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Abstract: Ulcerative colitis (UC) is a chronic inflammatory disease with an underlying excessive
immune response directed against resident microbiota and/or dietary antigens. Both innate and
adaptive immune cells play a crucial role in the pathogenesis of UC. In the case of innate immune
response cells, neutrophils, dendritic cells, macrophages have a crucial impact on the development of
the disease, as well as innate lymphoid cells, which have received a particular attention in recent years.
On the other hand, mechanisms of the adaptive immune response involve cells such as: cytotoxic
lymphocytes, regulatory lymphocytes Treg, or helper lymphocytes Th-Th2, Th9, Th17, Th22, among
which significant discoveries about Th9 and Th17 lymphocytes have been made in recent years.
Due to the presence of antibodies directed against resident microbiota or one’s own tissues, the
influence of B lymphocytes on the development of UC is also highlighted. Additionally, the impact of
cytokines on shaping the immune response as well as sustaining inflammation seems to be crucial.
This review briefly describes the current state of knowledge about the involvement of the innate and
adaptive immune systems in the pathogenesis of UC. The review is based on personal selection of
literature that were retrieved by a selective search in PubMed using the terms “ulcerative colitis”
and “pathogenesis of ulcerative colitis”. It included systematic reviews, meta-analyses and clinical
trials. Our knowledge of the involvement of the immune system in the pathophysiology of IBD has
advanced rapidly over the last two decades, leading to the development of several immune-targeted
treatments with a biological source, known as biologic agents.
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1. Introduction

Ulcerative colitis (UC) is a chronic inflammatory disease, which belongs with Crohn’s
disease to the group of the inflammatory bowel diseases (IBDs). The condition is diagnosed
mostly between the ages of 20 to 40, however it can occur at every age. Characteristic of UC
are alternating periods of clinical relapse and remission. Inflammation of the colon mucosa
plays an essential role in pathogenesis of UC, which leads to ulcer formation. Changes
observed within the intestinal mucosa are localized in the rectum and spread proximally
to the other parts of the colon. The most common clinical symptoms are gastrointestinal
disorders such as abdominal pain, diarrhea with mucus and/or blood, nausea and vomiting;
nevertheless, general symptoms including fever, weight loss and anemia are also observed
with the parenteral symptoms—peripheral arthritis, cholangitis, pyoderma gangrenosum,
erythema nodosum and arthropathies [1,2]. Although the disorder is quite common, its
exact pathogenesis is not fully understood; however, it is known that UC is connected
with the excessive immune response to the environmental factors or resident microbiota
among genetically susceptible subjects, and the immunity status plays a crucial role in the
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increased intestinal permeability and impaired barrier function, as presented graphically in
Figure 1. There are reasonable doubts if the impaired barrier function precedes the onset
of the disease, or the inflammation development in the lamina propria of the intestinal
mucosa induces the intestinal epithelial disfunction [3].
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Figure 1. Pathogenesis of ulcerative colitis (UC). APCs—antigen presenting cells; In physiological
conditions, a homeostasis between natural microbiota and immune system is maintained. Intestinal
mucosa is covered by a thick layer of mucus preventing the penetration of intestinal bacteria to
epithelial cells. Integrity of the intestinal barrier is provided by the tight junctions between epithelial
cells, and the immune cells present a state of immune tolerance. In UC, a layer of mucus is reduced
and the gut microbiota is abnormal, which leads to gut dysbiosis. A reduction of butyrate-producing
bacteria (as a result of, e.g., antibiotic treatment) contributes to a decreased amount of butyrate
in the intestinal lumen and enhances anaerobic metabolic processes, which generate less energy
than the aerobic ones. The resulting oxidative stress damages the mucus-secreting colonocytes.
Additionally, enhanced anaerobic processes favor the expansion of facultative anaerobes such as
Salmonella enterica and Escherichia coli. Increased relative abundance of these bacterial species releasing
bacterial enterotoxins directly attack and damage the intestinal epithelial cells, which in turn damages
the intestinal mucosa and reduces its protective functions. The loss of tight junctions seen in UC
allows bacteria and dietary antigens to pass through the intestinal barrier and leads to the activation
of antigen-presenting cells. Macrophages and dendritic cells enhance neutrophil migration and
degranulation, as well as activating lymphocytes Th2, Th17, Th9. Activation of immune cells results
in the secretion of pro-inflammatory cytokines, i.e., TNF-«, IFN-y, and IL-13, which increases the
permeability of the intestinal barrier and thus promotes inflammation in the intestinal mucosa [3-5].

Patients with UC present a decreased number of the goblet cells responsible, among
others, for the excretion of biologically active substances that contribute to innate immunity,
such as trefoil peptides and peptides binding Fc region of antibodies, as well as for secretion
of the mucin, which forms large net-like polymers that lubricate the lumen and form a
barrier between sterile intestinal epithelial and gut microbiota [6]. An impaired intestinal
barrier and a decreased amount of the mucus leads to increased exposure to food antigens
and antigens associated with gut microbiota, which activates the mechanisms of the innate
immunity. Innate (passive) immune response is the first line of defense in the body,
including cells such as macrophages, innate lymphoid cells, mast cells, and neutrophils to
identify and eliminate pathogens in a short time, though its mechanisms are not specific
for various antigens [5]. Antigen-presenting cells (APC)—macrophages and dendritic
cells (DC)—connect the mechanisms of innate and adaptive (active) immune responses
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through presentation of the antigens to certain lymphocytes, which leads to activation of the
adaptive immune cells. Presence of a specific cytokine environment results in the activation
of transcription factors responsible for polarization of the naive lymphocytes, i.e., Th2, Th17,
and Th9, playing crucial roles in the development of the disorder. Moreover, Treg cells,
in spite of their increased number in the intestinal mucosa of patients with UC, present
reduced immunoregulatory activity. Increased concentration of tumor growth factor 3
(TGE-p) induces the suppression of Th22 lymphocytes which secrete IL-10 with a protective
effect on the intestinal mucosa. The impaired balance between pro- and anti-inflammatory
processes leads to the development of the chronic inflammation and impairment of the
intestinal barrier function. A key role in the development of the disease is played by
cytokines whose functions and influence on inflammation are presented in Table 1 [5].

Table 1. The influence of cytokines taking part in the UC pathogenesis on the development of the
immune response [5,7-16].

Cytokine

Expression of Cells Secreting Influence on the

Function

Cytokine in UC Cytokine Inflammation

IL-1p

Increased

Stimulates T cells to secrete
pro-inflammatory cytokines, induces
chemotactic factors, influences the
proliferation of B cells, systemically
causes an increase of temperature
and acute phase proteins

Macrophages pro-inflammatory

1L-4

Stimulates humoral immune
response, inhibits the secretion of
pro-inflammatory cytokines (TNF-«,
IL-6, IL-1B), activates M2
macrophages, activates transcription
factors responsible for
differentiation of T CD4+ cells to
Tho cells

Th2 anti-inflammatory

IL-5

Increased

Decreases the activity of Th1 cells
and cellular immune response,
stimulates the maturation of
eosinophils and basophils

IL-6

Increased

Activates transcription factors
responsible for differentiation of T
CD4+ cells to Th17 cells, inhibits the
secretion of TNF-o

Macrophages, dendritic

calls pro-inflammatory

IL-9

Increased

Activates mast cells, neutrophils and
eosinophils, influences the
expression of proteins creating tight
junctions in the intestinal barrier

Th9, Th2 pro-inflammatory

IL-10

Increased

Inhibits the secretion of tissue
metalloproteinases, tissue factor and
Treg, Th2, Th17, Breg anti-inflammatory cyclooxygenase 2, suppresses the
expression of transcription factor
NF-kB, activates macrophages M2

IL-13

Increased

Decreases the activity of Th1 cells
and cellular immune response,
inhibits the secretion of
pro-inflammatory cytokines (TNF-«,
Th2 anti-inflammatory IL-6, IL-1B), influences the
expression of proteins creating tight
junctions in the intestinal barrier
and the epithelial cells apoptosis,
activates macrophages M2
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Table 1. Cont.

