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RHEUMATOLOGY

IL-23 orchestrating immune cell activation in arthritis

Aurélie Najm ® " and lain B. Mclnnes’

Abstract

IL-23 is a cytokine member of the IL-12 superfamily. These heterodimeric cytokines offer broad immune regulatory
activity with potential effector function in inflammatory arthritis. IL-23 is a pro-inflammatory cytokine secreted by
dendritic cells and macrophages. It plays a key role in both innate and adaptive immunity. By promoting and main-
taining T cell differentiation into Th17 T cells, IL-23 is a key player in the pathogenesis of rheumatic diseases. Data
from pre-clinical IL-23 knockout models show the major importance of IL-23 in development of arthritis. The induc-
tion and maintenance of type 17 cells, which secrete IL-17A and other pro-inflammatory cytokines, contributes to
local synovial inflammation and skin inflammation in PsA, and perhaps in RA. Commensurate with this, therapeutic

strategies targeting IL-23 have proven efficient in PsA in several studies, albeit not yet in RA.
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Rheumatology key messages

o |L-23 is a cytokine belonging to the IL-12 family secreted by dendritic cells and macrophages.
o |L-23 plays a key role in arthritis initiation by acting as a regulator of Th17 differentiation and IL-17 secretion.
e The IL-23-IL-17 axis plays a crucial role in psoriatic arthritis and spondylarthritis pathogenesis.

IL-12/23 superfamily structure and
receptor system

Across the broad landscape of cytokines implicated in
the pathogenesis of disease, the IL-12 family is remark-
able. The heterodimeric structure of the members of this
family confers upon them specific functional activities
across a range of leucocyte subsets, and hence broad
immune-regulatory potential. In addition, the IL-12 family
belongs to the IL-6 superfamily and hence shares struc-
tural characteristics with IL-6 related cytokines. IL-12
cytokines are composed of an a-chain (p19, p28 or p35)
and a B-chain [p40 or Epstein-Barr virus-induced mol-
ecule 3 (Ebi3)]. The a-chain shares a four helix bundle
structure with the IL-6 superfamily, while the B-chain is
structurally homologous to soluble class | cytokine re-
ceptor chains, such as IL-6 receptor-a [1]. As distinct
from IL-12, which is composed of a dimer of both p40
and p35 chains, IL-23 comprises an association of p40
and p19 chains [2]. In addition, Ebi3 pairs with p28 to
form IL-27 or with p35 to form IL-35, the latest-
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discovered member of the family [3, 4]. For these, how-
ever, there remains some doubt as to their structural in-
tegrity in vivo. IL-12 family cytokines also share their
receptor subunits: IL-12 receptor (IL-12R) is a dimer of
IL-12RB1 and IL-12RB2, while IL-23 signals through IL-
12Rp1 and IL-23 receptor (IL-23R). In contrast, IL-27
and IL-35 use gp130 in common with the IL-6 family
and WSX-1 or IL-12Rp2, respectively [5]. The p40 sub-
unit of IL-23 binds to the IL-12Rp1 and p19 to the IL-
23R chain, inducing receptor oligomerization.
Downstream signalling is mediated by members of the
Janus kinase (JAK)-signal transducer and activator of
transcription (STAT) family. Phosphorylation of STATs
occurs through JAK2, along with JAK1 or tyrosine kin-
ase 2 (TYK2). IL-23R is associated with phospho
(P)STAT3 and pSTAT4 while IL-12R signalling is medi-
ated via pSTAT4 [6, 7]. The molecular pathways associ-
ated with IL-12/IL-23 signalling are primarily associated
with immune regulation. IL-12 family members along
with their receptors are presented in Fig. 1.

