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Abstract: The process of development, recurrence, and exacerbation of the inflammatory process
depends on the cytokine levels in IBD. For that reason, many cytokine therapies have been developed
for treating IBD patients. Researchers employ various techniques and methodologies for cytokine
profiling to identify cytokine signatures in inflamed mucosa. These include enzyme-linked im-
munosorbent assays (ELISA), multiplex immunoassays, flow cytometry, and gene expression analysis
techniques (i.e., microarray, RNA-seq, single-cell RNA-seq (scRNA-seq), mass cytometry (CyTOF),
Luminex). Research knowledge so far can give us some insights into the cytokine milieu associated
with mucosal inflammation by quantifying cytokine levels in mucosal tissues or biological fluids
such as serum or stool. The review is aimed at presenting state-of-the-art techniques for cytokine
profiling and the various biomarkers for follow-up and treatment.

Keywords: cytokines; inflammatory bowel disease (IBD); mucosa; inflammation; immune response;
biomarkers; disease activity; gastrointestinal; pathogenesis; treatment

1. Introduction

An increasing number of people are affected by inflammatory bowel disease (IBD)
worldwide, including Crohn’s disease (CD), ulcerative colitis (UC), and unclassified IBD.
Their incidence is increasing worldwide, significantly affecting young people and nega-
tively impacting quality of life [1].

IBD has a diverse clinical presentation that includes episodes of abdominal pain,
chronic diarrhea, rectal bleeding, and weight loss. The clinical manifestation of IBD is
characterized by a relapsing–remitting course, which is often associated with systemic
symptoms [2].

The chronic course of IBD sometimes leads to significant complications such as stric-
tures, fistulas, infections, and cancer, which increase the morbidity and mortality of this
entity. As a result, substantial healthcare costs are generated, leading to stress in the
healthcare system [3].

The pathogenesis of IBD is associated with genetic susceptibility of the host, dysfunc-
tion of the intestinal immune system, disruption of intestinal epithelial barrier integrity,
and some environmental factors [4]. In line with this, the intestinal epithelium is essential in
maintaining the average balance of intestinal homeostasis. The dysregulation of microbial
content and the impaired protein response are implicated in the impaired barrier function
of IBD etiology [5].

On the other side, the innate and adaptive immune systems are the key factors that
control intestinal inflammation in IBD patients. The process of development, recurrence,
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and exacerbation of the inflammatory process depends on the cytokine levels in IBD. For
that reason, a plethora of cytokine therapies have been developed for the treatment of IBD
patients [6].

Cytokines represent small proteins, which are synthesized mainly by immune cells.
They implement the communication between cells by activating the antigen-specific effector
cells, interfering with local and systemic inflammation. They realized this process by
autocrine, paracrine, and endocrine pathways [7].

The innate immune system plays a central role in the pathogenesis of IBD. After being
activated, macrophages and dendritic cells (DC) can potentially secrete several cytokines
that regulate the inflammation process in IBD. The cytokine triggers many types of T-
cells. Thus, the adaptive immune response is activated. It was established that in IBD
patients, a dysregulation of T cells, particularly an imbalance of Treg/Th1, Th2, and Th17
cell populations, takes place in the development and exacerbation of the disease [8].

A complex network of different cytokines has been involved in IBD pathogenesis.
These cellular interactions between the immune cells are modulated by inflammatory
cytokines such as TNF-α, INF-γ, IL-1, IL-6, IL-4, IL-5, IL10, TGF-β. On the other hand, there
are anti-proinflammatory cytokines like IL-13, IL-12, IL-18, and IL-23 [9]. The knowledge
of the role that every different cytokine plays in inflammation in IBD is essential for
establishing the correct treatment algorithm for each clinical setting. It must be underlined
that cytokine interplay could be disease-specific and tissue-specific and may also change
over time in the same patient. Thus, identifying the predictors of response to specific
therapies should be the main point of future therapeutic interventions to determine the
best personalized approach [10].

