respectively) had
escalated treatment, as opposed to 7.8% of CD and 4.1% of
UC patients with DPP4 levels above the cutoff. The use of 3 si-
multaneous biomarkers proved to have a higher discriminative
power. Eighty percent of the CD patients with 3 positive bio-
markers escalated treatment after 1 year vs 3.3% of the patients
with triple negative biomarkers. Regarding UC, 85.0% of the
patients with 3 positive biomarkers escalated treatment after
1 year vs none with 3 negative biomarkers. All 3 biomarkers
had a similar ability to distinguish between IBD responders and
nonresponders. In a subset of the IBD population with active
disease but without CRP elevation, sSDPP4 was able to discrim-
inate endoscopic activity better than FC.

Aminopeptidase N mRNA expression was significantly
higher in colonic tissue of CD patients (nonsignificant increases
in UC patients and in the expression of NEP protein levels in
CD patients), but no changes were detected in serum levels.*

Glucagon-like Peptides

Animal studies

Thirteen reports studied the effects of GLP-2, either
by continuous infusion,® * long-acting polymer-coupled
(XTEN,¥ PEG® %) or microsphere-associated® molecules, or
degradation-resistant analogs.*> 4% 3+ ®.7 These studies reported
significant improvements in histological and clinical scores, re-
duction in pro-inflammatory cytokine levels and MPO activity,
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and a significant intestinal growth (intestinotrophic) response.
This was assessed by increased crypt cell proliferation and in-
creased survival/reduced apoptotic rates and manifested by
decreased intestinal length reduction after experimental in-
duction of inflammation. A study conducted in Glp2r”~ mice
demonstrated a functional Paneth cell defect, with reduced
bactericidal activity and reduced expression of intestinotrophic
factors.” Furthermore, similar outcomes were obtained by ac-
tivation of GPR40 (FFARI, free fatty acid receptor 1*%) and
TGRS (GPBARI, G protein-coupled bile acid receptor 1%) in
enteroendocrine L cells by specific agonists with increased ex-
pression and release of GLP-2.5%¢

A report on GLP-1 nanomedicine revealed a significant
decrease of pro-inflammatory cytokine IL-1{ levels and tissue
damage, in addition to a partial attenuation of the diarrheal
phenotype.*

Human studies

In accordance with the results in animal models, a pilot
study’ of a marketed GLP-2 analog, teduglutide, demon-
strated a trend toward an increased response and remission rate
in IBD patients, although these differences were not statistically
significant. A significant increase in plasma citrulline levels, an
indirect marker of intestinal mucosal mass, was also reported.

Other human studies found lower expression of GLP-2R
and GLP-2 in an inflammatory setting in IBD patients com-
pared with noninflamed sites and healthy controls.’® ¢ 7 8
Schmidt et al” found no differences in tissue or plasma levels of
GLP-2 or peptide YY (PYY) after meal-stimulation between
IBD patients and healthy controls.

A report on CD patients showed overexpression of both
GPR40 and GPR120 (FFARA4, free fatty acid receptor 4)* in
inflamed ileal mucosa and a GPR120-dependent inhibition of
GPR40-induced GLP-2 expression by L cells, promoted by
upregulation of GPR120 by TNF-a.”

DISCUSSION

Dipeptidyl peptidase 4/CD26 and its substrates have been
recognized as important mediators of inflammation and immu-
nity. However, data on the efficacy of manipulating the incretin
axis as a treatment modality in IBD lack consistency.*- 7™

Despite the success of DPP4 inhibitors as antidiabetic
drugs, the use of DPP4 inhibitors raises special concerns re-
garding the potential short and long-term adverse effects of
inhibiting a molecule with such a broad spectrum of inter-
actions. This is conditioned by the specific cell population
expressing this protein; the local availability, half-life, and bi-
oactivity of its substrates; reaction rates; and substrate genera-
tion by other proteases (such as APN). In this context, different
tissues may present different metabolic signatures resulting
from DPP4 action, depending on the underlying pathophysio-
logical conditions.

1162

Through its enzymatic activity, DPP4 can inactivate sev-
eral inflammatory mediators, such as Mig (CXCL9), IP-10
(CXCL10), and I-TAC (CXCLI11), greatly reducing their che-
motactic activity, although without hindering antiangiogenic
activity.* Conversely, cleavage of chemokine LD78[3 by CD26/
DPP4 significantly enhanced its lymphocyte and monocyte che-
motactic properties.’’ In addition, DPP4-truncated products
show different receptor interaction®? and selectivity® compared
with their noncleaved precursor peptide. Drugs acting on these
pathways can, therefore, have different net effects. Further re-
search is warranted to assess for significant differences between
truncated or nontruncated forms, with a comprehensive assess-
ment of their regulatory mechanisms and their relevance to the
inflammatory milieu.

