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Abstract

For more than a decade, the nuclear factor kappa-B (NFkB) family and their signaling pathways have
proved crucial to the immune system’s functioning. According to research, this factor is implicated in
almost every immune system event, including immune cell development and function, activation, and
pathogen-activated cell death. A considerable body of evidence suggests the idea that, in addition to
being a possible transcription factor, it plays a very significant role in the establishment of inflammation-
associated immunological responses in host cells. Inflammation is a cascade of events that involve
vasodilation and immune cell migration to the site of infection in order to defend the host. However, if
dysregulation occurs, it may lead to the emergence of chronic inflammatory ilinesses. When immune cells
migrate to an inflamed area NFkB activation occurs, which causes release of pro-inflammatory cytokines
and development of inflammatory response. Furthermore, this complex transcription factor activation
takes part in several innate and adaptive immunity-related cellular processes, including immune cell
proliferation and differentiation. Grasp the relationship between the immune system and inflammation
requires a thorough understanding of NFkB's capabilities. This review explores the role of NFkB activity as
a key inflammatory mediator in various malignancies and auto-inflammatory diseases. We have shed light
on how NFkB regulates inflammatory responses by producing cytokines and chemokines and directing
the transcription of inflammatory molecules involved in both innate as well as adaptive immunity.
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Differentiation Primary Response-88; MHC: Major Histocompatibility Complex; TCR: T Cell Receptor; IFNy:
Interferon Gamma; GATA3: GATA Binding Protein-3; RORyt: RAR-Related Orphan Receptor; BCR: B Cell
Receptor; Breg: B-Regulatory Cell; IL10: Interleukin-10; CXCL2: Chemokine (C-X-C motif) Ligand-2; CAC:
Colitis-Associated Cancer; TAM: Tumor-Associated Macrophage; VEGF: Vascular Endothelial Growth Factor;
Treg: T-Regulatory Cell; TME: Tumor Microenvironment

Introduction

The immune components play a critical role in defending multicellular organisms against
infections [1]. To accomplish this feat, it has created naturally-hardwired defense system, including
primary and secondary lymphoid organs for the generation and selection of immune cells, distinct
immune cells for specific functions, and inflammation to alarm the organism’s whole physiology
[2]. The immune system has evolved not only to eliminate pathogens, but during the training
process of immune cells, it also learns to discriminate between self and non-self in order to prevent
autoimmunity and maintain homeostasis through self-tolerance [3], as well as induce anti-tumor
immunity by attacking transformed cells [4].
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With the advancement of molecular technologies and genetically
modified mouse models, scientists from all around the world are going
deep into the enigma of our immune system’s numerous functions.
Cell signaling is involved in the immune cells communication
system [5]. Different cytokines, chemokines, and compounds such
as pathogen-associated molecular patterns (PAMPs) induce distinct
signaling pathways that are required for immune cells to operate
properly [6]. Numerous transcription factors are engaged during
this cell signaling process either stimulating or inhibiting gene
transcription, resulting in their increased or decreased production of
messenger RNA and, consequently, determining the level of protein
products. All these plays a very important role in immune responses

[7].

Nuclear factor kappa-B (NFKB) is a family of transcription factors
that is activated in reaction to various immunological stimuli [8]. For
several decades, researchers studying immunology have discovered a
link between NFKB molecules and nearly all of the immune system’s
critical processes, including pathogen-activated death, activation of
T cells and B cells, development of inflammation, and malignancy
[9]. The NFKB family transcription factor includes five structurally
similar members: NFkB1 (p50), NFkB2 (p52), RelA (p65), RelB,
and c-Rel. They form homo-or heterodimers and interact with
certain DNA elements to regulate target gene transcription. When
NFKB is inactive, it is sequestered in the cytoplasm by inhibitory

IkB family proteins [10]. The study reveals that NFKB is activated
by two primary signaling routes: the canonical and non-canonical
(or alternative) pathways. Although their modes of action vary,
both pathways play a crucial role in controlling immunological and
inflammatory reactions [11-13]. The canonical NFKB pathway can
be triggered by various type of stimuli, including cytokines, pattern-
recognition receptors (PRRs), TNF receptor (TNFR) superfamily,
and also by T cell receptor (TCR) and B cell receptor (BCR)
mediated signaling [14]. In canonical pathways, all these stimuli
merge into one target for proteosomal degradation of IKB by a kinase
enzyme called the IKB kinase (IKK) complex [8,15]. Degradation of
IKB causes releases of p50/RelA and p50/c-Rel dimers, which results
in rapid and transient nuclear translocation (Figure 1) [16].