2. Search Strategy

We searched the relevant databases, including PubMed/MEDLINE, Embase, Scopus,
and Web of Science, using both MeSH terms and free-text keywords as follows: “Inflamma-
tory Bowel Diseases”, “Cytokines”, “Mucosa”, “Cytokine Signature”, “Biomarkers”. We
combined search terms using Boolean operators and included the following: ((“Inflamma-
tory Bowel Diseases” OR “IBD”) AND (“Cytokines” OR “Interleukins” OR “Tumor Necrosis
Factor” OR “Interferons”) AND (“Mucosa” OR “Intestinal Mucosa” OR “Gastrointestinal
Mucosa”) AND (“Biomarkers” OR “Diagnostic Markers” OR “Prognostic Markers”)). Ad-
ditionally, some filters were applied as follows: Human studies, English language, and
Publication date (e.g., last 10 years). Retrieved relevant articles were screened for titles,
abstracts, and full texts for inclusion based on relevance to the topic and study objectives.

3. Role of Mucosal Immunology in IBD Pathogenesis

Cytokines are pivotal in orchestrating immune responses and driving inflammation,
particularly in mucosal inflammation observed in conditions such as IBD. These small
signaling proteins are secreted by various immune cells and regulate immune cell commu-
nication and activation. In inflamed mucosa, cytokines are key mediators that perpetuate
inflammation and contribute to tissue damage [11].

Understanding the intricate role of cytokines in mucosal inflammation requires iden-
tifying cytokine signatures, which are unique patterns of cytokine expression associated
with specific disease states or pathological conditions. Accurate identification of these
signatures is crucial for elucidating disease mechanisms, predicting disease progression,
and developing targeted therapeutic interventions [11].

Cytokines play a central role in immune responses and inflammation in inflamed
mucosa, such as that which is observed in IBD. Identifying cytokine signatures is essential
for elucidating disease mechanisms and guiding therapeutic interventions. Employing
various techniques and methodologies for cytokine profiling, along with site-specific
analysis, enables a comprehensive understanding of mucosal inflammation and holds
promise for the development of personalized approaches to disease management.
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The type of cytokines present in the intestinal mucosa significantly impacts the effector
cell response. This article outlines the key cytokines involved in intestinal inflammation
during IBD, including those related to innate immune responses (TNFα, TNF-like cytokine
1A, IL-8), adaptive immune responses (Th1 (IL-1β, IL-18, IFNγ, IL-12), Th2 (IL-4, IL-5, IL-13,
IL-11, IL-33), Th17 (IL-17A, IL-17F, IL-21, IL-22, IL-25, IL-27)), and cytokines necessary for
Th17 development (IL-6, TGFβ). Recently discovered innate lymphoid cells (ILCs) may
produce IFN-γ, TNF, IL-5, IL-13, IL-17, and IL-22 [11].

The unique expression profile of IL-6, TGFβ1, IL-10, and FoxP3 may indicate IBD, as
we have previously demonstrated [12]. Furthermore, cytokines such as IL-6, expressed
in response to damaging factors (i.e., infections, etc.), can navigate the immunological
processes in the mucosa to Th17 differentiation, along with chronic inflammation. Moreover,
we demonstrated that IL-6 is the critical cytokine—common for chronic inflammation and
carcinogenesis in colorectal cancer [13].

Researchers employ various techniques and methodologies for cytokine profiling to
identify cytokine signatures in inflamed mucosa. These include enzyme-linked immunosor-
bent assays (ELISA), multiplex immunoassays, flow cytometry, and gene expression analy-
sis techniques, such as quantitative real-time polymerase chain reaction (qPCR) and RNA
sequencing. Researchers can gain insights into the cytokine milieu associated with mucosal
inflammation by quantifying cytokine levels in mucosal tissues or biological fluids, such as
serum or stool.

Importantly, site-specific analysis of cytokine expression in mucosal inflammation is
paramount for an understanding of the heterogeneity of immune responses within different
gastrointestinal tract regions. For instance, the cytokine profile observed in the inflamed
mucosa of the colon may differ from that of the small intestine, reflecting distinct im-
munological microenvironments and disease phenotypes. Therefore, site-specific analysis
allows for a more comprehensive characterization of cytokine signatures and facilitates the
development of tailored therapeutic strategies for mucosal inflammatory disorders.