In our systematic review, all studies showed at least a
moderate therapeutic benefit of DPP4i in animal models of co-
litis. On the one hand, these results reflect the inhibition of the
catalytic activity of DDP4i over bioactive substrates such as
GLP-2, GLP-1, and VIP, greatly extending their half-lives. This
indirectly inhibits costimulatory signals of T-cell activation and
the production of Thl-polarizing cytokines and chemokines
while promoting intestinal proliferation and tissue recovery
(Fig. 1). On the other hand, a more direct effect of DPP4i action
cannot be excluded becuase CD26™~ mice did not possess any
inherent resistance to colitis development, nor did they display
an enhanced rate of repair of the damaged mucosal tissue. The
protective effect of DPP4i was only observed in the presence of
DPP4/CD26, suggesting that DPP4i may have unknown mech-
anisms of action besides blocking catalytic activity.’* 77

In line with these findings, all animal studies with GLP-2
and GLP-1 analogs showed a clear benefit (Supplementary
Table 1) regarding intestinal proliferation, preservation of
tissue architecture, and prevention of weight loss in the setting
of induced inflammatory lesions. This is supported by similarly
positive findings in reports using drugs that induce the release
of endogenous GLP-1 and GLP-2, such as GPR40* and TGR5
agonists.*

The extrapolation of these data to humans is challenging.
One study™ enrolling patients with moderate to severe CD
treated with the GLP-2 analog teduglutide failed to achieve sig-
nificance from placebo, although a trend toward remission was
observed (Table 1). However, this report was limited because it
was based on a pilot study with a relatively small sample size.
Moreover, the study had a high dropout rate, especially due to
adverse effects (up to 31%) and uncomfortable posology (daily
subcutaneous injections).

Lower expression of GLP-2R was reported in IBD pa-
tients vs controls, further significant reduction was reported in
inflamed tissue vs healthy samples, ans a significant decrease
was reported in the expression of serum GLP-2.**¢ One re-
port, however, found no significant differences between IBD
patients and controls in tissue content or plasma concentration



Inflamm Bowel Dis ® Volume 27. Number 7. July 2021

PEDRO PINTO LOPES

Dipeptidyl Peptidase 4 as a Therapeutic Target and Serum Biomarker in IBD

of GPL-2 or PYY after meal stimulation.” Wheter this is a
cause or a consequence of the underlying pathological process
remains to be elucidated. Still, the use of GLP-2 analogs and
DPP4i in IBD is a double-edged sword. Despite their benefits,
these drugs promote GLP-2-dependent intestinal tumor cell
proliferation and migratory activity,* which may be of concern
in IBD patients who are already at higher risk of developing co-
lorectal carcinoma.' > Further research is needed to assess their
viability and safety as IBD drugs.

Despite their anti-inflammatory effects, DPP4i also
block DPP4-mediated degradation of pro-inflammatory
chemokines,* possibly contributing to the perpetuation of in-
flammatory stimuli. As such, one could argue that DPP4 inhibi-
tion enhances certain pro-inflammatory pathways and leads to
either a new onset or a flare-up of the underlying IBD or other
inflammatory conditions. Nevertheless, a recent metanalysis
did not find an increased risk of IBD in patients under DPP4i
therapy.” This same mechanism can also be beneficial in spe-
cific pathologies. A recent study by Barreira da Silva et al”!
showed that DPP4 inhibition prevented CXCL10 truncation
(and inactivation) and enhanced CXCR3-mediated antitumor
immunity and trafficking of T cells into the tumor parenchyma.
Furthermore, DPP4 is cleaved by a not fully understood mech-
anism (eg, shedding), and its soluble form, which is excreted
to plasma, may have yet uncharacterized endocrinological
effects.!’

Aminopeptidase N acts in synergy with DPP4 for the reg-
ulation of immune responses by cleaving peptides preprocessed
by DPP4 or by generating substrates susceptible to cleavage by
DPP4.” Dual inhibition of APN/DPP4 had statistically signif-
icant beneficial effects in animal models of colitis and may be
of clinical significance as a new direct or adjuvant treatment
modality in many pathologies.* %

In recent studies, human Th17 cells were implicated in the
pathogenesis of many autoimmune diseases, including IBD*; this
represents a step forward from the previous dichotomous Th1/Th2
paradigm. Bengsch et al”® demonstrated that CD26** (highly ex-
pressing) cells express typical markers of type 17 differentiation,
even before stimulation, suggesting that CD26** T cells harbor the
Th17 lineage. Moreover, Thl and Th2 cells were shown to be com-
patible with an intermediate CD26* phenotype, whereas regulatory
CD25*CDI127 FOXP3* IL-10-producing T cells showed an even
lower expression. Patients with active IBD were found to have the
highest frequency of tissue-infiltrating Th17 cells. A strong increase
was observed in inflamed tissue lesions, where 25%-50% of CD26**
T cells produced IL-17 upon stimulation, in contrast to peripheral
blood, where only about 5% of CD26** T cells produced IL-17.
These findings suggest an incomplete differentiation of Th17 cells
in peripheral blood due to the lack of sufficient stimulatory signals
found in the proinflammatory cytokine-rich environment of lesion
sites. Thus, a link has been established between CD26 and Th17,
corroborating the preponderant role of CD26 in autoimmunity.