Cytokine

Expression of Cells Secreting
Cytokine in UC Cytokine

Influence on the
Inflammation

Function

IL-17

Th17, monocytes,
Increased neutrophils, T CD8+,
NK cells

pro-inflammatory

Stimulates monocytes, epithelial and
endothelial cells to secrete
pro-inflammatory cytokines (IL-1f3,
TNF-«) and chemokines responsible
for leukocytes and neutrophils
migration to inflamed tissues, in the
absence of IL-23 supports the
intestinal barrier through occludin
regulation in tight junctions

IL-21

Th17, Th2

Decreases the activity of Th1 cells
and thus the cellular immune
response, increases the expression of
IL-23 receptor, stimulates
proliferation and maturation of B, T
CD8+ and NK cells

IL-22

Th17, Th22, Thl

Induces the secretion of
antimicrobial peptides, IL-10 and
mucus, mediates in the tissue repair
processes

IL-23

Macrophages, dendritic

Increased
cells

pro-inflammatory

Takes part in the differentiation of T
CD4+ cells to Th17 cells

IL-25

Th2

Decreases the activity of Thl cells
and cellular immune response

IL-33

Treg, macrophages,
dendritic cells, mast
cells

Enhances the secretion of IL-4, IL-5,
IL-13, increases the accumulation of
Th2, stimulates pathogenic Th2 and
Th17 response, induces tissue repair
through coordination of Treg

IL-35

Treg

anti-inflammatory

Suppress the differentiation of Th17

TGF-B

Treg

anti-inflammatory

Stimulates epithelial repair,
decreases expression of IL-33 and
Th22, stimulates differentiation of

Th17 in the presence of IL-6 and
Treg in the absence of IL-6, activates
the transcription factors responsible
for differentiation of T CD4+ cells to

Th9 cells

IFN-y

Th1, dendritic cells,
macrophages

Enhances transcytosis and
paracellular transport, activates
macrophages

TNEF-«

Th17, macrophages,

Increased dendritic cells

pro-inflammatory

Takes part in cell apoptosis,
stimulates lymphocytes and
activates other immune cells

The altered balance of anti-inflammatory and pro-inflammatory cytokines (mainly
towards the secretion of pro-inflammatory cytokines) may lead to the development of an
excessive immune response, which is associated with further activation and infiltration of
immune cells, increased cell apoptosis, and loss of intestinal barrier integrity [15].
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2. Immune Cells in the Pathogenesis of Ulcerative Colitis
2.1. Cells of Innate Immunity

Immune cells play a significant role in the pathogenesis of ulcerative colitis, including
cells of innate and adaptive immune response. The cells belonging to the innate immunity
are neutrophils, which constitute the main component of the inflammatory infiltrate in an
intestinal tissue in UC and are one of the first cells participating in the active phase of the
disease. Neutrophils recognize phagocytes and take part in incapacitation of the microor-
ganisms through releasing the neutrophil extracellular traps (NETs) or degranulation of
its own grains. NETs are cross-linked structures protruding from the membrane of acti-
vated neutrophils, composed of condensed chromatin and DNA. Moreover, they contain
some components of the neutrophils” grains, such as neutrophil elastase, myeloperoxidase
(MPO), and cathepsin G. NETs generation is a neutrophils’ response to the presence of
pathogens since the biochemical composition of NETs determines the trapping and upcom-
ing elimination of pathogens. MPO released from the cell catalyzes the HCIO synthesis
reaction. Further reactions with this acid affect the formation of reactive oxygen species
involved in the inactivation of microorganisms, and thus contribute to tissue damage and
ulcer formation [7,8,17,18]. The studies conducted so far show that, in patients with UC,
the concentration of MPO was several times higher than the expression of the enzyme
in the stool of healthy subjects, which suggests an increased activity of neutrophils in
these patients. Factors that increase NET release include tumor necrosis factor-oc (TNF-c)
and bacterial lipopolysaccharides, although this phenomenon is characteristic for neu-
trophils” activation, not only limited to UC. NETs may also arise when stimulated by
other pro-inflammatory cytokines, including IL-8 released by endothelial cells, and by NO
or neutrophil autoantibodies characteristic to small blood vessel inflammation and also
present in UC. Triggering properties towards releasing of NETs also fulfill protein arginine
deiminase 4 (PAD4), which is responsible for histone citrullination—a key process taking
place during NETosis. Dinallo et al. [17] proved that epithelial cells and cells of intestinal
mucosa exhibited higher PAD4 concentrations in intestinal tissue specimens collected from
UC patients, compared to healthy individuals and patients with Crohn’s disease. Moreover,
comparing the expression of PAD4 in a tissue lesion and in healthy tissue collected from
the same patients with UC, it has been noted that in the first case, an expression of PAD4
was significantly higher [7,17,18].

Recently, in pathogenesis of UC, the role of innate lymphoid cells (ILC), which belongs
to the family of mononuclear effective cells with common lymphoid progenitor, has been
highlighted. The cells take part in the immune response directed towards extra- and
intracellular microorganisms, in protection of an intestinal barrier, as well as in tissue repair
and remodeling. Taking into account the expression of transcriptional factors and the types
of cytokines secreted by the ILC, three types of these cells were distinguished: ILC1, ILC2,
ILC3 [5,19,20].

In the Forkel’s et al. [19] analysis, an increased number of ILC1 cells correlated with
an early stage of Crohn’s disease. Additionally, Forkel et al. noted a significant increase
in the number of ILC1 cells in the inflamed intestinal mucosa. ILC1 appears as a result
of enhanced expression of T-cell-specific T-box transcription factor (T-bet), the expression
of which is induced by IL-12. ILC1 is mainly responsible for eradication of the viruses
and bacteria. In addition, after pathogens are immobilized by DCs that release IL-12 and
IL-18, ILC1 is stimulated to synthesize interferon-y (IFN-v). Increased secretion of IFN-y
may contribute to the pathological processes seen in UC; however, the role of ILC1 is more
emphasized in the pathogenesis of other type of IBD, such as Crohn’s disease, than in
UC [5,19,20].

In the chronic stage of UC, the number of ILC1, as well as ILC2 cells, was increased in
the intestinal mucosa. Moreover, in biopsies of the inflamed intestinal mucosa collected
from the patients with early UC, an increased number of ILC2 cells has also been reported.
ILC2 cells appear as a result of enhanced expression of transcription factors such as GATA
binding protein 3 (GATA3) and retinoic-related orphan receptor « (ROR«). In response to
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IL-33 (secreted especially during parasite infection, epithelial cells damage or exposition to
allergens), ILC2 releases IL-5, responsible for neutrophil recruitment to inflamed areas, and
IL-13 that disrupts the intestinal epithelial barrier function. However, ILC2 is also able to
secrete IL-4, -6, -8, -9, granulocyte-macrophage colony-stimulating factor (GM-CSF) and
amphiregulin, involved in epithelial repair [19,21].