Non-canonical pathways may also be activated by a particular
collection of stimuli, such as ligands of a subset of TNFR superfamily
members, such as LTBR, BAFFR, CD40, and RANK. This pathway
requires NFkB-inducing kinase (NIK) to ubiquitinate and process
the NFKB2 precursor protein pl00. After processing, it generates
mature NFKB2 (p52) and translocate to the nucleus as the NFkB
complex p52/RelB (Figure 1) [13,17,18]. The classical NFkB
route governs nearly every facet of immune responses, but the non-
canonical pathway has developed as an additional signaling axis for
particular adaptive immune system activities [10,12].
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Figure 1. Activation of NFkB signaling by diverse stimuli. The canonical NFkB pathway is activated by signaling through pattern recognition
receptors (TLR), TCR, BCR, TNFR and IL1R. The IKK, a kinase enzyme, targets IkB for proteosomal degradation. Degradation of IkB causes the release of
p50/RelA from its inhibitory complex, leading to rapid and transient nuclear translocation and activation of NFkB-inducible genes. Ligands of TNFR
superfamily members, including LTPR, BAFFR, CD40, and RANK, activate the non-canonical NFkB pathway. This pathway involves ubiquitination
and processing of NFkB2 precursor protein p100 by NFkB-inducing kinase (NIK). After processing, it forms mature NFkB2 (p52) and translocates to
nucleus as NFKB complex (p52/RelB) to activate its target genes. Developed in BioRender.com.
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Numerous studies involving NFkB inhibitors have established
the significant role of this family of transcription factor in
developing inflammation. Inflammation occurs when infected or
injured tissue or tissue-resident mast cells or dendritic cells detect
and propagate inflammatory signals. The recruitment and triggering
of neutrophils, macrophages, and other effector cells as a result
of this signal causes inflammation to progress [9]. Expression of
adhesion molecules responsible for extravasation of leukocytes to
target site is controlled by NFkB [19]. NFkB has also played very
important role in regulating matrix metalloproteinases (MMPs)
expression which are the primary mediators of local inflammation
and leukocyte chemotaxis [20]. Meanwhile, multiple investigations
have demonstrated that NFKB may have a role in the resolution
of inflammation and subsequent tissue healing as blocking NFkB
during the resolution phase prolongs inflammatory responses and
hinders tissue regeneration, it is not recommended [21]. This failure
subsequently leads to the development of chronic inflammatory
response, which is the source of several common pathologies. So,
considering that NFkB is involved in practically every aspect of
immune responses, targeting NFkB in diverse immunological
disorders such as chronic inflammatory illnesses and cancer is
important for developing effective treatment procedure to combat
these dreadful diseases. Here, we have covered the role of NFkB in
generation and survival of leukocytes — involved in both innate as well
as adaptive immunity as their role is critical during immunological
responses to inflammation and also underlines the mechanism of
NFKB participation in several pathological conditions.

NFkB in Innate Immunity

Innate immunity is the immune system’s first line of defense in
our bodies. During infection it is triggered in response to pathogen-
associated molecular patterns (PAMPs) such as LPS, peptidoglycan,
lipoproteins, bacterial DNA, and double-stranded RNA viruses [22].
It is recognized by the expression of pattern recognition receptors
(PRRs) like Toll-like receptors (TLRs), RIG-I-like receptors (RIG-
ILRs), NOD-like receptors (NLRs), C-type lectin-like receptors
(CLRs), and cytosolic DNA sensors expressed by innate immune
cells such as neutrophils, macrophages and dendritic cells [6,23].
Innate immunity, which is phylogenetically conserved in insects
and humans, uses TLR-mediated NFKB activation to give a rapid
response to pathogenic bacteria [24,25]. NFKB modulates expression
of cytokines, adhesion molecules, acute phase proteins, inducible
enzymes, chemokines, and antimicrobial peptides like -defensins,
all of which are critical components of innate immune system to
invading pathogens [26-29]. The NFKB transcription factor play
critical roles in innate immune cells formation and immuno-
regulatory responses.

