Immune Netw. 2024 Feb;24(1):e2
https://doi.org/10.4110/in.2024.24.e2
pISSN 1598-2629-eISSN 2092-6685

Review Article

'.) Check for updates

G OPEN ACCESS

Received: Nov 15, 2023
Revised: Dec 26, 2023
Accepted: Jan 7, 2024
Published online: Jan 19, 2024

*Correspondence to

Yeonseok Chung

Laboratory of Immune Regulation, Research
Institute of Pharmaceutical Sciences, Seoul
National University, 1 Gwanak-ro, Gwanak-gu,
Seoul 08826, Korea.

Email: yeonseok@snu.ac.kr

Hyungseok Seo

Laboratory of Cell & Gene Therapy, Research
Institute of Pharmaceutical Sciences, Seoul
National University, 1 Gwanak-ro, Gwanak gu,
Seoul 08826, Korea.

Email: h.seo@snu.ac.kr

Copyright © 2024. The Korean Association of
Immunologists

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Choong-Hyun Koh
https://orcid.org/0000-0003-3342-6350
Byung-Seok Kim
https://orcid.org/0000-0002-8388-4942
Chang-Yuil Kang
https://orcid.org/0000-0002-1843-6967
Yeonseok Chung
https://orcid.org/0000-0001-5780-4841

IMMUN=
N=TWORK

IL-17 and IL-21: Their Immunobiology
and Therapeutic Potentials

Choong-Hyun Koh
Yeonseok Chung

!, Byung-Seok Kim (@ 2, Chang-Yuil Kang @ 3,
**, Hyungseok Seo @ *

'Laboratory of Immune Regulation, Research Institute of Pharmaceutical Sciences, Seoul National
University, Seoul 08826, Korea

“Division of Life Sciences, College of Life Science and Bioengineering, Incheon National University, Incheon
22012, Korea

*Research & Development Center, Cellid Co., Ltd., Seoul 08826, Korea

“Laboratory of Cell & Gene Therapy, Research Institute of Pharmaceutical Sciences, Seoul National
University, Seoul 08826, Korea

ABSTRACT

Studies over the last 2 decades have identified IL-17 and IL-21 as key cytokines in the
modulation of a wide range of immune responses. IL-17 serves as a critical defender against
bacterial and fungal pathogens, while maintaining symbiotic relationships with commensal
microbiota. However, alterations in its levels can lead to chronic inflammation and
autoimmunity. IL-21, on the other hand, bridges the adaptive and innate immune responses,
and its imbalance is implicated in autoimmune diseases and cancer, highlighting its important
role in both health and disease. Delving into the intricacies of these cytokines not only opens
new avenues for understanding the immune system, but also promises innovative advances

in the development of therapeutic strategies for numerous diseases. In this review, we will
discuss an updated view of the immunobiology and therapeutic potential of IL-17 and IL-21.

Interleukin-21; Interleukin-17; Autoimmune; Cancer; Inflammation

INTRODUCTION

Cytokines are essential components of the body that determine the nature and magnitude

of immune responses. They facilitate cellular interactions that enable a sophisticated and
effective immune response to various biological challenges, such as inflammation and cancer
(1). By influencing cell growth, differentiation, movement, and inflammatory responses,
they play a critical role in maintaining the body’s equilibrium and enhancing its defenses
against pathogens. However, alterations in their activities can lead to various pathological
conditions, from inflammatory and autoimmune diseases to increased susceptibility to
infection, highlighting their complex role in health and disease (2).

IL-17 and IL-21 are key players in the body’s immunological orchestra, each providing
unique and vital elements to the overall functionality of our defense mechanisms—host
defense immunity. IL-17 is a versatile cytokine that is essential for shaping inflammatory
responses and acting as the first line of defense against bacterial and fungal invasion (3). It’s
key in mediating inflammation and maintaining the integrity of the body’s barriers against
environmental and microbial threats. Derived from diverse cells such as Th17 cells, y6 T
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cells and innate lymphoid cells, IL-17 is a versatile entity in immune regulation. While it acts
as a stabilizer between the host and commensal microbiota, ensuring barrier integrity and
microbial balance, its activity is a double-edged sword (4). Any imbalance in its functions
can lead to chronic inflammation and autoimmunity and has been implicated in several
inflammatory and autoimmune diseases. The balance of IL-17 activity is therefore critical for
maintaining health.

IL-21, mainly synthesized by CD4+ T cells, particularly follicular helper T (Tth) cells, is a key
orchestrator of adaptive immune responses (5). It controls the differentiation, proliferation
and functions of B, T and NK cells, which are essential for optimal antibody production and
B cell function (6). In addition, the influence of IL-21 extends to the innate immune response,
affecting cells such as dendritic cells (DCs) and macrophages, and acting as a bridge

between innate and adaptive immunity (7). However, its imbalance is associated with several
pathological conditions, including autoimmune diseases and cancer, highlighting its delicate
and multifaceted role in health and disease.

The important roles of IL-17 and IL-21 have attracted considerable scientific attention and
have become focal points in the development of novel immunotherapies. Understanding
their intricate mechanisms and regulatory networks is crucial to harnessing their potential
for therapeutic innovation, offering hope for the effective treatment of immune-mediated
diseases. The study of IL-17 and IL-21 highlights the complexity of the immune system and
provides invaluable insights and potential therapeutic avenues. In this review, we aim to
outline the current understanding of the biology of IL-17 and IL-21 and present the latest
advances in research into the therapeutic use of these cytokines.

IMMUNOBIOLOGY OF IL-17

IL-17 is primarily produced by conventional Th17 cells, a distinct subset of Th cells
characterized by the expression of the master transcription factor RORyt and the induction
of IL-17 production by IL-23 (8). However, aside from Th17 cells, various other immune cell
types can also generate IL-17 in response to diverse stimuli. These include y8T cells (y8T17),
NKT cells (NKT17), innate lymphoid cells (ILC3), mucosa-associated invariant T cells
(MAIT17), Foxp3+ Tregs (Tr17), and CD8 T cells (Tc17) (Fig. 1) (9-11). These IL-17-producing
“type 17” cells commonly express RORyt, which is pivotal for their development and IL-17
production (12). However, environmental cues driving IL-17 production by each type 17
cells may vary. Additionally, there have been reports suggesting that myeloid cells, such as
neutrophils, may possess the capacity to produce IL-17 in response to inflammatory signals
(13-15). Nevertheless, the extent and significance of IL-17 production by these myeloid cell
types remain the subject of ongoing research (9).

The IL-17 cytokine family consists of a group of cytokines that share both structural and
functional similarities with the prototypical member, IL-17A (commonly known as IL-17).
In addition to IL-17A, this family includes several related cytokines, including IL-17B, IL-
17C, IL-17D, IL17E (also known as IL-25), and IL-17F. Conversely, the IL-17 receptor (IL-17R)
family consists of 5 members sharing structural similarities, which are IL-17RA, IL-17RB,
IL-17RC, IL-17RD, and IL-17RE (9). Each cytokine within the IL-17 family interacts with its
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Figure 1. Comparison in the producers, receptors and signaling pathway between IL-17 and IL-21.

IL-17 is produced by Th17, y8T17, NKT17, ILC3, MAIT17, Tr17, and Tc17 cells. IL-17 family cytokines, including IL-17A, B, C, D, E, and F, bind and transduce signals
through the hetero-dimeric combination of IL-17 receptors, such as IL-17RA, RB, RC, RD, and RE. IL-17R signaling involves the recruitment of Act1, which in turn
recruits and ubiquitinates TRAF6. TRAF6 activates TAK1, which phosphorylates and activates the IKK. The activated IKK degrades IkB, leading to the translocation
of NF-kB to the nucleus. TRAF6 also promotes the activation of MAPK and AP-1 pathways, along with the activation of the C/EBP transcription factors. IL-21 is
produced by Th17, Tfh, and NKT cells. The IL-21 receptor heterodimerizes with the common gamma chain receptor and subsequently transduces signals through
the activation of the JAK-STAT signaling pathway. JAK phosphorylate STAT3 and STAT1, and STAT5. IL-21 receptor also activates the MAPK and the PI3K pathway.
The IL-21 response elements, IRF4 and STAT3, play global role in the regulating IL-21-responsive genes.

C/EBP, CCAAT/enhancer binding protein.

specific receptor, and most of these receptors belong to the IL-17 cytokine receptor family.

For instance, IL-17A, either as a homodimer or in conjunction with IL-17F, primarily engages
with the IL-17RA/IL-17RC receptor complex (Fig. 1). IL-17C interacts with the IL-17RA/IL-17RE
receptor combination. IL-17E binds to the IL-17RA/IL-17RB receptors, while IL-17B competes
with IL-17E for binding to the IL-17RB receptor. IL-17RD was previously considered an orphan
receptor until a recent study revealed that IL-17A functions as a ligand for IL-17RD, forming a
receptor-ligand pair (16). Additionally, there is emerging evidence suggesting that CD93 may
serve as a receptor for the orphan ligand IL-17D (17). These interactions between cytokines
and their respective receptors are critical for initiating downstream signaling events within
cells (18,19).

The IL-17R subunits share a conserved cytoplasmic motif known as a SEF/IL-17R (SEFIR)
domain, which is analogous to the TLR and IL-1 receptor domain (9). The initial step in IL-
17R signaling involves the recruitment of Actl, a signaling protein that also contains a SEFIR
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domain, which is crucial for its association with IL-17R (20,21). Actl plays a pivotal role as
a non-redundant activator of signals dependent on IL-17RA (Fig. 1). Notably, mice lacking
Actl exhibit similar characteristics to those lacking IL-17RA, and individuals with rare null
mutations in Actl display comparable traits, particularly susceptibility to fungal infections (9).

Upon stimulation by IL-17, Actl, acting as an E3 ubiquitin ligase, recruits and ubiquitinates
TNF-receptor associated factor 6 (TRAF6) (22-24). TRAFG catalyzes the formation of K63-
linked polyubiquitin chains, which serve as a signal to activate a protein kinase called TGF-p-
activated kinase 1 (TAK1). TAK1, in turn, phosphorylates and activates the inhibitor of NF-«xB
kinase (IKK) complex, and the activated IKK phosphorylates IkB, leading to the degradation
of IkB. Degradation of IkB allows the translocation of NF-«kB, which is usually sequestered

in the cytoplasm when bound to IkB, to the nucleus. In the nucleus, NF-«B binds to specific
DNA motifs and regulates the expression of various genes, including those involved in
inflammation and anti-microbial immune responses. Additionally, TRAFG also promotes
the activation of MAPK and AP-1 pathways, along with the activation of the CCAAT/enhancer
binding protein transcription factors (25). In contrast, IL-17-NF-«B signaling triggers the
initiation of several negative feedback mechanisms that help regulate NF-«B activation.
These mechanisms involve deubiquitinating enzymes, including A20 and ubiquitin-specific
peptidase 25 and immunomodulatory cytokines (24,26,27). These feedback circuits play a
crucial role in fine-tuning the inflammatory response (Fig. 1).

IL-17 stands as a central orchestrator in the immune system, asserting profound effects on
tissue physiology and homeostasis. This cytokine’s influence spans beyond mere defense
mechanisms, modulating a complex array of cellular processes that are crucial in maintaining
the body’s equilibrium. IL-17 not only induces acute inflammatory responses which are
essential for immediate defense against pathogens but also modulates chronic inflammatory
pathways that can influence the course of several autoimmune diseases. It’s also recognized for
its role in maintaining the integrity of epithelial barriers, fundamental structures that protect
against environmental assaults and prevent pathogen invasion. IL-17’s ability to induce the
expression of tight junction proteins ensures that these barriers remain intact and functional.

Additionally, IL-17 is implicated in the recruitment and activation of fibroblasts, contributing
to tissue remodeling and repair. Its regulatory actions extend to the orchestration of
adaptive immune responses, where it can influence the activity and function of various

cell types, including T cells, which are instrumental in shaping the immune response.

Thus, IL-17 emerges not just as a participant in pathogen defense but as a key regulator of
immune system homeostasis and an influential factor in the pathology of inflammatory and
autoimmune conditions.

IL-17 plays a crucial role in immune defense by orchestrating the recruitment of neutrophils
to sites of infection. This process is mediated by the induction of chemokines like CCL2
(also known as MCP-1), CXCL1, CXCL2 (also known as MIP-2), and CXCL8 (also known

as IL-8) from non-hematopoietic cells, which serve as signals to direct neutrophils to the
affected tissues (19). Beyond its role in chemokine-mediated recruitment of neutrophils,
IL-17 enhances myeloid cell-mediated inflammation by stimulating the release of pro-
inflammatory cytokines such as G-CSF (Fig. 1) (9). G-CSF is a key cytokine that stimulates
the differentiation of hematopoietic stem cells into neutrophils in the bone marrow.
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Furthermore, IL-17 can directly activate neutrophils and macrophages to enhance bacterial
killing (3).

IL-17 contributes significantly to the maintenance of structural integrity of barrier tissues
(28). Particularly in the intestinal epithelium, IL-17 induces proteins that fortify the mucosal
barrier, a frontline defense against invading pathogens (29,30). IL-17’s influence extends

to the skin and mucosal surfaces where it boosts the production of antimicrobial peptides,
including B-defensins and S100A9. These peptides are essential for the body’s innate
immunity, providing a robust defense against a spectrum of extracellular pathogens like
Staphylococcus, Klebsiella, and fungal organisms such as Candida and Blastomyces (9,25).
The significance of IL-17 in antimicrobial defense is underscored by genetic studies linking
IL-17R signaling defects to increased susceptibility to mucocutaneous infections (31,32).

Emerging evidence highlights IL-17’s role in tissue regeneration and repair (25). During
wound healing, IL-17 directly influences Lrigl+ stem cells located in the hair follicle, leading
to the generation of progeny that actively contributes to wound closure (33). Furthermore, IL-
17 promotes the induction of key factors in tissue repair and wound healing, such as REG3A
(34) and urokinase type plasminogen activator (uPA) (35). The anti-microbial peptide REG3A,
produced by keratinocyte in response to IL-17, promotes the proliferation and differentiation
of keratinocytes themselves, playing a pivotal role in skin repair processes following normal
wound repair as well as pathological conditions like psoriasis (34). Additionally, IL-17-
mediated induction of uPA enhances the migration of peripheral blood mesenchymal stem
cells to wounded skin, which is critical in tissue regeneration (35).

