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Editorial on the Research Topic

Role of the IL-23/IL-17 Pathway in Chronic Immune-Mediated Inflammatory Diseases:
Mechanisms and Targeted Therapies

Chronic inflammatory diseases (CID) are clinically heterogeneous conditions that share common
inflammatory pathways and derive from aberrant immune responses. The implication of the
interleukin-23/interleukin-17 (IL-23/IL-17) axis in several CID is supported by studies in animal
models of autoimmune disease (1, 2) and by the genome-wide association studies (GWAS) finding
that several of the non-MHC loci genetically linked to Crohn’s disease, psoriasis, and axial
spondyloarthritis (axSpA), are associated with genes in this pathway (IL23R, IL12B, IL6R, ILIR2,
RORC, RUNX3, TYK2, JAK2, CARD?Y) (3-5).

The clinical relevance of the IL-23/IL-17 axis has been validated by the successful treatment of
psoriasis, psoriatic arthritis (PsA) and axSpA with IL-17A inhibitors (6-8). Furthermore, targeting
IL-23 has proven highly effective for the treatment of psoriasis, and beneficial in PsA (9, 10), a
disease belonging to the SpA spectrum. However, the clinical studies using these drugs have also
given unexpected results, dissociating the effectiveness of IL-17 from IL-23 inhibitors in different
diseases (11). A recent phase 2 study testing the IL-23 inhibitor risankizumab did not show any
clinically improvement compared to placebo in patients with active axial SpA (12), despite the
strong GWAS association of IL23R with SpA (4). Conversely, targeting IL-23 has proven eftective
for the treatment of Crohn’s disease, while IL-17 inhibition induced worsening of symptoms in this
disease (13).

These findings demonstrate our limited understanding of the pathogenic mechanisms of IL-17
and IL-23 in these CIDs, suggesting the need to reassess the link between IL-23 and IL-17 in
these diseases.

This Research Topic offers an overview of the impact of the IL-23/IL-17 pathways in CIDs, in
particular SpA, with a focus on the mechanisms driving pathogenesis and response to therapy.

IL-23 is important for the expansion and the functional activity of T helper 17 (Th17) cells, which
secrete the pro-inflammatory cytokine IL-17 (14), but it may also act on several populations of innate
immune cells that express the IL-23 receptor (IL-23R), including innate lymphoid cells (ILC), ¥8 T
lymphocytes, iNKT cells, mucosal-associated invariant T cells (MAIT), and, neutrophils (15-20).
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Some of these populations have been found to accumulate in the
diseased tissues of patients or of model animals (21), suggesting
that the inflammatory response in CID may be the result of a
complex interplay of different immune cell types whose relative
role in the pathogenesis of specific CIDs remains to be defined.
Rosine and Miceli-Richard provide a comprehensive overview of
IL-17 producing innate cell subsets in the context of SpA
pathogenesis, while McGinty et al. propose that the
immunoregulatory function of Trl cells may be impaired in
SpA. IL-10 production by Trl was shown to prevent gut
inflammation, and IL-23 downregulates IL-10 secretion in these
cells (22). Given the therapeutic potential of these cells, the future
challenge is the development of appropriate pre-clinical models to
explore the role of Trl cells in CIDs.

Another cytokine regulated by IL-23 is IL-22, which is
produced by Th17 cells, among other cell subsets (23). Lindhal
and Olson explore in detail the role of IL-22 in Th1/Th17 cell
polarization and in CIDs. Although the different studies are not
always consistent, IL-22 seem in most models to reduce Thl
responses and may contribute to resolve inflammation by
inducing IL-10 production.

Th17 differentiation is regulated at the transcriptional level by
the IRF4 transcription factor (24). Using a T cell transfer model of
colitis, Buchele et al. demonstrate that IRF4 also controls Th17
pathogenic function indirectly, by acting in a conventional
Dendritic Cell 2 (¢cDC2) subset. This work highlights the role of
IRF4 as a molecular switch that controls Th17 differentiation, as well
as the importance of the cDC2 subset in the pathogenesis of colitis.

Adding complexity to the regulation of Th17 function, Peng
et al. demonstrate a post-transcriptional mechanism that
controls IL-17-mediated inflammation. The authors have
shown that Tristetraprolin (TTP), an RNA-binding protein,
inhibits IL-23 expression. In the present work, Peng et al. show
that TTP conditional KO (CD4CreTTP"!) mice displayed
increased systemic IL-17A and skin Th17 cells, and increased
susceptibility to DSS-induced colitis. These data indicate that
TTP is an important regulator of inflammation and a potential
new therapeutic target.

Animal models of CID have been crucial to improve our
understanding of the molecular processes that drive CIDs, as
comprehensively illustrated by Mandour et al,, in particular for
diseases such as axSpA, for which access to human diseased
tissue is difficult. Rodent models for SpA have been useful to
study the molecular mechanisms of IL-23 induced pathogenesis,
despite the fact that none reflects the whole range of pathologic
findings of this disease. The study of these models has
highlighted the possible role of IL-23-dependent gut and skin
inflammation in triggering joint pathology. Another interesting
finding of these studies is the importance of IL-23 in the early
phases of SpA pathogenesis, demonstrated by the ability of IL-23
blockers to prevent disease onset when administered before the
development of symptoms. The study of early events in these
models may help develop predictive tools and identify targets for
early therapeutic intervention. Whether IL-23 plays a similar role
in the pre-clinical phase of the disease in humans remains to
be established.

In human studies, GWAS have proven very useful to indicate
potential pathogenic pathways in CIDs.

Disease-associated genetic variants may have the power to
discriminate between similar conditions, such as psoriasis, PsA
and ankylosing spondylitis (AS). In their article, Vecellio et al.
highlighted the contribution of the IL-17/IL-23 axis to PsA, a
disorder sharing most of the genetics and molecular mechanisms
with other inflammatory diseases, like psoriasis, AS,
inflammatory bowel disease and Behget disease. The
association of loci in the IL-17/IL-23 axis is the usual suspect
that characterizes these disorders, together with the contribution
of Th17 lymphocytes. The development of biologics blocking
IL-17, such as Secukinumab in AS, or IL-23 such as Ustekinumab
in psoriasis/PsA, demonstrates the value of a combination of
genetic markers as an approach to identify credible targets for
treatment. Wordsworth et al. elegantly summarize the progress
made in the last years by the research community to identify
candidate genes that contribute to increased AS susceptibility.
More than 100 loci have been found to be associated with
increased AS risk, but this could be an underestimate: it is
crucial to have large cohorts and bigger sample size to increase
the power of these studies. The authors point out that still no
reliable genetic predictors of disease severity in AS or response to
treatment are available, despite the efforts of the scientific
community. The identification of credible therapeutic targets
and the translation of genome wide association studies (GWAS)
findings in AS, is the main massage from Zaroour et al’s
contribution. Despite recent progress, several challenges are
still present in order to predict which are the causal genes
regulated by disease-associated genetic variants and to define
the relevant cell-type where these SNPs act. The success of
biologics targeting the IL-17/IL-23 axis highlights the value of
genetic studies for drug development. However, since it’s very
unlikely that two patients will have the same genetic makeup,
stratification based on genetic predictors remains challenging.

Schinocca et al. summarize recent findings in human and
animal models supporting the role of the IL-23/IL-17 pathway
in SpA and other rheumatic diseases, including Rheumatoid
Arthritis, Sjogren Syndrome and Systemic Lupus Erythematosus,
linking molecular pathology to the development of biologic
therapies. Several novel biologics targeting the IL-23/IL-17
pathway (including IL-17F and the Janus kinases (JAK)
downstream of IL-23R) are being currently tested, as detailed by
Ceribelli et al. in their comprehensive review of ongoing clinical
trials for SpA treatment.