Pennington et al. discovered that macrophage development from
monocyte progenitors is linked to IKK and NFKB activation, which
protects these cells against apoptosis. They also suggested that p21
(Wafl/Cipl) is a key NFKB target gene for macrophage survival
[30]. According to Lawrence ¢# al. and Li et al. studies, reduced
activity of IKK1 in macrophages results in higher NFKB activation,
increased antigen presentation to T cells, and increased bacterial
clearance [31,32]. The role of NFkB-signaling in controlling M1/
M2 macrophage polarization, which is predominantly influenced
by pathophysiological circumstances, is crucial. In inflammatory
settings, M1 macrophages produce various pro-inflammatory

cytokines like IL12, IL6, IL1, TNFa, chemokines, and encourage
the formation of Thl and Th17 cells. M2 macrophages, on the
other hand, are known for producing anti-inflammatory cytokines
like IL10 to reduce inflammation. TLR4-signaling mediated by
MyD88 promotes M1 macrophage polarization, with NFkB as the
main transcription factor (Figure 2a) [33-36]. In macrophages,
c-Rel regulates the transcription of IL12B (IL12p40), which is an
important inducer of T helperl cell growth [37]. In bacterial sepsis,
mice with impaired c-Rel and p50 NFKB proteins have macrophages
that are unable to phagocytose and destroy bacteria [38]. Huang ez a/.
stated that phosphorylation of IkB and activation of TNFa induced
NFkB stimulate the production of complement factor-B (Bf), a
serine protease in macrophage to activate complement pathway [39].

Under inflammatory condition monocytes differentiate into
dendritic cells (DC), which is essential for response to pathogens.
Nevertheless, research has demonstrated that canonical stimuli and
pathway elements are necessary for DCs to mature into professional
antigen-presenting cells in a RelB-dependent manner (Figure
2a). It has been reported by Shih ez 4l that RelB dependent DC
activation occurs through RelB-p50 dimer, which is regulated by
conventional IkBs, IkBa, and IkBg, rather than the non-canonical
RelB-p52 route [40]. RelB-lowering DCs are unable to stimulate
antigen-specific T cell responses in vitro or in vive [41]. Its also
been discovered that p100, not IKB proteins, regulates RelB’s
translocation into the nucleus and that p100’s inhibitory domain
inhibits DC development in the precursor stage [42]. Aside from
these, the NFkB-like factor c-Rel plays a function in DC cell
growth. T cells cannot be successfully activated by DCs generated
from bone marrow that lack c-Rel [43]. Because CD40L-CD40
signaling promotes the NFKB pathways, DCs lacking p50 and
c-Rel have a lower survival rate [44,45]. DC formation has been
demonstrated to be hampered by blocking upstream components
of the NFkB pathway. TRAF6-deficient DCs cannot excite naive
T lymphocytes because they cannot upregulate MHCII and B7.2
surface expression or generate inflammatory cytokines. The NFkB
activation regulates antigen presentation in DCs as well [46,47].
Non-immune cells like fibroblasts, endothelium, and epithelial cells
also respond to pathogens by the activation of NFkB. In a TLR2-
dependent manner, fibroblasts respond to necrotic cells by activating
NFkB and producing chemokines [48].

The function of NFKB in neutrophils, mast cells, and eosinophils
are still unknown. Neutrophils are drawn to inflamed regions to kill
the pathogen. PAMPs are recognized by neutrophils, which activate
the conventional NFkB-signaling pathway [49]. NFkB performs
an anti-apoptotic effect and determine neutrophils survivability
(Figure-2a). Studies shown that use of NFKB inhibitors promote
the apoptosis of human neutrophils. Inhibition of IKK complex by
using NEMO-binding domain peptide (NFKB pathway inhibitor)
results in cell death in these cells [50]. NFKB activity in neutrophils is
increased by several TLR ligands, allowing anti-apoptotic genes to be
expressed [51]. Neutrophils lack the proteins p52 and RelB [9,52],
both of which are essential for the survival of lymphocytes. NFkB
thus fulfils its projected role as a pro-survival and pro-inflammatory
factor in neutrophils. Neutrophils undergo apoptosis shortly after
activation to reduce their inflammatory potential. Nuclear IkBa
levels in neutrophils are excessively high, resulting in rapid apoptosis

[53].
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NFkB in Adaptive Immunity

Although innate responses can operate as a potent defense
barrier on their own, the adaptive immune system must be alerted
and activated for immune responses to be robust and long-lasting.
Antigen-presenting cells’ (APCs) development and activation play a
major role in this, as they then direct T and B cells to carry out the
adaptive response. Signaling through these antigen-specific B cell and
T cell receptors is thus important to the adaptive immune response.
NFKB exerts its role as a transcriptional regulator in the adaptive
immune responses [54]. NFKB plays role as a pro-survival factor in
T and B cell responses, as well as the control of genes involved in
effector cell growth. Activated NFKB control the resolution of the
response and encourages the establishment of memory response after
the pathogen has been cleared.

