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ABSTRACT

In the past few decades, biological drugs and small molecule inhibitors targeting
inflammatory cytokines, immune cells, and intracellular kinases have become the
standard-of-care to treat autoimmune diseases. Inhibition of TNF, IL-6, IL-17, and IL-23

has revolutionized the treatment of autoimmune diseases, such as rheumatoid arthritis,
ankylosing spondylitis, and psoriasis. B cell depletion therapy using anti-CD20 mAbs has
shown promising results in patients with neuroinflammatory diseases, and inhibition of B
cell survival factors is approved for treatment of systemic lupus erythematosus. Targeting
co-stimulatory molecules expressed on Ag-presenting cells and T cells is also expected to
have therapeutic potential in autoimmune diseases by modulating T cell function. Recently,
small molecule kinase inhibitors targeting the JAK family, which is responsible for signal
transduction from multiple receptors, have garnered great interest in the field of autoimmune
and hematologic diseases. However, there are still unmet medical needs in terms of
therapeutic efficacy and safety profiles. Emerging therapies aim to induce immune tolerance
without compromising immune function, using advanced molecular engineering techniques.

Autoimmune disease; Molecular targeted therapy; Biologic therapy;
Protein kinase inhibitors; Investigational drugs

INTRODUCTION

Autoimmune diseases are pathologic conditions characterized by dysregulated inflammation
against autoantigens and affect 3%-10% of the general population (1). Conventional
treatments for autoimmune diseases have suppressed general immune function to modulate
uncontrolled inflammation. However, those therapeutic approaches have not been
completely successful in heterogeneous patient populations, and their efficacy comes at the
expense of side effects, particularly increased risk of infection, usually from non-selective
immune suppression. To overcome the limitations of conventional therapies, current
treatments aim to more selectively inhibit inflammatory signals while causing minimal
disruption to homeostatic immune functions.

Recent advances in understanding disease pathogenesis and new drug manufacturing
techniques have led to the widespread use of targeted immunotherapy to treat autoimmune
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cryopyrin-associated periodic syndromes;
CAR, chimeric Ag receptor; CTLA4-Ig, a
fusion protein composed of extracellular
domain of CTLA4 and an IgG Fc region;

DC, dendritic cell; GALT, gut-associated
lymphoid tissue; ICOS, inducible T cell co-
stimulator; IFNAR, IFN-a/p receptor; IL-1R,
IL-1 receptor; IL-1Ra, IL-1R antagonist; IRAK,
IL-1R-associated kinase; IRF, IFN regulatory
family; JIA, juvenile idiopathic arthritis

MS, multiple sclerosis; MYD88, myeloid
differentiation primary response gene 88;
NLR, nucleotide binding domain and leucine-
rich-repeat-containing; NLRP, NLR family
pyrin domain-containing; pDC, plasmacytoid
dendritic cell; PsA, psoriatic arthritis; pSS,
primary Sjogren syndrome; RA, rheumatoid
arthritis; SLE, systemic lupus erythematosus;
TACI, transmembrane activator, calcium
modulator and cyclophilin ligand interactor;
TNFR, TNF receptor; TRAF, TNF-receptor
associated factor; TYK, tyrosine kinase.
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disease. Moreover, advanced molecular engineering has enabled the emergence of
recombinant protein therapeutics such as mAbs and receptor-Ab fusion proteins that
target soluble mediators or cell surface markers (2). Since selective protein therapeutics
targeting TNF were first approved for rheumatoid arthritis (RA) in the 1990s, targeted
immunotherapies have been a game changer for treatment of autoimmune diseases.
According to the Global Pharmaceuticals Market Report, adalimumab has been the top
selling drug worldwide for several years, followed by other targeted immunotherapies, such
as pembrolizumab, ibrutinib, and ustekinumab (3).

As knowledge about the pathogenesis of disease is rapidly increasing, numerous biological
drugs targeting inflammatory signaling pathways are being developed to treat intractable
inflammatory diseases. Following successful introduction of biologic therapies to treat
autoimmune diseases, the molecular targets have expanded to intracellular kinases. Blockade
of convergent signals by small molecule kinase inhibitors is of great interest in terms of
therapeutic efficacy and long-term safety (4,5).

This review summarizes current therapeutic approaches that target signaling

pathways involved in the pathogenesis of autoimmune diseases and presents emerging
immunotherapies intended to induce immune tolerance. Because the market for targeted
immunotherapy is growing rapidly, we focus on drugs that have received clinical approval to
treat autoimmune diseases.

INFLAMMATION IN AUTOIMMUNE DISEASES

Inflammation is a natural process by which living organisms repair tissue damage and protect
against foreign substances. However, dysregulated immune reactions against self-Ags lead to
loss of immune tolerance and development of autoimmune disease. Autoimmunity arises from
central and peripheral defects in tolerance checkpoints and activation of nontolerant immune
cells. Autoantigens can be induced by release of self-Ags from immune-privileged sites,
generation of neo-self Ag, and molecular mimicry of self-proteins with foreign substances (6).

Clinical manifestations of autoimmunity can be diverse, ranging from asymptomatic
conditions in the presence of autoantibodies to fulminant autoimmune diseases that cause
life-threatening organ damage. Development of autoimmune disease can be triggered

by environmental factors in genetically susceptible individuals. Environmental triggers,
including stress, smoking, and infection, induce the pro-inflammatory functions of innate
immunity, and promotes the pathologic response of adaptive immunity (7).

Although the conventional concept of autoimmunity was dysregulation of the adaptive
immune system, growing evidence indicates that the innate immune system is also critical to
initiation and progression of autoimmune diseases. As the key players in innate immunity,
macrophages and dendritic cells (DCs) are essential to Ag presentation and production of
pro-inflammatory cytokines such as TNF, IL-1B, IL-6, IL-23, B cell-activating factor (BAFF,
also known as Blys or TNFSF13B), and a proliferation-inducing ligand (APRIL, also known

as TNFSF13A) (8,9). Type 1 IFN, critically implicated in the pathogenesis of systemic lupus
erythematosus (SLE) and its related diseases, is primarily produced by plasmacytoid DCs
(pDCs), a specialized subset of DCs (8,10). The interaction between macrophages/DCs and T
cells/B cells further promotes autoimmune inflammation.
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Naive CD4" Th cells differentiate into distinct T cell subsets depending on the cytokine milieu
(11). T cells play a key role in the pathogenesis of autoimmune diseases through autoantigen
recognition, cytokine production, and enhanced cytotoxicity (6). In recent decades, Th17
cells producing IL-17 and FOXP3* Tregs have been highlighted as therapeutic targets for
autoimmune diseases.