IMMUNOBIOLOGY OF IL-21

IL-21 and its receptor were discovered in 2000 (36). IL-21 is a cytokine that plays a crucial role
in the regulation of the immune system, and it has been the subject of extensive research in
the fields of immunology. IL-21 is a member of the y-chain cytokine family, which includes
several other cytokines. This family of cytokines shares a common y-chain (gamma chain)
receptor subunit, which is essential for their signaling. The cytokines in the y-chain family
include IL-2, IL-4, IL-7, IL-9, IL-13, ILA5, and IL-21 (36).

IL-21 cytokine is mainly produced by Th17, Tth and NKT cells (Fig. 1). In bulk cell analysis, the
production of IL-21 in CD4 T cells was initially identified in Th17 polarizing condition, where
naive CD4 T cells are stimulated with IL-6 and TGF-f (37). However, single cell level cytometric
analysis revealed that majority of CD4 T cells producing IL-21 under Th17 polarizing

condition do not produce IL-17A or IL-17F (38). Further studies have demonstrated that in

vitro stimulation of naive CD4 T cells with IL-6 induces IL-21 production in STAT3 dependent
manner while TGF-p inhibits IL-21 production in SMAD3 dependent manner (37-39).

NKT cells have been shown to produce IL-21 when stimulated with anti-CD3/CD28 and this
production is synergistically increased in the presence of IL-12 (40,41). Subsequent studies
have identified that Tth cells, a specialized subset of CD4 T cells crucial for orchestrating

B cell responses and antibody production, also produce IL-21 within the germinal center,
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underscoring their pivotal role in regulating humoral responses (42-45). Recently, multiple
studies have demonstrated that glucocorticoid-induced tumor necrosis factor receptor
(GITR) agonism triggers the differentiation of IL-21 producing Tth cells in the tumor
microenvironment and the infectious tissue (46-48).

The expression of IL-21 receptor was initially discovered on various immune cell types,
including T, B, and NK cells (36,49). The IL-21 receptor heterodimerizes with the common
gamma chain receptor and subsequently transduces signals through the activation of the
JAK-STAT signaling pathway. Upon binding of IL-21 to its receptor, Jakl and Jak3 kinases,
which interact with IL-21 receptor and common gamma chain receptor respectively,

become activated. These kinases phosphorylate STAT3 and STAT1, and to a weaker extent
of STATS5 (Fig. 1). This phosphorylation leads to the dimerization of STAT proteins and

their translocation into the cell nucleus, where they bind to regulatory elements of target
genes (50). Interestingly, the activation of STAT1 and STAT3 by IL-21 receptor signaling have
opposing effects on the expression Thi related genes including Thx21 and Ifng (51). IL-21

has been observed to synergize with IFN-y to induce the optimal expression of interferon-
stimulated genes (ISGs) in both human and mice (51,52). Notably, the expression of ISGs
appears to be independent of STAT3 signaling (53). Moreover, IL-21 receptor engagement
can also activate the MAPK and the PI3K pathways (50). IL-21 induces the transcription of the
suppressor of cytokine signaling 1 (SOCS1) and SOCS3 proteins, which subsequently function
to downregulate the JAK-STAT signaling pathway, representing an important feedback
mechanism in immune regulation (54). The IL-21 response element has been demonstrated
to consist of a dual-component element capable of binding to 2 key transcription factors
interferon regulatory factor 4 (IRF4) and STAT3. These dual-component response elements
were discovered in a genome-wide analysis and were found to be globally implicated in the
regulation of numerous IL-21-responsive genes (55). Hence, within T cells, numerous target
genes of IL-21 are controlled through the transcription factors BATF, JUN, IRF4, and STAT3
(Fig. 1) (54,56-59).

The IL-21 receptor is expressed in various immune cell types, including T cells, B cells, DCs,
and NK cells and extensive research has been conducted to understand their responses to
IL-21 (60-62).

Th17 cells

IL-21 functions as an autocrine factor secreted by Th17 cells, playing a pivotal role in promoting
and sustaining Th17 lineage commitment (37). In mice, TGF-B has been observed to inhibit
IL-21 production from naive CD4 T cells, whereas in humans, IL-21 has been implicated in
collaboration with TGF-f in the differentiation of naive CD4 T cells into Th17 cells (63-65). IL-21
expression and Th17 differentiation depend on the presence of the transcription factor IRF4.
IRF4 not only regulates the expression of RORyt and RORa, key factors in Th17 differentiation,
but also directly binds to the IL-21 promoters (66,67) (Fig. 1). Furthermore, IL-21 has the ability
to induce its own expression through an autocrine loop and also upregulates the expression

of IL-23 receptor. IL-23 is recognized as essential for amplifying Th17 cell programs, and
notably, cells lacking IL-21 also fail to express the IL-23 receptor (64). IL-21 exerts its effects

by enhancing the expression of IL-23 receptor, which subsequently enables heightened

cellular responsiveness to IL-23. Additionally, IL-21 induces the expression of RORyt, further
contributing to the differentiation and maintenance of Th17 cells (18).
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Tfh cells

IL-21 is not only produced by Tfh cells, but also is required for generation of Tth cells. CD4 T
cell intrinsic IL-21 is essential for the efficient development and germinal center responses of
Tth cells (44). IL-21 plays a role in upregulating the transcription factors BCL-6 and Maf, both
of which are central to the transcriptional program of Tth cells, contributing to their proper
differentiation and function (68,69). In dextran sodium sulfate induced colitis model, IL-21
deficiency decreased the frequency of Tth cells in the colon tissue, resulting in amelioration
of colitis (70). IL-21 increases Tth cells and reduces follicular regulatory T cells in lungs upon
respiratory syncytial virus (RSV) infection. In this model, IL-21 induces the formation of
tertiary lymphoid structures and the production of neutralizing antibody against RSV, thereby
reducing severity of infection (71).

Thi cells

Studies in human cells have demonstrated that IL-21 can also promote Th1 differentiation,
leading to enhanced expression of Thl-associated transcription factors such as STAT4 and
T-bet, along with increased IFN-y production (72). IL-21 is highly detected in lamina propria
of Crohn’s disease patients, and neutralization of IL-21 decreased the phosphorylated STAT4
and T-bet expression, resulting in inhibition of IFN-y production (73). In viral infection, IL-21
signaling has opposing effects on IFN-y production in CD4 T cells. While STAT3 signaling
suppresses IL-21 mediated T-bet and IFN-y expression in CD4 T cells, IL-21 enhanced STAT1
signaling is required for the production of IFN-y in CD4 T cells (51).

CD8 T cells

While IL-21 alone has limited effects on CD8 T cell proliferation, it exhibits strong synergy
with either IL-7 or IL-15, resulting in the induction of both proliferation and IFN-y production
(74). In the presence of IL-2, IL-21 optimally enhance the clonal expansion and effector
function of naive CD8 T cells in STAT4-independent manner (75). After the transfer of

IL-21 primed CD8 T cells into tumor-bearing mice, these cells display the characteristics of
memory T cells and enhanced persistence in vivo (76). In the tumor microenvironment, GITR
stimulation has been shown to enhance the antitumor function of CD8 T cells, and this is
mediated through the IL-21 produced by Tth cells (47). A recent study has identified single
cell level transcriptomic profiles of IL-21 producing CD4 T cells in the LCMV infection model
and found that Tth cell-derived IL-21 was crucial for sustaining CD8 T cell responses and viral
control (77).

B cells

It has been demonstrated that antigen-specific memory B cells and plasma cells failed to
expand in IL-21 receptor deficient mice, highlighting the critical role of IL-21 signaling in
humoral responses (78). IL-21 receptor knockout mice exhibit a normal distribution of B cell
subsets but impaired B cell function, characterized by elevated IgE production and reduced
levels of IgG (79). The increased levels of IgE are contingent on IL-4, as demonstrate by 114
and I121r double knockout mice, which exhibit markedly reduced level of all immunoglobulin
isotypes, including IgE. This pattern resembles the pan-hypogammaglobulinemia observed
in individuals with X-linked severe combined immunodeficiency and underscores the
importance of both IL-4 and IL-21 in normal B cell response (6). IL-21 receptor signaling
serves as a key regulator that triggers the secretion of all IgG subclasses, with a particular
emphasis of IgG1 and IgG3 (80,81). Additionally, IL-21 plays a critical role in the regulation
of B cell proliferation and is essential for the proper formation of germinal centers,
differentiation into plasma cells, immunoglobulin production, and facilitating isotype
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switching towards IgG, IgM, and IgA (82-84). IL-21R signaling in B cells promotes Bcl6
expression by B cells (85,86). B cell intrinsic IL-21 signaling, along with downstream STAT3
signaling, has been attributed to the generation and development of long-lived antibody
responses (87,38). In line with their elevated immunoglobulin levels, IL-21 transgenic mice
exhibit an increased abundance of plasma cells, indicating a positive correlation between IL-
21 expression and plasma cell differentiation (83).

Treg cells

The role of IL-21 in suppressive T cells have been elucidated through numerous studies. The
numbers of Treg cells are elevated in both /21 and 1l6 knockout mice. This is attributed to
TGF-P signaling favoring the generation of Treg cells over Th17 cells in the absence of either
IL-21 or IL-6 (89,90). This phenomenon appears to be mediated by IRF4, as IL-21 failed to
reduce the differentiation of Treg cells in IRF4-deficient T cells (91). Conversely, other data
suggest that IL-21 may enhance the suppressive function of Treg cells (92). Certain data
indicate that IL-21 plays a role in the development of IL-10 producing Tregs type 1 (Tr1), which
exhibit suppressive properties on effector T cells (93). This aligns with a study demonstrating
that IL-21 induces IL-10 production in naive CD4 T cells, CD8 T cells, and B cells (94).

NK cells

IL-21 exerts a dual role as it limits NK cell responses while simultaneously promoting
antigen-specific T cell activation (95). IL-21 activates human NK cells and influences the
expression of their surface receptor (96). During the tumor progression, exhausted NK cells
have been identified in the tumor microenvironment and IL-21 reinvigorated the exhausted
NK cells, restoring their functionality (97). The expansion of NK cells through IL-21 has been
explored as a potential autologous cell therapy for chronic lymphocytic leukemia (98).

DCs

IL-21 may also have negative regulatory effect on the maturation and function of DCs

(7,99). IL-21 exhibits potent inhibitory activity against the activation and maturation of DCs
induced by GM-CSF (7). Following study has demonstrated that IL-21 can strongly induce the
apoptosis of conventional DCs through a mechanism dependent on STAT3 and BIM while it
has a modest effect on plasmacytoid DCs (100).

ROLES IN DISEASES

A number of studies on the genetic association or murine models have suggested a crucial role
of IL-17 and IL-21 in diverse autoimmune diseases as well as in cancer immunity (101-106).

IL-17

The role of IL-17 has been demonstrated in several types of autoimmune diseases, including
systemic lupus erythematosus (SLE), multiple sclerosis (MS), rheumatoid arthritis and
psoriasis. In 1999, IL-17 producing cells were found to be increased in the cerebrospinal fluid
of MS patients. (107). Using the experimental autoimmune encephalomyelitis (EAE) model,
arodent model of MS, IL-17 deficiency has been shown to improve the development of EAE
(108). IL-17 is produced not only by T cells but also by glial cells in inflamed central nervous
system tissue, as shown by immunohistochemical analysis of MS patients (109).
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Immunobiology and Therapeutic Potentials of IL-17 and IL-21

High concentration of IL-17 has been found in the synovial fluid of rheumatoid arthritis
patients and most of them were produced by CD4 T cells (110,111). IL-17 deficiency
significantly reduced the severity of diseases in both collagen-induced arthritis and LPS-
induced bone destructive model (Fig. 2) (112,113).

Lupus-prone BXD2 mice express high levels of IL-17 and spontaneously develop germinal
centers. In these mice, blocking IL-17 signaling significantly reduced germinal center
formation and autoantibody production through regulation of the Rgs13 and Rgl6 genes.
Plasma IL-17 levels are elevated in SLE patients and correlate positively with disease severity
in SLE patients (114).

It has also been shown that IL-17A, IL-17 and IL-17F are increased in lesional skin samples
from psoriasis patients (115). Recent studies have shown that blocking of IL-17 signaling
reduces the skin inflammation in psoriasis (116).

This evidence underscores IL-17’s broad impact in autoimmune pathology and its potential as
a therapeutic target in various autoimmune diseases (Fig. 2).
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Figure 2. Role of IL-17 in diseases and potential therapeutics.

IL-17 play critical roles in many diseases, and drugs targeting IL-17 have been clinically used or are under investigation. In psoriasis, IL-17 stimulates keratinocytes
to produce ST00A8, ST00A9, and AMP which in turn activate the proliferation of keratinocytes. In arthritis, IL-17 induces osteoblast to secrete RANKL, leading to
osteoclast formation and subsequent bone destruction. In lupus, IL-17 recruits neutrophils and exacerbates tissue damage. In tumors, IL-17 recruits immune-
suppressive myeloid cells contributing to tumor growth. In MS, IL-17 contributes to the degradation of myelin in the central nervous system.
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IL-21

Dysregulated IL-21 expression is associated with multiple inflammatory conditions,
including Crohn’s disease, celiac disease and arthritis (117-119). IL-21 is highly produced in
human subjects with Crohn’s disease and the blockade of the IL-21/IL-21R signaling axis

in these patients resulted in reduced production of IFN-y by mucosal lymphocytes (73). As
such, the lack of an intact IL-21/IL-21R signaling axis in mice (/[21r-/-) resulted in attenuated
inflammatory responses and reduced colitis in a murine model of human Inflammatory
bowel disease (120). The activation of STAT3 in target cells has been proposed as a
mechanism by which the IL-21/IL-21R signaling promotes tissue inflammation (117). These
findings suggest that IL-21/IL-21R axis could be part of a positive feedback loop that amplifies
an inflammatory response in the gut (Fig. 3) (73,121).

IL-21 expression is increased in skin of psoriasis patients and the intradermal treatment of IL-
21 directly induces the hyperplasia of keratinocytes (122). Disease score of psoriasis patients
is positively correlated with the frequency of IL-21 producing CD4 T cells and Th17 cells (123).
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Figure 3. Role of IL-21 in diseases and potential therapeutics.