Hammitzsch et al. focus their attention on the role of JAKs
in SpA pathogenesis, and the development of inhibitors for
treatment. Given the pleiotropic role of a JAK in multiple
signaling pathways, they argue for the use of selective
inhibitors, to avoid undesired alterations of bone homeostasis.

In a bedside to bench approach, Fiechter et al. interrogate the
effect of IL-23 inhibition on molecular pathways and cellular
populations in the synovia of PsA patients. Major pathways
modulated by treatment were MAPK/ERK, mTOR and Wnt
signaling, while IL-17A production was not significantly affected,
supporting a non-linearity in the IL-23/IL-17 pathway, and the
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possibility of other pathogenic targets downstream of IL-23.
Changes induced by treatment in the Wnt pathway also
indicate the importance of better investigating the effects of
IL-23 on bone metabolism.

Liu et al. explore the role of IL-23 and the effects of its
inhibition in a wide range of inflammatory skin diseases. Their
analysis suggests that IL-23 may be important for the
development of several skin diseases, including Hidradenitis
Suppurativa or Pityriasis Rubra, which show clinical
improvement upon IL-23 blockade. Bugaut and Aractingi
focus on the pathogenesis and treatment of psoriasis, with an
eye to new therapeutics inhibiting selective JAKs and the
transcription factor RORYt, which is essential for the function
of Th17 cells. The authors underline how improved
understanding of IL-23/IL-17 biology, and of the many cell
types involved, may lead to the identification of new
therapeutic targets, necessary for severe and refractory cases.

The role of the IL-23/IL-17 axis in inflammatory bowel
disease (IBD) is reviewed by Schmitt et al. and by Noviello
et al. An interesting concept that emerges from this overview is
the importance of considering T cell plasticity and changes in
immune profiles during disease progression, which may explain
the need for a different biological treatment at different stages of
disease. Noviello et al. also suggest the possibility of stratifying
patients for treatment according to baseline cytokine levels.

Finally, Baeten and Adamopoulos and McGonagle et al.
discuss potentials reasons why IL-23-inhibition failed in AS.
Revisiting the scientific rationale for conducting trials of IL-23-
inhibitors in AS, Baeten and Adamopoulos caution that the
evidence supporting a central role of IL-23 in the pathobiology of
AxSpA was circumstantial, at best. In particular, they state that
systemic IL-23 exposure induced chronic arthritis, severe bone
loss and myelopoiesis in the bone marrow and spleen of mice
(25), a phenotype which is not compatible with AxSpA. This
report clearly contrasts the more publicized observation that
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IL-23 overexpression induces a SpA-like phenotype in mice (26).
This perspective concludes with the notion that the IL-23/IL-17
axis is not a linear “cascade” and that genetic data are an
excellent tool to generate hypotheses, but are not sufficient to
prove or disprove them. McGonagle et al. argue that IL-23
blockade can prevent disease onset but not established disease
in an experimental SpA model (27). Even if it is currently not
clear if these observations can be translated to human disease,
they point to a role of IL-23 in disease initiation, while persistent
disease may be maintained by IL-23-independent IL-17
production by memory T cells. IL-23-independent IL-17
production by various lymphocyte populations is discussed in
several reviews in this topic. McGonagle et al. point out that there
is heterogeneity within human yd T cell populations with respect
to IL-23 receptor expression. Both 81 and 82 yd T cell
populations express IL-17A following stimulation, however
only the 82 population further upregulated IL-17A production
when stimulated in the presence of IL-23 (16). An interesting
point also discussed by McGonagle et al. is that patients with
active PsA and imaging-confirmed sacroiliitis (axial PsA) benefit
from treatment with the anti-IL-12/23 inhibitor ustekinumb (28)
and the IL-23 inhibitor guselkumab (29). Thus, a subgroup of
SpA patients with axial inflammation may actually benefit from
IL-23-blockade, and McGonagle et al. propose that adequate
IL-23 posology may be critical in this condition.

In conclusion, the articles included in this collection reached
their “primary endpoint”, that is raising more questions to guide
future clinical and fundamental research.
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Spondyloarthritis (SpA) is a chronic inflammatory rheumatism characterized by
inflammation of sacroiliac joints, peripheral joints, and spine. The Assessment of
SpondyloArthritis Society describes three disease forms: axial (axSpA), peripheral, and
enthesitic SpA. Each may be associated with extra-articular manifestations: psoriasis,
inflammatory bowel disease, and acute anterior uveitis. Genome-wide association studies
performed in axSpA and psoriatic arthritis (PsA) have shown a shared genetic
background, especially the interleukin 23 (IL-23)/IL-17 pathway, which suggests
pathophysiological similarities. The convincing positive results of clinical trials assessing
the effect of secukinumab and ixekizumab (anti-IL-17A monoclonal antibodies) in axSpA
and PsA have reinforced the speculated crucial role of IL-17 in SpA. Nevertheless, and
obviously unexpectedly, the differential efficacy of anti-IL-23—targeted treatments between
axSpA (failure) and PsA (success) has profoundly disrupted our presumed knowledge of
disease pathogeny. The cells able to secrete IL-17, their dependence on IL-23, and their
respective role according to the clinical form of the disease is at the heart of the current
debate to potentially explain these observed differences in efficacy of IL-23/IL-17-targeted
therapy. In fact, IL-17 secretion is usually mainly related to T helper 17 lymphocytes.
Nevertheless, several innate immune cells express IL-23 receptor and can produce IL-17.
To what extent these alternative cell populations can produce IL-17 independent of IL-23
and their respective involvement in axSpA and PsA are the crucial scientific questions in
SpA. From this viewpoint, this is a nice example of a reverse path from bedside to bench,
in which the results of therapeutic trials allow for reflecting more in depth on the
pathophysiology of a disease. Here we provide an overview of each innate immunity-
producing IL-17 cell subset and their respective role in disease pathogeny at the current
level of our knowledge.

Keywords: spondyloarthritis, psoriatic arthritis, IL-17A, innate cells, IL-23, IL-17
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INTRODUCTION

Spondyloarthritis (SpA) is a chronic inflammatory disease
characterized by inflammation of the sacroiliac joints, peripheral
joints, and spine. The Assessment of SpondyloArthritis Society
describes three disease forms: axial (axSpA), peripheral, and
enthesitic. Each of these forms can be associated with extra-
articular manifestations: psoriasis, inflammatory bowel disease,
and acute anterior uveitis. Genome-wide association studies
performed in the axial and more severe form (ie., ankylosing
spondylitis [AS]) have revealed significant genetic associations
with several polymorphisms involved in the T helper 17 cell
(Th17) pathway: IL-23 receptor (IL-23R), IL-12B, IL-1R2, IL-6R,
and RUNX3. These results, among others, have shed light on the
role of the Th17 pathway in axSpA. Of note, GWAS performed in
psoriasis and psoriatic arthritis (PsA) have shown similar genetic
associations regarding Th17 pathway components, which suggests
a common genetic background and potential shared pathogenic
mechanisms for this spectrum of diseases.

Th17 cells are the third subset of effector CD4" Th cells
characterized by the expression of IL-17. IL-17 contributes to the
clearance of a range of pathogens (e.g., Candida albicans,
Klebsiella pneumoniae, and Staphylococcus aureus)—the Yin
and beneficial face of IL-17. Nevertheless, they have also been
associated with the pathogenesis of several immune-mediated
inflammatory diseases—the Yang and deleterious face of
Th17 cells.

In recent years, the involvement of the IL-23/IL-17 axis in
the pathophysiology of SpA has been established both in
peripheral blood and affected tissues. Several mouse models
have shown the major role of Th17 cells in triggering
autoimmunity and autoimmune diseases (1). Synovial fluid
and/or serum from patients with active AS, undifferentiated
SpA, and PsA show increased expression of IL-17A (2, 3).
Consistent with the increased expression of serum IL-17, the
increased absolute number and/or frequency of circulating
CD4" Th17 cells have been reported in AS, PsA, and reactive
arthritis (4-6), but these observations have been controversial
(7, 8). Regardless, IL-17 production was found not restricted to
CD4" Th17 cells. Other innate immune cells can produce IL-17,
and even if some represent a quantitatively minor cell subset,
their potential role in SpA pathophysiology should not
be underestimated.