Autoreactive B cells, another major component of adaptive immunity, produce pathologic
autoantibodies and activate T cells through Ag presentation and cytokine production (6,7).
Autoantibody production is a hallmark of various autoimmune diseases, including RA and
SLE. Anti-citrullinated peptide Ab in RA and anti-dsDNA Ab in SLE are representative
pathogenic autoantibodies responsible for clinical presentation and disease activity. Due to
the important role of B cells in autoimmunity, B cell surface molecules are therapeutic targets
for various autoimmune diseases.

Soluble mediators from activated immune cells transduce inflammatory signals by binding to
their cognate receptors. Once engaged by inflammatory cytokines, the receptors activate the
JAK family to induce phosphorylation, dimerization, and nuclear translocation of STATs (4).
Gene transcription by STATs promotes cell proliferation and differentiation and production
of a variety of inflammatory mediators, further exacerbating autoimmune inflammation.

Although the pathophysiologic mechanisms differ for each autoimmune disease, several
common inflammatory pathways could be therapeutic targets for immunotherapy. The
key therapeutic targets for the treatment of autoimmune diseases based on our current
understanding of the pathogenesis of autoimmune inflammation are depicted in Fig. 1.
Tables 1-3 list targeted immunotherapies approved for autoimmune diseases or under
clinical development based on the promising results, detailed below. This review focuses
on the clinical application of targeted immunotherapies in the area of immune-mediated
inflammatory diseases.

CYTOKINE-TARGETED THERAPY

TNF is a proinflammatory cytokine mainly produced by myeloid cells and activated T cells
(39). The pathogenic role of TNF in chronic inflammation was suggested by increased
expression of TNF in RA synovium and development of arthritis in TNF-transgenic mice
(40,41). The success of anti-TNF therapy has revolutionized the treatment strategy for RA
patients. Since the first approval of infliximab and etanercept in 1998, 4 mAbs (infliximab,
adalimumab, golimumab, and certolizumab) and one receptor-Fc fusion protein (etanercept)
have been approved and are currently available for treatment of chronic immune-mediated
diseases, including RA, juvenile idiopathic arthritis (JIA), ankylosing spondylitis (AS),
psoriasis, and psoriatic arthritis (PsA). Such mAbs are also indicated for treatment of
inflammatory bowel disease and noninfectious uveitis.

Although TNF is well known to have a pro-inflammatory role, it is a pleiotropic cytokine that
depends on the binding of TNF receptor (TNFR) (42,43). TNFR1, constitutively expressed
on almost all nucleated cells, is mostly responsible for the inflammatory function of TNF,
whereas TNFR2, which is expressed only on specific cell types, such as myeloid-derived
suppressor cells, Treg cells, and monocytes, is associated with the regulatory function of
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Figure 1. Key therapeutic targets in the pathogenesis of autoimmune diseases.
Autoimmune inflammation involves the dysregulated activation of immune cells, inflammatory cytokines, and intracellular signaling molecules. Key molecules in
the inflammatory pathway are therapeutic targets for the treatment of autoimmune diseases.

Table 1. Cytokine-targeted therapies for treatment of autoimmune diseases

APC

T cell

Off-label use: gout and many others

Target cytokine  Structure Drug Clinical application Under investigation (phase Ilb or II1)
TNF-a STNFR2-IgG1 Fc Etanercept RA, pJIA, AS, Psoriasis, PSA
Anti-TNF mAb Infliximab RA, AS, Psoriasis, PsA, UC, CD
Off-label use: BD, sarcoidosis
Adalimumab RA, pJIA, AS, psoriasis, PsA, UC, CD, hiradenitis
suppurativa, uveitis
Off-label use: BD
Golimumab RA, AS, PsA, UC
Certolizumab RA, AS, psoriasis, PsA, CD
IL-1 IL-1R antagonist ~ Anakinra RA, CAPS Kawasaki disease (NCT04656184)
Off-label use: AOSD, sJIA, gout, recurrent
pericarditis, and many others
IL-1R1-1gG Fc Rilonacept CAPS, DIRA, recurrent pericarditis
Off-label use: AOSD, gout, and many others
Anti-IL-1 mAb Canakinumab  AOSD, sJIA, CAPS, TRAPS, HIDS/MKD, FMF COVID19-associated CRS (12)
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Table 1. (Continued) Cytokine-targeted therapies for treatment of autoimmune diseases
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Target cytokine  Structure Drug

Clinical application

Under investigation (phase Ilb or 1)

Sirukumab
Olokizumab

IL-6 Anti-IL-6 mAb

Clazakizumab

Siltuximab

Anti-IL-6R mAb Tocilizumab

Sarilumab
Vobarilizumab
Ixekizumab
Secukinumab

IL-17 Anti-IL-17 mAb

Anti-IL-17R mAb  Brodalumab

Anti-IL17A/F mAb  Bimekizumab

IL-23 Anti-p40 mAb Ustekinumab

Anti-p19 mAb Guselkumab

Risankizumab

Tildrakizumab
Mirikizumab
Anifrolumab

Type 1 IFN Anti-IFNR1 mAb

RA, sJIA, pJIA, SSc-associated ILD, Giant cell
arteritis, CRS
Off-label use: AOSD, Takayasu arteritis

RA

Psoriasis, PsA, axial SpA
AS, Psoriasis, PsA

Psoriasis

Psoriasis, PsA, UC, CD
Psoriasis, PSA

Psoriasis

Psoriasis

SLE

RA (13,14)"

RA (15) (NCT02760407, NCT02760433,
NCT03120949)

RA (NCT02015520)

PsA (16)

COVID19-associated CRS (NCT04343989)
CAR-T-associated CRS (NCT04975555)
PMR (NCT02908217)

NMOSD (17)

COVID19 pneumonia (18,19) (NCT04409262)
COVID19-associated CRS (20) (NCT04315298)
RA (NCT02518620)

SLE (NCT04181762)

Axial SpA (21) (NCT04156620, NCT04732117)
Hiradenitis supprativa (NCT03713619, NCT03713632,
NCT04179175)

Giant cell arteritis (NCT04930094)

Grave’s ophthalmopathy (NCT03713619)

Axial SpA (22)