The fact that most members of the NFKB family are expressed
in T cells suggests that they are engaged in T cell activities. After
TCR ligation, NFKB is activated, which promotes antigen-specific
lymphocyte growth and effector cell maturation. During T cell
lymphopoiesis, the anti-apoptotic protein Bcl2 is induced by NFkB.
In various studies, NFKB has been linked to the survival of mature
lymphocytes. B cells from RelA, p100, p105, and c-Rel deficient
mice exhibit increased apoptotic sensitivity and/or shorter survival
in-vitro [55-57]. NFKB also regulates the costimulatory molecule
B7h, which is a ligand for the T cell costimulatory protein ICOS
[58]. These results suggest a role for NFkB in the regulation of
accessory cell functions influencing the development of adaptive
responses.

NFKB controls both positive and negative thymocyte selection.
After high-affinity TCR ligation during negative selection, NFkB
enhances the expression of pro-apoptotic genes [59-61]. NFkB’s
role in thymocyte positive selection is aided by anti-apoptotic genes
(Figure 2b). Temporal regulation of NFkB/Bcl2-axis controls the
differentiation and survival of specialized subsets of T cells during
antigen-dependent selection in response to T cell receptor signals.

The expression of CD40 and major histocompatibility complex
class-I (MHC-I), which are necessary for the formation of CD8*
T cell responses, in adequate quantities by embryonic fibroblasts is
dependent on RelA [62]. It has been demonstrated that chemical
inhibitors of NFKB activation change DC maturation and boost
the synthesis of MHC-II and B7 costimulatory molecules, both
of which are necessary for effective CD4* T cell responses [63]. In
mature T cells, signaling through the TCR activates protein kinase
CB, resulting in NFKB activation, which is required in TCR-
mediated proliferative signals [64]. NFkB activity is needed for the
protection of rapidly proliferating activated T cells from apoptosis
as well as the release of cytokines like IL12 [65]. Interestingly,
c-Rel-deficient T cells lack Th1 proliferation and IFNy production,
implying that NFKB family members play a selective role in Th1/Th2
differentiation regardless of the innate response. Inhibition of NFKkB
enhances apoptosis of activated T cells [66-69]. T cell protection
against TNFa mediated apoptosis has been found to require IKK
[70]. The NFkB family has several roles in the production of IL2,
a key cytokine for T cell development. Mice missing p50 do not
promote GATA3 expression following T cell stimulation under Th2
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Figure 2. Role of NFKB in immune responses. a. NFkB activation is necessary for myeloid cell development and function, including dendritic cell
maturation, macrophage polarization, and neutrophil survival. b. NFkB activation is essential for both positive and negative selection during T cell
differentiation with differential TCR affinity. c. During B cell development, cells that detect self-antigens through B cell receptor (BCR) perish due to
activation of pro-apoptotic genes, while cells that do not recognize self-antigens survive due to upregulation of pro-survival proteins caused by

NFkB activation. Developed in BioRender.com.
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differentiation conditions [71]. Moreover, RelB-deficient T cells lack
Th1 differentiation, IFNy production, and T-bet expression, most
likely due to a failure to upregulate STAT4, which is critical for
IFNy to-T-bet signaling.

NFkB is activated by all members of the IL1 protein family
(IL1 and IL18), which plays role in development of both Th1 and
Th2 responses [72]. In tumor immunity, T cells are arguably the
most closely investigated cells. Unlike CD8" T cells and IFNy-
producing Thl cell, which have significant anti-tumor actions,
Foxp3* regulatory T cells (Treg cells) inhibit immune responses
against cancer [73]. NFKB was first identified as a key regulator of T
cell homeostasis, which includes proliferation, survival, and cytokine
expression [74]. RelA has been identified as a crucial regulator of
human CD8* T cell proliferation [75]. The beginning of FOXP3
expression in immature Treg cells in the thymus is dependent on the
activation of RelA and c-Rel viz the PKC/CBM/IKK-axis [76,77].
NFKB activation is also essential for mature peripheral Treg cells to
maintain homeostasis and identity. This NFKB, master activity in
Treg cells has important consequences for cancer immunity. RelA
and c-Rel are required for RAR-related orphan receptor (RORyt)
expression in developing Th17 cells [78,79]. Overall, evidence
suggests that NFKB sits at the crossroads of T cell immunity and
tumor tolerance. This provides compelling evidence for using this
route as a target in cancer immunotherapy.