TH17 CELLS: THE “CLASSICAL” IL-17-
SECRETING CELLS

Th17 cells are involved in the defense against certain bacterial
and fungal infections, participate in the stimulation and
recruitment of polynuclear neutrophil cells, and stimulate the
production of antimicrobial peptides and pro-inflammatory
cytokines by polynuclear neutrophil cells. IL-17A, IL-17F, IL-
22, and IL-21 are the effector cytokines produced by Th17 cells;
IL-23 is mainly produced by myeloid cells (macrophages),

dendritic cells, and keratinocytes and favor expansion and
stabilization of Th17 responses.

Biologically active IL-23 consists of IL-23p19 linked via a
disulfide bond to IL-12p40 and signals through the IL-23R in
complex with IL-12RB1 (9, 10). The co-localization of IL-23R
and IL-12RP1 enables the complex to activate Janus kinase 2
(JAK2) and tyrosine kinase 2 (10), which subsequently
phosphorylates signal transducer and activator of transcription
3 (STAT3) (10, 11). The phosphorylation of STAT3 leads to its
translocation into the nucleus and further activates the
transcription factor retinoic acid-related orphan receptor
gamma t (RORyt). RORYt expression induces the transcription
of downstream cytokines IL-17A, IL-17F, and IL-22 (12). RORyt
also induces the expression of the chemokine receptor CCR6,
which allows for the migration of Th17 in inflamed tissues. The
binding of CCL20 on CCR6 allows for the chemoattraction of
dendritic cells, effector and memory T cells and B cells, especially
on the mucosal surface in homeostatic and pathogenic
conditions (13). The IL-23 pathway induces a positive feedback
loop able to maintain the pathogenic activity of this
pathway (14).

IL-17A was cloned in 1993 and was considered the IL-17
family leader, but other proteins structurally related to IL-17A
were further identified in the 2000s. Thus, the IL-17 family
consists of IL-17A, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F.
IL-17A is mainly produced by Th17 cells. IL-6 and transforming
growth factor B (TGFp) promote the initial differentiation of Th0
to Th17 cells, whereas IL-23 stabilizes and expands Th17 cells in
mice (15). The activity of IL-17A is mediated via a heterodimeric
receptor consisting of IL-17RA and IL-17RC. This complex
recruits the nuclear factor kB (NF-xB) activator 1 (ACT1)
adaptor protein to activate several pathways such as mitogen-
activated protein kinases (MAPKs) including p38 MAK, c-jun
N-terminal kinase (JNK), extracellular signal-regulated kinase
(ERK), JAK, STAT, and phosphoinositol 3 kinase (PI3K). It also
induces several pro-inflammatory cytokines (IL-1f, IL-6, tumor
necrosis factor oo [TNFa], C-C motif chemokine ligand 2
[CCL2]), antimicrobial peptides (f-defensin), and matrix
metalloproteinases [reviewed in (16)].

IL-21 and IL-22 are two other key cytokines secreted by Th17.
IL-22 has a protective effect on the cutaneous, digestive, and
respiratory-tract barriers via the production of anti-bacterial
proteins and chemokines, the increase in cellular mobility, and
the expression of molecules amplifying its action. IL-22 can act
synergistically with TNF and appears to enhance the effect of IL-
17A and IL-17F in some in vitro models [reviewed in (17)]. The
other sources of IL-22 are somewhat like those of IL-17A (type 3
innate lymphoid cells [ILCs] mainly and invariant natural killer
T [iNKT] cells) via RORyt. However, Th1 lymphocytes produce
IL-22, with level correlated with interferon y (IFNYy) and T-bet
levels. Some authors have even described an independent
population named Th22. The production of IL-22 goes
through the transcription factors aryl hydrocarbon receptor
(AhR) and RORYt as for Th17 (but with induced IL-22 mRNA
expression less important for the latter). These results suggest
that differentiation to either of these two cell types relies on RAR
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Related Orphan Receptor C (RORC) expression [reviewed in
(17) and (18)]. IL-21 is also produced by Th17 and has an
autocrine action. Even if not mandatory for Th17 differentiation,
IL-21 allows for the stabilization of the Th17 phenotype and
proliferation capacities. IL-21 increases the expression of IL-23R
and induces the expression of RORYt [reviewed in (19) and (20)]
(Figures 1 and 2A).

ALTERNATIVE SOURCES OF IL-17:
INNATE IMMUNE CELL SUBSETS

Several groups are currently investigating whether these innate
immune subsets are dysregulated in SpA and to what extent they
might contribute to disease pathogeny.

Mucosal-Associated Invariant T

(MAIT) Cells

Various cytokines are expressed by MAIT cells, such as IFNy, IL-
17, or cytotoxicity granules after a large pattern of stimuli (21,
22). The cells display an effector phenotype with chemokine
receptor expression suggesting their ability to migrate in tissues.
MAIT cells express an invariant T-cell receptor (TCR; Vo7.2)
activated by the major histocompatibility complex class I-related
protein 1 (MR1) (Figure 2B). MRI1 is ubiquitously expressed by

many cell types, especially hematopoietic and epithelial cells, so
they can act as antigen-presenting cells (23). At the exit of the
thymus, MAIT cells are still naive cells but very quickly become
memory cells after interacting with B cells and the commensal
flora (24). Indeed, B cell-deficient patients lack MAIT cells. The
mechanism of interaction and the stage of maturation at which
this interaction occurs is not known, but the ability of B cells
incubated with bacteria to induce MAIT cells suggests an
interaction with MR1 (25, 26). The transcription factors
promyelocytic leukaemia zinc finger protein, RORcT, and
CD161 are also rapidly expressed so that once in the
periphery, MAIT cells acquire a memory phenotype (26).

These cells are related to the CD8 cell subset. In fact, they
express CD8oit homodimers or intermediate levels of CD803 or
are double negative for CD8 o and [ chains (27). MAIT cells are
mainly present in the liver, where they represent up to 20% to
50% of T cells (28, 29), but they are also found in blood,
mesenteric lymph nodes, lamina propria, and especially
inflammatory tissues during different diseases. Indeed, the
presence of chemokine receptors (CCR5, CCR6, CXCR6)
suggests a tissue tropism, and the presence of cytokine
receptors such as IL-23R and IL-18R is linked to their ability
to secrete pro-inflammatory cytokines, mostly TNFo, IFNYy, and
IL-17, after strong stimulation (28-30). However, stimulation
with CD3/CD28 or antigen-presenting cell infection is sufficient
to induce IFNY, whereas PMA/ionomycin is necessary to induce
IL-17A (21, 22, 31-34).
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FIGURE 1 | Schematic representation of signaling and transcriptional regulation of Th17 polarization. Th17 cells are induced upon TCR activation in the presence of
TGFB, IL-1B, IL-6, IL-21, and IL-23. IL-6, IL-21 and IL-23 activate several STATSs that bind to the promoter regions and activates transcription of RORyt. In addition,
IL-1 induces RORgt via P38/mTOR and IRF4. TGFp stimulation induces RORyt activation via SMADs. RORgt leads to IL-17 and other Th17-related cytokines
expression. TCR activation activates MAPK, NFkB and calcium signaling pathways that also induce Th17-related cytokines expression via alternative transcription
factors (NFAT, NFkB, Jun and Fos). Adapted from KEGG pathways https://www.genome.jo/kegg-bin/show_pathway?hsa04659.
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FIGURE 2 | (A) Schematic overview of the main receptors and secreted cytokines of Th17 cells. CD4+Th17 cells are induced on T-cell receptor (TCR) activation in
the presence of TGFB, IL-1B, IL-6, IL-21, and IL-23. IL-6, IL-21, and IL-23 activate STAT3, which binds to the promoter regions and activates transcription of RORyt
and IL-17. Th17 cells also produce other cytokines, mainly pro-inflammatory cytokines: TNFa, IL-21, IL-22, and IL-26. Th17 cells possess 2 markers specific to IL-
17 producing cells: CD161, a marker of activation belonging to the C-lectin family, and CCR6, a chemokine receptor that binds only one chemokine, CCL20. It may
regulate the migration and recruitment of dendritic cells and T cells during inflammatory and immunological responses. (B) Schematic overview of the main receptors
and secreted cytokines of mucosal-associated invariant T (MAIT) cells. MAIT cells express an invariant TCR, Va.7.2. They recognize the conserved major
histocompatibility complex-like protein 1 (MR1), which presents a bacterial-derived ligand, riboflavin. MAIT cells express various cytokines and receptors. In the
cytokine environment, MAIT cells can release cytotoxicity granules, perforin and granzyme (B) They also display specific receptors to induce a type 1 immune
response (IFN, IL-12, and IL-18 receptors to produce TNFo and IFNy) and a type 3 immune response (IL-23R to produce IL-17 and IL-22). IL-7 receptor (IL-7R) is
also displayed on the surface of MAIT cells. IL-7R plays a critical role in the development of immune cells and could be of particular interest for these cells. MAIT cells
possess the 2 markers specific to IL-17—producing cells, CD161 and CCR6. CXCR6 and CCR5 are also expressed, but their roles are not fully understood.