IL-21 plays crucial roles in both tumors and other autoimmune diseases, and the drugs targeting IL-21 are
currently under investigation in clinical trials. In the context of tumors, IL-21 activates NK and CD8 T cells within
the tumor microenvironment, while not stimulating Treg cells. IL-21-activated NK and CD8 T cells induce the
destruction of tumor cells. In lupus, IL-21 activates B cells, promoting the production of autoantibodies, which
further exacerbates tissue damage. In inflammatory bowel diseases, IL-21 stimulates T cells to secret IFN-y,
leading to severe inflammation in the affected tissues.
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In line with this context, recent study has demonstrated that IL-21 may promote psoriatic
inflammation by inducing imbalance in Th17 and Treg populations (124).

Significantly increased percentages of IL-21 expressing CD4 T cells and CD8 T cells were
found in SLE patients compared to healthy control. The frequency of IL-21 expressing T
cells were positively correlated with the frequency of IL-17 expressing T cells in SLE patients,
suggesting a crucial role of IL-21 in the pathogenesis of SLE (125). Recent finding suggests
that IL-21 potently expand unique CD11c"T-bet* B cells and differentiate these cells into
autoreactive plasma cells in SLE patients (Fig. 3) (119).

IL-17

In the tumor microenvironment, IL-17 plays a role in recruiting neutrophilic myeloid cells,
which are often referred to as either myeloid-derived suppressor cells (MDSCs) or tumor-
induced neutrophils (Fig. 2) (126-128). In humans, it has been observed that the frequencies
of intra-tumoral granulocytic polymorphonuclear MDSCs correlate with the presence of IL-17-
producing cells in both gastric and colorectal cancers (127,129). The induction of pathogenic
myeloid cells has been linked to tumor progression in various IL-17-dependent murine cancer
models, encompassing lung, colon, liver, and breast cancer (126,128,130-132). The depletion
of Gr1'CD11b" cells resulted in the suppression of tumor growth in lung adenocarcinoma
model (131). Collectively, multiple studies have demonstrated that IL-17 mediates tumor
progression by recruiting immune-suppressive myeloid cells. Nonetheless, in certain studies,
IL-17 has been found to stimulate anti-tumor immunity by facilitating the recruitment of
neutrophils that, in turn, mount effective anti-tumor immune responses, particularly in cases
of squamous cell carcinoma and bladder cancer (133,134).

IL-21

Extensive research has been dedicated to understanding the role of IL-21 in anti-tumor
immune responses. In vitro studies have demonstrated that IL-21, in synergy with IL-15,
robustly enhances the proliferation of both memory and naive phenotype CD8 T cells, along
with an augmentation of IFN-y production (Fig. 3). Consequently, in vivo administration of
IL-21 in combination with IL-15 not only increased the numbers of antigen-specific CD8 T
cells but also demonstrated a synergistic effect in promoting tumor regression in established
B16 melanomas (74). The antitumor effect of IL-21 is enhanced in Erbitux-based IL-21 tumor-
targeting fusion protein through the proliferation of tumor-infiltrating PD-1"*TIM-3- CD8 T
cells (135). A recent study has demonstrated that the protein BATF serves as a key molecule
of IL-21 mediated antitumor effect of CD8 T cells (136). Additionally, in the MCA205 tumor
model, it was observed that overexpression of the IL-21 cytokine inhibited tumor growth in a
manner that depended on NK cells rather than T cells (137). The intraperitoneal injection of
recombinant IL-21 protein elicited antitumor responses in NK cell dependent manner against
4T1 breast carcinoma, Lewis Lung carcinoma, and RM-1 tumors transfected with NKG2D
ligand (138). Furthermore, IL-21 has been shown to directly induce the apoptosis of certain
types of tumor cells in vitro. IL-21 induces BIM up-regulation and combination of IL-21 with
fludarabine or rituximab enhances the direct cytotoxic effect in chronic B-type lymphocytic
leukemia (139,140), follicular lymphoma (5,141), and diffuse large B cell lymphoma (142,143).
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THERAPEUTIC IMPLICATIONS

IL-17 has emerged as an important target in immunotherapy due to its extensive and
pivotal role in immune responses, particularly in inflammatory and autoimmune diseases.
Therapeutic strategies are diverse, ranging from small molecule therapy to monoclonal and
bispecific antibodies (144).

Clinical development and applications

A number of IL-17 inhibitors have not only entered clinical trials but have also received
approval for clinical use, reflecting their significant therapeutic potential. Secukinumab

and ixekizumab, both monoclonal antibodies targeting IL-17A, have been approved and are
effectively used in the management of plaque psoriasis, psoriatic arthritis, and ankylosing
spondylitis. Their clinical success has been a testament to the importance of IL-17 in the
pathophysiology of these autoimmune conditions (145). Additionally, gumokimab and
vunakizumab are currently in Phase 3 clinical trials, showing promise particularly in the
treatment of plaque psoriasis and other immune-mediated diseases. 608-3SBio (608 Q2W),
another monoclonal antibody, is currently in Phase 3 and is being studied primarily for its role
in the treatment of chronic plaque psoriasis. Its advancement to this stage indicates potential
efficacy and applicability in alleviating symptoms associated with psoriasis (Fig. 2) (146).

Preclinical innovation

Several drugs targeting IL-17 are in the preclinical stage, investigating efficacy and safety in
conditions such as cancer indications and autoimmune diseases. AVIDIO/CRC (CARG-2020),
a combination of an immune checkpoint modulator, oncolytic virus and small hairpin RNA,
is under preclinical investigation for use in colorectal and ovarian cancer, illustrating the
broad scope of IL-17-targeted therapies beyond autoimmune diseases (147).

Discontinued and inactive therapeutics

Despite the promising therapeutic implications, some drugs, including remtolumab, have
been discontinued or are not active, underscoring the challenges and complexities associated
with the development of IL-17-targeted therapies. The discontinuation of these drugs
highlights the complexity of developing effective and safe IL-17 inhibitors and underscores
the importance of continued research and refinement in this area (148).

Bispecific antibodies and small molecule therapies

The development of bispecific antibodies such as BCD-121 and BH1657 (149), which are in
early stages of development, provides a nuanced approach that allows simultaneous targeting
of IL-17 and other cytokines such as TNF-alpha. Small molecule therapies such (150) and
Novel Scaffold Program #1 & #2 are being investigated for their potential to modulate IL-17
activity in conditions such as psoriasis and other inflammatory diseases, offering a more
targeted and specific approach to therapy (Table 1) (151).

IL-21, a cytokine with an extensive role in the immune response, especially in adaptive
immunity, has become a target for therapeutic development in immunotherapy. Its importance
is seen in various stages of drug development involving monoclonal antibodies, fusion proteins,
peptides, immunocytokines, and oncolytic viruses, each of which aims to explore the potential
of IL-21 in treating various diseases ranging from autoimmune diseases to cancer.
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Table 1. Current and emerging therapies targeting the IL-17 pathway

IMMUN=
N=TWORK

Drug names Therapeutic class Drug developers Targets Disease indication Highest phase
of development
608-3SBio Monoclonal antibody 3SBio, Inc.; Sunshine IL-17 Chronic plaque psoriasis; Plaque 3
(Sansheng) Guojian psoriasis (psoriasis vulgaris);
Pharmaceuticals (Shanghai) Psoriasis
Co., Ltd.
AVIDIO/CRC Immune checkpoint CaroGen Corporation; IL-17; IL-12; PD-1 Colorectal cancer; Ovarian cancer Preclinical
modulator; Oncolytic University of Connecticut
virus; Small hairpin RNA Health Center
BCD-121 Bispecific antibody; Biocad IL-17; TNF-alpha Healthy volunteers 1
Monoclonal antibody
BH1657 Bispecific antibody Hanmi Pharma IL-17; TNF-alpha Autoimmune disease Preclinical
E-36041 Small molecule therapy Ensemble Therapeutics IL-17 Inflammation Preclinical
EBI-028 Cytokine Sesen Bio IL-17 Eye disorders Preclinical
Gumokimab Monoclonal antibody  Akeso Biopharma (Zhongshan IL-17 Ankylosing spondylitis; Plaque 3
Kangfang Biomedical Co., psoriasis (psoriasis vulgaris);
Ltd.) Psoriasis; Psoriatic arthritis
HBOO17 Monoclonal antibody Huabo Biopharm IL-17 Ankylosing spondylitis; Chronic low 2
humanized back pain; Chronic plaque psoriasis;
Healthy volunteers; Plaque psoriasis
(psoriasis vulgaris); Psoriatic
arthritis; Sacroiliitis
HB0043 Antibody Huabo Biopharm IL-17; IL-36 Pustular psoriasis; SLE; Ulcerative Preclinical
colitis
1IS-217 Antineoplastic; Peptide Issar Pharmaceuticals IL-17; IL-23; p38 MAPK;  Angiogenesis; Inflammatory bowel Preclinical
VEGFR-2 disease; Psoriasis
lzumerogant Biological therapy Immunic Therapeutics IL-17 Castration resistant prostate cancer; 1
Healthy volunteers; Metastatic
prostate cancer; Psoriasis
JNJ-63823539 Bispecific antibody Covagen; Janssen IL-17; TNFR Rheumatoid arthritis Preclinical
Pharmaceuticals
LY-3114062 Bispecific antibody Eli Lilly and Company IL-17; TNF-alpha Inflammatory arthritis (arthritis) 1
Netakimab Monoclonal antibody Biocad IL-17 Ankylosing spondylitis; Healthy 3
humanized volunteers; Liver cirrhosis; Plaque
psoriasis (psoriasis vulgaris); Primary
biliary cholangitis; Psoriasis; Psoriatic
arthritis
NVS451 Fusion protein; Small ~ Shulan (Hangzhou) Hospital; IL-17; Undisclosed ~ Healthy volunteers; Plaque psoriasis 1
molecule therapy Changchun Institute of (psoriasis vulgaris)
Biological Products Co., Ltd.
Orega Biotech Anti- Monoclonal antibody Orega Biotech IL-17 Cancer indications Preclinical
IL-17 antibody
P243876 E3 modulator; Small Progenra Inc. IL-17; ITCH Immune mediated disease; Psoriasis  Preclinical
molecule therapy
Remtolumab Bispecific antibody Abbott; Abbvie IL-17; TNF-alpha Psoriatic arthritis; Rheumatoid 2
arthritis
RG7990 Bispecific antibody ~ Genentech, Inc.; Hoffmann-La IL-17; IL-13 Asthma; Healthy volunteers 1
Roche
SCT650A Cytokine Sinocelltech Ltd. IL-17 Cancer indications Preclinical
S011806 Small molecule therapy Eli Lilly and Company IL-17 Healthy volunteers; Plaque psoriasis 2
(psoriasis vulgaris); Psoriasis
VPI-131 (IL7-Vault) Cytokine-nanobody Vault Pharma IL-17 Idiopathic pulmonary fibrosis; Lung Preclinical
cancer
Vunakizumab Monoclonal antibody Jiangsu HengRui IL-17; IL-17A/F Ankylosing spondylitis; Cancer 3
humanized Pharmaceutical Co., Ltd. indications; Chronic plaque psoriasis;
Graves' disease; Healthy volunteers;
Lupus nephritis; Plaque psoriasis
(psoriasis vulgaris); Psoriasis;
Psoriatic arthritis
ZL1102 Antibody Crescendo Biologics; Zai Lab IL-17 Chronic plaque psoriasis 1

(Shanghai) Co., Ltd.

This table provides a comprehensive overview of drugs targeting the IL-17 pathway and associated immunological processes. It includes specific drug names,
their therapeutic classes (such as monoclonal antibody or bispecific antibody), the drug developers, targeted biological pathways (like IL-17, IL-12, PD-1), the
diseases or conditions each drug aims to treat (e.g., chronic plaque psoriasis, colorectal cancer), and the current phase of development ranging from preclinical
to advanced clinical trials.
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Clinical development and applications

Several IL-21-targeting drugs are in various stages of clinical development to treat conditions
such as SLE, various cancers and Crohn’s disease. Avizakimab (BOS161721), a humanized
monoclonal antibody targeted for SLE, has completed its Phase 1/2 clinical trials. Similarly,
JS014 (AWTO008, Exenokine-21), a cytokine nanobody, is in Phase 1 trials in advanced cancers,
lymphomas and solid tumors (Fig. 3).

Preclinical innovations

The potential of IL-21 is also being explored at the preclinical level with various therapeutic
strategies. AB821 is a preclinical immunocytokine being developed by Asher Bio for cancer
indications. AWTO30, a fusion protein being developed by Anwita Biosciences, is being
investigated for its efficacy in solid tumors. PIO-001, a monoclonal antibody, and RBM-011,
an aptamer, are in preclinical stages to explore their potential in cancer and pulmonary
arterial hypertension, respectively (54).

Discontinued and inactive therapeutics

Not all developments have progressed, illustrating the challenges of IL-21-related
therapeutic development. ATR-107 (PF-05230900) (152), developed by Pfizer and Wyeth, was
discontinued after clinical trials in Crohn’s disease. BITRAP, a protein targeting IL-21R and
TNF-alpha for rheumatoid arthritis, is not active at the preclinical stage, underscoring the
complexity and challenges of developing effective and safe IL-21 targeting therapeutics (153).

Oncolytic viruses and fusion proteins

IL-21 research also extends to oncolytic viruses, such as CVD-1301.V01 (hVO01), which is
clinically active and under investigation for advanced solid tumors and cancer indications
(154). VVLATK-STCANIL-IL21 (VVL-21) is a preclinical stage oncolytic virus targeting
diseases such as glioblastoma multiforme and pancreatic cancer (155).

Recombinant proteins and immune checkpoint modulators

The development of recombinant proteins such as Werewolf Therapeutics’ WTX-712 (IL-21
INDUKINE) and immune checkpoint modulators such as Amgen’s latikafusp (AMG 256)
illustrate the diversity of approaches to harnessing the potential of IL-21 in immunotherapy
(156,157). These developments illustrate the variety of strategies used to modulate IL-21
activity in immune responses (Table 2).