The third, and at the same time the most diversified, group of innate lymphoid cells are
the ILC3 cells, which appears as a result of the action of retinoic-related orphan receptor yt
(RORyt). Due to the presence of a natural receptor of cytotoxicity, ILC3 cells can be divided
into NKp44+ and NKp44 — cells. ILC3 cells are well known for secreting IL-22 and /or IL-17
in response to IL-23 and IL-1p [5,19,21]. Patients with IBD present a reduced number of
NKp44+ cells, which negatively correlates with disease activity assessed in endoscopic
examination. NKp44+ cells are dominant ILC cells in the healthy mucosa of the ileum,
caecum and colon. They are characterized by high expression of IL-22 with a protective
role towards intestinal epithelial cells, and low expression of IL-17, which may fulfill both
protective and pro-inflammatory functions against the intestinal barrier, depending on the
cytokine environment. The reduced number of NKp44+ cells may contribute to a reduction
in the expression of the protective IL-22 and thus to the dysfunction of the intestinal barrier.
Interestingly, no significant differences were found in the ILC population in the peripheral
blood and healthy intestinal mucosa from the IBD patients compared to the ILC population
in the peripheral blood and intestinal mucosa from healthy people, which indicates the
native nature of these changes [5,19,21].

2.2. Antigen-Presenting Cells (APC)

Antigen-presenting cells, including dendritic cells and macrophages, are cells connect-
ing two types of the immune response. In spite of a different origin, these two types of
cells express receptors recognizing molecular patterns such as toll-like receptors (TLR) and
nucleotide-binding oligomerization domain-coding protein (NOD). Unlike macrophages,
DCs migrate to peripheral lymph nodes when activated, while macrophages locally acti-
vate an adaptive immune response. In a healthy organism, intestinal DCs remain immune
tolerant because they secrete protective IL-10, while in IBD, DCs shift their activity and the
number of pro-inflammatory DCs increases. Hart et al. [22] showed an increased expression
of TLR-2 and TLR-4 on the surface of dendritic cells in the biopsy material from patients
with UC, while in patients without changes in endoscopic examination, elevated TLR-2 or
TLR-4 was found in only a few cases. Activation of these receptors leads to the activation
of the nuclear factor kappa-B (NF-«kB) and other transcription factors directly influencing
the processes related to the development of inflammation [5,20,22].

Macrophages also show significant functional differences depending on the tissue
environment. In the absence of inflammatory processes, macrophages perform phagocytic
functions, secreting pro-inflammatory cytokines only to a limited extent, and DCs are
mainly involved in antigen presentation. During inflammation, the cytokines responsible
for macrophages’ activation are secreted and, depending on the method of activation,
macrophages can be divided into classically activated (M1) or alternatively activated (M2).
M1 present pro-inflammatory functions and significant antibacterial activity. They are
activated by exposure to interferon-y (IFN-y), GM-CSF or LPS and, when stimulated,
secrete significant amounts of cytokines (TNF-«, IL-1§3, IL-12, IL-18, IL-23), chemokines
(CXC19, CXCL10), reactive oxygen and nitrogen species. M1 take part in the immune
response via Th1l and Th17 cells. In contrast, M2 macrophages induced by IL-4, IL-10, and
IL-13 exhibit anti-inflammatory functions and take part in tissue healing and fibrosis. M2
are characterized by the significant expression of mannose receptor (CD206) and scavenger-
type receptors (CD163 and CD204), and regulate the activation of Th2 cells through the
secretion of IL-10 and TGF-{3. In addition, via releasing the anti-inflammatory chemokines
(CCL-17, CCL-22, CCL-24), M2 promote basophils and eosinophils recruitment. Intestinal
macrophages present features characteristic for M1, as well as M2 cells. On the one hand,
similar to M1 cells, they present high expression of antigens belonging to the II class of
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the major histocompability complex (MHC), along with the expression of TNF-«. On the
other hand, like M2 cells, they represent significant phagocytic activity and constitutive
expression of IL-10. During IBD, the balance between M1 and M2 is shifted towards the
pro-inflammatory type. Intestinal macrophages then secrete pro-inflammatory cytokines,
such as IL-6, IL-23 and TNF-«, presenting at the same time increased cytotoxicity and
phagocytic activity [1,5].

2.3. Lymphocytes, as an Element of the Adaptive Immune Response in the UC’s Pathogenesis

Antigen-presenting cells activate the mechanisms of immune response by antigen
presentation to T and B cells. This type of immune response is more time-consuming,
although it is more precise than the innate immune response. Depending on the expression
of the CD4 and CDS cell surface molecules, lymphocytes can be divided into T CD8+, mainly
cytotoxic cells, and T CD4+ T cells. The first type of cells contributes to the pathological
changes observed in UC in the intestine through the production of pro-inflammatory
cytokines (i.e., IFN-y, TNF-«x) that increase the inflammation and the secretion of pro-
inflammatory cytokines and chemokines that damage epithelial cells. These actions of T
CD8+ cells cause the formation of ulcers in the intestine that occurs in ulcerative colitis. The
latter type, T CD4+ cells, can be subdivided into helper T cells (Th) and regulatory T cells
(Treg). Moreover, Th1, Th2, Th9, Th17 and Th22 were distinguished among Th lymphocytes,
based on the cytokine profile. Differentiation from naive cells to the aforementioned
helper T cell types depends on the cytokine environment and the activation of individual
transcription factors, as shown in Figure 2 [5,23,24]. Inflammation within the intestine
tissue is associated with an enhanced activation and maturation of T cells. Lymphocytes
isolated from the peripheral blood of UC patients showed increased expression of markers
of activation—HLA-DR, 1-integrin and decreased expression of CD62L, characteristic
for naive T cells, compared to lymphocytes isolated from healthy individuals. These
results indicate an increased activation of CD4+ and CD8+ cells in patients with UC.
Moreover, the phenotype of active cells was correlated with an increased level of systemic
and intestinal inflammatory markers in newly diagnosed patients. In the same study
group, the percentage of inactive T CD4+ cells expressing CD62L negatively correlated with
eosinophil cationic protein and calprotectin in feces considered to be intestinal inflammatory
markers. Inflammation promotes lymphocyte activation due to increased APC activity in
IBD. Thus, the cytotoxicity of T CD8+ cells can lead to tissue damage, which exacerbates
the inflammatory processes [24].
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Figure 2. Differentiation of T cells’ main population from the naive T cells [5,9,25]. AhR—aryl
hydrocarbon receptor, FOX P3—forkhead box P3, GATA 3—GATA binding protein 3, IRF4—interferon
regulatory factor 4, PU.1—Purine-rich Box-1, RORyt—retinoic acid receptor-related orphan receptor
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vt, STAT3—signal transducer and activator of transcription 3, STAT5—signal transducer and activator
of transcription 5, TGF-f—transforming growth factor3, TNF-«—tumor necrosis factor «.