PSA (23)

SSc (NCT03957681)

AS (NCT03928743)

Axial SpA (NCT03928704, NCT04436640)

Psoriasis (24,25) (NCT03598790, NCT03766685)
PsA (NCT03895203, NCT03896581, NCT04009499,
NCT04109976)

Hiradenitis suppruativa (NCT04242446,
NCT04242498, NCT04901195)

Idiopathic inflammatory myositis (NCT03981744)
Takayasu arteritis (NCT04882072)

UC (NCT04033445)

CD (NCT03466411, NCT04397263)

PSA (26,27)

UC (NCT03398135, NCT033981438)

CD (NCT03104413, NCT03105102, NCT03105128,
NCT04524611)

PsA (NCT03552276, NCT04314544, NCT04314531,
NCT04991116)

Psoriasis (NCT03482011, NCT03535194,
NCT03556202)

UC (NCT03518086, NCT03519945, NCT03524092)
CD (NCT03926130, NCT04232553)

This table includes drugs with one or more approved indications for autoimmune diseases. The indication covers only the area of autoimmune diseases.

pJIA, polyarticular juvenile idiopathic arthritis; UC, ulcerative colitis; CD, Crohn’s disease; BD, Behcet’s disease; sJIA, systemic juvenile idiopathic arthritis; DIRA,
deficiency of IL-1 receptor antagonist; TRAPS, TNF receptor associated periodic syndrome; HIDS/MKD, hyperimmunoglobulin D syndrome/Mevalonate kinase
deficiency; FMF, familial Mediterranean fever; CRS, cytokine release syndrome; CAR-T, chimeric Ag receptor-T cell; SSc-associated ILD, systemic sclerosis-
associated interstitial lung disease, PMR, polymyalgia rheumatica, NMOSD, neuromyelitis optica spectrum disorder; axial SpA, axial spondyloarthritis.

"Despite positive results in phase Il clinical trials, FDA did not recommend sirukumab for treatment of RA due to safety issues.

TNF. The distinct signaling pathways derived from TNFR1 and TNFR2 have been reviewed
elsewhere (42,43). Currently available anti-TNF therapy inhibits both TNFR1 and TNFR2.
Due to the regulatory aspect of TNF, TNF blockades may paradoxically induce expansion
of Th1/Th17 cells and dysregulated IFN response, which could explain treatment failure,
autoantibody generation, and paradoxical psoriasis during anti-TNF therapy (44,45).

Therefore, more selective treatments to inhibit TNFR1 and enhance TNFR2 are under
investigation (43,406).
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Table 2. Cell-targeted therapies for treatment of autoimmune diseases
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Target cell  Structure

Drug

Clinical application

Under investigation (phase I1b or II)

B cell Anti-CD20 mAb

Anti-CD19 mAb

Anti-BAFF mAb
Anti-BAFF-R mAb

Tcell CTLA4-I1gG1 Fc

Anti-CD40 mAb

Abatacept

Rituximab RA

GPA, MPA
Off-label use: MS, immune thrombocytopenia

Ocrelizumab ~ MS
Ofatumumab ~ MS
Ublituximab
Inebilizumab

Belimumab SLE
lanalumab

Iscalimab

NMOSD

RA, pJIA

Pemphigus vulgaris (28)

MS (NCT03277261, NCT03277248, NCT04130997)
1gG4RD (NCT04540497)
Myasthenia gravis (NCT04524273)

SLE (NCT05126277)

pSS (29)

pSS (NCT02067910, NCT02915159)

PsA (30)

Idiopathic inflammatory myositis (NCT02971683)
GPA (NCT02108860)

pSS (NCT03905525)

This table includes drugs approved for autoimmune diseases or under clinical development based on positive results from phase Il trials.
GPA, granulomatosis with polyangiitis; MPA, microscopic polyangiitis; NMOSD, neuromyelitis optica spectrum disorder; IgG4RD, immunoglobulin G4 related
disease; pJIA, polyarticular juvenile idiopathic arthritis.

Table 3. Kinase-targeted therapies for treatment of autoimmune diseases

Target kinases  Structure

Drug

Clinical application

Under investigation (phase Ilb or Ii)

JAK JAK1/3 inhibitor

JAK 1/2 inhibitor

JAK1 selective
inhibitor

TYK TYK2 selective
inhibitor

BTK BTK inhibitor

Tofacitinib

Baricitinib

Upadacitinib

Filgotinib
Deucravacitinib

Evobrutinib
Tolebrutinib

Fenebrutinib
Rilzabrutinib

RA
PsA
uc
RA

RA
PsA

RA (by EMA and Japan)

JIA (31) (NCT01500551, NCTO3000439)
AS (32)

SLE (NCT03843125, NCT03616912, NCT03616964)
JIA (NCT03773965, NCT03773978)

sJIA (NCT04088396)

Atopic dermatitis (33,34)

Uveitis (NCT04088409)

CD (NCT03345823, NCT03345836, NCT03345849)
UC (35) (NCTO3006068, NCT03653026)

Axial SpA (NCT04169373)

Atopic dermatitis (36,37) (NCT03661138, NCT04195698)
Takayasu arteritis (NCT04161898)

Giant cell arteritis (NCT03725202)

UC (38) (NCT02914535)

CD (NCT02914561, NCT02914600)

Psoriasis (NCT03624127, NCT03611751)

PsA (NCT04908189, NCT04908202)

MS (NCT04338022, NCT04338061)

MS (NCT04410978, NCT04410991, NCT04411641, NCTO4458051)
Myasthenia gravis (NCT05132569)

MS (NCT04544449, NCT04586010, NCT04586023)
Pemphigus vulgaris (NCT03762265)

Immune thrombocytopenia (NCT04562766)

This table includes drugs approved for autoimmune diseases or under clinical development based on positive results from phase Il trials.
UC, ulcerative colitis; sJIA, systemic juvenile idiopathic arthritis; CD, Crohn’s disease; axial SpA, axial spondyloarthritis.

IL-1a and IL-1B3, members of the IL-1 family, are pro-inflammatory cytokines that are closely
associated with innate immune responses. Although IL-1a and IL-1§ share biological functions
by binding with IL-1 receptor 1 (IL-1R1), several characteristics distinguish IL-1a from IL-1p
(47). Pro-IL-1a, constitutively expressed in mesenchymal cells, is biologically active, whereas
pro-IL-1f produced by macrophages requires cleavage by caspase-1 to become active IL-1p.