In the dawning of the microbiome age, DPP4 gains even
more interest. A recent proof-of-concept study demonstrated a
DPP4-like activity of gut microbiota,” extending toward un-
charted territories the importance of intestinal microbiome-
host interactions in pathological settings.” %’

Dipeptidyl peptidase 4 is also a potential serum bio-
marker for many diseases, including cancer and IBD, which have
become an intense target of investigation in recent years.”” %
As evidenced in recent studies, SDPP4 levels and activity are sig-
nificantly lower in IBD patients vs healthy controls, and sDPP4
correlated negatively with other disease activity markers such
as C-reactive protein, orosomucoid and fecal calprotectin, and
disease activity scores (Harvey-Bradshaw Index [HBI], partial
Mayo Score [pMS], Crohn’s Disease Activity Index [CDAI],
and Truelove and Witts index [TW]) and endoscopic activity
groups.”> 77 %82 As reported in our previous study,”” an impor-
tant benefit of the use of SDPP4 as a biomarker is the ability to
predict the need for treatment escalation from baseline sDPP4
levels at an early stage of the disease process. This enables the
identification of patients who would benefit a priori from a
more aggressive treatment strategy, avoiding exposure to po-
tentially ineffective drugs and the consequent risk of adverse ef-
fects. A biomarker that could direct clinicians to more effective
treatment options (skipping the necessary steps of treatment
escalation with safety) may, at the end of the road, prove to be
more efficient and resource-sparing, and enable a faster con-
trol of the underlying disease. This translates to obvious gains
for the patient in terms of time, expenses, and quality of life.
Higher-powered prospective studies with larger sample sizes are
needed to confirm these findings and prove their usefulness in a
clinical real-world setting.”

This review includes 45 studies and is, to the best of our
knowledge, the first attempt to systematize the role of DPP4,
APN, and related substrates in IBD. It also provides, for the
first time, an overview of the integration of the underlying
pathophysiological processes and potential applications in clin-
ical practice. We highlight our translational approach to this
subject (from preclinical animal models of disease to studies in
IBD patients), which allowed to emphasize the existing know-
ledge gaps within and between both settings.

Nevertheless, this systematic review is hindered by some
limitations. Stemming from the inherent limitations of the in-
cluded reports, the overall quality of preclinical experimental
studies was less than desirable. As illustrated in Supplementary
Table 2, protocol variations within the “same” model and
the considerable variability of animal strains and species
do not allow for a reliable comparison between experiments.
Underreporting of the protocol execution and the subjec-
tive nature of the quality assessment tools also limit the in-
ternal validity and the extrapolation of data from animal to
human subjects. Most reports with human populations suf-
fered for having a cross-sectional design (only one study was
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a prospective cohort”) or low sample size (Table 1), and only
one’ had an interventional approach akin to animal studies.

CONCLUSION

Despite the ubiquitous position and wide spectrum of
interactions of these ectopeptidases intertwining with many
known—yet poorly understood—pathophysiological processes,
their diagnostic and therapeutic benefits may be soon applied
to the growing roster of clinical tools for the management of
IBD. Still, many concerns regarding their potential for stimu-
lating carcinogenesis and immune dysregulation and their via-
bility as biomarkers still need to be evaluated in depth. Further
research is required to achieve the necessary data robustness
to introduce these new applications into clinical practice with
confidence and safety.

SUPPLEMENTARY DATA
Supplementary data is available at Inflammatory Bowel Dis-
eases online.
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DISCUSSION

IBD is a chronic and debilitating condition, characterized by quiescent phases followed
by (seemingly unprovoked) disease flares.’®” The goals of treatment are to improve
quality of life, reduce rates of hospitalization and surgery, and achieve mucosal
healing.108

Although patients are commonly followed clinically, there is a limited correlation
between symptomatology and the severity of mucosal damage, particularly in CD.1%°
Currently, accurate monitoring of intestinal inflammation relies upon subjective clinical
indices, in association with imaging techniques, endoscopy, and histological
investigation. Nevertheless, these diagnostic tests can be time-consuming, expensive,
or even invasive. Therefore, these may not be considered acceptable in situations where
the patient is feeling well.”?