2.4. Th2 Lymphocytes

Previous research projects have shown that during UC, the expression of Th2 sub-
population of lymphocytes is increased in the inflammatory infiltration of the intestine
tissue. Th2 cells are responsible for maintaining the homeostasis of the intestinal mucosa
and are also involved in immune response against parasites, pro-inflammatory pathways
and tissue repair. Excessive activation of Th2 cells may lead to the development of chronic
inflammatory state and progressive tissue fibrosis. Th2 cells mediate the humoral type of
immune response, secreting, i.e., IL-4 and IL-10, while by increasing the secretion of IL-5,
IL-13, IL-21, and IL-25, they inhibit the activity of Th1 cells involved in cellular immune
response [5,26]. Secreted by Th2 cells, IL-13 fulfill a crucial role in the pathogenesis of
UC. Through the signal transducer and activator of transcription 6 (STAT-6) and signaling
pathways of PI3K kinase, IL-13 influences the integrity of the intestinal barrier, since it
increases the expression of claudin-2, creating pores selective for water and small cations.
The expression of claudin-2 in the intestinal epithelium is high upon birth, then drops,
and the next rise of claudin-2 expression in the intestine epithelium can be observed in
inflammatory states including IBD. In addition, IL-13 negatively affects the integrity of the
intestinal barrier by inducing apoptosis of intestinal epithelial cells and inhibiting epithelial
regeneration. Moreover, TNF-o enhances these effects [24,27,28].

Th2 lymphocytes arise from the activation of the GATA-3 transcription factor upon
stimulation by IL-4 secreted by dendritic cells. Interestingly, Seidelin et al. [29] presented
that intestinal IL-33 is able to increase the expression of GATA-3, which indicates that the
increased number of Th2 cells might be caused by an increased level of IL-33. Seidelin et al.
noted that the expression of IL-33 was higher in intestinal biopsies collected from patients
with active UC compared to inactive UC and healthy subjects. IL-33 plays a dichotomous
role in the human body. On the one hand, IL-33 has a protective function as it reduces the
expression of genes induced by NF-«B pathway; however, on the other hand, acting as an
“alarmin”, IL-33 is constitutively secreted into the extracellular space and impairs immune
homeostasis, leading to the development of inflammation. Its role depends, on the degree
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of damage, the presence of pro-inflammatory cytokines, and the stage and localization of
the inflammatory process. IL-33 presents an ability to bind DNA; as a result, it can act
as a transcription factor. Additionally, IL-33 is also a conventional cytokine, which binds
the ST2 receptor on the cell surface [26,29-33]. Bessa et al. [34] examined the influence of
compartmentalization of IL-33 on the inflammation development. The researchers used a
mouse model with the IL-33 mutation, which lost nucleus location, and noted that mice
with the mutation presented a higher expression of IL-33 and developed a multisystem
inflammatory response including, e.g., intestine inflammation. At the same time, no
inflammation was noted in the mice without a receptor for IL-33 [34]. Physiologically,
IL-33 secretion from the cell occurs as a result of cell damage or apoptosis. IL-33 binds
the ST2 receptor present on the surface of Th2, ILC2, Treg, and T CD8+ cells. Activation
of IL-33/5T2 axis stimulates the secretion of Th2 cytokines, which enhance the activation
of Th2 and ILC2. Via TGF-f3, IL-33 stimulates the polarization of naive lymphocytes into
Treg cells and also coordinates the functions of Treg and ILC2 during tissue repair. In UC,
the concentration of IL-33 and the soluble ST2 receptor in serum is increased compared to
healthy individuals and patients with Crohn’s disease, and additionally correlates with
disease activity, which indicates the contribution of the IL-33/ST2 axis in the initiation
and/or maintenance of the inflammation [32,33].

2.5. Th9 Lymphocytes

Other T cells, including Th9, Th17, Th22 and Treg, also play an important role in the
pathogenesis of UC. Shohan et al. [10] presented that, in the intestinal biopsies collected
from UC patients, a number of Th9 cells was increased compared to the healthy control,
which may indicate a crucial role of these cells in UC pathogenesis [10]. Th9 cells appear
as a result of polarization of naive T cells in the presence of IL-4 and TGF-f3, thereby
acquiring the ability to secrete IL-9. Expression of IL-9 is regulated by various cytokines
and transcription factors, such as STAT-6 and GATA-3 (characteristic for Th2 cells), as well
as regulatory interferon factor 4 (IRF4) and purine-rich box-1 (PU.1) associated with Th9
cells. In particular, the expression of IL-9 depends on the last of the mentioned factors,
since Th9 cells are the main source of IL-9 [25]. IL-9 is involved in the elimination of
parasites by activating mast cells and eosinophils. In addition, this interleukin improves
mucus synthesis and neutrophil infiltration in an allergic reaction [9]. Moreover, IL-9 also
influences the expression of proteins forming the tight junction between the cells, increasing
the permeability of the epithelium [10].

In the intestinal mucosa of patients with UC, the expression of mRNA encoding IL-
9 was increased compared to the intestinal mucosa of healthy individuals; additionally,
mRNA expression correlated with disease activity expressed in the Mayo scale. In order to
determine the origin of IL-9, the researchers were looking for cells with PU. 1 expression and
discovered that, in UC, the quantity of T CD4+ cells with PU. 1 expression was increased
compared to the control group. These results may indicate that Th9 cells play a significant
role in the UC’s pathogenesis. In the following research, conducted on the mouse model
with chronic colitis induced by adoptive T cell transfer, mice with IL-9 deficiency developed
less intensified inflammation compared to wild-type mice. Moreover, animals with IL-9
deficiency presented a decreased expression of claudin-2—the protein regulating tight
junctions—compared to the wild-type mice, and the rectal administration of recombinant
IL-9 increased the expression of claudin-2 in both models of mouse. Thus, IL-9 increases
the expression of claudin-2, which, as a selectively permeable pore-forming protein, is
one of the factors responsible for the impairment of the intestinal barrier integrity, and
promotes the activation of the immune system and increases the progression of colitis. Other
factors contributing to intestinal barrier impairment and development of inflammation
are the relocation and impaired expression of other proteins, creating tight junctions
between epithelial cells (for example, occludin), as well as intensified apoptosis of epithelial
cells [25,28,35].
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2.6. Th17 Lymphocytes

CD4+ T cells in the presence of IL-6, TGF-f3, IL-21 and IL-23 evolve into Th17 cells. IL-6
secreted by macrophages and DCs together with TGF-f3 mediate the activation of RORyt
and signal transducer and activators of transcription 3 (STAT3), which are key transcription
factors in the polarization of naive T cells to Th17 cells. IL-21 with features similar to
IL-6 enhances the expression of the IL-23 receptor, which, by binding to IL-23, induces
the polarization of the naive T cells to Th17 cells (by activating the RORyt-dependent
pathway), which also affects cells maturation, phenotype and proliferation. Patients with
IBD showed increased expression of IL-23 and interleukins belonging to the IL-17 family,
which is related to the increased number of Th17 cells [5,20]. Ivanov et al. [36] noted that
the induction of Th17 cells may be caused by the adherence of intestinal bacteria (such
as segmented filamentous bacterium—SFB) to intestinal epithelial cells. The resulting
activation of dendritic cells may lead to secretion of IL-13 and IL-6 in the intestine. The
increased level of IL-23, IL-13 and IL-6 causes a polarization of naive T cells to Th17
cells [36,37]. Th17 cells secrete cytokines such as IL-21, IL-22, IL-12, and TNF-«, as well as
IL-17A and IL-17F belonging to the IL-17 family. IL-17A stimulates monocytes, epithelial
and endothelial cells to secrete chemokines (CXCL1, CXCL2, CXCL5, CXCLS8) that attract
lymphocytes and neutrophils to the inflamed tissue. Moreover, IL-17A stimulates the
synthesis of pro-inflammatory IL-13 and TNF-« [5,20]. However, Lee et al. [13] noted that
the early and IL-23 independent synthesis of IL-17A plays a protective role as it affects the
localization of occludin in tight junctions in a mouse model of experimental colitis induced
by dextran sodium sulfate. Occludin is a component of a multiprotein complex creating
tight junctions between intestinal epithelial cells; therefore, the lack of this protein or its
internalization increases the permeability of the intestinal barrier [12,38]. In addition to
IL-17, IL-22 also exerts an activity supporting the intestinal barrier function by inducing the
synthesis of mucus and antimicrobial peptides [5,21]. Th17 cells play a dual role in human
body; on the one hand they secrete pro-inflammatory cytokines (IL-17, TNF-c), and on the
other hand, cytokines that protect the intestinal epithelium (IL-10, IL-22). As a result of the
excessive activation, Th17 cells may become the pathogenic cells, contributing to chronic
inflammation and the development of UC [5,12,20].