(C) Schematic overview of the main receptors and secreted cytokines of ¥d T cells. ¥d T cells express a TCR that does not engage major histocompatibility complex
antigen complexes but rather conserved phosphoantigens of bacterial metabolic pathways. Self-induced proteins overexpressed by infected cells or tumor cells are
detected by NKG2D expressed at the surface of y8 T cells. IL-1, IL6, IL-18, IL-23R, and TGFp induce the production of IL-17. TLR2 is expressed at the surface of
these cells and could also be involved in the production of IL-17 by 8 T cells. yd T cells can also release cytotoxicity granules: perforin and granzyme B and other
pro-inflammatory cytokines, IL-22, TNFa, and IFNy. IL-7 receptor (IL-7R) is on the surface of y3 T cells and participates with CD25 and SCART2 in maintenance of
the phenotype. yd T cells possess the 2 markers specific to IL-17—-producing cells, CD161 and CCR6. (D) Schematic overview of the main receptors and secreted
cytokines of invariant natural killer T (iNKT) cells. iNKT cell activation depends on the interaction between the invariant TCR antigen Voa24 with CD1d loaded with the
prototypic antigen glycosphingolipid a-galactosylceramide (aGalcer). iINKT cells can also be activated independently by the cytokine environment. INKT cells display
different receptors: “type 1”: IL-12 and IL-18 receptors”; type 3”: IL-23 receptor; but also CD40L to interact with B cells. This combination allows for releasing various
cytokines including TNFa., IFNa, IFNB, IFNy, IL-4, IL-17, and IL-22. INKT cells also possess 2 markers specific to IL-17-producing cells, CD161 and CCR6.

(E) Schematic overview of the main receptors and secreted cytokines of innate lymphoid cells (ILCs). ILCs are characterized by lack of markers specific for T cells, B
cells, and other hematopoietic cells. ILC development depends mainly on IL-7. ILCs are tissue-resident cells and possess chemokine receptors for migration, CCR6
for ILC3. ILC3s are related to RORYT and produce IL-17, IL-22, TNFa, and granulocyte macrophage—colony-stimulating factor in response to IL-1p and IL-23.
Human ILC3s are identified by the combination of NKp44 that may normally contribute to the increased efficiency of activated natural killer (NK) cells; CD117, a
tyrosine kinase receptor, and CD127 (IL-7Ra).
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Invariant Natural Killer T (iNKT) Cells

iNKTs were first described for their regulatory role in oncology
and autoimmunity. On the one hand, they promote cell-
mediated immunity against tumors and bacteria or viruses,
and on the other, they limit cell-mediated immunity and
allograft rejection. This tolerogenic role in autoimmunity has
been described in different experimental models such as type 1
diabetes, multiple sclerosis, systemic lupus erythematosus,
rheumatoid arthritis (35); ozone-induced asthma (36); and
collagen-induced arthritis (37), but there are discrepancies with
opposite results depending on the treatment protocol or
mouse strains.

In humans, these cells represent approximately 0.01% of
peripheral blood mononuclear cells, with considerable inter-
individual variability (approximately 100-fold). The iNKTs
have a Vo24-Jol8-VB11 invariant TCR (loading lipids or
glycolipids) and are CDI1d-restricted (Figure 2D). Upon
activation, they can release a large panel of pro- and anti-
inflammatory cytokines. The combination of the type of
molecules loaded on CD1d, the binding kinetics, and the signal
strength determine cell polarization and the profile of pro- or
anti-inflammatory released cytokines (38).

A small subpopulation of IL-17A-producing iNKT's has been
described in mice. These IL-17" iNKT cells express the RORYT
transcription factor IL-23R and the chemokine receptor CCR6
(39-42). INKT cells are found in the thymus, spleen, liver, and
lungs and are highly enriched in peripheral lymph nodes. In vivo,
they can produce high concentrations of IL-17, within 2 to 3 hr
after stimulation with lipopolysaccharide or lipopolysaccharide-
activated dendritic cells [reviewed in (43)]. Recently, this specific
population has been described in humans. The RORYT" iNKT
subset of cells accounted for 2.1% of the parent population and
produced IL-17A and IL-22. The IL-23R was not expressed on
the surface of these cells, but the authors found IL-23R mRNA
expression, which suggested that the expression of the receptor
on the cell surface depended on the inflammatory context.
Secretion of IL-17A needed the combined presence of IL-23
with invariant TCR V24 stimulation (44).

Gamma delta T Cells (yd T Cells)

YO T cells represent approximately 3% to 5% of all lymphoid cells
found in blood (45) and 50% of the total intraepithelial
lymphocyte population at mucosal and epithelial sites,
especially in the gut. In contrast to oy T cells, whose mode of
action is based on the TCR (46), Y0 T cells are sensitive to a
variety of antigens (47), mainly phosphorylated metabolites, also
called phosphorantigens, issuing from bacterial metabolic
pathways (48). 0 T-cell differentiation is already advanced at
their exit from the thymus, which limits their plasticity in the
periphery. Thus ¥ T cells are activated by the cytokine
environment rather than their TCR. Differentiation and
expansion of IL-17" ¥3 T cells would depend mainly on IL-7
and TGFp. We can now distinguish at least 4 subpopulations of
Tyd lymphocytes based on their effector function: IL-17
producers, IFNy producers, innate-like Tyd (49), and 0 T

regulatory cells described in 2009 by Otsuka et al, only in
mouse (50). Y0 T cells express chemokine receptors, cytokine
receptors, and pattern recognition receptors, and the receptors
have been found involved in activating Y8 T cells, especially IL-17
(Figure 2C). v0 T cells possess receptors for IL-1, IL-6, IL-18, IL-
23, and TGFfB1 promoting IL-17 production. Signaling pathways
traditionally involved in IL-17 production are also described for
S T cells: Toll-like receptor 2 and Dendritic Cell-associated
C-type lectin 1 (dectin 1), as well as the internal AhR. Recently,
other types of interaction have been found involved in the
production of IL-17A: CD30/CD30L and CD27. B- and
T-lymphocyte attenuator and Notch could regulate this
production by inhibiting RORYT' (51). In addition, models of
IL-2- and IL-25-deficient mice have shown that IL-2 plays a key
role in maintenance of IL-17A-producing cells. The IL-2
receptor o chain (CD25) but not 8 chain (CD122) is expressed
on the surface of IL-17-producing Y8 T cells (52). IL-17" yd T
cells share many phenotypic characteristics with Th17,
particularly STAT3 and RORYT transcription factors as well as
surface markers CCR6 and IL-23R. The cytokine environment
mainly determines the differentiation and expansion of this IL-
17-producing subpopulation of ¥d T cells: IL-7, whose receptor
IL-7Ra is more expressed in the CD27" cell fraction, and TGEp,
whose role seems to amplify the production of IL-17 (53). The
role of the TCR on 3 T-cell effector functions is still debated.