Caspase-1-dependent cleavage of pro-IL-1B is mediated by activation of an inflammasome

containing either a member of nucleotide binding domain and leucine-rich-repeat-containing
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[NLR] protein family (e.g. NLR family pyrin domain-containing [NLRP] 1, NLRP3, NLR

family CARD domain-containing 4) or a member of PYRIN-HIN-200 domain-containing
protein family (e.g. absent in melanoma 2) (48). In addition, IL-la is not detected in systemic
circulation, in contrast to IL-1B, which suggests that the pathogenic role of IL-1a in autoimmune
diseases is local rather than systemic. At this time, IL-1§} is considered to be more closely
associated with diverse rheumatic diseases than IL-1a, including systemic JIA, adult onset-Still’s
disease (AOSD), and gout, and with hereditary autoinflammatory diseases, such as cryopyrin-
associated periodic syndromes (CAPS) and familial Mediterranean fever (49).

Upon occupation by IL-1a or IL-1f, IL-1R1 forms a heterotrimeric complex with IL-1R3 to recruit
myeloid differentiation primary response gene 88 (MYD88), which triggers a subsequent
kinase cascade (IL-1R-associated kinases [IRAKs], IkB kinase, IkB, and NF-«B) that promotes a
pro-inflammatory state (47,50). This inflammatory activity of IL-1 is regulated by the naturally
occurring IL-IR antagonist (IL-1Ra) from the same IL-1 family. Occupation of IL-IR1 by IL-1Ra
leads to a conformational change that hinders formation of the heterotrimeric complex with
IL-1R3, thereby hampering the IL-I-mediated inflammatory process.

Currently, 3 protein therapeutics have been approved as anti-IL-1 therapies: canakinumab, an
anti-IL-18 mAb; anakinra, a recombinant IL-1 receptor antagonist; and rilonacept, an IL-1R1-
Fc fusion protein. Based on their molecular structures, all 3 drugs block IL-1B, and anakinra
and rilonacept also inhibit IL-la. (47). As a new therapeutic approach to inhibit IL-1 signaling,
oral NLRP3 inhibitors, including dapansutrile (OLT177), are under investigation (51).

In early clinical development, anakinra was tested as a treatment for RA. Despite its proven
therapeutic efficacy in patients with RA, anakinra is not recommended as the first-line
biologic therapy due to its low cost-effectiveness. Anti-IL-1 therapy is more widely used in
autoinflammatory diseases such as systemic JIA, AOSD, and CAPS (52). Other conditions
with high inflammatory burdens, such as gout and recurrent pericarditis, are also managed
by IL-1-targeted therapy. Due to the broad role of IL-1 in inflammatory diseases, IL-1 blockades
are expected to offer clinical benefit in treating intractable autoimmune diseases, including
SLE and systemic sclerosis, and in controlling excessive pro-inflammatory responses, such as
cytokine releasing syndrome and macrophage activation syndrome (47,53).

IL-6 is a pleiotropic cytokine produced by various cell types in the context of infection,
inflammation, and malignancy. IL-6 was initially identified as a ‘B cell differentiation

factor’ or ‘B cell stimulation factor’ secreted by T cells (54). Despite its crucial role in B cell
maturation, anti-IL-6 therapy failed to show therapeutic efficacy in patients with multiple
myeloma (55). However, IL-6-targeted therapy with tocilizumab, the first anti-IL-6R-
blocking mAb, was shown to have significant clinical benefits in RA and was even superior to
adalimumab in efficacy (56). Tocilizumab is currently approved for the treatment of RA, JIA,
AOSD, giant cell arteritis, and cytokine releasing syndrome based on its ability to regulate
systemic hyperinflammation (54). Recently, therapeutic application of anti-IL-6 therapy has
been investigated in SLE, neuromyelitis optica, and systemic sclerosis (17,57,58).

IL-6 has multiple biological functions in physiological and pathological conditions. In
physiological states, IL-6 is responsible for macrophage differentiation to the M2 state,
osteoclastogenesis through the increased expression of the RANK ligand on osteoblasts,
and the acute phase response via the JAK-STAT pathway in the liver. In pathological
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(inflammatory) conditions, IL-6 is critically involved in Th17 differentiation by regulating
FOXP3, RORC, and IL-23R expression (59). IL-6 is also important for development of
follicular helper T cells and maturation of B cells (60).

IL-6 signaling is transduced through a complex of IL-6R and glycoprotein 130 (gp130).
Dimerization of gp130 sequentially activates multiple signaling pathways including JAK-
STAT, MAPK, PI3K, and YES-associated protein 1, which translocates to the nucleus

and controls the transcription of genes associated with cell growth, proliferation, and
inflammation (61,62). To interfere with the IL-6 signaling pathway, anti-IL6 therapy can
target IL-6, IL-6R, gp130, JAK, and STAT3. However, concerns about side effects limit the
potential of gp130 and STAT3 as therapeutic targets (63,64). Thus, anti-IL6 mAbs, anti-IL-6R
mAbs, and JAK inhibitors have been used to block IL-6 signaling, and the potential for using
soluble gp130 to inhibit the IL-6/IL-6R complex is under investigation (60).

IL-17A, commonly known as IL-17, is the signature cytokine of Th17 subsets of CD4+ T cells,
but it is also produced by CD8+ T cells (Tc17), yo T cells, natural killer T cells, group 3 innate
lymphoid cells, and neutrophils (65). In the physiological state, Th17 cells contribute to
innate immunity by recruiting neutrophils, host defense against bacteria and fungi, and
tissue repair at skin and mucosal sites (66,67). In pathological conditions, IL-17A promotes
autoimmunity, synergistically with TNF and other inflammatory chemokines (68). Animal
models of inflammatory arthritis and neuroinflammation suggest the predominant role of
Th17 cells rather than Th1 cells in the development of these diseases (69).

Th17 cells are derived from naive CD4" naive T cells through repression of FOXP3 and
activation of STAT3 and RORC in the presence of IL-1f, IL-6 and TGF-f (59). Subsequently,
IL-23 stabilizes pathogenic Th17 cells for proliferation and survival (70). Upon binding with
IL-17A, a unique intracellular cytoplasmic domain termed SEF/IL-17R of IL-17R subunit A (IL-
17RA) and subunit C (IL-17RC) recruit the adaptor protein Actl, which triggers ubiquitination
of TNF-receptor associated factor (TRAF) 6 and subsequent activation of the NF-«B, MAPK,
and activator protein 1 (AP1) pathways and C/EBP transcription factors (71,72).