2.7. Th22 Lymphocytes

Despite the similar functions and phenotype of Th17 cells, Th22 cells show lower
expression of RORyt, and polarization from naive T cells to Th22 cells occurs as a result
of activation of the aryl hydrocarbon receptor (AhR) by IL-6 and TNF-« [5,39]. Leung
et al. [39] noticed that, in UC, the percentage of Th22 cells (CD4+, IL-17—, IL-22+) is re-
duced, while the percentage of Th17 cells (CD4+, IL-17+, IL-22—) increases in mononuclear
cells of the lamina propria of the intestinal mucosa taken during a biopsy. These data
indicate a disturbed Th17/Th22 balance in patients with UC. Th22 cells are involved in
antiviral, antibacterial and antifungal defense, as well as in the tissue repair within the
skin and gastrointestinal tract. These lymphocytes mainly secrete cytokines that protect
the intestinal barrier, i.e., IL-10 with immunosuppressive properties, and IL-22, which
stimulates epithelial cell proliferation and intestinal mucus synthesis. The analysis [39]
performed on the experimental murine models additionally showed that TGF-f3 is able
to inhibit the synthesis of IL-22 via the transcription factor c-Maf. This conclusion was
further confirmed in cultures of intestinal lamina propria mononuclear cells taken from
healthy individuals, which had been exposed to increasing levels of TGF-f3 in subsequent
cultures. The cultures also contained IL-6 and IL-23, which are necessary for lymphocyte
polarization from naive T cells to Th17 and Th22, respectively. High expression of TGF-f3
suppressed CD4+, IL-17—, and IL-22+ cells, and simultaneously increased the number of
CD4+, CD25+, and FoxP3+ Treg cells. These results indicate the suppressive role of TGF-3
on Th22 polarization, as well as the pleiotropic impact of this cytokine on lymphocyte
polarization in different cytokine environments [5,39,40].
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2.8. Treg Lymphocytes

The lymphocytes also expressing CD4+ particles are Treg cells, which provide CD4+—
expressed lymphocytes that ensure immune tolerance towards intestine microbiota, as
well as preventing the development of autoimmune processes since they secrete anti-
inflammatory cytokines such as IL-10, IL-35, and TGF-f3. The lack of one of these cytokines,
IL-10, secreted by the Treg cells, has been shown to lead to the development of spontaneous
colitis in a mouse model. Moreover, in the studies by WozZniak-Stolarska [41], an increased
expression of IL-10 was observed in patients with UC. Other researchers have additionally
observed that increased expression of IL-10 mRNA correlates with disease activity. The
anti-inflammatory effect of IL-10 is associated with inhibition of NF-«B, tissue factor, tissue
metalloproteinases, and cyclooxygenase 2 [5,11,42]. TGF-f3, similarly to IL-10, fulfills
the immunosuppressive role. Research conducted on the IL-6 knock-out mouse model
presented an elevated level of Treg cells and decreased level of Th17 cells in these mice.
TGF-f3 in the absence of IL-6 suppresses Th17 polarization from naive T cells and thus, via
RORyt, stimulates Treg polarization. In addition, Treg cells may suppress polarization of
Th17 cells through IL-10 and IL-35, as well suppressing secretion of cytokines activating
Th17 differentiation (IL-6, IL-23) [12]. Treg cells through TGF-f3 stimulate tissue repair and
relieve inflammation by suppressing the expression of IL-33 receptor [13]. Patients with
UC, compared to healthy individuals, present an increased number of Treg cells; however,
these cells are more likely to undergo apoptosis in inflamed tissue and show a 60% reduced
ability to suppress proliferation of other T cells [5].

2.9. B Lymphocytes/Plasmocytes

In UC pathogenesis, B lymphocytes play a crucial role beside T cells. B cells are
responsible for the synthesis of antibodies, antigen presentation to T cells and adaptation
of the inflammatory response through secretion of IL-2, IL-4, IFN-y, TGF-3 and GM-CSF.
Regarding the function of the cell, B cells may be divided into effector cells—secreting
antibodies and cytokines—and regulatory cells (Breg), secreting IL-10. Activation of B cells
in the intestines takes place in mesenteric lymph nodes and lymph nodules, followed by
the migration from nodes and nodules to the intestinal lamina propria and differentiation
into plasmocytes, which is associated with the disappearance of the CD19 antigen [43,44].

B cell surface markers have not been clearly identified; however, it is known that
CDS5 antigen is located on the surface of regulatory lymphocytes. The studies performed
showed that Breg cells transformed to plasmocytes can highly express CD24 and CD38
(CD24hish CD3ghish). Moreover, the expression of CD95 antigen on the surface of Breg
indicates functional exhaustion of B cells, which can be followed by a loss of its functions.
Wang et al. [45] used flow cytometry to distinguish the expression of various B-cell surface
markers in the peripheral blood of IBD patients. Patients with UC presented a decreased
expression of cells with CD24hgh CD3ghigh and CD5+ phenotypes, compared to healthy
individuals. In the course of UC, a reduction of Breg cell population is observed, which
leads to a decrease in the concentration of IL-10 in the peripheral blood. Furthermore, the
percentage of CD24Migh CD38hish cells negatively correlates with disease activity based on
the Mayo scale. The highest percentage of CD95+ cells was found among CD5+ Breg cells
in UC patients, compared to healthy subjects, and this percentage also positively correlated
with the Mayo scale. The ability of B cells isolated from UC patients to secrete IL-10 as a
result of LPS and CD257 stimulation was evaluated, and it was found that the majority of
IL-10 secreting cells were those with CD24Mgh CD3ghish CD5+. However, the reduction in
the population of these cells resulted in a decrease in IL-10 levels in UC patients compared
with healthy individuals. Thus, patients with UC may present a decreased quantity of
B cells, which perform regulatory functions by secreting IL-10 with immunosuppressive
properties. At the same time, Breg cells show a reduced functional activity, as evidenced by
high expression of the CD95+ antigen. These findings might suggest that the pathogenesis
of UC is connected with paucity of regulatory B cells and their decreased immunoregulatory
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properties. At the same time, these results may provide a new potential approach to UC
treatment [45].