The cytokine network in IBD mucosa with the main groups of biomarkers is presented
on Figure 1.
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Figure 1. Overview of the cytokine network in the inflamed mucosa in IBD patients as a source
of biomarkers.
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4. State-of-the-Art Techniques for Cytokine Profiling

The detection, study, and analysis of cytokines can be a challenge. The techniques
used are different and specific, but also very sensitive [14]. The most commonly used
samples for research are serum and plasma since they have the closest contact with all
tissues and organs. In addition, synovial or cerebrospinal fluids are also used, as they may
contain valuable biomarkers that can provide information about a specific, local area of the
body. Cell and tissue culture supernatants are also often studied. However, they have quite
a large amount of collagen, lipids, and other components that confuse the analysis [14].
Some cytokines are extremely sensitive in isolation and processing; others have multiple
and different isoforms. This requires the use of highly specific antibodies that have been
rigorously validated.

Profiling of cytokine levels of IBD patients can be quite challenging because a single
cytokine can have many functions, and different cytokines can share the same function [15].
Although cytokines mediate many immunological responses in IBD, the specific pathogenic
role of each can sometimes be ambiguous in different subtypes of the disease [16]. This
requires precise, sensitive, and accurate detection and analysis methods, which will give a
much deeper insight into a given disease.

4.1. Microarray Technology

The microarray technique makes it possible to quantify many cytokine profiles in
serum or plasma. The aim is to investigate the expression profile of cytokines associated
with a disease. The technique is accurate and validated and guarantees the reproducibility
of results. Very often, serum is preferred as it gives a consistently lower background signal
than plasma. Thus, with microarray assay, a large number of samples can be analyzed,
after which some differentially expressed cytokines can be validated in plasma by ELISA,
qRT-PCR, or with another technique [17,18]. The sensitivity limits of the analysis must be
measured, as well as other indicators important for the accuracy of the results [19].

An earlier study used a high-throughput approach, microarray profiling in IBD pa-
tients, to identify predictive transcriptional signatures associated with intestinal inflam-
mation, diagnosis, response to glucocorticoids, or disease prognosis [20]. The authors
conclude that the discovery of gene expression profiles can greatly help in personalized
therapy in patients with IBD.

A few studies based on microarray technology have also been published to identify
effective biomarkers in ulcerative colitis (UC) [21–24]. In addition, the differences in plat-
forms, protocols, sample sizes, and other factors make gene expression levels incomparable.

In summary, microarray techniques demonstrate accuracy and precision. They en-
able an extensive range of biomarker detection and simultaneous quantification using a
smaller sample volume. The method is more sensitive than ELISA and has much lower
running costs.

4.2. RNA Sequencing (RNA-Seq)

RNA sequencing (RNA-seq) precisely measures the qualitative and quantitative
changes in expression levels of transcripts, transcriptional isoforms, gene fusions, single
nucleotide variants, and other features. The method investigates transcriptomic differences
and identifies significantly differentially expressed transcripts in patients with various
diseases [25,26].

Numerous studies have been conducted to search for the molecular mechanism un-
derlying the etiology and pathogenesis of IBD and for diagnosis and treatment. Over the
years, research has been conducted to study transcriptomic signatures in IBD. Changes
in transcribed RNAs in tissues or serum between the healthy and diseased or different
IBD subtypes can enrich the available information and be used as diagnostic or prognostic
biomarkers [27,28]. Transcriptomic studies are mainly used with sequencing technolo-
gies, where extensive information about the functions, expression levels, and biological
pathways of different transcripts are analyzed in relation to IBD [29–31].
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In a previous study, RNA-seq analysis was used to quantify the expression of 115 genes
defined in the literature to be relevant to the pathogenesis of IBD in ulcerative colitis (UC)
and Crohn’s disease (CD) patients [32]. Of these, 92 were significantly differentially ex-
pressed in inflamed mucosa of patients compared to healthy controls. The most upregulated
genes shared by both diseases are REG1A, LCN2, NOS2, CXCL1, CXCL2 and S100A9.