A growing body of evidence from animal and human studies suggests that IL-23/IL-17

axis is an excellent therapeutic target for several autoimmune diseases, such as AS, PsA,
and RA (68,73). Current anti-IL-17 therapies include mAbs to IL-17A (secukinumab and
ixekizumab) and IL-17RA (brodalumab). As expected, anti-IL-17 therapeutics have produced
a dramatic response in psoriasis, PsA, and AS (73,74). Unexpectedly, this approach failed to
show remarkable clinical efficacy in patients with RA, a Th17-dependent disease (75). This
unsatisfactory result could be explained by heterogeneity in the disease itself or differential
pathogenic role of IL-17A depending on RA stage (e.g. early versus advanced).

IL-23 is a proinflammatory cytokine secreted by DCs and activated macrophages (76). As a
member of the IL-12 family, IL-23 is a heterodimer composed of the p40 subunit, which is
shared by IL-12 (IL-12/IL-23p40), and the p19 subunit unique to IL-23 (IL-23p19). Although
IL-12 and IL-23 share a structural subunit, IL-23 is more critically and widely involved in the
pathogenesis of autoimmune diseases. Most importantly, IL-23 stabilizes the pathogenic
features of Th17 cells through maintenance of Th17 signature genes, suppression of
repressive factors, upregulation of IL-23R expression, and induction of effector genes (77,78).
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It also promotes the pro-inflammatory functions of DCs and macrophages as an autocrine
factor (79).

IL-23 interacts with a receptor complex composed of IL-12RB1 (binding with IL-12/IL-23p40)
and IL-23R (binding with IL-23p19), which are linked with tyrosine kinase (TYK) 2 and JAK2,
respectively (78). Activation of TYK2 and JAK2 leads to the phosphorylation and nuclear
translocation of STATs, predominantly STAT3. Blockade of IL-23 signaling can be achieved
by the targeted inhibition of IL-12/IL-23p40 or IL-23p19. As an anti-IL-12/IL-23p40 mAb,
ustekinumab blocks both IL-12 and IL-23, whereas the anti-IL-23p19 mAbs (guselkumab,
tildrakizumab, risankizumab, and mirikizumab) inhibit only IL-23 (80).

Similar to anti-IL-17 therapy, IL-23 inhibition is effective in the treatment of psoriasis and PsA
(80). However, both mAbs targeting the p40 and p19 subunits failed to improve the clinical
course of AS, in contrast to anti-IL17 therapy. Despite the clear pathogenic role of IL-23 in
preclinical models of AS, such unexpected result suggests that IL-23 plays a different role in a
tissue- and time-dependent context in human autoimmune diseases (73). In Crohn’s disease,
ustekinumab successfully improved clinical outcomes, and clinical trials of anti-IL-23p19
mADbs are ongoing (Table 1).

Type 11ENs, including IFN-a, IFN-B, IFN-¢, IFN-k, and IFN-®, were initially identified as
soluble antiviral factors (10). Subsequent studies revealed that IFN-a has an essential role in
the pathogenesis of autoimmune diseases, especially SLE. Clinical data from patients with
SLE showed significantly increased expression of type 1 IFN signatures (81). The development
of SLE-like syndrome after recombinant IFN-o therapy also suggests a pathologic role of type
1IFN in autoimmune disease (82).

Although most nucleated cells can produce type 1 IFNs, the main cellular source is pDCs

(8). Nucleic acid-containing extracellular stimuli, such as RNAs and DNAs complexed with
anti-RNA and DNA autoantibodies, respectively, interact with Toll-like receptor 7 (TLR7) and
TLR9 in pDCs to recruit MYD88 and activate IRAKs and TRAFs, which lead to translocation
of IFN regulatory family (IRF) 7 and resultant transcription of IFN-a. (10,83). Type 1 IFNs bind
with the IFN-¢/ receptor (IFNAR) which consists of IFNAR1 and IFNAR2. Upon engagement
by type 1IFNs, IFNAR1 and IFNAR2 activate JAK1 and TYK?2, respectively, which leads to
phosphorylation and nuclear translocation of STAT1 and STAT2. In the nucleus, along with
IRF9, STAT1/STAT2 induce the expression of [FN-stimulated genes (10). In SLE, IFN-a
promotes the pro-inflammatory response by stimulating myeloid DCs, Th1 cells, and B cells
and by suppressing Tregs (83).

The pathophysiologic significance of IFN-a in SLE has led to the development of type 1
IFN-targeted immunotherapy. Rontalizumab and sifalimumab, mAbs that neutralize IFN-a,
were tested in SLE but failed to control disease activity (84,85). Although the role of IFNs
other than IFN-a is less clear, suppressing only IFN-o while leaving IFN-B and IFN-k active
might explain the inadequate therapeutic effect in SLE. Recently, anifrolumab, a human mAb
targeting IFNAR1 to block the biological function of all type 1 IFNs, has been approved for
moderate to severe SLE (86). Anifrolumab showed a consistent clinical benefit in terms of
reduced disease activity, oral corticosteroid use, and annualized flares. However, patients
with lupus nephritis and neuropsychiatric lupus were excluded from the clinical trials.
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Several new therapeutic approaches to block type 1 IFNs are under investigation. To reduce
the production of type 1 IFNs, drugs are targeting pDCs and signaling molecules, such

as TLR, MyD88, and IRAK4 (83). Kinase inhibitors also are under clinical development

for various autoimmune diseases based on their ability to inhibit the IFNAR downstream
signaling pathways.

CELL-TARGETED THERAPY

As our understanding of B cell function has expanded, B cells are considered an active
participant in autoimmune diseases. Interestingly, the pathologic significance of B cells

in autoimmunity was highlighted by the success of B cell depletion therapies in RA and
multiple sclerosis (MS). Beyond their role in Ab production, B cells actively participate

in autoimmunity through Ag-presentation, formation of tertiary lymphoid tissues, and
production of cytokines, such as IL-6, TNF, IFN-y, and GM-CSF (87). Ab-independent
functions of B cells explain the treatment efficacy of B cell depletion therapies in RA and MS
despite the absence of autoantibody reduction (88,89).