Several biomarkers have been developed and have emerged as important indicators
of disease activity, risk of relapse, need for treatment escalation, and response to
therapy.!® Some of these are blood tests (e.g., CRP, ESR) and are already in use in clinical
practice, yet they lack specificity for intestinal inflammation and may increase in
systemic inflammatory states.!!! Fecal biomarkers (e.g., FC, FL) generally have better
diagnostic accuracy, but are somewhat difficult in everyday practice, particularly from
the patient’s perspective. Individuals with smoldering disease may be reticent to
comply, in the absence of clinical symptoms. Moreover, sample delivery and processing
delays can hinder its clinical utility.1!2

In general, fecal markers are more likely than blood markers to reflect the degree of
intestinal inflammation, due to direct contact with the mucosal environment, whereas
blood markers often increase for different reasons (e.g., infection), and local
inflammation does not always correspond to a detectable systemic inflammatory
response.®

There is an unmet need for simple, cost-effective, noninvasive, and robust biomarkers
to monitor IBD patients. DPP-4 has drawn particular interest as a potential biomarker

after observations of altered expression profiles in IBD. Previous studies have reported
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lower sDPP-4 levels and activity in IBD patients compared to healthy controls, as well as

negative correlations with disease activity scores and other biomarkers.%>8

Our first study (Paper 1) included a prospective and multicentric cohort involving four
tertiary centers nationwide (Centro Hospitalar Universitario de Sdo Joao, EPE; Centro
Hospitalar Universitdrio de Santo Antdénio, EPE; Hospital de Braga, EPE; Centro
Hospitalar Universitario do Algarve, EPE), and is, to the best of our knowledge, the first
to explore the potential of sDPP-4 as a biomarker of disease activity and prognosis in
IBD.

There were two different cohorts: the first included 195 patients (94 had UC and 101
had CD), followed up to evaluate the endpoint “treatment escalation”; the second
cohort was a subgroup of the first one, comprising 46 biologically treated IBD patients
attending outpatient consultations, being enrolled in the induction and maintenance
phases of biological treatment with infliximab, adalimumab, or vedolizumab. Blood and
fecal samples were collected at baseline, in both cohorts and at evaluation visits, in the
second cohort. Endoscopic evaluation (ileocolonoscopy, full colonoscopy, or flexible
rectosigmoidoscopy) was performed, at baseline, for 68 patients of the first cohort. In
symptomatic patients, infectious enteritis and colitis were ruled out with stool studies
to evaluate for enteric pathogens (cultures and immunoassay for C. difficile), and also
testing for cytomegalovirus on colon biopsies. A control group of 52 healthy people was
recruited, contributing with stool and blood samples.

Our findings, in accordance with previous papers, confirmed that sDPP-4 levels were
significantly lower in patients with active IBD compared to those in remission and
healthy controls. No differences were seen in sDPP-4 levels between UC and CD
patients, precluding its use as a discriminator between these two diseases. Serum DPP-
4 correlated inversely with clinical activity scores (r=-0.43, P<0.001 and r=-0.47, P<0.001,
respectively for UC and CD patients), and also with endoscopic activity (r=-0.48, P=0.008
and r=-0.67, P<0.001, respectively for UC and CD patients). Serum DPP-4 also presented
significant negative correlations with other validated biomarkers — FC and CRP.

Further studies are required to understand the pathophysiological processes behind
the association between decreased sDPP-4 and active inflammation in IBD, but some

hypotheses can be outlined: (a) this decline is part of a counter-regulatory mechanism
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that either reduces the activation of pro-inflammatory peptides (thereby limiting the
systemic immune response) or decreases the degradation of some anti-inflammatory
peptides (known to regenerate the intestinal mucosa, like GLP-2); (b) these reduced
levels are directly implicated in IBD pathogenesis.

Receiver operating characteristic (ROC) curves analysis showed that sDPP-4 could help
clinicians discriminate between IBD patients with clinical activity and those in clinical
remission, with an area under the curve (AUC) of 0.71 (95% Cl, 0.60-0.82; P=0.001) for
UC and 0.81 (95% Cl, 0.72—0.90; P<0.001) for CD. Identical results were obtained when
discriminating IBD patients with endoscopic activity versus remitters, with high AUCs of
0.79 (95% Cl, 0.59-0.98; P=0.010) for UC and 0.93 (95% Cl, 0.84-1.00; P<0.001) for CD.
It performed equally well in a subgroup of active IBD patients without CRP elevation
(AUC 0.82; 95% Cl, 0.70-0.94; P=0.002), as well as in postoperative CD patients (AUC
0.81; 95% Cl, 0.65-0.97; P=0.005).