A metagenomic study of the interaction between the microbiome and the transcrip-
tome of IBD patients was performed to detect altered metabolic processes, disrupted
alternative splicing patterns, or disrupted gene expression [33]. Alternative splicing pat-
terns were increased in IBD patients, and genes for interleukin receptors, interleukins, and
other inflammation regulators were dysregulated.

Impaired gene expression in the intestinal mucosa may contribute to the initiation
and progression of CD [34]. In this study, genome-wide transcriptomic differences and
significantly differentially expressed RNA-seq identified transcripts in normal, inflamed,
and non-inflamed CD mucosa.

Both microarray and RNA-seq techniques are used to study the mechanism of molec-
ular pathogenesis in human diseases. Initially, microarrays were predominant, but the
use of the RNA-seq technique has gained popularity. Although both approaches are
high-throughput and commonly used expression profiles in samples, each method has
advantages and disadvantages [27,35,36].

4.3. Single-Cell RNA Sequencing (scRNA-Seq)

Single-cell RNA sequencing (scRNA-seq) is one of the most advanced techniques
for detection and quantitative analysis of RNA transcripts in individual cells [37]. The
technology is also applicable to reveal the complexity of messenger RNA molecules of
different cell types, cellular subsets, and cell states in both healthy tissue and diseased states.
scRNA-seq can provide substantial information to help us better understand diseases. Some
challenges must be overcome to exploit its great potential in diagnosis and treatment [38,39].
The novelty of this technology compared to mass sequencing is the ability to detect rare
subsets of cells that may be the causes of the disease pathogenesis [40].

Different studies have been conducted revealing the application of single-cell tech-
niques in IBD. Kinchen et al. conducted a study using scRNA-seq and found SOX6, CD142,
and WNT to be expressed by colonic mesenchymal cells consisting of fibroblast subsets [41].
If their regulation is disrupted, epithelial function is impaired, which leads to inflammation
and UC. Similar studies of the epithelial layer of the colon were conducted [42–44]. They
examined healthy tissue, inflamed UC tissue, and non-inflamed UC tissue and showed that
scRNA-seq can be used to detect abnormalities at the tissue level before disease progression.

Studies have also been conducted on the application of scRNA-seq in CD [45–47].
They examine different cell subsets, some of which are studied; others have altered gene
expression or dysregulation. Mitsialis et al. also used scRNA-seq technology to confirm
their mass cytometry results in patients with two diseases (UC and CD) [48]. Within both
the CD and UC groups, the authors found an expansion of several cell types that were
characteristic of each disease.

All these data reveal the power of single-cell technologies that can help us understand
the pathogenic signatures of IBD disease states.

4.4. Mass Cytometry (CyTOF)

Mass cytometry combines flow cytometry and mass spectrometry. It is also called
CyTOF [49]. This technique allows for the quantitative analysis of a single cell in real-time
and simultaneous measurement of up to 60 different biomarkers in a single cell. Cells
are stained with specific antibodies that are conjugated to stable metal isotopes instead of
fluorescent dyes. The technique is very sensitive and with high resolution, but it also has
some disadvantages, which necessitates the use of other methods as well [50].

In a study by Rubin et al., mass cytometry revealed systemic and local immune
signatures that could differentiate IBD [51]. They analyzed leukocyte subsets and examined
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gut-homing molecule expression in blood and intestinal tissue from IBD and healthy
controls. The authors found greater cellular heterogeneity among CD compared with UC.
Blood signatures could be used as non-invasive and safe biomarkers for disease diagnosis
and monitoring [51].

A similar mass cytometry (CyTOF) study was conducted to compare immune cell
populations in mucosa and blood from patients with IBD and healthy controls [48]. Mucosal
and blood samples from IBD patients have an increased abundance of different types of
immune cells compared to controls, which can be used to develop target therapies in
patients with IBD.