Transcription factor NFKB control B cells’ ability to survive
and mediate their effector roles. c-Rel, RelA, and RelB are necessary
for appropriate proliferative responses when the B cell receptor and
CD40 are activated [80]. When the BCR is ligated, the activity of
NFkB is down-regulated in immature B cells [81]. These cells may
be more susceptible to pro-apoptotic signals as a result of lower
NFkB activation. The production of pro-survival factors regulated
by the conventional and non-canonical NFkB pathways is critical
in the last stages of B cell maturation [82]. When NEMO or IKK
are lacking, the number of mature B cells is reduced [70]. Similarly,
progenitor cells with p50/p52 or RelA/c-Rel double knockouts are
unable to develop the B cell transition stage [83]. The activity of
NFkB also helps in B cell receptor editing after selection during
central tolerance (Figure 2¢) [84]. The activities of B lymphocytes in
cancer immunity appear to differ depending on the tumor setting.
A fraction of B cells with regulatory function (B-regulatory cells)
also release inhibitory cytokines such IL10, TGF@, or IL35, which
promote tumor growth [85-87]. NFKB is involved in the various
aspects of B cell development as well as immune responses [88].
The engagement of the antigen receptor (BCR) can trigger NFKB
activation. Despite the huge body of information describing NFkB
in non-pathological situations, only a few studies have explicitly
investigated NFkB functions in B cells during cancer. Human
melanoma secretomes have been shown to trigger a large number
of NFkB -dependent genes in B cells, including activation markers
and co-stimulation molecules like CD30, CDG69, or CD137, as well
as chemokines like CCL4 and CCL3 [89]. Patients’ survival and
response to anti-PD1 checkpoint blockade therapy was linked to
this enrichment.

NFkB in Inflammation and Tumor Immunity

Inflammation has a role in the development of several cancers.
NFkB, as a transcription factor, plays a crucial function in
inflammation; it works as a tumor promoter in certain circumstances

but also inhibits tumor development in others. In tumor formation,
NFKB pathways created and sustained a persistent inflammatory
microenvironment [90].

Greten ¢t al. found that mice with IKK deletion in macrophages
had significantly lower chance of developing colitis-associated cancer
(CAC). Reduced expression of Bcl-xL, an anti-apoptotic protein
targeted by NFkB, causes this [91]. Other studies postulated that
the formation of a dominant-negative IKBa “super-repressor” in
mice harboring colon or breast cancer cells causes tumor regression
and cell death [92]. IKKB-driven NFKB activation in lamina propria
macrophages causes CAC development. NFKB stimulates growth
factor synthesis, which promotes the proliferation of pre-malignant
intestinal epithelial cells (IECs) [91]. Rayet and Gélinas found that
hematologic malignancies are associated with prolonged activation
of NFKB because of chromosomal rearrangements, overexpression
of NFKB subunits, mutations in upstream regulators, or elevated
proteosomal activity [93]. Overexpressing the IKBaM super-
repressor or deleting RelA or IKK2 in tumor cells in KRAS-induced
lung adenocarcinoma reduces tumor growth by inhibiting cell
proliferation [94,95]. NFkB plays a role in cancer progression by
increasing the production of VEGE cyclin D1, Twistl, and SNAIL,
transcription factors involved in EMT. It also enhances the “Warburg

effect” in cancer cells (Figure 3) [10,96-98].

Blocking NFkB in tumor-associated macrophages (TAMs)
can transform the tumor-promoting M2 phenotype to an M1-like
phenotype, leading to tumor reduction (Figure 4) [99,100]. Huang
et al. found that transfecting IKBaM super-repressor in human
prostate cancer cells inhibits NFKB activity, resulting in lower
production of VEGE IL8, and MMP9, reducing tumorigenic and
metastatic qualities [101,102]. Kim ez @/ [103] found that HBV-
induced hepatocellular carcinoma (HCC) progression is linked to
the activation of NFKB pathways by the oncogenic HBV-X protein
via TBK1. In Mdr-deficient mice, prolonged NFkB activation and
TNFa generation lead to HCC development. Pikarsky ez al. [104]
found that transgenic expression of IkBa leads to a failure to develop
HCC. According to Park ez l. 2010 [105], NFkB plays a significant
role in obesity-associated HCC by regulating IL6 and TNFa levels.
In DEN-induced HCC, Mx1-Cre-mediated IKK2 deletion in
hepatocytes, including Kupffer cells, reduces hepatocarcinogenesis
[106]. A rare and aggressive form of breast cancer, inflammatory
breast cancer (IBC) occurs by tumor-mediated blockage of the
dermal lymphatic pathways. Van Laere et al. [107] found that
hyperactivation of EGFR/ErbB2/MAPK is required for activation
of NFkB in IBC cells. Van Laere et al. [107] postulated an inverse
correlation between NFKB activity and estrogen receptor expression
in IBC. Pancreatic ductal adenocarcinoma (PDAC) is characterized
by chronic inflammation, which is primarily driven by NFkB.
PDAC cells implanted into IRAK4-deficient mice result in a smaller
tumor [108]. Chemokine (C-X-C motif) ligand-2 (CXCL2),
released by pancreatic stellate cells, activates p50 to inhibit CD8* T
cell infiltration in PDAC [109] (Figure 4). TAMs NFkB signaling
promotes PDAC development. Around 70% of pancreatic tumors
exhibit constitutive NFKB activation. Transfection of IkKBaM
inhibited constitutive NFKB activity and decreased pancreatic
carcinogenesis [110].