FUTURE DIRECTION AND CONCLUSION

The study of IL-17 and IL-21 has revealed a spectrum of opportunities and challenges in
immunology and medicine. As we move forward, it’s essential to carefully unravel the
complexities and intricacies of these fascinating cytokines in order to realize their full
therapeutic potential. The first steps in this journey should prioritize the advancement of
current clinical trials and explore a broader range of disease indications, with a focus on the
pathological conditions, such as various inflammatory and autoimmune diseases, in which
these cytokines play a pivotal role (3,158). IL-17 and IL-21 are cornerstones of our body’s
defense mechanisms, and their diverse roles in immunological processes necessitate a broad
exploration of their therapeutic applications. By broadening the scope of research, new
dimensions of their implications in various pathological conditions, including infectious
diseases, can be revealed. This diversified exploration is not only about better understanding
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Table 2. Emerging treatments targeting IL-21 and associated receptors
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Drug names Therapeutic class Drug developers Targets Disease indication Highest phase of
development
AB821 Immunocytokine Asher Bio IL-21 Cancer indications Preclinical
ATR-107 Monoclonal antibody Pfizer; Wyeth (subsidiary of Pfizer) IL-21R Crohn's disease
humanized
Avizakimab Monoclonal antibody Boston Pharmaceuticals IL-21 Healthy volunteers; SLE 1/2
humanized
AWTO030 Fusion protein Anwita Biosciences IL-21 Solid tumors Preclinical
BITRAP Protein Y-Biologics IL-21R; TNF- Rheumatoid arthritis Preclinical
alpha
BNZ-2 Peptide Bioniz Therapeutics, Inc.; Equillium  1L-21; IL-15 Celiac disease; Healthy 1
volunteers
CAR-T cis-targeted Immunocytokine Asher Bio IL-21; EGFR Cancer indications Preclinical
IL-21
CVD-1301.V01 Oncolytic virus Hangzhou Converd Co. Ltd. IL-21 Advanced solid tumors; Cancer 1
indications
Denenicokin Recombinant protein Bristol-Myers Squibb IL-21 Advanced melanoma; 1
Advanced solid tumors;
Melanoma; Metastatic
melanoma; Metastatic solid
tumors; Neoplasms; Solid
tumors
Fred Hutchinson Non-Engineered CTLs (CD8+)  Fred Hutchinson Cancer Research IL-21 Melanoma; Metastatic 1/2
Cancer Research Center melanoma
Center autologous
IL-21 modulated CD8+
antigen-specific T cells
JS014 Cytokine-nanobody Shanghai Junshi Bioscience Co., Ltd.; IL-21R Advanced cancers; Advanced 1
Anwita Biosciences malignant tumors; Advanced
solid tumors; Lymphoma;
Malignant neoplasm; Solid
tumors
latikafusp Bispecific antibody; Fusion Amgen IL-21R; PD-L1 Advanced solid tumors; 1
protein; Immune checkpoint Locally advanced solid tumor;
modulator Metastatic solid tumor
M.D. Anderson Cancer  Non-engineered CTLs (CD8+) M.D. Anderson Cancer Center IL-21 Advanced ovarian cancer; 1/2
Center autologous IL- Platinum resistant ovarian
21-primed CD8+ tumor cancer; Recurrent ovarian
antigen-specific CTLs epithelial cancer
mv01l Oncolytic virus Hangzhou Converd Co. Ltd. IL-21 Hodgkin lymphoma; Non- 1
Hodgkin lymphoma
NN-9828 Monoclonal antibody Novo Nordisk IL-21 Type 1 diabetes mellitus
P10-001 Monoclonal antibody Monash University; Pio Therapeutics; IL-21 Cancer indications Preclinical
BioCurate
RBM-011 Aptamer Ribomic Inc; National Cerebral IL-21 Pulmonary arterial Preclinical
and Cardiovascular Center; Japan hypertension
Agency for Medical Research and
Development
VVLATK-STCAN1L-IL21 Oncolytic virus Queen Mary University of London; IL-21; B5R Glioblastoma multiforme; Preclinical
Zhengzhou University Pancreatic cancer
VVLATKANIL-mIL-21 Guide RNA-mediated gene Zhengzhou University IL-21 Colorectal cancer Preclinical
editing; Oncolytic virus
WTX-712 Recombinant protein Werewolf Therapeutics IL-21 Solid tumors Preclinical

This table details emerging treatments focusing on the IL-21 pathway and its receptors. It lists drugs by name, their therapeutic classification (including
immunocytokine, monoclonal antibody humanized, etc.), the developers behind these drugs, their specific biological targets (such as IL-21, IL-21R), the medical
conditions targeted (like cancer indications, Crohn’s disease), and the highest phase of clinical development achieved, from preclinical stages to phase 1/2 trials.

their therapeutic implications, but also about exploring previously unexplored territories of
intervention points and applications (1,151).

It is also imperative to delve deeper into the underlying mechanisms that contribute

to resistance to therapies targeting IL-17 and IL-21. A nuanced understanding of these
mechanisms will provide insights into why certain therapies either fail or are discontinued
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in certain conditions, leading to the development of more effective and precisely targeted
interventions. We should not overlook the importance of refining therapeutic strategies

to increase specificity and selectivity. The development and refinement of small molecule
inhibitors, bispecific antibodies and fusion proteins can further optimize therapeutic
approaches and allow precise modulation of IL-17 and IL-21 activities in different
physiological contexts (150,151). Advances in therapeutic strategies should be accompanied
by innovations in drug delivery methods. By developing novel drug delivery systems, we can
improve the bioavailability and therapeutic efficacy of interventions, potentially reducing
adverse effects and improving patient outcomes. Such advances may include innovations

in formulation technologies and delivery methods that could significantly optimize the
therapeutic index of these interventions.

In the era of personalized medicine, the integration of sophisticated diagnostic tools and
predictive analytics is essential. These tools will allow us to stratify patients based on their
likelihood of responding to IL-17 and IL-21 targeted therapies, fostering the development of
more personalized therapeutic strategies, and optimizing treatment outcomes. Advanced
diagnostic methods coupled with predictive analytics can revolutionize patient management
and allow for the tailoring of therapeutic regimens based on individual response profiles. In
addition, a deeper understanding of the biological and molecular mechanisms underlying
the actions of IL-17 and IL-21 is critical (25,159). Such exploration may reveal novel targets for
therapeutic intervention and provide invaluable insight into their role in immune regulation
and response. The quest to understand these complexities holds the promise of uncovering
new therapeutic innovations and providing profound insights into immune-mediated
diseases (155).

In summary, delving into the intricate worlds of IL-17 and IL-21 has emerged as a beacon of
hope in immunological research, revealing potential pathways to unprecedented advances
in both the study and development of therapeutic interventions. Unraveling the intricate
mystery of IL-17 and IL-21 is not only a quest to understand the intricate workings of the
immune system, but also a journey toward innovations that have the potential to alleviate
human suffering by addressing a wide range of pathological conditions.

ACKNOWLEDGEMENTS

This work was supported by the research grants from the National Research Foundation of
Korea (2020R1A3B207889011 & 2022R1A6A1A03046247 to Chung Y; 2022R1C1C201061212
to Koh CH; RS-2023-00242443, RS-2023-00210035 and RS-2023-00282907 to Seo H;
2021R1C1C1012791 to Kim BS) and from Seoul National University (New Faculty Startup Fund
and the Creative-Pioneering Researchers Program to Seo H). Graph images were created with
Biorender.com.

REFERENCES

1. Hiam-Galvez KJ, Allen BM, Spitzer MH. Systemic immunity in cancer. Nat Rev Cancer 2021;21:345-359.
PUBMED | CROSSREF

2. O’Shea]], Ma A, Lipsky P. Cytokines and autoimmunity. Nat Rev Immunol 2002;2:37-45.  PUBMED |
CROSSREF

https://doi.org/10.4110/in.2024.24.€2 16/24


http://www.ncbi.nlm.nih.gov/pubmed/33837297
https://doi.org/10.1038/s41568-021-00347-z
http://www.ncbi.nlm.nih.gov/pubmed/11905836
https://doi.org/10.1038/nri702

IMMUN=

-
Immunobiology and Therapeutic Potentials of IL-17 and IL-21 n =Two R I(

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Mills KH. IL-17 and IL-17-producing cells in protection versus pathology. Nat Rev Immunol 2023;23:38-54.
PUBMED | CROSSREF

Akuzum B, Lee JY. Context-dependent regulation of typel7 immunity by microbiota at the intestinal
barrier. Immune Netw 2022;22:e46. PUBMED | CROSSREF

Akamatsu N, Hasegawa H, Yamada Y, Makabe K, Asano R, Kumagai I, Murata K, Tsukasaki K, Tomonaga
M, Tsuruda K, et al. Selected IL-21r expression and apoptosis induction by IL-21 in follicular lymphoma.
Blood2004;104:2284. CROSSREF

Ozaki K, Spolski R, Feng CG, Qi CF, Cheng]J, Sher A, Morse HC 3rd, Liu C, Schwartzberg PL, Leonard W]J.
A critical role for IL-21 in regulating immunoglobulin production. Science 2002;298:1630-1634. PUBMED |
CROSSREF

Brandt K, Bulfone-Paus S, Foster DC, Riickert R. Interleukin-21 inhibits dendritic cell activation and
maturation. Blood 2003;102:4090-4098. PUBMED | CROSSREF

Dong C. Cytokine regulation and function in T cells. Annu Rev Immunol 2021;39:51-76.  PUBMED | CROSSREF

McGeachy MJ, Cua DJ, Gaffen SL. The IL-17 family of cytokines in health and disease. Immunity
2019;50:892-906. PUBMED | CROSSREF

Kim BS, Lu H, Ichiyama K, Chen X, Zhang YB, Mistry NA, Tanaka K, Lee YH, Nurieva R, Zhang L, et al.
Generation of RORyt" antigen-specific T regulatory 17 cells from Foxp3 precursors in autoimmunity. Cell
Reports 2017;21:195-207.  PUBMED | CROSSREF

Kim BS, Kuen DS, Koh CH, Kim HD, Chang SH, Kim S, Jeon YK, Park YJ, Choi G, Kim J, et al. Type
17 immunity promotes the exhaustion of CD8" T cells in cancer. | Immunother Cancer 2021;9:¢002603.
PUBMED | CROSSREF

Veldhoen M. Interleukin 17 is a chief orchestrator of immunity. Nat Immunol 2017;18:612-621. PUBMED |
CROSSREF

Shimura E, Shibui A, Narushima S, Nambu A, Yamaguchi S, Akitsu A, Leonard W], Iwakura Y, Matsumoto
K, Suto H, et al. Potential role of myeloid cell/eosinophil-derived IL-17 in LPS-induced endotoxin shock.
Biochem Biophys Res Commun 2014;453:1-6.  PUBMED | CROSSREF

LiL, Huang L, Vergis AL, Ye H, Bajwa A, Narayan V, Strieter RM, Rosin DL, Okusa MD. IL-17 produced by
neutrophils regulates IFN-y-mediated neutrophil migration in mouse kidney ischemia-reperfusion injury.
] Clin Invest 2010;120:331-342.  PUBMED | CROSSREF

Werner JL, Gessner MA, Lilly LM, Nelson MP, Metz AE, Horn D, Dunaway CW, Deshane J, Chaplin DD,
Weaver CT, et al. Neutrophils produce interleukin 17A (IL-17A) in a dectin-1- and IL-23-dependent manner
during invasive fungal infection. Infect Immun 2011;79:3966-3977. PUBMED | CROSSREF

Su Y, HuangJ, Zhao X, Lu H, Wang W, Yang XO, Shi Y, Wang X, Lai Y, Dong C. Interleukin-17 receptor D
constitutes an alternative receptor for interleukin-17A important in psoriasis-like skin inflammation. Sci
Immunol 2019;4:€aau9657. PUBMED | CROSSREF

HuangJ, Lee HY, Zhao X, Han J, Su Y, Sun Q, Shao J, Ge J, Zhao Y, Bai X, et al. Interleukin-17D regulates
group 3 innate lymphoid cell function through its receptor CD93. Immunity 2021;54:673-686.e4. PUBMED |
CROSSREF

Ivanov II, Zhou L, Littman DR. Transcriptional regulation of Th17 cell differentiation. Semin Immunol
2007;19:409-417. PUBMED | CROSSREF

Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr J, Schwarzenberger P, Oliver P, Huang W, Zhang P,
Zhang], et al. Requirement of interleukin 17 receptor signaling for lung CXC chemokine and granulocyte
colony-stimulating factor expression, neutrophil recruitment, and host defense. J Exp Med 2001;194:519-
527. PUBMED | CROSSREF

Chang SH, Park H, Dong C. Actl adaptor protein is an immediate and essential signaling component of
interleukin-17 receptor. ] Biol Chem 2006;281:35603-35607. PUBMED | CROSSREF

Qian'Y, Liu C, Hartupee J, Altuntas CZ, Gulen MF, Jane-Wit D, Xiao J, Lu Y, Giltiay N, LiuJ, et al. The
adaptor Actl is required for interleukin 17-dependent signaling associated with autoimmune and
inflammatory disease. Nat Immunol 2007;8:247-256. PUBMED | CROSSREF

Schwandner R, Yamaguchi K, Cao Z. Requirement of tumor necrosis factor receptor-associated factor
(TRAF)G in interleukin 17 signal transduction. J Exp Med 2000;191:1233-1240. PUBMED | CROSSREF

QuF, Gao H, Zhu S, Shi P, Zhang Y, Liu Y, Jallal B, Yao Y, Shi Y, Qian Y. TRAF6-dependent Actl
phosphorylation by the IkB kinase-related kinases suppresses interleukin-17-induced NF-«B activation.
Mol Cell Biol 2012;32:3925-3937.  PUBMED | CROSSREF

Liu C, Qian W, Qian Y, Giltiay NV, Lu Y, Swaidani S, Misra S, Deng L, Chen ZJ, Li X. Actl, a U-box E3
ubiquitin ligase for IL-17 signaling. Sci Signal 2009;2:ra63. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.e2 17/24


http://www.ncbi.nlm.nih.gov/pubmed/35790881
https://doi.org/10.1038/s41577-022-00746-9
http://www.ncbi.nlm.nih.gov/pubmed/36627936
https://doi.org/10.4110/in.2022.22.e46
https://doi.org/10.1182/blood.V104.11.2284.2284
http://www.ncbi.nlm.nih.gov/pubmed/12446913
https://doi.org/10.1126/science.1077002
http://www.ncbi.nlm.nih.gov/pubmed/12893770
https://doi.org/10.1182/blood-2003-03-0669
http://www.ncbi.nlm.nih.gov/pubmed/33428453
https://doi.org/10.1146/annurev-immunol-061020-053702
http://www.ncbi.nlm.nih.gov/pubmed/30995505
https://doi.org/10.1016/j.immuni.2019.03.021
http://www.ncbi.nlm.nih.gov/pubmed/28978473
https://doi.org/10.1016/j.celrep.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/34083422
https://doi.org/10.1136/jitc-2021-002603
http://www.ncbi.nlm.nih.gov/pubmed/28518156
https://doi.org/10.1038/ni.3742
http://www.ncbi.nlm.nih.gov/pubmed/25204502
https://doi.org/10.1016/j.bbrc.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/20038794
https://doi.org/10.1172/JCI38702
http://www.ncbi.nlm.nih.gov/pubmed/21807912
https://doi.org/10.1128/IAI.05493-11
http://www.ncbi.nlm.nih.gov/pubmed/31175175
https://doi.org/10.1126/sciimmunol.aau9657
http://www.ncbi.nlm.nih.gov/pubmed/33852831
https://doi.org/10.1016/j.immuni.2021.03.018
http://www.ncbi.nlm.nih.gov/pubmed/18053739
https://doi.org/10.1016/j.smim.2007.10.011
http://www.ncbi.nlm.nih.gov/pubmed/11514607
https://doi.org/10.1084/jem.194.4.519
http://www.ncbi.nlm.nih.gov/pubmed/17035243
https://doi.org/10.1074/jbc.C600256200
http://www.ncbi.nlm.nih.gov/pubmed/17277779
https://doi.org/10.1038/ni1439
http://www.ncbi.nlm.nih.gov/pubmed/10748240
https://doi.org/10.1084/jem.191.7.1233
http://www.ncbi.nlm.nih.gov/pubmed/22851696
https://doi.org/10.1128/MCB.00268-12
http://www.ncbi.nlm.nih.gov/pubmed/19825828
https://doi.org/10.1126/scisignal.2000382