Role of IL-23, compared with other family
members, in the innate and adaptive
immune systems

All IL-12 family cytokines play a role in immune re-
sponse regulation. As distinct from IL-12 and IL-23,
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STAT: signal transducer and activator of transcription; TYK2: tyrosine kinase 2.

which are predominantly pro-inflammatory cytokines, IL-
35 appears to act as a tolerance inducer through the en-
hancement of the T regulator cell population whereas
IL-27 can play both pro- and anti-inflammatory roles de-
pendent upon context, ambient cytokine concentrations
and cellular maturity [4, 8]. IL-23R is expressed by dif-
ferent cell types including macrophages, dendritic cells
and natural killer (NK) cells, and IL-23 is mainly
expressed by dendritic cells and monocytes. IL-23 plays
an important role in driving innate immune responses in
the context of infectious diseases. For instance, IL-12
and IL-23 have been shown to drive NK responses and
intrinsic immune memory against different pathogens
such as Toxoplasma gondii [9]. IL-23 also acts as a mu-
cosal immune defence enhancer, by co-stimulating
mucosally associated T cells and participating in gut
barrier homeostasis [10, 11]. In addition, genetic studies
have demonstrated increased susceptibility to
Salmonella and Mpycobacterium in IL12B or IL23BR1
variant carriers, suggesting an important role of IL-23 in
host defence [12].

The differentiation of naive T cells into effector cells is
largely mediated by the cytokine environment shaped by
antigen presenting cells especially dendritic cells. IL-12
is a pro-inflammatory cytokine acting as a determinant
of naive CD4 and CD8 positive T lymphocyte differenti-
ation, during initial encounter with an antigen, into a
population of Thi-cells capable of producing large
amounts of IFN-y following activation. In addition, IL-12
enhances the secretion of IFN-y by differentiated Th1
cells during antigen responses and stimulates the devel-
opment of IFN-y-producing Th1 cells from the resting
memory T cells subsets [13, 14]. Of interest, although
structurally related, IL-23 does not trigger a Thi re-
sponse, but rather drives T lymphocyte differentiation
into a Th17 phenotype [15, 16].

The Th17 lineage is characterized by the expression
of a specific gene signature including the transcription
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factor RORyt, and cytokines such as IL-17A, IL-17F, IL-
22, TNF and IL-21. IL-17A has an important role in
orchestrating tissular inflammation in several auto-im-
mune or inflammatory diseases such as PsA [17, 18].
The IL-17 family consists of six members (IL17A, B, C,
D, E and F). IL-17A and F are prominently involved in
auto-immune diseases and can be secreted as homo-
dimers or as an IL-17A-IL-17F heterodimer. Consequent
on the foregoing, whereas IL-12 was originally consid-
ered as the main trigger of auto-immune phenomena in
several diseases, in vivo studies using murine models of
both multiple sclerosis (experimental autoimmune en-
cephalomyelitis) or arthritis [collagen-induced arthritis
(CIA)] revised this by showing the prominent role of the
IL-23-IL-17 axis over the IL-12-IFN-y pathway in the de-
velopment of auto-immunity [15, 19].

Of interest, TGF-B in the presence of pro-inflamma-
tory cytokines, mainly IL-6, promotes Th17 differenti-
ation. IL-6 acts as a key driver of Th17 differentiation
through induction of specific genes from the Th17 lin-
eage such as Rorc, l117 and 1I23r via STAT3 activation
[20], which also inhibits TGFp-induced forkhead box P3
expression subsequently inhibiting the differentiation of
Treg cells [21]. However, it is important to note that
Th17 cells induced by IL-6 and TGF-B display a weak
pathogenic phenotype and are unable to drive auto-im-
mune diseases [22, 23]. In addition, although IL-23
alone is unable to prime the differentiation of naive
CD4" cell into Th17 cells, its contribution to the main-
tenance of the Th17 pathogenic phenotype though
enhanced inflammatory functions is well established [21,
24]. More specifically, IL-23 promotes maintenance of
Th17 signature genes (Rorc and 1/17) and effector genes
(122, Csf2 and Ifng) while using a feedback loop to
amplify the signal through the upregulation of //23r ex-
pression and downregulation of inhibiting factors such
as IL-2, IL-27 and IL-12. These elements are summar-
ized in Fig. 2.
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Fic. 2 Role of IL-23 and IL-12 on T cell differentiation in arthritis
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IL-23 in rheumatic diseases: what can we
learn from animal models?