Plasmocytes are the terminal stage of B cell differentiation and are localized mainly in
bone marrow and lamina propria. IgA-secreting cells represent the majority of the intestinal
plasmocytes, while IgG-secreting cells are related to inflammation. In the UC, the number
of plasmocytes is elevated in the intestinal tissue and the balance between these two types
of cells is changed, which indicates a significant role of these cells in the pathogenesis of UC.
Research conducted by Uo et al. [46] confirms these reports, as the immunohistochemistry
examination of UC’s mucosal presented a significant influx of plasmocytes to the intestinal
mucosa. Moreover, the majority of plasmocytes isolated from the non-IBD controls secrete
IgA, while in the UC, plasmocytes secrete mostly IgG [41]. Under physiological conditions,
locally secreted antibodies regulate the composition of the microbiota composition and
maintain the intestinal barrier homeostasis. In UC, the synthesis of antibodies against
one’s own microbiota or tissues such as antibodies to flagella or perinuclear antibodies to
neutrophils, is frequently observed, and is detected in 2/3 of UC patients. Castro-Dopico
et al. [47] assessed the degree of binding of intestinal microbiota by IgG antibodies in the
feces. It has been shown that, in UC, the opsonization of gut bacteria by antibodies is
increased compared to healthy individuals. Eighty percent of the bacteria isolated from the
feces of UC patients were opsonized by antibodies, while in healthy controls less than 10%
of the bacteria were found to be opsonized [44,47,48].

As mentioned above, the IgG is mainly secreted in the inflammation and is the main
immunoglobulin present in the intestinal tissue in UC. Class G immunoglobulins show
high affinity to antigens, the ability to activate the complement system by binding C1q, and
also are responsible for cellular memory. By binding to FcyR, IgG eliminates microorgan-
isms, influences migration and maturation of immune cells, and affects the synthesis of
inflammatory mediators. FcyR are glycoproteins expressed on the surface of immune cells
and can act as activators (FcyRI, FcyRIIA, FcyRIIIA, FcyRIIIB) or inhibitors (FcyRIIB) of
the immune response. FcyRs bind mainly to IgG, but can also bind serum amyloid P or
C-reactive protein (CRP). In particular, the relationship between CRP and FcyRIIA causes
the internalization of autoantigens, microorganisms and damaged cells by neutrophils and
monocytes. In UC, the neutrophils state the main component of the intestinal infiltration,
which can be associated with the increased expression of genes coding IL-13, CXCL1
and CXCLS, responsible for recruitment of neutrophils. Expression of IL-13 and CXCL8
correlates most with FcyRIIA expression, which may indicate that IgG antibodies against
gut microbiota contribute to the development of intestinal inflammation through FcyRIIA-
dependent induction of IL-13 and CXCL8. Among patients with IBD, the cases of incorrect
post-translational modification were noted, including defucosylation, enhanced affinity of
IgG to FcyRIIA or agalactosylation, and decreased affinity of IgG to FCyRIIB [47,48].

The role of innate cells in the development of ulcerative colitis has been summarized
in Figure 3.
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Figure 3. The role of immune cells in the development of ulcerative colitis (UC). Among patients with
UC, an increased number of Th2, Th9, and Th17 lymphocytes, as well as ILC2 and ILCS3, is observed.
The cytokines secreted by these cells contribute to the impairment of the intestinal barrier function
through increased expression of claudin-2 and increased apoptosis of epithelial cells. Additionally,
cytokines stimulate the migration and degranulation of neutrophils and further activation of immune
cells. Activated plasma cells secrete antibodies, including those against gut microbiota inducing
chemokines and IL-1p [5,27,33,45]. At the same time, the number and/or activity of Breg, Treg, and
Th22 cells is decreased, which leads to reduced protection of the intestinal barrier [5,11,42,45].

3. Conclusions

Ulcerative colitis is associated with chronic inflammation, which possibly results from
the abnormal immune response towards intestine microbiota and/or food antigens. The
exact mechanisms contributing to the development of UC remain unclear, but significant
progress has been made recently, including a better understanding of the innate functions
of lymphoid cells and their relationship to changes in disease development. Moreover, Th9
cells were identified among lymphocytes, which by secreting IL-9 influence the integrity of
the intestinal barrier and contribute to the degranulation of neutrophils. Among patients
with UC, increased activity was noted, as well as the number of pro-inflammatory Th2, Th17,
and Th9, with simultaneous inhibition of the activity and number of anti-inflammatory
cells—Th22, Treg, and Breg. The activity of immune cells is affected by the cytokines.
Cytokines not only contribute to the development and maintenance of inflammation, but
also influence the integrity of the intestinal barrier. IL-10 and IL-22 protect the intestinal
barrier, while IL-13 and IL-9 disrupt the intestinal barrier by increasing the expression
of claudin-2 in tight junctions between epithelial cells and enhancing the apoptosis of
the intestinal barrier’s epithelial cells. Interestingly, the functions of the cytokines are
depended on the cytokine environment; for example, TNF-o enhances the effect of IL-13.
The above relationship may be useful in the treatment of UC, because the therapeutic effect
of eliminating the influence of one cytokine on the disease process may be canceled out by
another type of cytokine.



J. Clin. Med. 2022, 11, 400 14 0of 15

Author Contributions: A K.—conceptualization, writing—original draft preparation; P.O.—concep
tualization, review and editing; K.K.-V.—conceptualization, review and editing, supervision. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Porter, RJ.; Kalla, R.; Ho, G.-T. Ulcerative colitis: Recent advances in the understanding of disease pathogenesis. F100 Res. 2020, 9, 294.
[CrossRef] [PubMed]

2. Teigen, LM.; Geng, Z.; Sadowsky, M.].; Vaughn, B.P.; Hamilton, M.].; Khortus, A. Dietary factors in sulfur metabolism and
pathogenesis of ulcerative colitis. Nutrients 2019, 11, 931. [CrossRef] [PubMed]

3. Turner, J. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009, 9, 799-809. [CrossRef]

4. Litvak, Y;; Byndloss, M.X,; Tsolis, R.; Baumler, A.J. Dysbiotic Proteobacteria expansion: A microbial signature of epithelial
dysfunction. Curr. Opin. Microbiol. 2017, 39, 1-6. [CrossRef]

5. Kmie¢, Z.; Cyman, M,; Slebioda, T.J. Cells of the innate and adaptive immunity and their interactions in inflammatory bowel
disease. Adv. Med. Sci. 2017, 62, 1-16. [CrossRef]

6.  McCauley, H.A.; Guasch, G. Three cheers for the goblet cell: Maintaing homeostasis in mucosal epithelia. Trends Mol. Med. 2015,
21,492-503. [CrossRef] [PubMed]

7. Kaur, A; Goggolidou, P. Ulcerative colitis: Understanding its cellular pathology could provide insight into novel therapies. J. Infalmm.
2020, 17, 15. [CrossRef]

8.  Wejman, J.; Bartnik, W. Atlas Kliniczno-Patologiczny Nieswoistych Choréb Zapalnych Jelit; Wydawnictwa Medyczne Termedia:
Warsaw, Poland, 2011; pp. 53-54, 65-73.

9.  Shohan, M,; Elahi, S.; Shirzad, H.; Rafieian-Kopaei, M.; Bagheri, N.; Soltani, E. Th9 cells: Probable players in ulcerative colitis
pathogenesis. Int. Rev. Immunol. 2018, 37, 192-205. [CrossRef]

10. Shohan, M.; Sabzevary-Ghahfarokhi, M.; Bagheri, N.; Shirzad, H.; Rahimian, G.; Soltani, A.; Ghatreh-Samani, M.; Deris, E;
Tahmasbi, K.; Shahverdi, E.; et al. Intensified Th9 response is associated with the immunopathogenesis of active ulcerative colitis.
Immunol. Investig. 2018, 47, 700-711. [CrossRef]

11. Poliriska, B.; Matowicka-Karna, J.; Kemona, H. Cytokiny w nieswoistych zapalnych chorobach jelit. Postepy Hig. Med. Dosw. 2009,
63, 389-394.