IMMUN=

-
Immunobiology and Therapeutic Potentials of IL-17 and IL-21 n =Two R I(

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

Li X, Bechara R, Zhao J, McGeachy MJ, Gaffen SL. IL-17 receptor-based signaling and implications for
disease. Nat Immunol 2019;20:1594-1602. PUBMED | CROSSREF

Chong WP, Mattapallil MJ, Raychaudhuri K, Bing SJ, Wu S, Zhong Y, Wang W, Chen Z, Silver PB,
Jittayasothorn Y, et al. The cytokine IL-17a limits th17 pathogenicity via a negative feedback loop driven by
autocrine induction of IL-24. Immunity 2020;53:384-397.€5. PUBMED | CROSSREF

Zhong B, Liu X, Wang X, Chang SH, Liu X, Wang A, Reynolds JM, Dong C. Negative regulation of IL-17-
mediated signaling and inflammation by the ubiquitin-specific protease USP25. Nat Immunol 2012;13:1110-
1117. PUBMED | CROSSREF

LeeJS, Tato CM, Joyce-Shaikh B, Gulen MF, Cayatte C, Chen Y, Blumenschein WM, Judo M, Ayanoglu

G, McClanahan TK, et al. Interleukin-23-independent IL-17 production regulates intestinal epithelial
permeability. Immunity 2015;43:727-738. PUBMED | CROSSREF

Conti HR, Shen F, Nayyar N, Stocum E, Sun JN, Lindemann MJ, Ho AW, Hai JH, YuJJ, Jung JW, et al. Th17
cells and IL-17 receptor signaling are essential for mucosal host defense against oral candidiasis. | Exp Med
2009;206:299-311. PUBMED | CROSSREF

Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M, Fouser LA. Interleukin
(IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance expression of antimicrobial
peptides. J Exp Med 2006;203:2271-2279. PUBMED | CROSSREF

Conti HR, Bruno VM, Childs EE, Daugherty S, Hunter JP, Mengesha BG, Saevig DL, Hendricks MR,
Coleman BM, Brane L, et al. IL-17 receptor signaling in oral epithelial cells is critical for protection against
oropharyngeal candidiasis. Cell Host Microbe 2016;20:606-617. PUBMED | CROSSREF

ChoJS, Pietras EM, Garcia NC, Ramos RI, Farzam DM, Monroe HR, Magorien JE, Blauvelt A, Kolls JK,
Cheung AL, et al. IL-17 is essential for host defense against cutaneous Staphylococcus aureus infection in
mice. ] Clin Invest 2010;120:1762-1773.  PUBMED | CROSSREF

Chen X, Cai G, Liu C, Zhao J, Gu C, Wu L, Hamilton TA, Zhang CJ, Ko J, Zhu L, et al. IL-17R-EGFR axis links
wound healing to tumorigenesis in Lrigl* stem cells. | Exp Med 2019;216:195-214. PUBMED | CROSSREF
LaiY, LiD, Li C, Muehleisen B, Radek KA, Park HJ, Jiang Z, Li Z, Lei H, Quan Y, et al. The antimicrobial
protein REG3A regulates keratinocyte proliferation and differentiation after skin injury. Immunity
2012;37:74-84. PUBMED | CROSSREF

Krsti¢ J, Obradovi¢ H, Jaukovi¢ A, Oki¢-Pordevi¢ I, Trivanovi¢ D, Kukolj T, Mojsilovi¢ S, 1li¢ V, Santibafiez
JF, Bugarski D. Urokinase type plasminogen activator mediates interleukin-17-induced peripheral blood
mesenchymal stem cell motility and transendothelial migration. Biochim Biophys Acta 2015;1853:431-444.
PUBMED | CROSSREF

Ozaki K, Kikly K, Michalovich D, Young PR, Leonard WJ. Cloning of a type I cytokine receptor most
related to the IL-2 receptor beta chain. Proc Natl Acad Sci U S A2000;97:11439-11444. PUBMED | CROSSREF
Wei L, Laurence A, Elias KM, O’Shea JJ. IL-21 is produced by Th17 cells and drives IL-17 production in a
STAT3-dependent manner. | Biol Chem 2007;282:34605-34610. PUBMED | CROSSREF

Suto A, Kashiwakuma D, Kagami S, Hirose K, Watanabe N, Yokote K, Saito Y, Nakayama T, Grusby

MJ, Iwamoto I, et al. Development and characterization of IL-21-producing CD4* T cells. ] Exp Med
2008;205:1369-1379. PUBMED | CROSSREF

Lee GR. Molecular mechanisms of t helper cell differentiation and functional specialization. Immune Netw
2023;23:e4. PUBMED | CROSSREF

Coquet JM, Kyparissoudis K, Pellicci DG, Besra G, Berzins SP, Smyth MJ, Godfrey DI. IL-21 is produced
by NKT cells and modulates NKT cell activation and cytokine production. J Immunol 2007;178:2827-2834.
PUBMED | CROSSREF

Bae EA, Seo H, Kim IK, Jeon I, Kang CY. Roles of NKT cells in cancer immunotherapy. Arch Pharm Res
2019;42:543-548. PUBMED | CROSSREF

Spolski R, Leonard WJ. IL-21 and T follicular helper cells. Int Immunol 2010;22:7-12. PUBMED | CROSSREF
Nurieva RI, Chung Y, Hwang D, Yang XO, Kang HS, Ma L, Wang YH, Watowich SS, Jetten AM, Tian Q, et

al. Generation of T follicular helper cells is mediated by interleukin-21 but independent of T helper 1, 2, or
17 cell lineages. Immunity 2008;29:138-149. PUBMED | CROSSREF

Vogelzang A, McGuire HM, Yu D, Sprent J, Mackay CR, King C. A fundamental role for interleukin-21 in
the generation of T follicular helper cells. Immunity 2008;29:127-137.  PUBMED | CROSSREF

Bryant VL, Ma CS, Avery DT, Li Y, Good KL, Corcoran LM, de Waal Malefyt R, Tangye SG. Cytokine-
mediated regulation of human B cell differentiation into Ig-secreting cells: predominant role of IL-21
produced by CXCR5+ T follicular helper cells. ] Immunol 2007;179:8180-8190. PUBMED | CROSSREF
Ming S, Yin H, Li X, Gong S, Zhang G, Wu Y. GITR promotes the polarization of TFH-like cells in
helicobacter pylori-positive gastritis. Front Immunol 2021;12:736269. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.€2 18/24


http://www.ncbi.nlm.nih.gov/pubmed/31745337
https://doi.org/10.1038/s41590-019-0514-y
http://www.ncbi.nlm.nih.gov/pubmed/32673565
https://doi.org/10.1016/j.immuni.2020.06.022
http://www.ncbi.nlm.nih.gov/pubmed/23042150
https://doi.org/10.1038/ni.2427
http://www.ncbi.nlm.nih.gov/pubmed/26431948
https://doi.org/10.1016/j.immuni.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19204111
https://doi.org/10.1084/jem.20081463
http://www.ncbi.nlm.nih.gov/pubmed/16982811
https://doi.org/10.1084/jem.20061308
http://www.ncbi.nlm.nih.gov/pubmed/27923704
https://doi.org/10.1016/j.chom.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20364087
https://doi.org/10.1172/JCI40891
http://www.ncbi.nlm.nih.gov/pubmed/30578323
https://doi.org/10.1084/jem.20171849
http://www.ncbi.nlm.nih.gov/pubmed/22727489
https://doi.org/10.1016/j.immuni.2012.04.010
http://www.ncbi.nlm.nih.gov/pubmed/25433194
https://doi.org/10.1016/j.bbamcr.2014.11.025
http://www.ncbi.nlm.nih.gov/pubmed/11016959
https://doi.org/10.1073/pnas.200360997
http://www.ncbi.nlm.nih.gov/pubmed/17884812
https://doi.org/10.1074/jbc.M705100200
http://www.ncbi.nlm.nih.gov/pubmed/18474630
https://doi.org/10.1084/jem.20072057
http://www.ncbi.nlm.nih.gov/pubmed/36911803
https://doi.org/10.4110/in.2023.23.e4
http://www.ncbi.nlm.nih.gov/pubmed/17312126
https://doi.org/10.4049/jimmunol.178.5.2827
http://www.ncbi.nlm.nih.gov/pubmed/30859410
https://doi.org/10.1007/s12272-019-01139-8
http://www.ncbi.nlm.nih.gov/pubmed/19933709
https://doi.org/10.1093/intimm/dxp112
http://www.ncbi.nlm.nih.gov/pubmed/18599325
https://doi.org/10.1016/j.immuni.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18602282
https://doi.org/10.1016/j.immuni.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18056361
https://doi.org/10.4049/jimmunol.179.12.8180
http://www.ncbi.nlm.nih.gov/pubmed/34589088
https://doi.org/10.3389/fimmu.2021.736269

IMMUN=

-
Immunobiology and Therapeutic Potentials of IL-17 and IL-21 n =Two R I(

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

065.

66.

67.

68.

Koh CH, Kim IK, Shin KS, Jeon I, Song B, Lee JM, Bae EA, Seo H, Kang TS, Kim BS, et al. GITR agonism
triggers antitumor immune responses through IL21-expressing follicular helper T cells. Cancer Immunol Res
2020;8:698-709. PUBMED | CROSSREF

Oja AE, Brasser G, Slot E, van Lier RA, Pascutti MF, Nolte MA. GITR shapes humoral immunity by
controlling the balance between follicular T helper cells and regulatory T follicular cells. Immunol Lett
2020;222:7379. PUBMED | CROSSREF

Jin H, Carrio R, Yu A, Malek TR. Distinct activation signals determine whether IL-21 induces B cell
costimulation, growth arrest, or Bim-dependent apoptosis. J Immunol 2004;173:657-665. PUBMED | CROSSREF
Spolski R, Leonard WJ. Interleukin-21: basic biology and implications for cancer and autoimmunity. Annu
Rev Immunol 2008;26:57-79. PUBMED | CROSSREF

Wan CK, Andraski AB, Spolski R, Li P, Kazemian M, Oh J, Samsel L, Swanson PA 2nd, McGavern DB,
Sampaio EP, et al. Opposing roles of STAT1 and STAT3 in IL-21 function in CD4" T cells. Proc Nat! Acad Sci U
S§A2015;112:9394-9399. PUBMED | CROSSREF

Solaymani-Mohammadi S, Singer SM. Regulation of intestinal epithelial cell cytoskeletal remodeling by
cellular immunity following gut infection. Mucosal Immunol 2013;6:369-378. PUBMED | CROSSREF

Strengell M, Sareneva T, Foster D, Julkunen I, Matikainen S. IL-21 up-regulates the expression of genes
associated with innate immunity and Th1 response. ] Immunol 2002;169:3600-3605. PUBMED | CROSSREF
Spolski R, Leonard WJ. Interleukin-21: a double-edged sword with therapeutic potential. Nat Rev Drug
Discov 2014;13:379-395.  PUBMED | CROSSREF

Kwon H, Thierry-Mieg D, Thierry-Mieg J, Kim HP, Oh J, Tunyaplin C, Carotta S, Donovan CE, Goldman
ML, Tailor D, et al. Analysis of interleukin-21-induced Prdm1 gene regulation reveals functional
cooperation of STAT3 and IRF4 transcription factors. Immunity 2009;31:941-952. PUBMED | CROSSREF

Li P, Spolski R, Liao W, Wang L, Murphy TL, Murphy KM, Leonard WJ. BATF-JUN is critical for IRF4-
mediated transcription in T cells. Nature2012;490:543-546. PUBMED | CROSSREF

Ciofani M, Madar A, Galan C, Sellars M, Mace K, Pauli F, Agarwal A, Huang W, Parkhurst CN, Muratet M,
etal. Avalidated regulatory network for Th17 cell specification. Cel/2012;151:289-303. PUBMED | CROSSREF
Glasmacher E, Agrawal S, Chang AB, Murphy TL, Zeng W, Vander Lugt B, Khan AA, Ciofani M, Spooner
CJ, Rutz S, et al. A genomic regulatory element that directs assembly and function of immune-specific
AP-I-IRF complexes. Science 2012;338:975-980. PUBMED | CROSSREF

Seo H, Gonzalez-Avalos E, Zhang W, Ramchandani P, Yang C, Lio CJ, Rao A, Hogan PG. BATF and IRF4
cooperate to counter exhaustion in tumor-infiltrating CAR T cells. Nat Immunol 2021;22:983-995. PUBMED |
CROSSREF

Distler JH, Jiingel A, Kowal-Bielecka O, Michel BA, Gay RE, Sprott H, Matucci-Cerinic M, Chilla M,

Reich K, Kalden JR, et al. Expression of interleukin-21 receptor in epidermis from patients with systemic
sclerosis. Arthritis Rheum 2005;52:856-864. PUBMED | CROSSREF

Caruso R, Fina D, Peluso I, Fantini MC, Tosti C, Del Vecchio Blanco G, Paoluzi OA, Caprioli F, Andrei

F, Stolfi C, et al. IL-21 is highly produced in Helicobacter pylori-infected gastric mucosa and promotes
gelatinases synthesis. J Immunol 2007;178:5957-5965. PUBMED | CROSSREF

Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol 2011;29:621-663.  PUBMED | CROSSREF
Yang L, Anderson DE, Baecher-Allan C, Hastings WD, Bettelli E, Oukka M, Kuchroo VK, Hafler DA. IL-21
and TGF-beta are required for differentiation of human T(H)17 cells. Nature 2008;454:350-352. PUBMED |
CROSSREF

Zhou L, Ivanov I, Spolski R, Min R, Shenderov K, Egawa T, Levy DE, Leonard WJ, Littman DR. IL-6
programs Ty-17 cell differentiation by promoting sequential engagement of the IL-21 and IL-23 pathways.
Nat Immunol 2007;8:967-974. PUBMED | CROSSREF

Nurieva R, Yang XO, Martinez G, Zhang Y, Panopoulos AD, Ma L, Schluns K, Tian Q, Watowich SS,

Jetten AM, et al. Essential autocrine regulation by IL-21 in the generation of inflammatory T cells. Nature
2007;448:480-483. PUBMED | CROSSREF

Briistle A, Heink S, Huber M, Rosenplinter C, Stadelmann C, Yu P, Arpaia E, Mak TW, Kamradt T, Lohoff
M. The development of inflammatory Ty-17 cells requires interferon-regulatory factor 4. Nat Immunol
2007;8:958-966. PUBMED | CROSSREF

Chen Q, Yang W, Gupta S, Biswas P, Smith P, Bhagat G, Pernis AB. IRF-4-binding protein inhibits
interleukin-17 and interleukin-21 production by controlling the activity of IRF-4 transcription factor.
Immunity 2008;29:899-911. PUBMED | CROSSREF

Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch TD, Wang YH, Dong C. Bcl6 mediates
the development of T follicular helper cells. Science 2009;325:1001-1005. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.e2 19/24


http://www.ncbi.nlm.nih.gov/pubmed/32122993
https://doi.org/10.1158/2326-6066.CIR-19-0748
http://www.ncbi.nlm.nih.gov/pubmed/32259529
https://doi.org/10.1016/j.imlet.2020.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15210829
https://doi.org/10.4049/jimmunol.173.1.657
http://www.ncbi.nlm.nih.gov/pubmed/17953510
https://doi.org/10.1146/annurev.immunol.26.021607.090316
http://www.ncbi.nlm.nih.gov/pubmed/26170288
https://doi.org/10.1073/pnas.1511711112
http://www.ncbi.nlm.nih.gov/pubmed/22910215
https://doi.org/10.1038/mi.2012.80
http://www.ncbi.nlm.nih.gov/pubmed/12244150
https://doi.org/10.4049/jimmunol.169.7.3600
http://www.ncbi.nlm.nih.gov/pubmed/24751819
https://doi.org/10.1038/nrd4296
http://www.ncbi.nlm.nih.gov/pubmed/20064451
https://doi.org/10.1016/j.immuni.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/22992523
https://doi.org/10.1038/nature11530
http://www.ncbi.nlm.nih.gov/pubmed/23021777
https://doi.org/10.1016/j.cell.2012.09.016
http://www.ncbi.nlm.nih.gov/pubmed/22983707
https://doi.org/10.1126/science.1228309
http://www.ncbi.nlm.nih.gov/pubmed/34282330
https://doi.org/10.1038/s41590-021-00964-8
http://www.ncbi.nlm.nih.gov/pubmed/15751077
https://doi.org/10.1002/art.20883
http://www.ncbi.nlm.nih.gov/pubmed/17442980
https://doi.org/10.4049/jimmunol.178.9.5957
http://www.ncbi.nlm.nih.gov/pubmed/21314428
https://doi.org/10.1146/annurev-immunol-031210-101400
http://www.ncbi.nlm.nih.gov/pubmed/18469800
https://doi.org/10.1038/nature07021
http://www.ncbi.nlm.nih.gov/pubmed/17581537
https://doi.org/10.1038/ni1488
http://www.ncbi.nlm.nih.gov/pubmed/17581589
https://doi.org/10.1038/nature05969
http://www.ncbi.nlm.nih.gov/pubmed/17676043
https://doi.org/10.1038/ni1500
http://www.ncbi.nlm.nih.gov/pubmed/19062315
https://doi.org/10.1016/j.immuni.2008.10.011
http://www.ncbi.nlm.nih.gov/pubmed/19628815
https://doi.org/10.1126/science.1176676

IMMUN=

-
Immunobiology and Therapeutic Potentials of IL-17 and IL-21 n =Two R I(

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Yu D, Rao S, Tsai LM, Lee SK, He Y, Sutcliffe EL, Srivastava M, Linterman M, Zheng L, Simpson N, et

al. The transcriptional repressor Bcl-6 directs T follicular helper cell lineage commitment. Immunity
2009;31:457-468. PUBMED | CROSSREF

YuJ, He S, Liu P, Hu Y, Wang L, Wang X, Han Y, Zhu X. Interleukin-21 promotes the development of
ulcerative colitis and regulates the proliferation and secretion of follicular T helper cells in the colitides
microenvironment. Mol Med Rep 2015;11:1049-1056. PUBMED | CROSSREF

Gassen RB, Fazolo T, Nascimento de Freitas D, Borges TJ, Lima K, Antunes GL, Maito F, Bueno Mendes DA,
Bafica A, Rodrigues LCJr, et al. IL-21 treatment recovers follicular helper T cells and neutralizing antibody
production in respiratory syncytial virus infection. Immunol Cell Biol 2021;99:309-322. PUBMED | CROSSREF
Strengell M, Matikainen S, Sirén J, Lehtonen A, Foster D, Julkunen I, Sareneva T. IL-21 in synergy with
IL-15 or IL-18 enhances IFN-gamma production in human NK and T cells. J Immunol 2003;170:5464-5469.
PUBMED | CROSSREF

Monteleone G, Monteleone I, Fina D, Vavassori P, Del Vecchio Blanco G, Caruso R, Tersigni R,
Alessandroni L, Biancone L, Naccari GC, et al. Interleukin-21 enhances T-helper cell type I signaling and
interferon-gamma production in Crohn’s disease. Gastroenterology 2005;128:687-694. PUBMED | CROSSREF
Zeng R, Spolski R, Finkelstein SE, Oh S, Kovanen PE, Hinrichs CS, Pise-Masison CA, Radonovich MF,
Brady JN, Restifo NP, et al. Synergy of IL-21 and IL-15 in regulating CD8* T cell expansion and function. J
Exp Med 2005;201:139-148.  PUBMED | CROSSREF

Casey KA, Mescher MF. IL-21 promotes differentiation of naive CD8 T cells to a unique effector
phenotype. | Immunol 2007;178:7640-7648. PUBMED | CROSSREF

Hinrichs CS, Spolski R, Paulos CM, Gattinoni L, Kerstann KW, Palmer DC, Klebanoff CA, Rosenberg

SA, Leonard WJ, Restifo NP. IL-2 and IL-21 confer opposing differentiation programs to CD8" T cells for
adoptive immunotherapy. Blood 2008;111:5326-5333.  PUBMED | CROSSREF

Zander R, Kasmani MY, Chen Y, Topchyan P, Shen J, Zheng S, Burns R, Ingram J, Cui C, Joshi N, et al. Tfh-
cell-derived interleukin 21 sustains effector CD8* T cell responses during chronic viral infection. Immunity
2022;55:475-493.e5. PUBMED | CROSSREF

Rankin AL, MacLeod H, Keegan S, Andreyeva T, Lowe L, Bloom L, Collins M, Nickerson-Nutter C,

Young D, Guay H. IL-21 receptor is critical for the development of memory B cell responses. ] Immunol
2011;186:667-674. PUBMED | CROSSREF

Rankin AL, Guay H, Herber D, Bertino SA, Duzanski TA, Carrier Y, Keegan S, Senices M, Stedman N,
Ryan M, et al. IL-21 receptor is required for the systemic accumulation of activated B and T lymphocytes in
MRL/Mp]J-Fas(lpr/lpr)/] mice. ] Immunol 2012;188:1656-1667. PUBMED | CROSSREF

Pene J, Gauchat JF, Lécart S, Drouet E, Guglielmi P, Boulay V, Delwail A, Foster D, Lecron JC, Yssel H.
Cutting edge: IL-21 is a switch factor for the production of IgG1 and IgG3 by human B cells. ] Immunol
2004;172:5154-5157. PUBMED | CROSSREF

Avery DT, Bryant VL, Ma CS, de Waal Malefyt R, Tangye SG. IL-21-induced isotype switching to IgG and IgA
by human naive B cells is differentially regulated by IL-4. ] Immunol 2008;181:1767-1779.  PUBMED | CROSSREF
Ettinger R, Kuchen S, Lipsky PE. The role of IL-21 in regulating B-cell function in health and disease.
Immunol Rev 2008;223:60-86. PUBMED | CROSSREF

Ozaki K, Spolski R, Ettinger R, Kim HP, Wang G, Qi CF, Hwu P, Shaffer DJ, Akilesh S, Roopenian DC, et
al. Regulation of B cell differentiation and plasma cell generation by IL-21, a novel inducer of Blimp-1 and
Bcl-6. ] Immunol 2004;173:5361-5371.  PUBMED | CROSSREF

Konforte D, Simard N, Paige CJ. IL-21: an executor of B cell fate. J Immunol 2009;182:1781-1787. PUBMED |
CROSSREF

Linterman MA, Beaton L, Yu D, Ramiscal RR, Srivastava M, Hogan JJ, Verma NK, Smyth MJ, Rigby RJ,
Vinuesa CG. IL-21 acts directly on B cells to regulate Bcl-6 expression and germinal center responses. | Exp
Med 2010;207:353-363. PUBMED | CROSSREF

Gonzalez DG, Cote CM, Patel JR, Smith CB, Zhang Y, Nickerson KM, Zhang T, Kerfoot SM, Haberman
AM. Nonredundant roles of IL-21 AND IL-4 in the phased initiation of germinal center B cells and
subsequent self-renewal transitions. J Immunol 2018;201:3569-3579. PUBMED | CROSSREF

Avery DT, Ma CS, Bryant VL, Santner-Nanan B, Nanan R, Wong M, Fulcher DA, Cook MC, Tangye SG.
STAT3 is required for IL-21-induced secretion of IgE from human naive B cells. Blood 2008;112:1784-1793.
PUBMED | CROSSREF

Berglund LJ, Avery DT, Ma CS, Moens L, Deenick EK, Bustamante ], Boisson-Dupuis S, Wong M,
Adelstein S, Arkwright PD, et al. IL-21 signalling via STAT3 primes human naive B cells to respond to IL-2
to enhance their differentiation into plasmablasts. Blood 2013;122:3940-3950. PUBMED | CROSSREF

Korn T, Bettelli E, Gao W, Awasthi A, Jager A, Strom TB, Oukka M, Kuchroo VK. IL-21 initiates an
alternative pathway to induce proinflammatory Ty17 cells. Nature 2007;448:484-487. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.€2 20/24


http://www.ncbi.nlm.nih.gov/pubmed/19631565
https://doi.org/10.1016/j.immuni.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25371082
https://doi.org/10.3892/mmr.2014.2824
http://www.ncbi.nlm.nih.gov/pubmed/33068449
https://doi.org/10.1111/imcb.12418
http://www.ncbi.nlm.nih.gov/pubmed/12759422
https://doi.org/10.4049/jimmunol.170.11.5464
http://www.ncbi.nlm.nih.gov/pubmed/15765404
https://doi.org/10.1053/j.gastro.2004.12.042
http://www.ncbi.nlm.nih.gov/pubmed/15630141
https://doi.org/10.1084/jem.20041057
http://www.ncbi.nlm.nih.gov/pubmed/17548600
https://doi.org/10.4049/jimmunol.178.12.7640
http://www.ncbi.nlm.nih.gov/pubmed/18276844
https://doi.org/10.1182/blood-2007-09-113050
http://www.ncbi.nlm.nih.gov/pubmed/35216666
https://doi.org/10.1016/j.immuni.2022.01.018
http://www.ncbi.nlm.nih.gov/pubmed/21169545
https://doi.org/10.4049/jimmunol.0903207
http://www.ncbi.nlm.nih.gov/pubmed/22231702
https://doi.org/10.4049/jimmunol.1003871
http://www.ncbi.nlm.nih.gov/pubmed/15100251
https://doi.org/10.4049/jimmunol.172.9.5154
http://www.ncbi.nlm.nih.gov/pubmed/18641314
https://doi.org/10.4049/jimmunol.181.3.1767
http://www.ncbi.nlm.nih.gov/pubmed/18613830
https://doi.org/10.1111/j.1600-065X.2008.00631.x
http://www.ncbi.nlm.nih.gov/pubmed/15494482
https://doi.org/10.4049/jimmunol.173.9.5361
http://www.ncbi.nlm.nih.gov/pubmed/19201828
https://doi.org/10.4049/jimmunol.0803009
http://www.ncbi.nlm.nih.gov/pubmed/20142429
https://doi.org/10.1084/jem.20091738
http://www.ncbi.nlm.nih.gov/pubmed/30446568
https://doi.org/10.4049/jimmunol.1500497
http://www.ncbi.nlm.nih.gov/pubmed/18579794
https://doi.org/10.1182/blood-2008-02-142745
http://www.ncbi.nlm.nih.gov/pubmed/24159173
https://doi.org/10.1182/blood-2013-06-506865
http://www.ncbi.nlm.nih.gov/pubmed/17581588
https://doi.org/10.1038/nature05970

IMMUN=

-
Immunobiology and Therapeutic Potentials of IL-17 and IL-21 n =Two R I(

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Attridge K, Wang CJ, Wardzinski L, Kenefeck R, Chamberlain JL, Manzotti C, Kopf M, Walker LS. IL-21
inhibits T cell IL-2 production and impairs Treg homeostasis. Blood 2012;119:4656-4664. PUBMED | CROSSREF

Huber M, Briistle A, Reinhard K, Guralnik A, Walter G, Mahiny A, von Loéw E, Lohoff M. IRF4 is essential
for IL-21-mediated induction, amplification, and stabilization of the Th17 phenotype. Proc Nat! Acad Sci U S
A2008;105:20846-20851. PUBMED | CROSSREF

Piao WH, Jee YH, Liu RL, Coons SW, Kala M, Collins M, Young DA, Campagnolo DI, Vollmer TL, Bai
XF, et al. IL-21 modulates CD4* CD25" regulatory T-cell homeostasis in experimental autoimmune
encephalomyelitis. Scand | Immunol 2008;67:37-46. PUBMED | CROSSREF