4.5. Luminex Technology

The multiplex cytokine assay (Luminex) allows multiple biomarkers to be detected
simultaneously. This technology is very useful because it can provide disease-specific
biomarker models. A mixture of various antibodies is used, which must be highly specific
and sensitive to limit cross-reactivity within the samples. The antibodies are attached to
beads (microspheres) colored with red and infrared fluorophores of different intensity and
can be mixed in the same assay [52]. Data from a meta-analysis study for IL-10 levels
in patients with UC, Crohn’s disease and healthy controls showed that the relationship
between the serum interleukin concentration in patients with UC does not differ when
using the Luminex assay and ELISA [52]. There was no statistical difference in serum IL-10
levels between UC and CD patients.

Another study based on Luminex technology was conducted with prospectively collected
samples from UC patients and control subjects [53]. Data showed that eotaxin-1 and G-CSF
were elevated in the serum of UC patients compared to controls, 13 cytokines/chemokines
were elevated in active UC compared to tissue controls, but only eotaxin-1 was elevated in
both serum and tissue in all UC patients.

A very recent study evaluated the ability of Luminex multiplex technology to identify
serum cytokine and/or chemokine markers of Crohn’s disease activity [54]. A total of 16
of 42 serum cytokines and chemokines were elevated compared to healthy controls. This
indicates that CD is associated with changes in serum cytokines and chemokines levels,
and their profiling may be a non-invasive strategy to assess disease activity. Although mass
cytometry is a technique widely accepted by the scientific community, few studies have
characterized cytokine production in immune cells using this method so far.

In Table 1, we present a summary of all methods and their advantages and limitations.

Table 1. Techniques for Cytokine Profiling—benefits and limitations.

Technique Benefits Limitations

Microarray - High throughput analysis - Limited dynamic range

- Simultaneous detection of
multiple cytokines

- Requires prior knowledge of
target cytokines

- Provides quantitative data - Relatively high cost

RNA-seq - High sensitivity and specificity - Computational complexity

- Comprehensive coverage of
cytokine transcripts

- RNA degradation during
sample processing

- Ability to identify novel cytokines - Higher cost compared to microarrays

Single-cell RNA-seq (scRNA-seq)
- High-resolution analysis of

individual cells - Complex data analysis and interpretation

- Enables identification of cell-specific
cytokine expression

- Technical challenges in single-cell isolation
and library preparation
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Table 1. Cont.

Technique Benefits Limitations

- Reveals heterogeneity within
cell populations

- Requires substantial
computational resources

Mass cytometry (CyTOF)
- High-dimensional analysis of

cytokine expression - Limited number of markers per panel

- Enables simultaneous analysis of
multiple cytokines - Expensive instrumentation

- Provides single-cell resolution - Requires specialized expertise in
data analysis

Luminex
- Multiplexed analysis of

numerous cytokines - Limited dynamic range and sensitivity

- High-throughput screening - Semi-quantitative measurements

- Affordable and accessible - Requires calibration and optimization for
each analyte

5. Clinical Implications and Therapeutic Opportunities

The treatment goal of IBD patients is to provide symptomatic relief, promote endo-
scopic remission, and avoid disease relapses. Thus, predicting the response to therapy
is very important for the patient’s prognosis. Additionally, many IBD patients become
intolerant or resistant to treatment over time. Therefore, the ability to predict treatment
responses is of great importance for patients because it allows them to optimize future
therapeutic options [55].

Furthermore, in past years, novel therapeutic approaches have been developed for
IBD patients, including different new modulators of cytokine signaling events (such as
JAK/TYK inhibitors), inhibitors of cytokines (IL-12/IL-23, IL-22, IL-36, and IL-6 inhibitors),
and anti-adhesion and migration strategies (β7 integrin, sphingosine 1-phosphate receptors,
and stem cells). Another interesting approach for IBD patients with promising results is
related to microbial-based therapeutics, including fecal microbiota transplantation and
bacterial inhibitors [56].

Some of the markers could be defined as predictive biomarkers for different IBD treatments.

5.1. Biomarkers for Response to Biological Treatments

Biologics has become a highly promising treatment option for patients with severe
IBD over the past years. One of the disadvantages of this therapy is that around 13–46% of
the patients become resistant or non-responders to this treatment [57].