The first demonstration of the role of IL-23 in an experi-
mental model of arthritis strongly contributed to a better
understanding of its role. As an example, IL-23p19-defi-
cient (//23a™") mice were protected against the develop-
ment of CIA since mice lacked functional IL-23 and
therefore the Th17 cell subset, whereas the Th1 com-
partment was not altered [19]. Logically, synovial levels
of IL-17 were reduced but also other pro-inflammatory
cytokines such as TNF, IL-6 and IL-1fB. Conversely,
knockout of IL-12 in mice (//72a™") was not able to pre-
vent the development of arthritis and in fact exacerbated
arthritis. These data emphasized the important role of
IL-23 at the early stage of arthritis [25]. Similarly, total
IL-17 (17177") deficient mice were protected against arth-
ritis while the incidence of arthritis in mice deficient se-
lectively for IL-17A was reduced to 20% [26].
Importantly, some studies also highlighted the potential
of IL-28 to trigger osteoclastogenesis. As an example,
Yago et al. demonstrated that IL-23 was able to induce
osteoclast (OC) differentiation in peripheral blood mono-
nuclear cells in the absence of receptor activator of nu-
clear factor kB (RANK) ligand (RANKL). Subsequently,
blockade of IL-23 activity by anti-IL-23p19 antibody at
an early stage of disease could attenuate CIA in rats by
preventing both inflammation and bone destruction [27].
Further investigation of IL-23 blockade’s effect across
the course of arthritic disease showed that use of anti-
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IL-23p19 antibody could suppress significantly disease
severity in CIA model if administered 15days before
clinical signs of disease onset, while IL-23 neutralization
at a later stage of the disease was proven inefficient
[28].

Another study described an indirect influence of IL-23
on auto-antibody formation and inflammatory activity
and glycosylation profile through the promotion of Th17
cell differentiation in an IL-21 and IL-22 dependent man-
ner [29]. Activated Th17 will act at both lymph node and
synovium sites influencing plasma cell differentiation
through the regulation the expression of B-galactoside
o2,6-sialyltransferase thereby determining the glycosyla-
tion profile and activity of IgG.

To assess the role of IL-23 in non-autoimmune arth-
ritis models, the methylated BSA (mBSA) antigen
induced arthritis (AIA) model [30] was applied in IL-
23p19-deficient and IL-17 receptor A (IL-17RA) knockout
mice. Of interest, /I23~/~ mice displayed a milder arthrit-
ic phenotype associated with consequent reduction of
structural damage. Additionally, Th17 and IL-17* y§ T
cell subsets were significantly reduced, highlighting the
role of the IL-23-IL-17 axis in disease initialization and
severity.

Further studies explored the role of IL-23 in arthritis
induction in other rodent immune disease models,
showing that the transfection of an adenoviral vector
encoding a single-chain of IL-23 in non-obese diabetic
mice led to the development of skin lesions compatible
with psoriasis, intervertebral disc degeneration, synovial

https://academic.oup.com/rheumatology



TasLe 1 Role of IL-23 in arthritis development and severity: data from pre-clinical models

Reference

Mouse and arthritis

model

IL-23 orchestrating immune cell activation in arthritis

IL-23 expression

Murphy et al. [19]

Yago et al. [27]

Cornelissen et al. [28]

Mouse CIA model

Rat CIA model

Mouse CIA model

IL-23p19-deficient
(123a~'~) mice
Anti-IL-23p19 antibody

Anti-IL-23p19 antibody

IL-23p19-deficient
(123a~'") mice

IL-23p19-deficient
(123~"~) mice

Adenoviral vector
encoding a single-
chain of IL-23

No arthritis

Prevention of both in-
flammation and bone
destruction
Reduction of disease
severity if adminis-
tered 15 days before
clinical signs of dis-
ease onset, but not
after
No arthritis in CIA;
arthritis of equal sever-
ity in wild-type mice
and /[23a~"" mice
with passive transfer
of serum from arthrit-
ic K/BxN mice
Milder arthritic pheno-
type, reduction of
structural damage
Skin lesions compatible
with psoriasis, inter-
vertebral disc degen-