Pot C, Jin H, Awasthi A, Liu SM, Lai CY, Madan R, Sharpe AH, Karp CL, Miaw SC, Ho IC, et al. Cutting
edge: IL-27 induces the transcription factor c-Maf, cytokine IL-21, and the costimulatory receptor
ICOS that coordinately act together to promote differentiation of IL-10-producing Tr1 cells. ] Immunol
2009;183:797-801. PUBMED | CROSSREF

Spolski R, Kim HP, Zhu W, Levy DE, Leonard WJ. IL-21 mediates suppressive effects via its induction of
IL-10. ] Immunol 2009;182:2859-2867. PUBMED | CROSSREF

Kasaian MT, Whitters MJ, Carter LL, Lowe LD, JussifJ]M, Deng B, Johnson KA, Witek JS, Senices M, Konz
RF, et al. IL-21 limits NK cell responses and promotes antigen-specific T cell activation: a mediator of the
transition from innate to adaptive immunity. Immunity 2002;16:559-569. PUBMED | CROSSREF

Skak K, Frederiksen KS, Lundsgaard D. Interleukin-21 activates human natural killer cells and modulates
their surface receptor expression. Immunology 2008;123:575-583. PUBMED | CROSSREF

Seo H, Jeon I, Kim BS, Park M, Bae EA, Song B, Koh CH, Shin KS, Kim IK, Choi K, et al. IL-2-mediated
reversal of NK cell exhaustion facilitates anti-tumour immunity in MHC class I-deficient tumours. Nat
Commun 2017;8:15776. PUBMED | CROSSREF

Yano M, Lance JR, Mo XK, Lee DA, Muthusamy N, Byrd JC. IL-21-expanded natural killer cells as
autologous cell therapy for cll. Blood 2019;134:4302. CROSSREF

Strengell M, Lehtonen A, Matikainen S, Julkunen I. IL-21 enhances SOCS gene expression and inhibits
LPS-induced cytokine production in human monocyte-derived dendritic cells. | Leukoc Biol 2006;79:1279-
1285. PUBMED | CROSSREF

Wan CK, OhJ, Li P, West EE, Wong EA, Andraski AB, Spolski R, Yu ZX, He J, Kelsall BL, et al. The
cytokines IL-21 and GM-CSF have opposing regulatory roles in the apoptosis of conventional dendritic
cells. Immunity 2013;38:514-527. PUBMED | CROSSREF

De Nitto D, Sarra M, Pallone F, Monteleone G. Interleukin-21 triggers effector cell responses in the gut.
World | Gastroenterol 2010;16:3638-3641.  PUBMED | CROSSREF

van Heel DA, Franke L, Hunt KA, Gwilliam R, Zhernakova A, Inouye M, Wapenaar MC, Barnardo MC,
Bethel G, Holmes GK, et al. A genome-wide association study for celiac disease identifies risk variants in
the region harboring IL2 and IL21. Nat Genet 2007;39:827-829. PUBMED | CROSSREF

Asano K, Ikegami H, Fujisawa T, Nishino M, Nojima K, Kawabata Y, Noso S, Hiromine Y, Fukai A,
Ogihara T. Molecular scanning of interleukin-21 gene and genetic susceptibility to type 1 diabetes. Hum
Immunol 2007;68:384-391. PUBMED | CROSSREF

Teixeira VH, Pierlot C, Migliorini P, Balsa A, Westhovens R, Barrera P, Alves H, Vaz C, Fernandes M,
Pascual-Salcedo D, et al. Testing for the association of the KIAA1109/Tenr/IL2/IL21 gene region with
rheumatoid arthritis in a European family-based study. Arthritis Res Ther2009;11:R45. PUBMED | CROSSREF

Costanzo A, Chimenti MS, Botti E, Caruso R, Sarra M, Monteleone G. IL-21 in the pathogenesis and
treatment of skin diseases. J Dermatol Sci 2010;60:61-66. PUBMED | CROSSREF

Park Y, Kwok SK. Recent advances in cell therapeutics for systemic autoimmune diseases. Immune Netw
2022;22:e10. PUBMED | CROSSREF

Matusevicius D, Kivisikk P, He B, Kostulas N, Ozenci V, Fredrikson S, Link H. Interleukin-17 mRNA
expression in blood and CSF mononuclear cells is augmented in multiple sclerosis. Mult Scler1999;5:101-104.
PUBMED | CROSSREF

Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S, Sudo K, Iwakura Y. IL-17 plays
an important role in the development of experimental autoimmune encephalomyelitis. ] Immunol
2006;177:566-573. PUBMED | CROSSREF

Tzartos JS, Friese MA, Craner MJ, Palace J, Newcombe J, Esiri MM, Fugger L. Interleukin-17 production
in central nervous system-infiltrating T cells and glial cells is associated with active disease in multiple
sclerosis. Am J Pathol 2008;172:146-155. PUBMED | CROSSREF

Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama S, Saito S, Inoue K, Kamatani N,
Gillespie MT, et al. IL-17 in synovial fluids from patients with rheumatoid arthritis is a potent stimulator
of osteoclastogenesis. J Clin Invest 1999;103:1345-1352.  PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.e2 21/24


http://www.ncbi.nlm.nih.gov/pubmed/22442347
https://doi.org/10.1182/blood-2011-10-388546
http://www.ncbi.nlm.nih.gov/pubmed/19088203
https://doi.org/10.1073/pnas.0809077106
http://www.ncbi.nlm.nih.gov/pubmed/18052963
https://doi.org/10.1111/j.1365-3083.2007.02035.x
http://www.ncbi.nlm.nih.gov/pubmed/19570826
https://doi.org/10.4049/jimmunol.0901233
http://www.ncbi.nlm.nih.gov/pubmed/19234181
https://doi.org/10.4049/jimmunol.0802978
http://www.ncbi.nlm.nih.gov/pubmed/11970879
https://doi.org/10.1016/S1074-7613(02)00295-9
http://www.ncbi.nlm.nih.gov/pubmed/18005035
https://doi.org/10.1111/j.1365-2567.2007.02730.x
http://www.ncbi.nlm.nih.gov/pubmed/28585539
https://doi.org/10.1038/ncomms15776
https://doi.org/10.1182/blood-2019-127620
http://www.ncbi.nlm.nih.gov/pubmed/16551679
https://doi.org/10.1189/jlb.0905503
http://www.ncbi.nlm.nih.gov/pubmed/23453633
https://doi.org/10.1016/j.immuni.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/20677335
https://doi.org/10.3748/wjg.v16.i29.3638
http://www.ncbi.nlm.nih.gov/pubmed/17558408
https://doi.org/10.1038/ng2058
http://www.ncbi.nlm.nih.gov/pubmed/17462506
https://doi.org/10.1016/j.humimm.2007.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19302705
https://doi.org/10.1186/ar2654
http://www.ncbi.nlm.nih.gov/pubmed/20888735
https://doi.org/10.1016/j.jdermsci.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/35291648
https://doi.org/10.4110/in.2022.22.e10
http://www.ncbi.nlm.nih.gov/pubmed/10335518
https://doi.org/10.1177/135245859900500206
http://www.ncbi.nlm.nih.gov/pubmed/16785554
https://doi.org/10.4049/jimmunol.177.1.566
http://www.ncbi.nlm.nih.gov/pubmed/18156204
https://doi.org/10.2353/ajpath.2008.070690
http://www.ncbi.nlm.nih.gov/pubmed/10225978
https://doi.org/10.1172/JCI5703

IMMUN=

-
Immunobiology and Therapeutic Potentials of IL-17 and IL-21 n =Two R I(

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Ziolkowska M, Koc A, Luszczykiewicz G, Ksiezopolska-Pietrzak K, Klimczak E, Chwalinska-Sadowska H,
Maslinski W. High levels of IL-17 in rheumatoid arthritis patients: IL-15 triggers in vitro IL-17 production via
cyclosporin A-sensitive mechanism. J Immunol 2000;164:2832-2838. PUBMED | CROSSREF

Sato K, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y, Kadono Y, Tanaka S, Kodama T, Akira S,
Iwakura Y, et al. Th17 functions as an osteoclastogenic helper T cell subset that links T cell activation and
bone destruction. ] Exp Med 2006;203:2673-2682. PUBMED | CROSSREF

Nakae S, Nambu A, Sudo K, Iwakura Y. Suppression of immune induction of collagen-induced arthritis in
IL-17-deficient mice. J Immunol 2003;171:6173-6177. PUBMED | CROSSREF

Wong CK, Lit LC, Tam LS, Li EK, Wong PT, Lam CW. Hyperproduction of IL-23 and IL-17 in patients with
systemic lupus erythematosus: implications for Th17-mediated inflammation in auto-immunity. Clin
Immunol 2008;127:385-393. PUBMED | CROSSREF

Johansen C, Usher PA, Kjellerup RB, Lundsgaard D, Iversen L, Kragballe K. Characterization of the
interleukin-17 isoforms and receptors in lesional psoriatic skin. BrJ Dermatol 2009;160:319-324. PUBMED |
CROSSREF

Schiiler R, Brand A, Klebow S, Wild J, Veras FP, Ullmann E, Roohani S, Kolbinger F, Kossmann S, Wohn
C, et al. Antagonization of IL-17a attenuates skin inflammation and vascular dysfunction in mouse models
of psoriasis. ] Invest Dermatol 2019;139:638-647. PUBMED | CROSSREF

Stolfi C, Rizzo A, Franze E, Rotondi A, Fantini MC, Sarra M, Caruso R, Monteleone I, Sileri P,
Franceschilli L, et al. Involvement of interleukin-21 in the regulation of colitis-associated colon cancer. |
Exp Med 2011;208:2279-2290. PUBMED | CROSSREF

Gensous N, Charrier M, Duluc D, Contin-Bordes C, Truchetet ME, Lazaro E, Duffau P, Blanco P, Richez C.
T follicular helper cells in autoimmune disorders. Front Immunol 2018;9:1637. PUBMED | CROSSREF

Wang S, Wang J, Kumar V, Karnell JL, Naiman B, Gross PS, Rahman S, Zerrouki K, Hanna R, Morehouse
C, etal. IL-21 drives expansion and plasma cell differentiation of autoreactive CD11c"T-bet* B cells in SLE.
Nat Commun 2018;9:1758. PUBMED | CROSSREF

Wang Y, Jiang X, Zhu J, Dan Yue , Zhang X, Wang X, You Y, Wang B, Xu Y, Lu C, et al. IL-21/IL-21R
signaling suppresses intestinal inflammation induced by DSS through regulation of Th responses in
lamina propria in mice. Sci Rep 2016;6:31881. PUBMED | CROSSREF

Fina D, Sarra M, Caruso R, Del Vecchio Blanco G, Pallone F, MacDonald TT, Monteleone G. Interleukin 21
contributes to the mucosal T helper cell type 1 response in coeliac disease. Gut 2008;57:887-892. PUBMED |
CROSSREF

Caruso R, Botti E, Sarra M, Esposito M, Stolfi C, Diluvio L, Giustizieri ML, Pacciani V, Mazzotta A,
Campione E, et al. Involvement of interleukin-21 in the epidermal hyperplasia of psoriasis. Nat Med
2009;15:1013-1015. PUBMED | CROSSREF

Wang Y, Wang LL, Yang HY, Wang FF, Zhang XX, Bai YP. Interleukin-21 is associated with the severity

of psoriasis vulgaris through promoting CD4" T cells to differentiate into Th17 cells. Am J Transl Res
2016;8:3188-3196. PUBMED

Shi Y, Chen Z, Zhao Z, Yu Y, Fan H, Xu X, Bu X, Gu J. IL-21 induces an imbalance of Th17/Treg cells in
moderate-to-severe plaque psoriasis patients. Front Immunol 2019;10:1865. PUBMED | CROSSREF

Dolff S, Abdulahad WH, Westra J, Doornbos-van der Meer B, Limburg PC, Kallenberg CG, Bijl M.
Increase in IL-21 producing T-cells in patients with systemic lupus erythematosus. Arthritis Res Ther
2011;13:R157.  PUBMED | CROSSREF

Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau CS, Verstegen NJ, Ciampricotti M,
Hawinkels LJ, Jonkers J, et al. IL-17-producing yd T cells and neutrophils conspire to promote breast
cancer metastasis. Nature 2015;522:345-348. PUBMED | CROSSREF

Wu P, Wu D, Ni C, Ye J, Chen W, Hu G, Wang Z, Wang C, Zhang Z, Xia W, et al. y3T17 cells promote the
accumulation and expansion of myeloid-derived suppressor cells in human colorectal cancer. Immunity
2014;40:785-800. PUBMED | CROSSREF

Ma s, Cheng Q, Cai Y, Gong H, Wu Y, Yu X, Shi L, Wu D, Dong C, Liu H. IL-17A produced by y3 T cells
promotes tumor growth in hepatocellular carcinoma. Cancer Res 2014;74:1969-1982.  PUBMED | CROSSREF
Zhuang Y, Peng LS, Zhao YL, Shi Y, Mao XH, Chen W, Pang KC, Liu XF, Liu T, Zhang]JY, et al. CD8" T cells
that produce interleukin-17 regulate myeloid-derived suppressor cells and are associated with survival
time of patients with gastric cancer. Gastroenterology 2012;143:951-962.e8. PUBMED | CROSSREF

Chung L, Orberg ET, Geis AL, Chan JL, Fu K, DeStefano Shields CE, Dejea CM, Fathi P, Chen J, Finard
BB, et al. Bacteroides fragilis toxin coordinates a pro-carcinogenic inflammatory cascade via targeting of
colonic epithelial cells (vol 23, pg 203, 2018). Cell Host Microbe 2018;23:421-421. PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.€2 99/24


http://www.ncbi.nlm.nih.gov/pubmed/10679127
https://doi.org/10.4049/jimmunol.164.5.2832
http://www.ncbi.nlm.nih.gov/pubmed/17088434
https://doi.org/10.1084/jem.20061775
http://www.ncbi.nlm.nih.gov/pubmed/14634133
https://doi.org/10.4049/jimmunol.171.11.6173
http://www.ncbi.nlm.nih.gov/pubmed/18373953
https://doi.org/10.1016/j.clim.2008.01.019
http://www.ncbi.nlm.nih.gov/pubmed/19016708
https://doi.org/10.1111/j.1365-2133.2008.08902.x
http://www.ncbi.nlm.nih.gov/pubmed/30367871
https://doi.org/10.1016/j.jid.2018.09.021
http://www.ncbi.nlm.nih.gov/pubmed/21987656
https://doi.org/10.1084/jem.20111106
http://www.ncbi.nlm.nih.gov/pubmed/30065726
https://doi.org/10.3389/fimmu.2018.01637
http://www.ncbi.nlm.nih.gov/pubmed/29717110
https://doi.org/10.1038/s41467-018-03750-7
http://www.ncbi.nlm.nih.gov/pubmed/27545302
https://doi.org/10.1038/srep31881
http://www.ncbi.nlm.nih.gov/pubmed/17965065
https://doi.org/10.1136/gut.2007.129882
http://www.ncbi.nlm.nih.gov/pubmed/19684581
https://doi.org/10.1038/nm.1995
http://www.ncbi.nlm.nih.gov/pubmed/27508040
http://www.ncbi.nlm.nih.gov/pubmed/31440249
https://doi.org/10.3389/fimmu.2019.01865
http://www.ncbi.nlm.nih.gov/pubmed/21959034
https://doi.org/10.1186/ar3474
http://www.ncbi.nlm.nih.gov/pubmed/25822788
https://doi.org/10.1038/nature14282
http://www.ncbi.nlm.nih.gov/pubmed/24816404
https://doi.org/10.1016/j.immuni.2014.03.013
http://www.ncbi.nlm.nih.gov/pubmed/24525743
https://doi.org/10.1158/0008-5472.CAN-13-2534
http://www.ncbi.nlm.nih.gov/pubmed/22710190
https://doi.org/10.1053/j.gastro.2012.06.010
http://www.ncbi.nlm.nih.gov/pubmed/29544099
https://doi.org/10.1016/j.chom.2018.02.004

IMMUN=

-
Immunobiology and Therapeutic Potentials of IL-17 and IL-21 n =Two R I(

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

140.