To predict treatment escalation in IBD patients, optimal cutoff points were defined
based on ROC curve analysis of sDPP-4 and two other biomarkers — CRP and FC.
Stratification according to these cutoffs, in a Kaplan-Meier curve, showed that after 1
year, 36% of UC patients and 62% of CD patients with sDPP-4 levels below the cutoff
(1472 ng/mL and 1452 ng/mL, respectively) had escalated treatment, as opposed to 4%
of UC patients and 8% of CD with sDPP-4 levels above the cutoff. The use of the three
simultaneous biomarkers was advantageous and associated with a significantly shorter
time to treatment escalation: 85% of the UC patients and 80% of the CD patients with 3
positive biomarkers escalated treatment after 1 year, whereas none of the UC patients
and only 3% of the CD patients with triple-negative biomarkers had done so. Therefore,
sDPP-4 evaluation can potentially be used to predict disease course at an early stage,
identifying patients who would benefit from a more aggressive treatment strategy, as
they will often go on to require furtherimmunomodulators, biological therapies, and/or
surgery. FC and CRP have already proved to be useful tests for predicting the course of
the disease and the need to escalate therapy!!*!4, and our findings indicate that the
simultaneous use of three biomarkers (sDPP-4, FC, and CRP) could be an advantage,
demonstrating a higher discriminative power. If we consider the heterogeneity and
complexity of IBD, it becomes clear that only one biomarker cannot always predict the

disease course and the need to escalate treatment in each case, therefore the
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combination of biomarkers is capable of improving the predictive value of each marker
taken alone.*

Finally, we evaluated the second cohort of biologically treated patients and divided
them into responders and nonresponders. Our analysis showed that sDPP-4 levels were
lower in the nonresponders group, and this difference was more pronounced among UC
(1211 vs. 1467 ng/mL; P< 0.001) than CD patients (1134 vs. 1385 ng/mL; P=0.015). ROC
curve analysis confirmed its ability to distinguish between IBD responders and
nonresponders (AUC 0.68; 95% Cl, 0.61-0.75; P<0.001). According to these results,
sDPP-4 could be used to monitor response to treatment, thereby avoiding unnecessary
exposure to ineffective therapies and lowering the risk of adverse events. A biomarker
that could guide clinicians to more effective treatment options, skipping the necessary
steps of treatment escalation whilst maintaining patient safety, may prove to be more
efficient, enabling faster control of the underlying disease.

In summary, the results from this investigation suggest that sDPP-4 can be used in IBD
as a noninvasive biomarker of clinical and endoscopic activity, a predictor of treatment

escalation, and also as a marker of biological treatment response.

In order to contribute toward a deeper knowledge of the pathophysiology of DPP-4 in
IBD, we assessed the potential role of fDPP-4 as a biomarker of disease activity, as well
as the expression of DPP-4/CD26 in intestinal samples (Paper II).

This study enrolled 101 IBD patients (51 had UC and 50 had CD), recruited for the first
cohort of the previous study, as well as a group of 40 healthy volunteers, for blood and
fecal samples collection purposes. Several patients underwent endoscopic procedures
in the context of the previous study, but only UC patients were included for evaluation,
due to the low number of ileal CD patients with endoscopic assessment. In addition, 10
healthy people who underwent ileocolonoscopy mainly for screening purposes
(noninflammatory diseases), were enrolled for biopsy and immunohistochemical
analysis.

Our study is the first to explore the potential of this fecal biomarker in IBD. UC patients
in remission (clinical and endoscopic) presented higher fDPP-4 levels, compared to those
with active disease. Conversely, active CD patients with ileal involvement (clinical

activity) exhibited higher fDPP-4 levels than remitters. No statistically significant
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differences were found among ileocolonic CD patients, possibly because these
individuals share the features of both diseases (UC and ileal CD). Healthy controls
presented fDPP-4 levels somewhat halfway of the spectrum of IBD patients’ values.

In UC patients, fDPP-4 correlated inversely with clinical activity (r=-0.51, P<0.001),
endoscopic activity (r=-0.57, P=0.005), and also with other biomarkers such as serum
CRP (r=-0.32, P=0.022) and FC (r=-0.43, P=0.001). These results resemble, in some way,
those reported for sDPP-4, although they were generally stronger. Therefore, as
expected, fDPP-4 correlated positively with sDPP-4 (r=0.52, P<0.001), in this group of
patients. On the contrary, ileal CD patients presented a direct correlation between fDPP-
4 and serum CRP (r=0.43, P=0.018), but no statistically significant correlations were
reported between fDPP-4 and the clinical activity score Harvey-Bradshaw index (HBI) or
FC.