For that reason, the early identification of patients who will lose clinical responses
to biological therapies is crucial for their prognoses. Recently, in clinical practice, the
implementation of different immune markers, microbiome, anti-drug antibodies, and
genetics are used as a monitoring tool determining the outcome of biological therapy [58].

5.2. Immune Markers

Measurable compounds obtained from tissue or biofluid specimens are defined as
biomarkers [59]. In patients with IBD, biomarkers are extremely useful as a diagnostic and
prognostic tool in predicting disease relapse. They are less invasive and cost-effective than a
colonoscopy [60]. The inflammation initiated by the disease agent stimulates the release of
three essential cytokines (IL-6, TNF-α, and IL-1β), all of which induce the production of CRP
from the hepatocytes. The synthesis of CRP is regulated by IL-6 cytokine, mainly produced
by macrophages and T-cells [61]. However, serum CRP concentrations are non-specific
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in patients with IBD, and abnormal measurements can be detected in various immune-
mediated diseases, obesity, trauma, cardiovascular events, infections, and neoplasia [62].

Fecal biomarkers are the proteins that are explicitly found in stool samples of patients
with IBD. The fecal markers include fecal calprotectin (FC), calgranulin C, lactoferrin,
and lipocalin-2 [63]. Unlike serum markers, fecal markers can be used as a non-invasive
indicator strongly correlated with mucosal inflammation. The most widely used fecal
biomarker in practice is FC. It represents a protein widely found in neutrophils, eosinophils,
and macrophages. Changes in its concentration are observed in the body upon activation of
granulocytes and mononuclear phagocytes [64]. Many studies have reported data related
to the correlation between elevated levels of FC and the activity of IBD. In the active phase
of the inflammation, a huge number of neutrophils are concentrated in the colonic mucosa;
as a result, elevated levels of FC are detected [65]. It must be underlined that changes in
fecal calprotectin levels are not exclusive to IBD. A lot of other pathological conditions,
such as infectious colitis, colorectal cancer, diverticulitis, and those using non-steroidal
anti-inflammatories or proton pump inhibitors, could lead to elevations of FC levels [66].

Recently, studies have shown a correlation between higher levels of FC and non-
response to Infliximab in severe UC patients. Another critical point is that levels of FC could
be a feasible predictor for histological and endoscopic response in patients on biological
therapy [67,68].

5.3. Anti-Drug Antibody

An interesting fact is that some biological therapies can evoke an immune response
with the production of anti-drug antibodies (ADA), which can lead to the loss of their
responses in IBD patients. There is evidence that prolonged therapy with Infliximab
could stimulate the synthesis of anti-Infliximab antibodies and cause an increased risk of
treatment failure [69].

A study by Bartelds et al. showed that two-thirds of patients treated with adalimumab
developed antibodies. Most often, the formation of ADA occurs within 28 weeks of
treatment. Thus, an extended follow-up over 3 years established an increasing number of
ADA. It has been proven that there is a correlation between high ADA levels and clinical
non-response [70].

5.4. Genetic Markers

Some predictive genetic markers related to cytokines or their receptors could be feasi-
bly used in predicting response to biological treatment. These markers include TNF/TNF-
receptor genes, ATG16L1 gene, NOD2/CARD15 genes, IL23R, and IL12 genes [71,72].

A good example of the implementation of genetic markers as predictors for treatment
response to biological therapy is when TNF-β and TNFRSF1B genes (rs1061624_A-rs3397_T)
together with a minor allele (A) polymorphism of TNF gene (rs1800629) could predict a
non-responsiveness to anti-TNF (Infliximab) therapy in CD patients [73,74].

5.5. Mucosal Transcriptomics Markers

Biologics therapy has the potential to inflect the expression level of mucosal cytokines
and modulate inflammation. Thus, a change in cytokine transcript level can be used as a
predictive therapeutic biomarker. There is a plethora of studies that have shown diminished
mucosal TNF- α transcript levels in response to anti-TNF therapy, which have correlated
positively with disease remission and mucosal healing in IBD patients [75,76].