Pfeifle et al. [29] CIA model,
K/BxN arthritis
Cornelissen et al. [30] Mouse AIA model
Flores et al. [31] NOD mice
Sherlock et al. [32] B10.RIIl mice

eration and synovial
hypertrophy and
cartilage

IL-23 overexpression Development of enthe-

by hydrodynamic de- sitis and entheseal
livery of an IL-23 new bone formation
minicircle

ClA: collagen-induced arthritis; AlA: Methylated BSA antigen-induced arthritis, NOD: Non-obese diabetic.

hypertrophy and cartilage loss [31]. In addition, the role
of IL-23 overexpression in driving spondyloarthritis in
the ClA-antibody-induced arthritis model was described
by Sherlock et al. [32]. More specifically, characteristic
development of enthesitis and entheseal new bone for-
mation was observed, therefore illustrating the role of
IL-23 in enthesis involvement in spondylarthropathy.
These data are summarized in Table 1.

Roles of IL-23 in activating relevant cell
types across the range of human
inflammatory arthropathies

Since pre-clinical models suggested an important role in
arthritis initiation and persistence, translational studies
have also evaluated the role of IL-23 in human rheumat-
ic diseases such as RA and PsA. Studies can be useful-
ly separated across different disease stages. Regarding
arthritis initiation, Pfeifle et al. reported an inflammatory
antibody profile both in people with ACPA positive RA
and in people at risk of arthritis expressing ACPA with-
out clinical symptoms, suggesting that IL-23 could con-
tribute to the breach of tolerance against citrullinated
peptides at a preclinical stage of the disease [29].

https://academic.oup.com/rheumatology

During the established stage of RA, clinical studies
have shown increased serum levels of IL-23 in RA
patients vs healthy controls. However, in this study the
levels of IL-23 were not correlated with disease activity
or other clinical aspects [33] and the pathogenetic link is
uncertain on this basis. IL-23p19 subunit expression
was also increased in both serum and SF of RA patients
compared with OA patients, and levels of IL-23 were
higher in patients displaying an erosive phenotype. Of
interest, IL-23 was mostly expressed by synovial fibro-
blasts upon stimulation by IL-17 [34]. More specifically,
RA synovial fibroblasts exhibited a stronger IL-23p19 in-
duction in response to IL-17, and IL-23 secretion is
stimulated by TNF and IL-1f, suggesting a pro-inflam-
matory feedback loop in RA synovium [35, 36].
Macrophages isolated from RA patients’ blood similarly
showed a higher capacity to produce IL-23 in response
to toll-like receptor 2 ligand-mediated agonism [37]. In
addition, another study investigating synovial fluid and
synovial tissue in RA has shown a higher expression of
IL-23 and IL-17F but not IL-17A at both transcriptional
and protein levels in patients displaying ectopic lymph-
oid follicle (ELF) in their synovium compared with those
without, suggesting a direct effect of IL-23 in ELF gen-
esis [38]. Notwithstanding the above, it is fair to note
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that consistent detection of IL-23 subcomponents in RA
has been challenging.