Fecal DPP-4 allowed the discrimination between clinical activity from remission, with
AUCs of 0.80 (95% Cl, 0.68—0.93; P<0.001) and 0.76 (95% Cl, 0.58—0.94; P=0.015) in UC
and ileal CD, respectively, as well as endoscopic activity from remission, with AUC of
0.84 (95% Cl, 0.63—1.00; P=0.009) in UC patients.

In conclusion, these results suggest that DPP-4 can be used as a noninvasive stool

biomarker of IBD activity, particularly in UC patients.

To further understand the mechanisms underlying the variations of DPP-4 expression
levels in IBD, we implemented immunohistochemical assays to determine its location
and expression. The results obtained with healthy controls showed that ileal mucosa
expresses DPP-4/CD26 with high intensity, but colon mucosa doesn’t, being
undetectable (P=0.002). A previous study from Darmoul et al. demonstrated that the
amount of DPP-4/CD26 was highest in the ileum and not detectable in the colon,
although an RT-PCR (Reverse Transcription Polymerase Chain Reaction) analysis showed
the existence of a faint signal in the colon, supporting the existence of few transcripts
that had not been detected by other methods.”® Sixty percent of the UC patients in
remission presented aberrant apical DPP-4/CD26 expression. On the contrary, none of
the active UC patients expressed it (P=0.012). All ileal CD patients in remission showed
high apical DPP-4/CD26 expression, as opposed to 29% with active disease, but this

difference did not reach statistical significance (P=0.190). DPP-4/CD26 was also
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expressed in the lymphocytes of lamina propria, in the mucosa of IBD patients and
healthy individuals.

DPP-4/CD26 intestinal expression presented a strong and direct correlation with sDPP-
4 in UC patients (r=0.72, P=0.006) and ileal CD patients (r=0.64, P=0.025). However, the
correlation with fDPP-4 in UC patients was weaker (r=0.54, P=0.049) and did not
correlate at all with fDPP-4 in CD patients (P=0.873), showing that apical expression of

DPP-4/CD26 correlates better with serum than fecal DPP-4.

In this context, our group demonstrated that UC and CD patients have distinct
expression profiles of DPP-4, disclosing an apparent functional compartmentalization

(Figure 7).
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Figure 7. Summary of blood, stool, and immunohistochemical test results.

Blood and fecal biomarker levels are classified as follows: +++ (high), ++ (moderate), +/++ (moderate
to low), + (low). Immunohistochemical expression is graded as: +++ (strong), ++ (moderate), + (mild),
- (absent). 2 The analysis included ileal CD patients only. ® Did not reach statistical difference

Image created in BioRender.
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For the first time, we showed that UC patients in remission presented aberrant
immunohistochemical expression of DPP-4/CD26 and high levels of fDPP-4 compared to
patients with active UC, as well as healthy controls, suggesting it can be important to
achieve and maintain remission. In fact, in this group of patients, fDPP-4 levels above
1752 ng/mL were associated with endoscopic remission in 88% of the cases. A study by
Larrinaga et al. had already demonstrated an up-regulation of DPP-4/CD26 in colorectal
cancer patients, advocating a role for this enzyme/receptor in the neoplastic
transformation of colorectal tissue.®' Consequently, DPP-4 appears to have different
functions depending on the disease, protecting against relapses in UC and facilitating
the progression to colorectal cancer.

On the contrary, ileal CD patients with active disease presented higher levels of fDPP-
4 and exhibited a trend toward lower enterocyte expression of DPP-4/CD26 compared
to those in remission and healthy controls. This is in line with the previous observation
reported by Moran et al. that DPP-4 protein expression was reduced in intestinal tissue
(assessed by western blotting) from CD patients compared to healthy individuals.”® We
hypothesize that this phenomenon can be attributed to a loss of the receptor from the
epithelium to the intestinal lumen, which could be associated with increased MMPs
activity, responsible for the shedding of biologically active proteins from their

membrane-anchored proforms (Figure 8).

soluble
DPP-4

DPP-4 /CD26

MMPs

Figure 8. DPP-4 shedding mechanism hypothesis. After digestion promoted by metalloproteases
(MMPs), the soluble form of DPP-4 sheds from the membrane, releasing into the intestinal lumen.

Image created in BioRender.
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These different patterns of serum/fecal DPP-4 levels and intestinal expression are
unlikely to represent simple up/downregulations induced by inflammation, and more

complex mechanisms likely exist.

As previously mentioned, the knowledge about the specific role of DPP-4 in IBD
pathogenesis is limited and remains to be elucidated. Paper Il is a systematic review
that aimed to fill this gap and provide a link between preclinical and clinical data,
through the use of validated animal models of intestinal inflammation and studies on
patients with IBD. Its goal was to explore the role of ectopeptidases such as DPP-4 and
also aminopeptidase N (APN), which gained interest as a potential co-effector of DPP-4
in immune regulation.