Innate Lymphoid Cells (ILCs)

ILCs are divided into 4 groups according to the specific cytokines
they produce and the specific transcription factors they express
according to their profile of differentiation and function. ILCs are
tissue-resident innate immune cells involved in the host defense
against pathogens and in tissue remodeling. Group 1 ILCs
(ILC1s) are defined by their expression of T-bet and the
production of IFNy and TNFoa. ILCls have cytotoxic
properties and are mainly found in the intestine, lung, and
skin. Group 2 ILCs (ILC2s) express GATA3 and type 2
cytokines (IL-5, IL-9, and IL-13) upon IL-33 and IL-25
stimulation. ILC2-secreted cytokines can promote M2
macrophage polarization. ILC2s reside in lung, intestine, gut,
and skin. Group 3 ILCs (ILC3s) and lymphoid tissue inducer
(LTi) cells both express RORyt and produce IL-17 and/or IL-22
(Figure 2E). LTi cells drive the formation of secondary lymphoid
structure such as lymph nodes and Peyer’s patches during fetal
development. ILC3s are found in skin and are particularly in
psoriasis lesions (54). ILC3s seem to be critical for gut
homeostasis by modulating cell proliferation, cytokines and
antimicrobial peptide production, permeability of the intestinal
barrier, and interactions between microbiota and CD4" T cells.
NKp44" ILC3s are found in the mouse intestine and have a
protective effect against induced colitis with a “homeostasis
keeper” function via IL-17 secretion (55, 56). In healthy
individuals, 0.01% to 0.1% of circulating lymphocytes express a
CD127" ILC phenotype. Recently, Lim et al. showed that most
CD127" ILCs found in peripheral blood are ILC2s, with near
absence of NKp44™ ILC3s (57) and CD127 ILCls (58). The
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authors also showed that ILC subpopulations differentiated in
tissues and persisted in blood as a precursor. In the human gut,
ILCs are mainly represented by CD127" ILCls that are involved
in the defense against pathogens in response to danger
signals (58).

In humans, different subpopulations with similar phenotypic
characteristics can be found on the same site, which suggests a
plasticity of these cells. The cytokine environment is at the origin of
the trans-differentiation of ILC3s to ILCls: the pro-inflammatory
cytokines IL-12 and IL-18 induce a downregulation of RORYT
associated with an upregulation of T-bet (59, 60). This type of trans-
differentiation has been observed in Crohn’s disease (61).

Neutrophils
Neutrophils are the first line of defense of the immune system,
constituting a cellular barrier against fungi and bacteria but also
against altered endogenous cells or molecules. Neutrophils are
mature cells that are rapidly activated and functional but with a
short lifespan (a few hours) (62). The essential immune functions
and short lifespan of neutrophils demand their constant
production in bone marrow, called granulopoiesis. This highly
regulated mechanism produces 10'" neutrophils each day (63).
As a first-line defense, neutrophils have various functional
capacities that occur alone or in combination (64, 65) and
allow for destruction of the pathogen: phagocytosis, oxidative
stress, release of cytokines, and NETosis. Furthermore,
neutrophils are able to interact with immune cells, favoring the
maturation of dendritic cells and natural killer cells and Th1 and
Th17 differentiation (66). Conversely, Th17 cell-derived
cytokines (e.g., IL-17, CXC-chemokine ligand 8 [CXCLS; also
known as IL-8], IFNYy, TNF, and granulocyte macrophage-
colony-stimulating factor [GM-CSF]) favor recruitment,
activation, and prolonged survival of neutrophils at
inflammatory sites. Cellular interactions between lymphocytes
and neutrophils are crucial. These exchanges participate in
regulating the adaptive immune system as suggested by the
migration of neutrophils to lymph nodes. Nevertheless,
neutrophils have limited transcriptional capacity. The quantity
of mRNA produced corresponds to only 5% of that of the
other leucocytes (67). However, considering that neutrophils
recruited to inflamed tissues greatly outnumber other
leukocytes, the overall impact of neutrophil-derived cytokines
in the inflammatory response could counterbalance this
transcriptional limitation. Like other cell populations, sub-
populations of neutrophils with very specific abilities seem to
exist both under homeostatic and pathological conditions.
Granulopoiesis is finely regulated by GM-CSF. This
phenomenon induces a release of other pro-inflammatory factors
(such as cytokines, chemokines, and matrix metalloproteinases) by
mesenchymal and myeloid cells, thus allowing neutrophil
recruitment and activation: the “neutrostat” system (68). The
direct production of IL-17A by neutrophils is a highly
controversial subject. Taylor et al. provided evidence that
neutrophils could produce IL-17A not only for auto-loop
activation but also to amplify the phenomenon of oxidative burst
and defense against fungi. After preincubation with a fungal

stimulus and incubation in the presence of IL-6 and IL-23, IL-
17A mRNA and protein expression by neutrophils was detected.
The neutrophils expressed IL-23 and IL-6 receptors on their cell
membrane. The authors then showed that IL-17A production
depended on RORyt and Dectin2. However, the cytokine
concentrations used to stimulate the neutrophils were very high,
far from “physiologic” conditions (69). More recently, a work from
Tamassia et al. failed to reproduce these results. The authors showed
with multiple methodological approaches that even with the same
stimulations, neutrophils could not express or induce secretion of
IL-17A at any stages of maturation. They also demonstrated that the
antibodies used for immunohistochemistry/immunofluorescence
were not specific to IL-17A and could induce false positive
results. Finally, they showed the lack of histone marks associated
with active and poised regulatory elements at the IL-17A locus of
neutrophils as compared with Th17 cells, which suggested the
inability of neutrophils to express IL-17A mRNA (70). A recent
work from our group also confirmed that stimulated neutrophils
from SpA patients were unable to express IL-17 A or IL-17F, both at
the mRNA and protein levels (personal data).

Mast Cells

Mast cells are innate tissue resident cells of the immune system.
They are not fully differentiated and are able to survive
months or years despite not circulating in their mature form.
Mast cells possess lysosome-like secreting dense granules in their
cytoplasm that are released upon activation (71, 72) and
represent a unique array of immune-modulating molecules.
The activation signals rely on various stimulation processes
including IgE receptor crosslinking, complement activation,
neuropeptides, and toxin stimuli. Activation of mast cells
induces the exocytosis of pre-formed molecules stored in
granules. Mast cells “communicate” with various cell types,
including cells belonging to the innate and adaptive immune
system such as lymphocytes, macrophages, dendritic cells, and
neutrophils (73). In several mouse models, mast cells participate
in neutrophil recruitment via IL-8 (74): synovium in collagen-
induced arthritis (75), skin in bullous pemphigoid (76),
and meninges in experimental autoimmune encephalomyelitis
(77). The mast cell ability to produce IL-17 was first
suggested in atherosclerosis. Indeed, carotid endarterectomy
immunohistochemical analysis revealed IL-17A/F" mast cells
in complicated plaques, with no observation of IL-17A/F" T
cells (Th17 cells). The ability of mast cells to produce IL-17A has
also never been confirmed in mice models. A recent work
involving tonsil biopsies and synovial tissue suggested that
mast cells were able to capture circulating IL-17A and release
it via a dynamic mechanism of endo- and exocytosis (78). The
authors demonstrated that mast cells did not possess the
necessary transcriptional machinery allowing for IL-17A
synthesis. Even after stimulation, they did not find mRNA for
IL-17A, whereas in immunofluorescence assessment of tonsillar
sections, IL-17A was present in the cytoplasm of mast cells
within secretory vesicles. Dynamin 2 GTPase appeared to be the
process via which IL-17A internalization occurred, a mechanism
independent of IL-17A receptors. The externalization process
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was found only indirectly, and unlike cytokines classically
released by mast cells, only the release of IL-17A used this
process (78).