PsA is more obviously strongly driven by IL-23.
Several studies have demonstrated an increased syn-
ovial expression of IL-23A transcripts in synovial tissue
from patients with PsA compared with patients with
traumatic arthropathies. Other downstream cytokine and
chemokine transcripts pertaining to the IL-23-IL-17 axis
(IL-17A, IL-21) and promoting ELF genesis [(C-X-C motif)
chemokine ligand 13 (CXCL13)] were also upregulated
[39]. Higher serum and synovial fluid levels of IL-17 and
IL-23 were also reported. A recent study of gene ex-
pression profiles in paired skin and synovial tissue con-
firmed these results, showing upregulation of genes
related to ELF formation [CXCL13, C-X-C chemokine re-
ceptor type 5 (CXCR5)] and IL-23 axis (IL-23A, IL-12B,
IL-23R). As opposed to consistent high skin expression
in psoriatic skin lesions, IL-23 axis-related transcripts
were inconsistently upregulated in synovial tissue. IL-
12B and IL-23R transcript expression levels were
increased in patients with higher synovitis scores. No
association with synovial pathotypes was reported. On
the other hand, IL-23p19 and IL-23R positive cells were
significantly higher in patients with higher degrees of in-
flammation and in lympho-myeloid and diffuse-myeloid
pathotypes [40]. Increased expression of IL-23, IL-17A
and IL-17RA has been reported by others in synovial tis-
sue. In addition, a co-localization with CD4" T cells,
CD8"' T cells and macrophages has been reported [41,
42]. As discussed, above, the local and systemic release
of IL-23 by dendritic cells and macrophages promotes
Th17 differentiation. The high levels of IL-23 in both
psoriatic skin and PsA synovium lead to the recruitment
of IL-17/IL-23 producing CD4™" T helper cells within arth-
ritic joints [43]. Locally, IL-23 will promote Th17 cells
leading to the expression and release of their signature
effector cytokines such as IL-17, IL-21, IL-22, GM-CSF
and chemokines receptors and their ligands (CCR®,
CCL20). In addition, IL-17* and IL-22% CD4" T cells
retrieved from peripheral blood more frequently express
IL-23R, hereby enhancing joint or skin recruitment [44].
Innate lymphoid cells (ILCs), NK cells and y6 T cells are
also part of the Th17 family and have been reported to
infiltrate the skin of PsA patients and release IL-17A or
IL-22 [45-47]. Notably, the ILC3 compartment leading to
IL-17A production is increased in PsA patients’ blood
[48].

IL-23R is expressed in several other cells within the
joints and enthesis in both RA and PsA such as macro-
phages, dendritic cells, neutrophils, synovial fibroblasts,
OCs and v& T cells, CD4" effector and memory and
CD8* T cells [49, 50]. It is therefore expected that IL-
23R polymorphisms may impact effector function in
PsA. Of interest, several single nuclear polymorphisms
in genes encoding the IL-12/IL-23 axis, such as IL12B,
IL23A, IL23R and STAT3, have been reported to confer
PsA susceptibility [51, 52]. More specifically, multiple
IL23R polymorphisms have been associated both with
risk of developing psoriasis and PsA and with PsA

https://academic.oup.com/rheumatology

IL-23 orchestrating immune cell activation in arthritis

severity [53-57]. However, the alterations of immune
function caused by these SNPs are still to be deter-
mined. Conversely, other alleles confer protection
against PsA, especially through the reduction of STAT3
phosphorylation leading to impaired production of IL-17
[68-60]. Of interest, the IL23R R381Q gene variant leads
to reduced L-23-mediated Th17 cell effector function
without interfering with Th17 differentiation; others such
as the SNP ¢.1142G>A;p.R381Q reduce the circulating
Th17 cell pool along with IL-17A and IL-22 serum levels
[69, 60]. On the other hand, it has been debated
whether IL23R polymorphisms could promote RA with
no consensus yet reached [47].

On top of its effect in initiating, promoting and main-
taining Th17 cells phenotype, IL-23 has been shown to
induce a wide range of effects on different effector cells
during arthritis. The release of IL-23 by myeloid cells in
the lymph nodes will prime T cells, while it will activate
innate immune and resident cells within the joints. IL-23
induces the expression of IL-23R, IL-17 and IL-22 on
neutrophils, which are known to play an important role
in psoriatic skin, while their participation in synovial in-
flammation is less clear [49].

In addition, Th17 cells are a key T cell subset in the
stimulation of osteoclastogenesis, by different mecha-
nisms [61]. First, the release of IL-17 and RANKL pro-
motes OC differentiation [62]. Secondly, when exposed
to IL-17, OC lineage cells upregulate RANK, the receptor
for RANKL, therefore rending them more susceptible to
differentiate into OC [63]. In addition to its direct effects
on bone cells, the pro-inflammatory action of IL-17 is
also pro-inflammatory, leading to the production of other
pro-inflammatory cytokines such as TNF, IL-1 and IL-6
which adds to its effects on bone resorption in arthritis.