The inclusion criteria encompassed all preclinical studies highlighting the
pathophysiological role of DPP-4 and APN in models of intestinal inflammation, in
addition to clinical reports demonstrating a correlation between these ectopeptidases
and IBD. Additionally, studies involving other molecules that were associated with the
physiological axes of these factors were also considered as long as there was at least an
indirect link to DPP-4 or APN. The risk of bias in individual studies was evaluated using
quality evaluation tools/scales adapted to each study type. Of the 193 studies identified
through queries, 45 were selected for subsequent analysis: 36 used animal models of
intestinal inflammation, 12 concerned human patients with IBD, and 3 reports included
both.

In animal models of colitis, DPP-4 inhibitors consistently shown either partial or
significant therapeutic impact.1>12° These findings may reflect, in part, the inhibition of
the catalytic activity of DPP-4 inhibitors on their substrates (GLP-1, GLP-2, and
vasointestinal peptide [VIP]), prolonging their half-lives. Consequently, this indirectly
inhibits costimulatory signals of T-cell activation and the production of Thl-polarizing
cytokines/chemokines, potentially promoting mucosal healing. Since CD26 knockout
mice (CD267) did not have intrinsic resistance to the development of colitis or a faster
rate of mucosal tissue regeneration, a more direct effect of DPP-4 inhibitor activity
cannot be completely ruled out.??%130 |n fact, the protective effect of DPP-4 inhibitors
has only been demonstrated in the presence of this enzyme/receptor, indicating that

they may work through mechanisms other than just reducing catalytic activity.124125130
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DPP-4 is also a potential serum biomarker for many diseases, including cancer and IBD,
which have become an intense focus of investigation. Several human studies, including
our first paper, showed that sDPP-4 levels and/or activity were significantly lower in IBD
patients than in healthy individuals, and correlated inversely with clinical activity scores
and other biomarkers, such as CRP and FC.%>%%131 The results of our first study, analyzed
in this systematic review (Paper lll), have already been mentioned.

Additionally, all animal studies that used GLP-2 analogs demonstrated a clear benefit,
reporting significant reductions in pro-inflammatory cytokines and also a trophic
response, with intestinal proliferation and preservation of tissue architecture.!32142
Nevertheless, the extrapolation of these findings to humans is challenging. A study by
Buchman et al. which included CD patients with moderate to severe disease treated with
teduglutide (a GLP-2 analog), failed to reach statistical significance when compared to
placebo, despite a tendency toward remission.*? This trial has a few limitations: (a) it
was a pilot study and was underpowered to be able to show a significant difference; (b)
the use of subjective clinical indices, such as CDAI, as a primary outcome indicator; (c)
compliance was quite low, due to adverse effects and uncomfortable posology.

Other human studies found lower expression of GLP-2 and its receptor in an
inflammatory environment in IBD patients compared with noninflamed sites and also in
healthy controls.®>122144 However, one report found no differences in tissue content or
serum concentration of GLP-2, not supporting the suggestion that enteroendocrine L-
cell secretion is altered in IBD.2%

Despite the benefits of GLP-2 analogs and DPP-4 inhibitors, these drugs may increase
the risk of developing colorectal cancer, and further research is required to assess their

safety.143

Furthermore, DPP-4 inhibitors may theoretically contribute to the
perpetuation of inflammatory stimuli due to inhibition of DPP-4 mediated degradation
of pro-inflammatory chemokines, and therefore lead to a new onset of IBD or a flare.
An observational study by Abrahami et al. showed that the use of DPP-4 inhibitors was
associated with an increased risk of IBD in patients with type 2 diabetes mellitus,
advising physicians to be aware of this association and avoid using these drugs in
patients with higher risk of IBD.1#¢ On the contrary, an observational study by Kim et al.

concluded that DPP-4 inhibitor therapy results in decreased risk of IBD and other

autoimmune diseases.’*” Due to these conflicting studies, a meta-analysis of
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observational studies and clinical trials was conducted to evaluate the potential risk of
IBD when comparing DPP-4 inhibitor therapy with controls!*® The authors concluded
that based on a conservative random-effects analysis, these drugs do not appear to
increase the risk of IBD, but long-term postmarketing surveillance is warranted.!48

This review provides an overview of the underlying pathophysiological processes and
potential applications in clinical practice. We emphasize our translational approach to
this subject, from preclinical animal models of disease to studies in human patients with

IBD.
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CONCLUSIONS & FUTURE PERSPECTIVES

Referring to the described aims of this Thesis, the following conclusions can be

formulated:

1. Serum DPP-4 |levels were significantly lower in active IBD patients compared to those
in remission and healthy controls. Interestingly, no significant differences in sDPP-4
levels were demonstrated between CD and UC patients, indicating that it cannot

serve as a discriminating factor between these diseases.