Other transcriptomics markers such as IL-17A, IL-6, IL-7R, and interferon (IFN)-γ are
as good as predictive therapeutic efficacy biomarkers of anti-TNF or anti-α4β7 therapies in
IBD patients [77,78].

These markers are also presented in Figure 1.
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6. Targeting Cytokines in IBD Therapy: Current Therapies and Their Impact on Cytokines

In the realm of IBD therapy, various treatments have been developed and utilized,
each exerting its influence on cytokine activity within the body. These therapies aim to
mitigate the inflammation characteristic of IBD by targeting critical cytokines involved in
the disease process. Here, we explore the mainstay treatments for IBD and their impact on
cytokine modulation.

Corticosteroids such as prednisone and budesonide are frequently used to induce
remission in IBD due to their potent anti-inflammatory properties. They work by sup-
pressing the activity of various cytokines, including interleukins (ILs) and tumor necrosis
factor-alpha (TNF-α), thus dampening the inflammatory response [79].

Immunomodulatory drugs like azathioprine, mercaptopurine, and methotrexate are
employed to maintain remission and reduce the need for corticosteroids in IBD. These
agents act by modulating the activity of immune cells and cytokines, particularly TNF-α,
IL-6, and interferon-gamma (IFN-γ), attenuating inflammation and preventing disease
flares [80].

Aminosalicylates, including mesalamine and sulfasalazine, are commonly used for
treating mild to moderate forms of IBD, primarily ulcerative colitis. While the exact mecha-
nism of action remains unclear, these agents are thought to exert their anti-inflammatory
effects by inhibiting the production of pro-inflammatory cytokines, such as TNF-α, IL-1,
and IL-6, and promoting the release of anti-inflammatory mediators [81].

Biologic agents represent a significant advancement in IBD therapy, targeting specific
cytokines involved in the pathogenesis of the disease. TNF-α inhibitors, such as Inflix-
imab, adalimumab, and certolizumab pegol, neutralize TNF-α, a central cytokine in IBD
inflammation, thereby reducing inflammation and promoting mucosal healing [82].

Moreover, agents targeting other cytokines, such as IL-12/23 inhibitors (ustekinumab),
integrin antagonists (vedolizumab), and IL-23 inhibitors (risankizumab), have been devel-
oped to provide alternative treatment options for patients resistant to TNF-α inhibitors or
those requiring a different mechanism of action [83].

Overall, current therapies in IBD therapy exert their effects by modulating cytokine
activity, either directly or indirectly, to alleviate inflammation and achieve disease remission.
Continued research into the intricate cytokine networks involved in IBD pathogenesis is
essential for the development of novel therapeutic strategies aimed at improving treatment
efficacy and patient outcomes.

Among the emerging cytokine-targeted therapies are the following observations.
In recent years, the development of cytokine-targeted therapies has expanded rapidly,
offering new avenues for the treatment of IBD. These emerging therapies aim to address
the limitations of current treatments and provide alternative options for patients who do
not respond adequately to existing regimens. Here, we explore some of the promising
cytokine-targeted therapies that are under investigation for IBD:

Interleukin-23 (IL-23) inhibitor development is based on the critical role of IL-23 in
the pathogenesis of IBD by promoting the differentiation and activation of Th17 cells,
which are implicated in driving intestinal inflammation. Several IL-23 inhibitors, such as
risankizumab and brazikumab, have shown promising results in clinical trials for both
Crohn’s disease and ulcerative colitis. By specifically targeting IL-23, these biologic agents
offer a novel approach to IBD therapy with the potential for improved efficacy and safety
profiles [84].