B cells are generated in the bone marrow and sequentially differentiate into Ag-specific B cells
in peripheral tissues. B cell differentiation proceeds toward increasing affinity for an Ag through
somatic hypermutation and the class-switch recombination of immunoglobulins, accompanied
by changes in B cell surface markers (90). CD20 is expressed exclusively in the B cell lineage
from pre-B cells to memory B cells, but not in plasma cells (Fig. 1). During the past several
decades, anti-CD20 therapy has been the main tool for B cell depletion. Rituximab, a chimeric
anti-CD20 mAb, redistributes CD20 into lipid rafts, and then activates complement-dependent
cytotoxicity and Ab-dependent cellular cytotoxicity (ADCC) (90). Effective elimination of CD20*
B cells by rituximab exhausts the cellular source of Ab-secreting plasmablasts and prevents the
Ab-independent B cell function, resulting in attenuation of autoimmune inflammation (91).
Following the clinical success of rituximab in RA and MS, diverse anti-CD20 therapeutics with
distinct binding epitopes, different route of administration, and advanced therapeutic efficacy
have been developed. Ocrelizumab and ofatumumab, humanized anti-CD20 mAbs, have been
approved for relapsing MS, and clinical trials of other anti-CD20 mAbs, obinutuzumab and
ublituximab, are ongoing (Table 2).

Unfortunately, rituximab was not fully successful in the treatment of SLE, one of the
stereotypical B-cell-mediated diseases. Aside from heterogeneity in patients with SLE,
treatment failure with rituximab could arise from the presence of autoreactive CD20"

(but CD19*) long-lived plasma cells, incomplete depletion of B cells in peripheral blood

and tissues, or disease flares during B-cell reconstitution (91). For broad inhibition of B
cells resistant to anti-CD20 therapy, B cell depletion therapy has targeted CD19, which

is expressed on CD20" B cells as well as CD20" plasmablasts and some plasma cells. A
humanized anti-CD19 mADb, inebilizumab, was approved for neuromyelitis optica spectrum
disorder (92) and is undergoing clinical trials to treat other inflammatory neurological
disorders (Table 2).

Another approach to B cell inhibition is to block B cell survival factors, specifically BAFF and

APRIL. BAFF is critically involved in B-cell maturation and survival after ligation with its 3
distinct receptors: 1) BAFF receptor (BAFF-R, known as TNFRSF13C), which is expressed on
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most B-cell subsets except plasma cells; 2) transmembrane activator, calcium modulator and
cyclophilin ligand interactor (TACI; known as TNFRSF13B), which is expressed on marginal
zone B cells, memory B cells, and plasma cells; 3) B cell maturation Ag (BCMA; known as
TNFRSF17) expressed on plasmablasts and plasma cells (87). Unlike BAFF-R, TACI and BCMA
also bind with APRIL, which is important for Ab class switching and plasma cell survival.

Given the essential role of B cell maturation, proliferation, and survival, the BAFF/APRIL
system has been considered a promising therapeutic target in SLE and its related autoimmune
diseases. Belimumab, a humanized anti-BAFF mAb, is the first targeted immunotherapy
approved for SLE by FDA.; however, belimumab does not always have universal therapeutic
benefits in all patients with SLE (93). Ianalumab, a mAb against BAFF-R, has shown promising
results in a phase II trial in patients with primary Sjogren syndrome (pSS) (29). As a B cell
depletion therapy, ianalumab has 2 modes of action: B-cell lysis by enhanced ADCC and
blockade of BAFF signaling. Telitacicept, a TACI-Ig fusion protein, is also under clinical
development based on its inhibitory effect on the BAFF/APRIL system (94).

As key regulators in adaptive immunity, T cells play a critical role in the development and
progression of autoimmunity. T cell effector functions require Ag recognition by TCRs
and additional engagement of co-stimulatory receptors. Thus, modulation of those co-
stimulatory molecules has been investigated for T cell-targeted therapy in autoimmune
diseases and malignancies (95,96).

CD28 signaling is a well-known co-stimulatory pathway for T cell activation and
differentiation through activation of the MAPK, AKT, and NF-kB pathways (97). CD28
expressed on CD4+ T cells binds to CD80 or CD86 on Ag-presenting cells, which are shared
by CTLA-4 as an inhibitory counterpart of CD28 (98). Based on counter-regulation of CD28
and CTLA-4, a fusion protein composed of extracellular domain of CTLA4 and an IgG Fc
region (CTLA4-1Ig) was developed to inhibit CD28 signaling by occupying CD80 and CD86.
The first CTLA4-Ig, abatacept, was approved to treat RA and JIA with proven efficacy in the
control of inflammatory arthritis (99). Subsequently, another CTLA4-Igs with improved
binding to CD80 and CD86, including belatacept and MEDI5256, have been investigated
for clinical applications (100,101). Although belatacept was approved for kidney transplant
recipients in 2011, the additional clinical benefit of belatacept beyond conventional
calcineurin inhibitor-based regimen is controversial (102).

The CD40 pathway is the primary activation signal for T cell effector function. CD80 and
CD86 expression is upregulated after ligation of CD40L to CD40 (103). When CD40L on
activated T cells binds to CD40 on target cells, multiple kinase cascades activate transcription
factors, such as NF-«xB and AP1, to induce cell survival, proliferation and differentiation
(104). CDA40 signaling is particularly important for the B cell-T cell interactions involved in T
cell-dependent Ab responses, germinal center formation, and memory B cell differentiation
(105). Due to its critical role in B cell function, the therapeutic potential of targeting CD40
signaling has been investigated in preclinical and clinical studies. A recent phase II trial of
iscalimab, a humanized anti-CD40 mAb, showed clinical improvement in patients with pSS
(106), and a subsequent phase III trial is ongoing (Table 2).

Immunotherapies that target other co-stimulatory signaling, such as the inducible T cell co-
stimulator (ICOS) and OX40 pathways, are also being developed to inhibit the T cell effector
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function in autoimmune diseases (96). As co-stimulatory molecules expressed on activated
CD4+ T cells, ICOS and OX40 are involved in T cell survival, differentiation, and activation.

KINASE-TARGETED THERAPY

As previously stated, binding soluble inflammatory mediators to their cognate receptors
transduce signals through activation of intracellular kinases, typically the JAK family. The JAK
family, which consists of JAK1, JAK2, JAK3, and TYK?2, is associated with cytokine receptors
(including IL-2R, IL-4R, IL-5R, IL-6R, IL-13R, and type 1 IFNs), growth hormones and
erythropoietin (4). Activation of the JAK family leads to phosphorylation, dimerization, and
nuclear transformation of STATs. In the nucleus, STATSs contribute to the gene transcription
involved in cell differentiation, proliferation, and survival, cytokine production, and
angiogenesis (107,108).