12.  Szulc-Dabrowska, L.; Gieryniska, M.; Depczynska, D.; Schollenberger, A.; Toka, EN. Limfocyty Th17 w zakazeniach bakteryjnych.
Postepy Hig. Med. Dosw. 2015, 69, 398-417. [CrossRef]

13. Lee, S.H.; Kwon, J.E.; Cho, M.-L. Immunological pathogenesis of inflammatory bowel disease. Intest. Res. 2018, 16, 26—42.
[CrossRef]

14. Geremia, A.; Biancheri, P; Allan, P; Corazza, G.R.; Di Sabatino, A. Innate and adaptive immunity in inflammatory bowel disease.
Autoimmun. Rev. 2013, 13, 3-10. [CrossRef]

15. Miller, A.M. Role of IL-33 in inflammation and disease. J. Inflamm. 2011, 8, 22. [CrossRef] [PubMed]

16. Nemeth, Z.H.; Bogdanovski, D.A.; Barratt-Stopper, P.; Paglinco, S.R.; Antonioli, L.; Rolandelli, R.H. Crohn’s disease and ulcerative
colitis show unique cytokine profiles. Cureus 2017, 9, 1177. [CrossRef] [PubMed]

17.  Dinallo, V.; Marafini, I.; Di Fusco, D.; Laudisi, F; Franze, E.; Di Grazia, A.; Figliuzzi, M.M.; Caprioli, F; Stolfi, C.; Monteleone,
L; et al. Neutrophil extracellular traps sustain inflammatory signals in ulcerative colitis. J. Crohn’s Colitis 2019, 13, 772-784.
[CrossRef]

18. Matoszka, N.; Dziato, J.; Tokarz-Deptula, B.; Deptuta, W. NET i NEToza—Nowe zjawisko w immunologii. Postepy Hig. Med.
Dosw. 2012, 66, 437-445. [CrossRef]

19. Forkel, M,; van Tol, S.; H66g, C.; Michaélsson, J.; Almer, S.; Mjosberg, J. Distinct alterations in the composition of mucosal
innate lymphoid cells in newly diagnosed and established Crohn’s disease and ulcerative colitis. J. Crohns Colitis 2019, 13, 67-78.
[CrossRef]

20. Ordas, I; Eckmann, L.; Talamini, M.; Baumgart, D.; Sandborn, W.J. Ulcerative Colitis. Lancet 2012, 380, 1606-1619. [CrossRef]

21. Forkel, M.; Mjosberg, ]. Dysregulation of group 3 innate lymphoid cells in the pathogenesis of inflammatory bowel disease. Curr.
Allergy Asthma Rep. 2016, 16, 73. [CrossRef] [PubMed]

22. Hart, A.L.; Al-Hassi, H.O.; Rigby, R.].; Bell, S.J.; Emmanuel, A.V.; Knight, S.C.; Kamm, M.A.; Stagg, A.]. Characteristic of Intestinal
Dendritic Cells in Inflammatory Bowel Diseases. Gastroenterology 2005, 129, 50-65. [CrossRef]

23. Kappeler, A.; Mueller, C. The role of activated cytotoxic T cells in inflammatory bowel disease. Histol. Histopathol. 2000, 15,
167-172. [PubMed]

24. Rabe, H.; Malmquist, M.; Barkman, C.; Ostman, S.; Gjertsson, 1.; Saalman, R.; Wold, A.E. Distinct patterns of naive, activated

and memory T and B cells in blood of patients with ulcerative colitis or Crohn’s disease. Clin. Expl. Immunol. 2019, 197, 111-129.
[CrossRef] [PubMed]


http://doi.org/10.12688/f1000research.20805.1
http://www.ncbi.nlm.nih.gov/pubmed/32399194
http://doi.org/10.3390/nu11040931
http://www.ncbi.nlm.nih.gov/pubmed/31027194
http://doi.org/10.1038/nri2653
http://doi.org/10.1016/j.mib.2017.07.003
http://doi.org/10.1016/j.advms.2016.09.001
http://doi.org/10.1016/j.molmed.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26144290
http://doi.org/10.1186/s12950-020-00246-4
http://doi.org/10.1080/08830185.2018.1457659
http://doi.org/10.1080/08820139.2018.1486411
http://doi.org/10.5604/17322693.1147868
http://doi.org/10.5217/ir.2018.16.1.26
http://doi.org/10.1016/j.autrev.2013.06.004
http://doi.org/10.1186/1476-9255-8-22
http://www.ncbi.nlm.nih.gov/pubmed/21871091
http://doi.org/10.7759/cureus.1177
http://www.ncbi.nlm.nih.gov/pubmed/28533995
http://doi.org/10.1093/ecco-jcc/jjy215
http://doi.org/10.5604/17322693.1001178
http://doi.org/10.1093/ecco-jcc/jjy119
http://doi.org/10.1016/S0140-6736(12)60150-0
http://doi.org/10.1007/s11882-016-0652-3
http://www.ncbi.nlm.nih.gov/pubmed/27645534
http://doi.org/10.1053/j.gastro.2005.05.013
http://www.ncbi.nlm.nih.gov/pubmed/10668207
http://doi.org/10.1111/cei.13294
http://www.ncbi.nlm.nih.gov/pubmed/30883691

J. Clin. Med. 2022, 11, 400 150f 15

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Gerlach, K; Hwang, Y.; Nikolaev, A.; Atreya, R.; Dornhoff, H.; Steiner, S.; Lehr, H.-A.; Wirtz, S.; Vieth, M.; Waisman, A.; et al. Th9
cells that express the trancription factor PU.1 drive T cel-mediated colitis via IL-9 receptor signaling in intestinal epithelial cells.
Nat. Immunol. 2014, 15, 676-686. [CrossRef] [PubMed]

Bamias, G.; Cominelli, E Role of Th2 immunity in intestinal inflammation. Curr. Opin. Gastroenterol. 2015, 31, 471-476. [CrossRef]
Heller, E; Fromm, A.; Gitter, A.H.; Mankertz, J.; Schulzke, J.-D. Epithelial apoptosis is a prominent feature of the epithelial barier
disturbance in intedtinal inflammation: Effect of pro-inflammatory interlekin-13 on the epithelial cell function. Mucosal. Immunol.
2008, 1, S58-5S61. [CrossRef]

Raju, P,; Shashikanth, N.; Tsai, P.-Y.; Pongkorpsakol, P.; Chanez-Paredes, S.; Steinhagen, P.R.; Kuo, W.-T.; Singh, G.; Tsukita, S.;
Turner, ].R. Inactivation of paracellular cation-selective claudin-2 channels attenuates immune-mediated experimental colitis in
mice. J. Clin. Investig. 2020, 130, 5197-5208. [CrossRef]

Seidelin, J.B.; Coskun, M.; Kvist, PH.; Holm, T.L.; Holgersen, K.; Nielsen, O.H. IL-33 promotes GATA-3 polarization of gut-derived
T cells in experimental and ulcerative colitis. J. Gastroenterol. 2015, 50, 180-190. [CrossRef]

Travers, J.; Rochman, M.; Miracle, C.E.; Habel, ].E.; Brusilovsky, M.; Caldwell, ].M.; Rymer, ].K.; Rothenberg, M.E. Chromatin
regulates IL-33 release and extracellular cytokine activity. Nat. Commun. 2018, 9, 3244. [CrossRef]