Eosinophils

Eosinophils display bi-lobed nuclei and specific granules
characteristic of this cell population compared to the other
granulocytes (neutrophils and basophils). Eosinophils are
specifically involved in type 2 immunity. They are mainly
increased in response to helminth infection and in the context
of allergic disease. Eosinophils are able to enhance the immune
responses mediated by T helper cell type 2 (Th2) through the
production of IL-4 and by acting as antigen-presenting cells.
Eosinophils produce chemoattractants for DC and effector Th
cells such as CCL17, CCL22, CXCL9, CXCL10, and Eosinophil-
derived-neurotoxin (EDN) [reviewed in (79)]. Several teams
reported a production of IL-17 by eosinophils in specific
inflammatory conditions. Shimura et al. showed that IL-17A—
but not IL-17F—was crucial in LPS-induced sepsis in mice (80).
Eosinophils were also able to produce IL17A after monosodium
urate crystals stimulation (81). Other groups showed that
eosinophils were able to produce IL-17A in response to
Aspergillus fugimatus together with IL-23, thus contributing
directly to the modulation of the IL23/IL17 axis (82, 83). To
date, the capacity of IL17 production by eosinophils has not been
demonstrated in immune mediated inflammatory diseases.

THE ROLE OF IL-17 IN SPA: FROM
ANIMAL MODELS TO HUMAN DISEASE

Sherlock et al. used the mini circle DNA technology with IL-23
overexpression to induce an “SpA-like” phenotype with
enthesitis in B10 RIII mice. Bone remodeling was associated
with increased expression of IL-17A and IL-22, the latter even
more important for bone formation than IL-17A.

Another group used the SKG mouse model (housed under
specific pathogen conditions) injected with $1,3-glucan to obtain a
phenotype closer to axSpA. The SKG strain develops spontaneous
IL-17-dependent autoimmune inflammatory arthritis under
microbial conditions induced by pulmonary fungal infection. -
glucan is a component of fungal cell walls including Candida and
Aspergillus. This combination leads to axial and peripheral
arthritis in mice. From these results, spondylitis was IL-23-
dependent, as was arthritis and ileitis (84, 85).

The HLA-B27 transgenic rat is a classical model of SpA with
axial and peripheral arthritis, nail dystrophy, gut inflammation,
and orchitis/epididymitis (86). Th17 cells are involved in this rat
model of SpA (87). HLA-B27 transgenic rats immunized for
Mpycobacterium tuberculosis is another model suggesting that the
onset of the SpA phenotype could depend on IL-23. Indeed, anti-
IL-23R treatment used before the appearance of the symptoms
prevented the development of the axial disease in these rats but
not the same treatment injected after the appearance of the
symptoms (88). These data, if translatable to human disease,

would suggest that axSpA should be IL-23-dependent in the
preclinical disease phase but IL-23-independent once the disease
is established. The same group showed that fibroblast-like
synoviocytes exposed to IL-17A differentiated into osteoblasts.
Using the same rat model with anti-IL17A treatment, axial
inflammation (spondylitis) decreased (albeit not significantly).
Blocking IL-17A appeared to limit bone remodeling and
especially the periosteal new bone formation and to reduce
peripheral and axial inflammation (89).

In humans, genome-wide association studies have shed light
on the IL-23/IL-17 axis: 6 of the 48 non-MHC loci are genetically
associated with SpA-involved genes in this pathway (RUNX3, IL-
23R, IL-6R, IL-1R2, IL-12B, tyrosine kinase 2) (90). These data
suggest that the inflammatory response in SpA may result from a
complex interaction between different immune cell types and the
key role of the IL-23/IL-17 axis in chronic inflammation.

Appel et al (7). assessed the facet joints of axSpA patients
undergoing a surgical procedure. Immunostaining of histological
sections revealed that IL-17-producing cells were mainly
neutrophils and, in smaller proportions, T lymphocytes. Of
note, the study population included patients with advanced
disease, requiring surgery.

Several groups have reported an increased proportion of Th17
in the peripheral blood of AS patients as compared with controls
or patients with other inflammatory conditions. Other IL-17-
secreting cells are increased in number in AS patients. In
peripheral blood, a study reported a three-fold higher
frequency of circulating y8 T cells and five-fold higher
frequency of IL-23R-expressing yd T cells in AS patients
versus healthy controls and versus rheumatoid arthritis
patients, respectively (8). In this study, yd T cells were
suggested to be the dominant IL-17 producers in AS.

Another study involving AS patients reported decreased
number of MAIT cells in peripheral blood but increased
subpopulation of IL-17" MAIT cells as compared with
controls. In this study, MAIT cells appeared to concentrate in
the synovial fluid, thus suggesting a migration of these cells to the
inflammatory sites. MAIT cells produced large amounts of IL-
17A under IL-7 stimulation but surprisingly not IL-23
stimulation (91). This increase in IL-17A" MAIT cells was
recently confirmed in a cohort with exclusively axSpA (92).

THE ROLE OF IL-17 IN BONE FORMATION

Inflammatory and painful entheses (the sites of attachment of
tendons, ligaments, fascia, or joint capsules to bone) are the
distinctive pathological features of SpA. Bone formation in SpA
is closely linked to the inflammatory processes at the spinal
entheses. Periosteal appositions at the sites of past inflammatory
entheses are observed, constituting the basis for bone formation.
This ossification goes through several stages: apoptosis of
chondrocytes, which are further replaced by osteoblasts into
osteocytes partitioned in the matrix (93, 94). Nevertheless, the
mechanisms leading to bone formation at the inflamed entheseal
sites in SpA are not fully understood.
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Among other hypotheses, mechanical stress could be a key
trigger of entheseal inflammation and further new bone
formation. This hypothesis was assessed in the TNF**RF
mouse model in which chronic and deregulated TNF
production leads to axial and peripheral arthritis associated
with a Crohn’s-like ileitis. In this TNF-driven mouse model of
SpA, Erkl/2 signaling plays a crucial role in the mechanical
stress-induced inflammation. New bone formation was strongly
promoted at entheseal sites by biomechanical stress and was
correlated with the degree of inflammation.

At the entheseal level, IL-17 amplifies the inflammation by
promoting the secretion of pro-inflammatory cytokines by the
resident mesenchymal cells. GM-CSF, IL-6, IL-8, and IL-17 are
chemo-attractants for neutrophils contributing to activate the
inflammatory loop (95-98). The cytokine micro-environment
seems to be determinant in bone remodeling phenomenon. IL-17
combined with TNF increases calcified matrix formation from
mesenchymal cells when they are exposed to conditions leading
to bone formation (99). Ono et al. showed a direct role of IL-17A
on bone healing after a fracture: there was an increase in IL-17A at
the fracture site enhancing bone regeneration. IL-17A activated
osteogenesis by differentiating the mesenchymal cells present at
the fracture site. Osteoclastogenesis was not affected. The major
source of IL-17A was y0 T cells and in particular Vy6 (100).
These data were confirmed in vitro by Osta et al (99). However,
the authors pointed out that this osteogenic differentiation of
mesenchymal cells was only possible by combining IL-17A
and TNF, IL-17A alone having no effect (99). Moreover,
the combination of these two cytokines induced a decreased
expression of DKK1 and RANKL in mesenchymal cells, thus
contributing to an increased osteogenesis. The authors suggested
that the cellular environment (i.e., the presence or absence of
osteoclasts) crucially determined the effect of these two
cytokines: the presence of mesenchymal cells combined with
the absence of osteoclasts at the entheseal level could explain why
IL-17A and TNF could both contribute to bone formation in
SpA (99).