147.

148.

149.

150.

151.

Chang SH, Mirabolfathinejad SG, Katta H, Cumpian AM, Gong L, Caetano MS, Moghaddam SJ, Dong C.
T helper 17 cells play a critical pathogenic role in lung cancer. Proc Natl Acad Sci U S A 2014;111:5664-5669.
PUBMED | CROSSREF

Jin C, Lagoudas GK, Zhao C, Bullman S, Bhutkar A, Hu B, Ameh S, Sandel D, Liang XS, Mazzilli S, et al.
Commensal microbiota promote lung cancer development via gamma delta T cells. Cell 2019;176:998-
1013.e16. PUBMED | CROSSREF

Takeuchi A, Dejima T, Yamada H, Shibata K, Nakamura R, Eto M, Nakatani T, Naito S, Yoshikai Y. IL-17
production by y3 T cells is important for the antitumor effect of Mycobacterium bovis bacillus Calmette-
Guérin treatment against bladder cancer. Eur ] Immunol 2011;41:246-251. PUBMED | CROSSREF

Chen CL, Wang Y, Huang CY, Zhou ZQ, Zhao JJ, Zhang XF, Pan QZ, Wu JX, Weng DS, Tang Y, et al.
IL-17 induces antitumor immunity by promoting beneficial neutrophil recruitment and activation in
esophageal squamous cell carcinoma. Oncolmmunology 2018;7:€1373234. PUBMED | CROSSREF

Deng S, Sun Z, Qiao J, Liang Y, Liu L, Dong C, Shen A, Wang Y, Tang H, Fu YX, et al. Targeting tumors
with IL-21 reshapes the tumor microenvironment by proliferating PD-1"Tim-3-CD8" T cells. JCI Insight
2020;5:€132000. PUBMED | CROSSREF

Topchyan P, Xin G, Chen Y, Zheng S, Burns R, Shen J, Kasmani MY, Kudek M, Yang N, Cui W. Harnessing the
IL-21-batf pathway in the CD8" T cell anti-tumor response. Cancers (Basel) 2021;13:1263.  PUBMED | CROSSREF

Wang G, Tschoi M, Spolski R, Lou Y, Ozaki K, Feng C, Kim G, Leonard WJ, Hwu P. In vivo antitumor
activity of interleukin 21 mediated by natural killer cells. Cancer Res 2003;63:9016-9022. PUBMED

Takaki R, Hayakawa Y, Nelson A, Sivakumar PV, Hughes S, Smyth MJ, Lanier LL. IL-21 enhances tumor
rejection through a NKG2D-dependent mechanism. J Immunol 2005;175:2167-2173.  PUBMED | CROSSREF

Gowda A, Roda J, Hussain SR, Ramanunni A, Joshi T, Schmidt S, Zhang X, Lehman A, Jarjoura D, Carson
WE, et al. IL-21 mediates apoptosis through up-regulation of the BH3 family member BIM and enhances
both direct and antibody-dependent cellular cytotoxicity in primary chronic lymphocytic leukemia cells in
vitro. Blood 2008;111:4723-4730. PUBMED | CROSSREF

de Totero D, Meazza R, Capaia M, Fabbi M, Azzarone B, Balleari E, Gobbi M, Cutrona G, Ferrarini M,
Ferrini S. The opposite effects of IL-15 and IL-21 on CLL B cells correlate with differential activation of the
JAK/STAT and ERK1/2 pathways. Blood 2008;111:517-524. PUBMED | CROSSREF

Akamatsu N, Yamada Y, Hasegawa H, Makabe K, Asano R, Kumagai [, Murata K, Imaizumi Y, Tsukasaki
K, Tsuruda K, et al. High IL-21 receptor expression and apoptosis induction by IL-21 in follicular
lymphoma. Cancer Lett 2007;256:196-206. PUBMED | CROSSREF

Sarosiek KA, Chen J, Pham DG, Nechushtan H, Avisar E, Kindsvogel W, Lossos IS. Interleukin-21-induced
apoptosis and cell death of diffuse large B-cell lymphoma (DLBCL) cell lines and primary tumors are
associated with an induction of bim. Blood 2006;108:2503. CROSSREF

Sarosiek KA, Nechushtan H, Avisar E, Lossos IS. Interleukin-21 induces cell cycle arrest and apoptosis
of diffuse large b-cell lymphomas (DLBCL) via activation of stat3 and upregulation of c-myc. Blood
2008;112:225-225. CROSSREF

Jung SM, Kim WU. Targeted immunotherapy for autoimmune disease. Immune Netw 2022;22:¢9. PUBMED |
CROSSREF

Yin Y, Wang M, Liu M, Zhou E, Ren T, Chang X, He M, Zeng K, Guo Y, Wu J. Efficacy and safety of IL-17
inhibitors for the treatment of ankylosing spondylitis: a systematic review and meta-analysis. Arthritis Res
Ther2020;22:111. PUBMED | CROSSREF

Drakos A, Vender R. A review of the clinical trial landscape in psoriasis: an update for clinicians. Dermatol
Ther (Heidelb) 2022;12:2715-2730. PUBMED | CROSSREF

Almassian B, Madina BR, Chen J, Krady MM, Ma X, Yarovinsky TO, Nakaar V, Wang K. Carg-2020, an
oncolytic artificial virus co-delivering three immunomodulators, to regress and cure established tumors
in mice. J Clin Oncol 2021;39:€14560-€14560. CROSSREF

Denis A, Sztejkowski C, Arnaud L, Becker G, Felten R. The 2023 pipeline of disease-modifying
antirheumatic drugs (DMARDs) in clinical development for spondyloarthritis (including psoriatic
arthritis): a systematic review of trials. RMD Open 2023;9:003279. PUBMED | CROSSREF

Nasonov E, Mazurov V, Usacheva YV, Chernyaeva E, Ustyugov YY, Ulitin A, Ivanov R. Developments
of Russian original biological agents for the treatment of immunoinflammatory rheumatic diseases.
Rheumatol Sci Pract2017;55:201-210. CROSSREF

Nie S, Wang Z, Moscoso-Castro M, D’Souza P, Lei C, Xu J, GuJ. Biology drives the discovery of bispecific
antibodies as innovative therapeutics. Antib Ther 2020;3:18-62. PUBMED | CROSSREF

Mullard A. Bispecific antibody pipeline moves beyond oncology. Nat Rev Drug Discov 2017;16:666-668.
PUBMED | CROSSREF

https://doi.org/10.4110/in.2024.24.e2 23/24


http://www.ncbi.nlm.nih.gov/pubmed/24706787
https://doi.org/10.1073/pnas.1319051111
http://www.ncbi.nlm.nih.gov/pubmed/30712876
https://doi.org/10.1016/j.cell.2018.12.040
http://www.ncbi.nlm.nih.gov/pubmed/21182095
https://doi.org/10.1002/eji.201040773
http://www.ncbi.nlm.nih.gov/pubmed/29296528
https://doi.org/10.1080/2162402X.2017.1373234
http://www.ncbi.nlm.nih.gov/pubmed/32271164
https://doi.org/10.1172/jci.insight.132000
http://www.ncbi.nlm.nih.gov/pubmed/33809259
https://doi.org/10.3390/cancers13061263
http://www.ncbi.nlm.nih.gov/pubmed/14695220
http://www.ncbi.nlm.nih.gov/pubmed/16081783
https://doi.org/10.4049/jimmunol.175.4.2167
http://www.ncbi.nlm.nih.gov/pubmed/18182577
https://doi.org/10.1182/blood-2007-07-099531
http://www.ncbi.nlm.nih.gov/pubmed/17938255
https://doi.org/10.1182/blood-2007-04-087882
http://www.ncbi.nlm.nih.gov/pubmed/17624663
https://doi.org/10.1016/j.canlet.2007.06.001
https://doi.org/10.1182/blood.V108.11.2503.2503
https://doi.org/10.1182/blood.V112.11.601.601
http://www.ncbi.nlm.nih.gov/pubmed/35291650
https://doi.org/10.4110/in.2022.22.e9
http://www.ncbi.nlm.nih.gov/pubmed/32398096
https://doi.org/10.1186/s13075-020-02208-w
http://www.ncbi.nlm.nih.gov/pubmed/36319883
https://doi.org/10.1007/s13555-022-00840-9
https://doi.org/10.1200/JCO.2021.39.15_suppl.e14560
http://www.ncbi.nlm.nih.gov/pubmed/33928225
https://doi.org/10.1093/abt/tbaa003
https://doi.org/10.14412/1995-4484-2017-201-210
http://www.ncbi.nlm.nih.gov/pubmed/33928225
https://doi.org/10.1093/abt/tbaa003
http://www.ncbi.nlm.nih.gov/pubmed/28959948
https://doi.org/10.1038/nrd.2017.187

IMMUN=

-
Immunobiology and Therapeutic Potentials of IL-17 and IL-21 n =Two R I(

152.

153.

154.

155.

156.

157.

158.

159.

Hua F, Comer GM, Stockert L, Jin B, Nowak J, Pleasic-Williams S, Wunderlich D, ChengJ, Beebe JS.
Anti-IL21 receptor monoclonal antibody (ATR-107): safety, pharmacokinetics, and pharmacodynamic
evaluation in healthy volunteers: a phase I, first-in-human study. J Clin Pharmacol 2014;54:14-22.  PUBMED |
CROSSREF

Danese S, Solitano V, Jairath V, Peyrin-Biroulet L. The future of drug development for inflammatory bowel
disease: the need to ACT (advanced combination treatment). Gut 2022;71:2380-2387. PUBMED | CROSSREF

Zhang R, Wang T, Qing Y, Sun S, Liu M, Hu F, FuJ. Novel oncolytic virus armed with interleukin-21
enhances immune oncotherapy. Cancer Res 2019;79:1462-1462. CROSSREF

Zhu Z, McGray AJ, Jiang W, Lu B, Kalinski P, Guo ZS. Improving cancer immunotherapy by rationally
combining oncolytic virus with modulators targeting key signaling pathways. Mol Cancer 2022;21:196.
PUBMED | CROSSREF

Leonard WJ, Lin JX. Strategies to therapeutically modulate cytokine action. Nat Rev Drug Discov
2023;22:827-854. PUBMED | CROSSREF

Sullivan JM, Aderhold PA, Brodkin HR, Economides K, Hicklin DJ, Ismail N, Lewis Y, Seidel-Dugan C,
Spencer C, Winston WM, et al. Generation of IL-21 INDUKINE™ molecules for the treatment of cancer.
Cancer Res 2023;83:1829-1829. CROSSREF

Milovanovic J, Arsenijevic A, Stojanovic B, Kanjevac T, Arsenijevic D, Radosavljevic G, Milovanovic M,
Arsenijevic N. Interleukin-17 in chronic inflammatory neurological diseases. Front Immunol 2020;11:947.
PUBMED | CROSSREF

Leonard W), Wan CK. IL-21 signaling in immunity. FI000 Res 2016;5:F1000 Faculty Rev-224. PUBMED |
CROSSREF

https://doi.org/10.4110/in.2024.24.€2 24/24


http://www.ncbi.nlm.nih.gov/pubmed/23913720
https://doi.org/10.1002/jcph.158
http://www.ncbi.nlm.nih.gov/pubmed/35701092
https://doi.org/10.1136/gutjnl-2022-327025
https://doi.org/10.1158/1538-7445.AM2019-1462
http://www.ncbi.nlm.nih.gov/pubmed/36221123
https://doi.org/10.1186/s12943-022-01664-z
http://www.ncbi.nlm.nih.gov/pubmed/37542128
https://doi.org/10.1038/s41573-023-00746-x
https://doi.org/10.1158/1538-7445.AM2023-1829
http://www.ncbi.nlm.nih.gov/pubmed/32582147
https://doi.org/10.3389/fimmu.2020.00947
http://www.ncbi.nlm.nih.gov/pubmed/26966515
https://doi.org/10.12688/f1000research.7634.1

	IL-17 and IL-21: Their Immunobiology and Therapeutic Potentials
	INTRODUCTION
	IMMUNOBIOLOGY OF IL-17
	Signaling pathways
	Functions of IL-17
	Neutrophil recruitment and tissue inflammation
	Barrier function and antimicrobial defense
	Tissue repair and wound healing

	IMMUNOBIOLOGY OF IL-21
	Signaling pathway of IL-21/IL-21R
	Function of IL-21

	ROLES IN DISEASES
	Autoimmune diseases
	Tumor immunology

	THERAPEUTIC IMPLICATIONS
	Therapeutic implications of IL-21

	FUTURE DIRECTION AND CONCLUSION
	REFERENCES