In addition to its involvement in tumor inflammation, NFkB
influences the immune responses against tumors. NFKB has been
shown to play a pro- and anti-tumorigenic role in a variety of immune
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Figure 3. NFkB in inflammation-associated tumor condition. Higher NFkB activity promotes tumor cells to secrete cytokines and chemokines,
which attract immune cells towards tumor-site. In immune cells the secreted cytokines activate NFkB to induce transcription of downstream target
genes like IL1, IL6, TNFa, VEGF, etc. Immune cells secrete cytokines, which activate NFkB signaling in tumor cells and induce genes like Bcl-xL, Cyclin
D1, TWIST, SNAIL, MMP9, VEGF and CXCL2. This leads to tumor cell survival, proliferation, EMT, metastasis, angiogenesis. Developed in BioRender.
com.
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Figure 4. NFkB in various inflammatory diseases including cancer. NFkB activation has been associated to various illnesses, such as cancer,
rheumatoid arthritis, multiple sclerosis, asthma, and inflammatory bowel disease. NFKB plays a key role in cancer progression by regulating gene
expression and immune response to malignancies. NFkB triggers inflammatory responses during inflammatory disorders by inducing many
inflammatory cytokines and other factors like iNOS COX2 etc. Developed in BioRender.com.
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cells [111]. T cell canonical NFKB activation is necessary for tumor
eradication and increases the quantity of tumor-specific CD8" T cells
that produce IFNy [112] [113]. It has been demonstrated that NFKB
is involved in various NK cell biological processes. The growth of NK
cells was inhibited by non-degradable IkBa, which inhibits NFkB.
On the other hand, constitutive IKK activation causes NK cells to
become hyperactivated [114]. By generating several molecules like
TNFa, IL12, iNOS, COX2, and IL6, NFKB activation can polarize
myeloid cells to M1-like macrophages, which oppose carcinogenesis
by boosting inflammation, immunostimulation, tissue damage,
and cancer cell apoptosis [115]. In dendritic cells, programmed cell
death protein-1 (PD1) signaling causes activation of classical NFKB
pathway, which in turn inhibits their production of cytokines and
expression of co stimulatory molecules [116].

T-regulatory (Treg) cells are immunosuppressive T cells that get
amplified in tumor conditions, resulting in decreased anti-tumor
immunity [117,118]. According to Oh ez al. [77], both the REL
and p65 NFKB subunits promote the development and suppressive
activity of CD4'CD25" regulatory T cells. Studies on genetic loss
of function in mice demonstrated that signals resulting in NFkB
activation and certain NFKB proteins were necessary for Treg cell
development and lineage stability [73,119]. With progression of
tumor type 2 cytokines like IL4 increases, studies reported role of
NFkB in IL4 production [120-123]. Subsequent analysis indicated
that the induction of MDSC immunosuppression by TNFa requires
the translocation of NFKB p65 and the activation of the NFkB
signaling pathway through IkBa degradation [124]. Zhao ez al. [125]
found that TNFR2 boosted NFkB signaling, leading to improved
MDSC survival through upregulation of c-FLIP and suppression of
caspase-8 activation. Tu et 4/. found that IL1P stimulates MDSCs
through the ILIRI/ NFKB pathway, leading to immunosuppression
and tumor progression [126].
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NFkB in Auto-inflammatory Diseases