2. Serum DPP-4 showed an inverse correlation with clinical activity scores and
endoscopic activity, as well as with other established biomarkers (e.g., FC and CRP),

in both diseases.

3. ROC curve analysis confirmed that sDPP-4 can be considered a reliable surrogate

marker of clinical and endoscopic activity, in IBD.

4. By defining optimal cutoff points, we have demonstrated that sDPP-4 levels can be
used as a predictor of treatment escalation. Notably, the simultaneous use of three
biomarkers — sDPP-4, FC, and CRP —enhanced the predictive power significantly.
This multibiomarker approach holds promise, especially considering the complex

and heterogeneous nature of IBD.

5. The utility of sDPP-4 in monitoring treatment response among biologically treated
patients was also explored. Lower sDPP-4 levels were observed in nonresponders,
particularly in UC patients. ROC curve analysis further validated sDPP-4's ability to
distinguish between responders and nonresponders, indicating its potential in

tailoring treatment strategies.
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6.

9.

Fecal DPP-4 levels were significantly higher in UC patients in remission compared to
those with active disease. On the contrary, in the group of CD patients with ileal

involvement, those with active disease exhibited higher fDPP-4 levels.

ROC curve analysis confirmed that fDPP-4 can be considered a reliable surrogate
marker of clinical and endoscopic activity, in UC patients. It appears to be a less

sensitive biomarker in localized small bowel disease.

DPP-4/CD26 revealed distinct expression patterns in intestinal tissue of UC and CD
patients. Aberrant apical DPP-4/CD26 expression was evidenced in UC patients in
remission, while active UC patients showed no such expression. In contrast, ileal CD
patients in remission exhibited high apical DPP-4/CD26 expression, with a tendency
toward reduction in cases of active CD. We evidenced a strong and direct correlation
between DPP-4/CD26 intestinal expression and sDPP-4 levels in patients with UC and
ileal CD. However, the correlation with fDPP-4 was weaker, indicating that sDPP-4

may better reflect cellular expression.

This research reveals a potential compartmentalization of DPP-4 functions,
indicating its distinct roles in different stages and types of IBD. Our study suggests
that DPP-4 might have a protective function in UC, aiding in achieving and

maintaining remission, while it could be associated with disease progression in CD.

10. Our systematic review concluded the following:

130

10.1 In animal models of colitis, DPP-4 inhibitors evidenced therapeutic impact by

inhibiting the catalytic activity of DPP-4 over its substrates. However, its

protective properties might involve other mechanisms beyond that effect.

10.2 GLP-2 analogs showed a clear benefit in animal studies, reporting significative

improvements in histological and clinical scores, reduction in pro-inflammatory
cytokine levels, and an intestinotrophic response. A study in humans with

teduglutide (GLP-2 analog) exhibited a trend toward remission.

10.3 DPP-4 inhibitors and GLP-2 analogs might increase the risk of colorectal cancer,

requiring further research for safety assessment. Conflicting studies exist
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regarding the association between DPP-4 inhibitors and IBD risk, suggesting the

need for ongoing surveillance.

Overall, this work contributes to unraveling the role of DPP-4 in IBD and address its
potential as a valuable tool for clinicians, in managing this complex and challenging
condition. The integration of these findings into clinical practice has the potential to
revolutionize IBD management, offering more precise diagnostics and personalized
treatment strategies for patients. It emphasizes the importance of translational
research, bridging the gap between preclinical models and clinical applications to

improve the diagnosis and treatment of IBD.

Regarding the future and following the ideas that came up with this work, we believe
it is important to investigate the underlying mechanisms behind the association of
decreased sDPP-4 levels with active inflammation in IBD, and further studies could
explore the molecular pathways and immune responses affected by DPP-4, shedding
light on its role in disease pathogenesis. Our findings should be validated in larger and
diverse patient populations to establish the clinical utility of sDPP-4 as a biomarker for
disease activity, prognosis, and treatment response. Long-term studies could assess the
reliability of sDPP-4 as a predictor for disease progression and the need for treatment
escalation.

The potential involvement of DPP-4 in ECM remodeling and fibrosis should be further
evaluated, as growing evidence suggests that DPP-4/CD26 inhibition could be a potential
target for antifibrotic therapy. Knowing the shedding process of DPP-4 and the complex
interplay between different proteases could also provide a more comprehensive view
of their involvement in IBD pathogenesis.

The therapeutic potential of modulating DPP-4 activity in IBD could be explored, given
the impact of DPP-4 inhibitors in animal models, further research could focus on
developing specific drugs targeting DPP-4 for IBD treatment. However, the potential

risks, such as stimulating carcinogenesis, should be carefully assessed.
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