THE ROLE OF INNATE IMMUNE CELLS
SECRETING IL-17: A PATH TO
UNDERSTANDING THE FAILURE OF IL-23
BLOCKING AGENTS IN AXSPA?

Sherlock et al. demonstrated that the overexpression of IL-23 in
mice induced a SpA-like phenotype with enthesitis but not
requiring a mechanical overload. They identified a specific
subset of enthesis-resident T cells: CD3+, CD4, and CD8
double-negative and expressing IL-23R. These cells, upon IL-23
stimulation, secreted high amounts of IL-17 and IL-22, inducing
typical features of SpA, such as enthesitis and new bone
formation (95). Another study using the same mouse model
identified these cells as 8 T cells (101). More recently, Cuthbert
et al. investigated the presence of Y0 T cells in normal axial
entheses harvested during orthopedic procedures from patients

with mechanical back pain (e.g., osteoarthritis or scoliosis). Two
v T-cell subsets were identified (Y01 and y82). The yd1 subset
lacked IL-23R transcripts but was able to express IL-17A upon
PMA/ionomycin or CD3/CD28 stimulation. Neither II-17A nor
IL-17F transcripts were expressed upon IL-23 stimulation. These
findings might suggest that Y31 T cells could be involved in IL-17
production in spinal enthesis from SpA patients, independent of
IL-23. This could be an attractive explanation for the failure of
IL-23 blocking treatments in axial SpA (102). Using a similar
approach on patients undergoing a surgical procedure, Cuthbert
et al. reported the presence of ILC3s in spinal entheses, with the
same characteristics as ILC3s collected from synovial fluid from
SpA patients [i.e., IL-23R, STAT3, and RORYt transcript
expression (103)]. IL-17A transcript expression by these cells
was obtained on IL-23/IL-1f stimulation.

Gracey et al. showed an increased number of IL-17" MAIT
cells in peripheral blood from AS patients as compared with
controls (91). These cells were able to express IL-17A upon
priming with IL-7 but not IL-23 stimulation. IL-17A expression
was assessed by flow cytometry.

How do these results fit into the current context of clinical
trials showing failure of drugs targeting IL-23 in axSpA and the
successful approaches of IL-17A targeting drugs? Obviously,
blocking the terminal cytokine IL-17A is a valuable approach
in axSpA, whatever the source of production: Th17 cells, MAIT
cells, 0 T cells, or ILC3s. In contrast, IL-23 blockade is not
effective for axial disease, which suggests that cells involved in the
axSpA pathogenesis might be able to express IL-17A
independent of IL-23. Preliminary results from several groups
suggest that MAIT cells and y81 T cells could be the culprits, with
the proviso that the said studies were conducted in
healthy individuals.

CONCLUSION

In this review, we have described the different IL-17-producing
cells belonging to the innate immunity compartment. Lymphoid
cells (iNKT cells, MAIT cells, Y0 T cells, ILC3s) can produce IL-17
via engagement of their TCR. Nevertheless, these cells also possess
a unique ability to produce IL-17 independent of the conventional
TCR-antigen interaction, in response to their cellular and cytokine/
chemokine environment. Thus, they have dual IL-17 production
capacity that could be of prime importance in SpA pathogenesis. In
addition, their ability to secrete IL-17 is immediate, not requiring
differentiation or proliferation steps. They are at the ultimate stage
of maturation and thus ready to “draw.” Finally, as for other cells
belonging to the innate immunity, their migratory capacity is also
pronounced. These cells are found in greater quantity on all
inflammatory sites, which suggests that they may be responsible
for IL-17-driven inflammation in target tissues of SpA (i.e., spine,
skin, gut, or joints). Their precise role in the pathophysiology of
SpA remains to be better defined, but preliminary results from
several teams converge to suggest their major importance in the
pathophysiogenesis of SpA, especially MAIT cells and y31 T cells
that are able to express IL-17A upon priming with various

Frontiers in Immunology | www.frontiersin.org

16

January 2021 | Volume 11 | Article 553742


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Rosine and Miceli-Richard

Innate Immune Cells Producing II-17

IL-23 DEPENDANT

(J
@ Tm ( X J
®® )
o IL-17
IL-23

[ ADAPTIVE IMMUNITY |

cytokines but independent of IL-23 (Figure 3). These results might
be a path to understand why IL-17A blocking agents are effective in
axSpA in contrast to IL-23-blocking drugs. These clinical results
are a nice example of a reverse path from bedside to bench, where
the results of therapeutic trials make us reflect more in depth on the
pathophysiology of the disease.

AUTHOR’S NOTE

Servier medical art was used for the realization of the figures.
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INTRODUCTION

The chronic inflammatory arthritis ankylosing spondylitis (AS) is a highly heritable disease of
complex genetics (1-3). The genetic association between AS and HLAB27 has been studied for
almost 50 years, and over the last decade or so large-scale genomics studies have defined variants
outside the HLA that confer risk of developing AS (1, 2, 4). Key among these are genes involved in T
cell activation (including ERAPI, ERAP2, NPEPPS, UBE2E3, UBE2L3), immune signaling
(including IL23R, IL6R, IL12B, TYK2) and various transcription factors involved in functional
differentiation of immune cells (including TBX21, RUNX3 and EOMES). Functional genomic
approaches have implicated several immune cell types in disease processes, and studies support a
role for microbial dysbiosis in disease pathogenesis. It is now obvious that AS is not only a
genetically complex but also immunologically complex disease. To date, however, much effort has
focused on ‘low hanging fruit’ from genomics studies, most notably IL23R. This important work has
led to advances in treatment options for AS patients through inhibiting the pathogenic effects of IL-
17. But trials of the IL-23 inhibitor Ustekinumab were not successful. Potential reasons for the
failure of Ustekinumab Phase 3 trials in AS are many and include difficulties with outcome measures
and trial design. But the failure has also sparked the community to re-evaluate subtleties in models
of AS immunopathogenesis.

With many AS-associated genes implicated in various aspects of T cell biology, it is hard to
pinpoint exact processes or pathways that are of critical importance in AS. Speculation needs to be
supported by empirical observations from well-designed studies that push us beyond consideration
of Th17 cell biology. Recently, Hanson and colleagues (5) provided evidence that AS patients exhibit
significant reductions in the size of CD4 and CD8 T cell expansions globally in the peripheral blood,
suggesting that perturbations in T cell survival, senescence, or regulation of clonal proliferation
occur in AS patients during adaptive immune responses. This brings into focus what role regulatory
T cells play in AS and indeed which populations of regulatory T cells may be of relevance to AS.

Regulatory T cells were originally described as a subset of immune cells critical for negative
regulation of immune-mediated inflammation and prevention of autoimmune diseases. However,
Tregs are also implicated in the suppression of both innate and adaptive immune cells towards
allergens, organ transplants, commensals, food, and other innocuous environmental triggers (6).

FoxP3" Tregs may be thymically induced (tTregs), peripherally induced (pTregs) or induced in
cell culture, in response to TGE-f. The tissue environment promotes Tregs to express tissue-specific
transcription factors that cooperate with FoxP3, providing a specialized function and supporting
Treg cell subset homeostasis (7). Tregs regulate their immune environment by contact-dependent
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mechanisms, such as CD95 induction of conventional T cell
apoptosis and CTLA4 downregulation of APC co-stimulatory
function, as well as cytokine-mediated functions, including
CD25 adsorption of IL-2 and IL-10 secretion which attenuates
DC function and promotes Trl cell differentiation (8).