Due to the pivotal role of JAK in hematopoiesis, JAK inhibitors were first evaluated for
treatment of hematologic diseases, especially myeloproliferative neoplasm (108). Since
ruxolitinib (a JAK1 and JAK?2 inhibitor) was first approved for myelofibrosis in 2011,
numerous kinase inhibitors have been approved or investigated for treatment of hematologic
malignancies and inflammatory diseases (5). Several JAK inhibitors have been approved for
RA, PsA, and ulcerative colitis based on their proven clinical efficacy (108). Selectivity for
JAK differs by each JAK inhibitor, although differences in therapeutic efficacy have not been
demonstrated between JAK inhibitors. Tofacitinib and baricitinib mainly target JAK1/3 and
JAK1/2, respectively. Upadacitinib and filgotinib are second-generation JAK inhibitors that
selectively inhibit JAK1.

In contrast to the aforementioned immunotherapies, which regulate cellular activation
signals in the extracellular space, JAK inhibitors target signaling pathways in the intracellular
space. JAK-targeted therapy inhibits the convergent signals from multiple cytokine receptors
and disrupts the feedback loop (4). As a result, even a partial blockade of select kinases can
efficiently downregulate multiple inflammatory signaling pathways, attenuating autoimmune
inflammation. It should be noted that in a head-to-head, randomized controlled trial,
baricitinib showed a better clinical response than the anti-TNF mAb adalimumab (109).

In addition to JAK inhibitors, a selective TYK2 inhibitor, deucravacitinib, is awaiting
clinical approval as the first oral targeted therapy in psoriasis (110). TYK2 mediates the
intracellular inflammatory signals originating from IL-12, IL-23, and type 1 [FNs. The
therapeutic potential of deucravacitinib is currently being investigated in patients with PsA,
inflammatory bowel diseases, and SLE based on mechanistic insights into the pathogenesis
of those diseases (Table 3).

Bruton tyrosine kinase (BTK) inhibitors are also expected to ameliorate autoimmune
inflammation by modulating B cell function. BTK inhibitors are currently being investigated
in various autoimmune disease, including RA, MS, pSS, and SLE (4). Some recent phase II
trials with BTK inhibitors showed promising results in patients with relapsing MS (111,112).

The future direction of kinase inhibition is development of more selective inhibitors with

minimal off-target effects and improved organ specificity based on advanced molecular
techniques. Furthermore, on-target effects caused by unregulated cellular behaviors other than
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amelioration of inflammation should be investigated extensively. Recent evidence suggests
that patients treated with tofacitinib face an increased risk of cardiac events, malignancies,
thrombosis, and death, and FDA has decided to revise the boxed warnings of JAK inhibitors
(113). The chronic course of autoimmune diseases raises safety concerns for long-term drug
use, which can substantially influence drug selection by patients and physicians.

EMERGING IMMUNOTHERAPY

With better understandings of the immuno-pathogenesis of autoimmune diseases and
continuing advances in biotechnology, numerous drugs with novel therapeutic targets

and advanced efficacy continue to be developed, showing promisingly efficacious results.
Notwithstanding all of this, there are still unmet medical needs, such as heterogeneous
therapeutic effects and adverse events caused by immunosuppression. To overcome the
limitations of current treatments, therapeutic approaches for inflammatory diseases have
been diversified and individualized. Here, we briefly introduce a new perspective of targeted
immunotherapy enabled by advanced molecular engineering techniques.

The basic concept of CAR T cell therapy is administration of autologous T cells containing
genetically engineered TCRs to capture tumor-specific Ags and eliminate tumor cells by
increasing cytotoxicity. Following therapeutic success in a patient with diffuse large B cell
lymphoma, CD19 CAR T cell therapy was approved for treatment of B-cell lymphoma and
acute lymphoblastic leukemia (114).

CARs are engineered receptors composed of an extracellular Ag recognition domain, a
transmembrane domain, and a intracellular T cell activation domain (115). The extracellular
domain, also known as single-chain Fv, is designed as the variable heavy and light chains of
amonoclonal Ab. Ag recognition by extracellular domains activates the immunoreceptor
tyrosine-based activation motifs on intracellular domains, leading to cytokine production
and lysis of target cells. To improve therapeutic efficacy, the intracellular domain consists of
an activation domain, CD3(, and a co-stimulatory domain, such as CD28.

Although CAR T cells were first introduced in the field of oncology, their therapeutic
potential to eliminate pathologic cells extends to the treatment of autoimmune inflammatory
diseases. Recently, Mougiakakos et al. (116) reported a rapid clinical remission with
autologous CD19 CAR T cell therapy in a patients with SLE refractory to conventional
treatment. In that patient, infused CD19 CAR T cells were detectable in the peripheral blood
for 7 weeks after a single dose with a rapid and sustained decrease in anti-dsDNA Ab. That

is a promising result in that current B cell depletion with anti-CD20 mAbs requires regular
injections and attention to immunogenicity to maintain the initial therapeutic effect.

With the development of engineered T cell therapy, chimeric autoantigen receptor (CAAR)
T cell and CAR Treg therapies have drawn attention as novel therapeutic strategies for
autoimmune diseases (117). The extracellular domain of CAAR T cells expresses an
autoantigen that can interact with Ag-specific autoreactive B cells and T cells. CAAR T cell
therapy could be effective in autoimmune diseases with known autoantigens. CAR Treg
cells are also being designed with the expectation of an Ag-specific immune-regulatory
response that cannot be adequately achieved by infusion of polyclonal Treg cells. However,
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such engineered T cell therapies for autoimmune diseases have not yet been widely studied.
Moreover, despite the hypothetical therapeutic effect of engineered T cell therapies, cytokine
releasing syndrome and neurotoxicity could limit enthusiasm for the use of cell therapies in
autoimmune diseases, particularly in high inflammation microenvironments (118).