NFkB is involved in a variety of inflammatory illnesses,
including rheumatoid arthritis (RA), inflammatory bowel disease
(IBD), multiple sclerosis (MS), atherosclerosis, systemic lupus
erythematosus, type-I diabetes, chronic obstructive pulmonary
disease, and asthma [127,128]. During inflammatory diseases,
NFKB triggers the release of several chemokines in inflammatory
tissue, which aid in the recruitment of diverse inflammatory immune
cells and ultimately lead to an increase in inflammation (Figure
5). Overexpression of NFKB has been discovered in the inflamed
synovium of RA patients. This phenomenon boosts inflammatory
cell recruitment and the generation of pro-inflammatory mediators
such as IL1, ILG6, IL8, and TNFa [129] (Figure 4). The NFkB
activation and the release of inflammatory cytokines have been
documented in asthma patients also. In bronchial epithelial cells,
increased NFKB activity, high production of pro-inflammatory
cytokines, chemokines, iNOS, and Cox-2, have been observed
[130] (Figure 4). Up-regulation of NFKB has been linked to both
IBD and gastritis, caused by Helicobacter pylori. NFKB-mediated
inflammation has also been linked to multiple sclerosis and
atherosclerosis [131,132].

Rheumatoid arthritis, or RA, is an autoimmune and
inflammatory disease in which immune cells infiltrate the synovium
and cause chronic inflammation, cartilage and bone damage [133].
According to numerous studies, NFKB is a vital inflammatory
mediator in RA [134,135]. The pathogenesis involving monocytes,
macrophages, T cells, B cells, and synovial fibroblasts requires the
deregulation of NFKB [136]. In macrophages, NFkB stimulates the
secretion of various pro-inflammatory cytokines like TNFa, IL1,
and ILG6 [137]. Many of these cytokines have the ability to stimulate
NFkB in innate immune cells leading to more inflammatory
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Figure 5. NFkB in autoinflammatory diseases. Overexpression of NFkB in inflamed tissue in autoinflammatory disorders causes the release of a
number of chemokines. In response to these chemokines, immune cells are recruited at the site of inflammation. Immune cells further release pro-
inflammatory cytokines in inflamed tissues, which are downstream targets of the NFkB signaling. Developed in BioRender.com.
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cytokines and chemokines generation. It resulted in the recruitment
of inflammatory immune cells and the spread of inflammation. The
abnormality in RANK ligand-induced differentiation of monocytes
and macrophages by both canonical and non-canonical NFkB
pathways develop an inflammatory bone loss in RA patients [138]. It
is a well-known fact that Th17 cells are critical for the etiology of RA,
and NFkB promotes Th17 development by generating inflammatory
cytokines such as IL1, IL6, and 1123 [79,139,140]. Furthermore,
NFKB activation assists in abnormal self-reactive B cells to survive
and stimulate autoantibody secretion, which contributes to the
pathogenesis of RA in patients [141].

Several common chronic inflammatory bowel disorders, such
as Crohn’s disease and ulcerative colitis, are developed from the
unwanted inflammatory responses to intestinal microbes [142].
Multiple mucosal immune system cell types are involved in IBD
development [143]. It is widely known that NFKB plays a role in the
etiology of IBD. Constant NFKB expression has been detected in the
inflamed colonic mucosa of IBD patients [144,145]. Furthermore,
polymorphisms or mutations in the genes of NFkB-regulating
factors, such as NOD2, IL12, IL23, IkBa-like protein molecules,
p105, p50, are linked to human IBD condition [146,147]. These
genetic alterations alter the stability and functionality of the protein
products and suppress the expression of the NFKB1 gene. Mice with
a knockout mutation in the VFKBI gene produce less p105, leading
to more IBD-like intestinal inflammation [148]. These findings
support the role of NFKB in pro-inflammatory cytokines secretion in
innate immune cells and the development of Th1 and Th17 subsets
of inflammatory T cells. In mice model, experimental deletion
of NEMO, IKK or both IKK and IKKp in intestinal epithelial
cells results in the development of chronic intestinal inflammation
[149,150]. Therefore, abnormal stimulation of NFKB or any genetic
modification might lead to IBD.