Interleukin-17 (IL-17) inhibitors target IL-17, another critical cytokine involved in the
inflammatory cascade in IBD, contributing to tissue damage and perpetuating chronic
inflammation. Monoclonal antibodies targeting IL-17A, such as secukinumab and ixek-
izumab, have demonstrated efficacy in other autoimmune diseases and are currently being
evaluated in clinical trials for IBD. These agents hold promise as potential therapeutics
for patients with refractory disease or those who do not respond to conventional biologic
therapies [85].
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Janus Kinase (JAK) inhibitors represent a novel class of small-molecule drug that
interferes with cytokine signaling pathways by targeting Janus kinases, enzymes involved
in cytokine receptor signaling. Tofacitinib, a JAK inhibitor, has shown efficacy in treating
moderate to severe ulcerative colitis and is currently approved for this indication. Other
JAK inhibitors, such as upadacitinib and filgotinib, are also being investigated in clinical
trials for Crohn’s disease and ulcerative colitis, offering potential oral alternatives to biologic
therapies [86].

JAK inhibitors, including tofacitinib, interfere with cytokine-signaling pathways by
targeting JAK enzymes which are critical for cytokine receptor activation. Tofacitinib
inhibits the signaling of cytokines, such as IL-6, IL-12, IL-23, and IFN-γ, thereby reduc-
ing inflammation and improving clinical outcomes in patients with moderate to severe
ulcerative colitis [86].

Tumor Necrosis Factor-alpha (TNF-α) receptor fusion proteins, in addition to tradi-
tional TNF-α inhibitors, are novel agents targeting the TNF-α pathway and are under
development for treating IBD. TNF-α receptor fusion proteins, such as etanercept and cer-
tolizumab pegol, offer alternative mechanisms of inhibiting TNF-α activity and have shown
promising results in clinical trials. These agents may provide additional options for patients
who do not respond to conventional TNF-α inhibitors or experience treatment-related
adverse effects [79].

Advances in cytokine biology have led to the identification of specific cytokine targets
implicated in IBD pathogenesis. Selective cytokine modulators, such as anti-IL-13 antibod-
ies and GM-CSF inhibitors, are currently being evaluated in preclinical and clinical studies
for their potential efficacy in IBD. By targeting cytokines with more precise mechanisms of
action, these agents aim to minimize off-target effects and improve treatment outcomes [82].

In conclusion, emerging cytokine-targeted therapies hold promise for the future of
IBD treatment, offering novel approaches to modulating the inflammatory response and
achieving disease remission. Continued research and clinical trials are needed to further
evaluate the safety and efficacy of these therapies and to determine their optimal placement
in the IBD treatment armamentarium.

7. Challenges and Future Directions

Current cytokine profiling techniques face several limitations that hinder their ef-
fectiveness in accurately characterizing cytokine signatures. Sensitivity and specificity
issues are common, as some techniques may lack the sensitivity to detect low-abundance
cytokines or the specificity to distinguish between closely related cytokine isoforms. Addi-
tionally, standardization challenges across different platforms and laboratories can lead to
variability in results, making it difficult to compare findings between studies or establish
robust diagnostic criteria [87].

Future research offers exciting opportunities to address these limitations and advance
our understanding of cytokine biology in mucosal inflammation. One potential avenue
is integrating multi-omics data, which would combine information from genomics, tran-
scriptomics, proteomics, and metabolomics to provide a comprehensive view of cytokine
regulation and function. This holistic approach could reveal novel cytokine networks
and pathways involved in mucosal inflammation, offering new targets for therapeutic
intervention [88].

Furthermore, personalized medicine approaches hold promise for tailoring cytokine-
based therapies to individual patients based on their unique cytokine profiles and disease
characteristics. Clinicians can optimize treatment strategies and improve outcomes for
patients with mucosal inflammatory disorders by identifying specific cytokine signatures
associated with different disease phenotypes or treatment responses. Overall, addressing
the limitations of current cytokine profiling techniques and exploring innovative research
directions offer exciting prospects for advancing our understanding and management of
mucosal inflammation.
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8. Conclusions

In conclusion, the limitations of current cytokine profiling techniques underscore the
need for innovation in cytokine research for IBD. Addressing the challenges of sensitivity,
specificity, and standardization is essential to enhance the accuracy and reliability of cy-
tokine analysis. Advancements in cytokine research hold significant promise for improving
the management and treatment of IBD by providing insights into disease mechanisms,
guiding personalized therapeutic approaches, and ultimately optimizing patient outcomes.
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