IL-2 is a key cytokine for differentiation, activation, and survival of Treg cells and is mostly
produced by activated CD4* T cells (119). Tregs, defined by CD4*FOXP3*CD25*CD127"%
expression, modulate autoreactive immune cells through secretion of anti-inflammatory
cytokines (IL-10, tumor growth factor-, and IL-35), induction of immunosuppressive
enzyme (indoleamine 2,3-dioxygenase) by DCs, inactivation of effector T cells and NK cells,
and direct cytotoxicity against CD8" T cells and NK cells (119,120). Treg cell deficiency and/or
dysfunction are frequently reported in various autoimmune diseases, such as RA, SLE, pSS,
and AS (120).

In addition to activating Treg cells, IL-2 induces survival and proliferation of effector T cells
and inhibits Th17 cell differentiation (119). Based on its stimulatory effect on conventional T
cells, high-dose IL-2 therapy was first approved for metastatic renal cell cancer and metastatic
melanoma. However, later studies have shown that the main role of IL-2 is mediated through
the high-affinity IL-2R expressed on Treg cells. IL-2R is expressed in monomeric, dimeric,
and trimeric variants, and trimeric IL-2R has higher affinity than the monomeric and dimeric
forms (121). Because Treg cells constitutively express trimeric IL-2R at high level, Treg cells
are highly sensitive to IL-2 than effector memory CD4+ T cells. Thus, low-dose IL-2 therapy
(0.3 to 3 million international unit/day) has been evaluated in autoimmune diseases in
anticipation that it will induce immune tolerance by means of Treg stimulation while having
minimal effects on effector T cells (120).

In patients with autoimmune diseases, including SLE, PsA, and hepatitis C virus-induced
cryoglobulinemic vasculitis, low dose IL-2 therapy improved clinical outcomes, which was
consistent with an increase in Treg cells (120). In clinical trials, low dose IL-2 had a tolerable
safety profile and was not associated with an increased risk of infection. Moreover, in mice,
immune responses to vaccination, infection, and cancer were not impaired by long-term
treatment with low dose IL-2 (122).

The favorable clinical trial results have led to the development of engineered IL-2 proteins
with altered amino acid sequences (IL-2 muteins) to improve selectivity and reduce adverse
effects (120). Combinations of IL-2 and biologic therapies such as TNF- and IL-6 inhibition
are also under investigation.

Inducing immune tolerance to autoantigens without disrupting the rest of the immune
system is an ideal approach to autoimmune diseases. In this regard, oral tolerance that can
induce Ag-specific immune tolerance has been investigated for more than a century (123).
Gut-associated lymphoid tissue (GALT) is the largest immune organ that maintains tolerance
to large amounts of food and commensal microorganisms (124). Given the role of GALT

in intestinal homeostasis and systemic regulation, the tolerogenic effects of fed Ags on
systemic autoimmune diseases have been studied extensively in preclinical and clinical trials.
In animal models, oral tolerance induction was found to effectively prevent and even treat
various inflammatory diseases, including inflammatory arthritis, experimental autoimmune
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encephalitis, diabetes, and uveitis (123). Depending on the dose of Ag, low doses of Ag
promote the generation of Treg cells secreting IL-4, IL-10, and TGF-f, whereas high doses of
Ag promote the clonal deletion or anergy of specific T cells (125). However, such mechanisms
of immune tolerance are not exclusive and can overlap.

Early pilot trials and phase II trials of oral tolerance induction also showed promising results
in patients with RA, MS, and uveitis without treatment-related toxicity. However, phase III
trials of Ag feeding in patients with RA and MS showed a suboptimal therapeutic effects
(125). Despite the experimental efficacy and acceptable safety of Ag feeding, unsolved issues
need to be addressed to enable successful induction of immune tolerance: 1) protocol for Ag
feeding (dose and type of Ag, use of mucosal adjuvant, and frequency of administration);

2) combined treatment with conventional immunosuppressive drugs; 3) biological and
immunological markers that reflect the effectiveness of oral tolerance development; and 4)
selection of suitable patients amenable to induced oral tolerance (age, disease onset, and
history of desensitization).

Another approach to Ag-specific tolerance is tolerogenic vaccines that deliver autoantigens.
Tolerogenic vaccines have successfully induced Ag-specific Treg cells, and promoted
autoreactive T cell anergy and apoptosis in animal models of autoimmune diseases (126,127).
Several platforms of tolerogenic vaccines, including protein/peptide-, nanoparticle-, cell-, and
DNA/RNA-based vaccines, have been investigated to enhance immunogenicity in preclinical
and clinical research of MS (128). Although a phase III trial using a peptide vaccine failed

to show clinical benefit (129), the tolerogenic approach is still being studies using several
vaccine platforms in patients with MS.

Recently, Krienke et al. (130) reported successful induction of immune tolerance with

a noninflammatory mRNA-based vaccine in mice model of experimental autoimmune
encephalomyelitis induced by myelin oligodendrocyte glycoprotein (MOG35-55). Although
double-stranded RNA molecules are inherently proinflammatory in the extracellular
environment, their proinflammatory nature was reduced by replacing uridine with
l-methylpseudouridine (m1¥). The MOG35-55-encoding m1¥-modified single-stranded
mRNA vaccine prevented disease development and progression in mice. The tolerogenic
vaccine induced MOG35-55-specific FOXP3* Treg cells and suppressed MOG33-35-specific
Th1 and Th17 cells. Expression of inhibitory molecules such as PD1 and CTLA4 was
upregulated on Ag-specific cells, and the protective effect of the vaccine was abrogated by
PDI- and CTLA-4-targeted checkpoint inhibitors.

Nonetheless, development of tolerogenic vaccines is challenging because it is inconclusive
and controversial which autoantigens are specific for autoimmune diseases, and multiple
autoantigens could be involved in most autoimmune diseases.

CONCLUSION

Advances in targeted immunotherapy during the past few decades have revolutionized the
treatment and clinical outcomes of patients with autoimmune diseases. Current targeted
immunotherapies lead to suppression of major pro-inflammatory signaling pathways by
blocking inflammatory cytokines, cell surface molecules, and intracellular kinases. Despite
the tremendous success of targeted therapies in autoimmune disease, unmet medical needs
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remain in terms of drug efficacy and long-term safety. Beyond blocking inflammatory signaling
pathways, future therapies aim to induce long-standing immune tolerance while maintaining
protective immune functions. Hopefully, advances in biotechnology and knowledge of diseases
will provide opportunities to develop new drugs with improved therapeutic efficacy and
minimal adverse effects. Additionally, considering the multifaceted roles of inflammatory
mediators and immune cells, the development of more selective and specific drugs will be
required together with a more precise understanding of disease pathogenesis.
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