He, Z.; Chen, L.; Furtado, G.C,; Lira, S.A. Interleukin 33 regulates gene expression in intestinal epithelial independently of its
nuclear localization. Cytokine 2018, 111, 146-153. [CrossRef]

Akimoto, M.; Takenaga, K. Role of the IL-33/ST2L axis in colorectal cancer progression. Cell Immunol. 2019, 343, 103740.
[CrossRef] [PubMed]

Hodzic, Z.; Schill, E.M.; Bolock, A.M.; Good, M. IL-33 and the intestine: The good, the bad and the inflammatory. Cytokine 2017,
100, 1-10. [CrossRef]

Bessa, J.; Meyer, C.A.; de Vera Mudry, M.C.; Schliht, S.; Smith, S.H.; Iglesias, A.; Cote-Sierra, J. Altered subcellular localization of
IL-33 leads to non-resolving lethal inflammation. J. Autoimmun. 2014, 55, 33-41. [CrossRef] [PubMed]

Luettig, J.; Rosenthal, R.; Barmeyer, C.; Schulzke, ].D. Claudin-2 as a mediator of leaky gut barier during intestinal inflammation.
Tissue Barriers 2015, 3, €977176. [CrossRef] [PubMed]

Ivanov, LI; Atarashi, K.; Manel, N.; Brodie, E.L.; Shima, T.; Karaoz, U.; Wei, D.; Goldfarb, K.; Santee, C.A.; Lynch, S.V.; et al.
Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 2009, 139, 485-498. [CrossRef] [PubMed]

Zhao, J.; Lu, Q.; Liu, Y,; Shi, Z.; Hu, L.; Zheng, Z.; Tu, Y.; Xiao, Z.; Xu, Q. Th17 zells in Inflammatory Bowel Disease: Cytokines,
plasticity, therapies. J. Immunol. Res. 2021, 2021, 8816041. [CrossRef] [PubMed]

Lee, ].S.; Tato, C.M.; Joyce-Shaikh, B.; Gulan, E,; Cayatte, C.; Chen, Y.; Blumenschein, W.M.; Judo, M.; Chen, K.; Ayanoglu, G.; et al.
IL-23 independent IL-17 production regulates intestinal epithelial permeability. Immunity 2015, 43, 727-738. [CrossRef]

Leung, ].M.; Davenport, M.; Wolff, M.].; Wiens, K.E.; Abidi, W.M.; Poles, M.A_; Cho, I.; Ullman, T.; Mayer, L.; Loke, P. IL-
22-producing CD4+ cells are depleted in actively inflamed colitis tissue. Mucosal. Immunol. 2014, 7, 124-133. [CrossRef]
[PubMed]

Neurath, M.F. Targeting immune cell circuits and trafficking in inflammatory bowel disease. Nat. Immunol. 2019, 20, 970-979.
[CrossRef] [PubMed]

Wozniak-Stolarska, B.; Sajewicz, Z.; Blachut, K. Serum concentration of interleukin-10 in inflammatory bowel disease. Adv. Clin.
Exp. Med. 2003, 12, 717-721.

Asselin, C.; Gendron, F.-P. Shuttling of information between the mucosal and luminal environment drives intestinal homeostasis.
FEBS Lett. 2014, 588, 4148-4157. [CrossRef]

Masliniski, W.; Kontny, E. Podstawy Immunologii dla Reumatologow; Wydawnictwo Narodowego Instytutu Geriatrii, Reumatologii i
Rehabilitacji im: Warsaw, Poland, 2015; pp. 77-91.

Mizoguchi, A.; Bhan, A.K. Immunobiology of B cells in inflammatory bowel disease. In Crohn’s Disease and Ulcerative Colitis;
Baumgart, D., Ed.; Springer International Publishing: Cham, Switzerland, 2017. [CrossRef]

Wang, X.; Zhu, Y.; Zhang, M.; Wang, H.; Jiang, Y.; Gao, P. Ulcerative colitis is chracterized by a decrease in regulatory B cells. ]. Crohns
Colitis. 2016, 10, 1212-1223. [CrossRef]

Uo, M.; Hisamatsu, T.; Miyoshi, J.; Kaito, D.; Yoneno, K.; Kitazume, M.T.; Mori, M.; Sugita, A.; Koganei, K.; Matsuoka, K,;
et al. Mucosal CXCR4+ IgG plasma cells contribute to pathogenesis of human ulcerative colitis through FcyR-mediated CD14
macrophage activation. Gut 2013, 62, 1734-1744. [CrossRef] [PubMed]

Castro-Dopico, T.; Dennison, T.W.; Ferdinand, J.R.; Clare, S.; Parkes, M.; Clatworthy, M.R. Anti-comensal IgG drives intestinal
inflammation and type 17 immunity in ulcerative colitis. Immunity 2019, 50, 1099-1114. [CrossRef] [PubMed]

Castro-Dopico, T.; Clatworthy, M.R. IgG and Fcy receptors in intestinal immunity and inflammation. Front. Immunol. 2019, 10, 805.
[CrossRef] [PubMed]


http://doi.org/10.1038/ni.2920
http://www.ncbi.nlm.nih.gov/pubmed/24908389
http://doi.org/10.1097/MOG.0000000000000212
http://doi.org/10.1038/mi.2008.46
http://doi.org/10.1172/JCI138697
http://doi.org/10.1007/s00535-014-0982-7
http://doi.org/10.1038/s41467-018-05485-x
http://doi.org/10.1016/j.cyto.2018.08.009
http://doi.org/10.1016/j.cellimm.2017.12.014
http://www.ncbi.nlm.nih.gov/pubmed/29329638
http://doi.org/10.1016/j.cyto.2017.06.017
http://doi.org/10.1016/j.jaut.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24786898
http://doi.org/10.4161/21688370.2014.977176
http://www.ncbi.nlm.nih.gov/pubmed/25838982
http://doi.org/10.1016/j.cell.2009.09.033
http://www.ncbi.nlm.nih.gov/pubmed/19836068
http://doi.org/10.1155/2021/8816041
http://www.ncbi.nlm.nih.gov/pubmed/33553436
http://doi.org/10.1016/j.immuni.2015.09.003
http://doi.org/10.1038/mi.2013.31
http://www.ncbi.nlm.nih.gov/pubmed/23695510
http://doi.org/10.1038/s41590-019-0415-0
http://www.ncbi.nlm.nih.gov/pubmed/31235952
http://doi.org/10.1016/j.febslet.2014.02.049
http://doi.org/10.1007/978-3-319-33703-6_9
http://doi.org/10.1093/ecco-jcc/jjw074
http://doi.org/10.1136/gutjnl-2012-303063
http://www.ncbi.nlm.nih.gov/pubmed/23013725
http://doi.org/10.1016/j.immuni.2019.02.006
http://www.ncbi.nlm.nih.gov/pubmed/30876876
http://doi.org/10.3389/fimmu.2019.00805
http://www.ncbi.nlm.nih.gov/pubmed/31031776

	Introduction 
	Immune Cells in the Pathogenesis of Ulcerative Colitis 
	Cells of Innate Immunity 
	Antigen-Presenting Cells (APC) 
	Lymphocytes, as an Element of the Adaptive Immune Response in the UC’s Pathogenesis 
	Th2 Lymphocytes 
	Th9 Lymphocytes 
	Th17 Lymphocytes 
	Th22 Lymphocytes 
	Treg Lymphocytes 
	B Lymphocytes/Plasmocytes 

	Conclusions 
	References