A central nervous system (CNS) autoimmune disease is
multiple sclerosis (MS). It is an inflammatory condition caused by
CNS-specific CD4* T cells, mostly Th1 and Th17 cells, acting in a
pathogenic manner [151]. The NFKkB signaling pathway has been
linked to MS patients in genome-wide association studies. RelA,
NIK, Bcl10, and MALT1 are only a few of the NFkB-related variables
that have been identified as susceptibility candidates [152]. In the
pathophysiology of experimental autoimmune encephalomyelitis
(EAE), an established animal model of MS, both the canonical
and non-canonical NFkB pathways play important roles. T cell-
specific deletion or inhibition of IKKP reduces mice refractory to
EAE initiation [153]. Correspondingly, a genetic anomaly in IKK
upstream signaling factors, i.e. CARMAI and MALT'1 of the TCR
pathway enhance EAE stimulation [154]. RORyt, Th17-lineage
transcription factor, and the classical NFKB members RelA and c-Rel
increase its expression [155,156]. In Th17 cells, p52 regulates the
expression of the inflammatory cytokine GM-CSF in combination
with cRel, the non-canonical NFKB component [156]. In
myeloid cells, the deletion of IkBa via the LysM-Cre system causes
constitutive activation of NFKB, causing myelin oligodendrocyte
glycoprotein-induced EAE to cause more severe CNS inflammation
[157]. Instead, myeloid cell-specific deletion of IKKP reduces
EAE stimulation, which is associated with a reduced generation of
inflammatory Th1l and Th17 cells [158]. Meanwhile, conditional
ablation of NEMO or IKK(B prevents EAE induction to some
extent [159]. Furthermore, transgenic production of a degradation-

resistant variant of IKBa (IKB-dn) suppresses inflammatory cytokine
expression in astrocytes and reduces the pathogenic severity of EAE

[160,161].

Atherosclerosis is an inflammatory condition of the artery wall
that progresses over time. It occurred as a result of immune cells and
low-density lipoprotein (LDL) building up in the sub-endothelium
region. Endothelial cells, monocytes, and T cells are among the cell
types involved in the pathophysiology of atherosclerosis [162]. The
initiation of atherosclerosis is believed to be mediated by endothelial
cell activation, which releases chemotactic proteins and cell adhesion
molecules that allow blood monocytes to aggregate inside the artery
intima. The monocytes there transform into macrophages, which
then suck up LDL molecules. They eventually transformed into lipid-
laden foam cells, which play a role in the formation of atherosclerotic
plaques. NFKB regulates the expression of several genes implicated
in the pathophysiology of atherosclerosis [163]. NFKB stimulates
the production of pro-inflammatory cytokines, chemotactic factors,
and adhesion molecules in vascular endothelial cells, which aids
monocyte recruitment and disease progression [164,165]. It has
been demonstrated that chemokine expression and monocyte
accumulation can be inhibited in endothelial cells by conditional
deletion of NEMO or transgenic expression of a degradation-resistant
IkBa, which lessens the severity of atherosclerosis. [166]. In myeloid
cells, NFKB was linked to increased inflammatory gene expression
and macrophage transformation into foam cells [163]. Interestingly,
deletion of IKKP in myeloid cells reduces atherosclerotic lesion areas
in LDL receptor-deﬁcient animals in numerous studies, whereas
deletion of IKKPB in myeloid cells enlarges atherosclerotic lesion
diameters in the same mouse model in another study [167,168].
The explanation for the discrepancy in results is still unknown,
though it is presumed that the mismatch in the two experimental
methodologies is to blame.

Conclusion

As we understand more about our immune system, were
finding how important it is for pathogen avoidance, pathogen
destruction, and intricately regulating a homeostasis to keep the
organism healthy, despite the fact that many inflammatory disorders
are emerging. In search of the source of these devastating diseases,
intense research works are showing how a single NFkB family
is connected with almost all immune responses particularly in
inflammation. Deregulated NFKB causes malfunctioning of proper
immune response generation. Thus, NFKB signaling targeting may
present a promising therapeutic strategy for anti-inflammatory
treatments. Numerous inhibitors have been created to block
various up or downstream steps in NFKB signaling like selective
IKK inhibitors[169], some well-known drugs such as aspirin and
salicylate can inhibit IKK [170], Proteasome inhibitors, one example
is Velcade (also called Bortezomib and PS-341) and lactacystin, which
stop degradation of IkBa in the proteasome [171], inhibitors that
blocking nuclear translocation of NFKB subunits, like tacrolimus
(FK-506) etc. [172]. Despite of tremendous achievements in the
designing of different blockers to inhibit NFKB as anti-inflammatory
drugs, scarcity of available clinical medicine for NFKB blockers is
still a daunting situation. As total inhibition of NFKB may cause
severe side effects because of many normal cells functioning like cell
survival, apoptosis depends on NFKB signaling, therefore gaining
deep knowledge underlying the mechanism of pathological or
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deregulated activation or functioning of NFkB signaling for the
development of more targeted and efficient therapies for treating
inflammatory illnesses is quite alarming and urgent requirement
looking at the present scenario.
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