However, it has been also suggested that IL-23 can
promote osteoclastogenesis in a Th17 independent
manner. IL-23 induces the expression of RANKL in syn-
ovial fibroblasts, thereby promoting osteoclastogenesis,
although this mechanism has been demonstrated in RA
but not PsA [64]. Additionally, in human peripheral blood
mononuclear cells, IL-23 showed potential to activate
DNAX activating protein of 12kDa and its immunorecep-
tor tyrosine-based activation motifs thereby upregulating
the activation of OC-associated genes (TRAP, CalCR,
MMP9) through OC transcription factor NFATc1 [65].
Similarly, by upregulating the expression of the RANKL
receptor, RANK, in OC precursors, IL-23 favours OC dif-
ferentiation and osteoclastogenesis [66]. Conversely, in-
hibitory effects of IL-23 have also been reported. Most
studies reporting similar findings have been studying
mouse models of arthritis or IL-23 deficient mice subse-
quently leading to bone mass loss [67-69]. Overall, al-
though the role of IL-23 on osteoclastogenesis remains
controversial, data from clinical trials of ustekinumab
(PSUMMIT-1 and -2) and guselkumab in PsA confirmed
that the inhibition of IL-23 could also reduce the pro-
gression of bone erosions in patients [70, 71]. IL-23
does not affect osteoblasts differentiation or function,
since these cells lack IL-23R expression [72].
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Data on a potential modulatory effect of IL-23 on
chondrocytes and cartilage remain scarce. Most studies
have investigated the IL-23-IL-17 axis in OA, showing a
correlation between pain and IL-23 serum levels [73];
and IL-23 was increased in synovial tissue-conditioned
medium from an OA patient displaying inflammatory
histological features [74]. In inflammatory arthritis, to our
knowledge, no study has assessed the direct effect of
IL-23. So far, the only data available suggest a role for
IL-23, along with downstream cytokine such as IL-17
and GM-CSF, in triggering cartilage damage in experi-
mental arthritis [75], but it is not known whether it hap-
pens indirectly though triggering other pro-inflammatory
cytokine release or both directly and indirectly [76].

11-23-1L-17 axis blockade in PsA and RA

Based on the aforementioned data, it appeared that tar-
geting IL-23 could be an effective strategy, similar to IL-
17 blockade [77]. Several clinical trials have used anti-
bodies targeting IL-17A (ixekizumab and secukinumab),
IL17A and F (bimekizumab) [78], IL-17RA (brodalumab),
both IL-17A and TNF (bispecific antibodies and ABT-
122, a dual-variable-domain immunoglobulin), the p40
subunit of IL-12 and IL-23 (ustekinumab and briakinu-
mab) or the p19 subunit of IL-23 (tildrakizumab [79],
risankizumab [80] and guselkumab). These compounds
have also been tested in spondyloarthropathies and
psoriasis. Ustekinumab has been shown to reduce cuta-
neous and articular inflammation along with structural
damage with a satisfactory safety profile in PSUMMIT 1
and 2 [70, 81, 82]. Additionally, secukinumab showed
very similar results in diverse trials leading to the ap-
proval of both compounds for PsA treatment [82-84].
Ixekizumab [85, 86], brodalumab [87] and guselkumab
[88] have followed the same paths and further drugs tar-
geting the IL-17-IL-23 axis are in development or cur-
rently being assessed in trials [77]. These data are
summarized in Table 2.

On the other hand, although numerous pre-clinical
studies have suggested a role of IL-23-IL-17 axis in RA
pathophysiology, clinical trials have failed to show any
efficacy of compounds targeting IL-23 and/or IL-17 thus
far [89, 90]. That being said, so far compounds have tar-
geted only the p19 subunit of IL-23 in trials in RA; fur-
ther studies are warranted to evaluate if targeting the
p40 subunit, which is common to IL-12, could represent
a more effective strategy.
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