Trl cells, another subtype of regulatory T cells, do not
constitutively express the transcription factor Foxp3. Upon
TCR recognition of their cognate antigen at the site of tissue
inflammation, Trl cells secrete large quantities of IL-10, which
has many immunomodulatory effects on local immune cells (9).
Both Trl and Treg cells serve a vital role in preventing
deleterious immune responses with comparable mechanisms of
suppression, yet Tregs are essential in the initial stage of immune
suppression at the site of inflammation, while Tr1 cells are key
for the maintenance of long-term tolerance and restoration of
tissue homeostasis (10).

TR1 CELLS ARE IMPORTANT
REGULATORS OF INFLAMMATION

Trl cells were first described in severe combined immunodeficiency
disease (SCID) in the early 1990’s (11). Since then, accumulating
evidence implicates impaired function and reduced Trl cell
numbers in immunopathogenesis of various immune-mediated
diseases. Among these are inflammatory bowel disease (IBD),

psoriasis, multiple sclerosis (MS), Grave’s disease, Hashimoto’s
thyroiditis, and systemic lupus erythematosus (12-14). Broadly,
IL-10 produced by Trl cells is a key regulator of TNF-mediated
pathologies (15).

Naive CD4+ T cells acquire a Trl phenotype upon cytokine
signaling via IL-10, IL-21, or IL-27 which promotes STAT3
activation and subsequent priming of the IL10 locus.
Transcription factors that bind to IL10 include EOMES, IRF4,
c-Maf, Ahr, and Blimp-1 which act through multiple pathways to
induce a stable production of IL-10 (10). In contrast, Th17 cells,
although necessary for host defense against extracellular
pathogens, when dysregulated become major pathogenic
drivers of inflammation in many immune-mediated diseases.
TGF-f and IL-6 are the key cytokines for initiating Th17
differentiation, which induces IL-23R expression as well as
high secretion of the pro-inflammatory cytokine IL-17 (16, 17)
(Figure 1). Microarray gene expression analysis comparing Trl
cells and Th17 cells prior to IL-23 signaling identified the most
predominantly overexpressed genes in Tr1 cells to be IRFI, IRFS,
PRDM]1 (Blimp-1), and TBX21 (18). IL-23 is secreted by various
immune cells including dendritic cells (DCs) and macrophages
in response to toll-like receptor signaling (19). Under
homeostatic conditions, the presence of IL-23 in the distal
small bowel promotes a localized cytokine environment that
targets IL-23 sensitive intestinal cells which support mucosal
barrier function and intestinal immunity. LAG-3, which is
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FIGURE 1 | The interplay between Th17 and Tr1 cells in inflammation. Ahr, c-Maf, and Blimp-1 promote the differentiation of Tr1 cells in response to IL-10, IL-21,
and IL-27 via STAT3 activation. IL-27 was found to be sufficient to induce Blimp-1 in Tr1 cells and sustain high IL-10 production. IL-23 supresses Tr1 cells. Early
Th17 cell development is initiated by TGF-B and IL-6, inducing IL-23R expression and IL-17 production. IL-23 signaling regulates Th17 cells and their pathogenicity.
STAT-3 mediated IL-23-dependent Blimp-1 enhances Th17 pathogenic factors by increasing IL-23R expression, GM-CSF, IFN-y and repressing IL-2. RORyt
expression is stabilized by IL-23R expression. IL-27 supresses Th17 cells. Memory T cells in response to TLR signaling produce IL-23. Memory T cells with Th17

pro-inflammatory phenotype secrete large amounts of 17A, IL-17F and IL-22.
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expressed on natural regulatory T cells (Tregs), induced Tregs
and Trl cells, has been shown to control intestinal IL-23
production by immunosuppression of CX3CR1+ tissue-
resident macrophages and innate lymphoid cells (ILCs) type 3
(19, 20). In vivo, IL-23R signaling suppresses the differentiation
of FoxP3+ Tregs and Trl cells and stabilizes the expression of
RORM, the Th17 signature transcription factor (16). IL-23 is a
key factor for perpetuating and stabilizing Th17 cell activation
and cytokine production as it induces strong proliferation of
memory T cells that secrete large amounts of IL-17A, IL-17F, and
IL-22 (16). IL-23-dependent signaling in Th17 cells induces
Blimp-1 and in concert with T-bet, promotes pathogenicity by
upregulating IL-23R expression GM-CSF and IFN-y while
repressing IL-2 in a STAT3-mediated manner (21, 22).

Recent literature marks dysfunctional Trl cells and their
reduced capacity to secrete large amounts of immune-
mediating cytokine IL-10, as attributing to persistent
inflammation in autoimmune disease contexts. Tr1 dysfunction
is associated with inflammation in diseases genetically and
clinically relevant to AS. For example, Trl-derived IL-10 has a
non-redundant role in preventing gut inflammation in IBD (22).
In a mouse model of IBD, IL23r mRNA expression is detectable
on both Trl cells and Th17 cells. Trl cells are responsive to IL-23
and downregulate IL-10 in response to IL-23R signaling (22).
Clinical and genetic overlap between AS and IBD has been
recognized for many years, and an increase in IL-23 has been
well documented in both diseases (23, 24). Psoriasis, frequently
concomitant with AS, is driven by chronic activation of
autoreactive Th17 cells (25). Psoriasis patients exhibit an
inverse relationship between disease severity and Trl and Treg
cell numbers. Trl cells were not found in the skin of healthy
controls; however, Trl cells were identified in the non-
lesioned skin of psoriasis patients. Psoriatic lesions revealed an
increase in activated CD3*CD4"CD69" T cells and a lack of Trl
cells (26).

THE POTENTIAL ROLE OF THE
IL-12/IL-23 AND IL-27 AXIS
IN AS IMMUNOPATHOLOGY

IL-27 signaling induces Blimp-1-mediated IL-10 production in Trl
cells, and in the absence of IL-23 signaling, Th17 cells respond to IL-
27 and IL-12 signaling by secreting IL-10 in a Blimp-1 dependent
manner. This demonstrates a potential for plasticity in Th17 cells as
they lose their pathogenicity and adopt a Trl-like phenotype which
can contribute to homeostasis under certain conditions (18). In
contrast, Th17 cells further stimulated by IL-23 demonstrated a
commitment to the inflammatory phenotype (27), known to be
implicated in many autoinflammatory conditions including AS
(23). IL-27 levels are reported to be elevated in AS patients and to
correlate with disease activity measures (28) which would seem to
support development of Trl cells in AS patients. However, IL-23
counteracts IL-27 and IL-12-mediated effects on Trl-development
reinforcing the pro-inflammatory phenotype of Th17 cells (18). The
balance between IL-23 vs IL-12/IL-27 signaling in CD4+ effector T

cells determines whether tissue inflammation is perpetuated or
resolved. It is our opinion that the immunomodulatory function
of regulatory T cells is impaired in the context of AS, resulting in
perpetual inflammation in the enthesis and ileum of patients with
active disease. It is hypothesized that deficient IL-27 signaling,
reduced IL-10 production by Trl cells and exacerbated IL-23
signaling promotes persistent IL-17 and other pro-inflammatory
cytokine production and proliferation of pro-inflammatory T cell
subsets. These three key factors that may diminish the capacity for
immune regulation are linked to known AS genetic risk
factors including IL27, IL23R, TBX21, and EOMES susceptibility
mutations (1, 2). However, the link between AS susceptibility loci
and development of Trl cells in AS has been further complicated
recently. Pepelyayeva and colleagues reported reduced numbers of
Trl cells in Erap—/— mice (29), a genotype that GWAS data
associates with AS protection rather than risk (1). A better
understanding of the role, if any, Trl cells play in AS patients
may be a valuable step towards understanding how to control
inflammation in this disease.

CAN TR1 CELLS OFFER ANY
THERAPEUTIC POTENTIAL IN AS?

It is clear that Trl cells are an important regulator of general
immune responses. Therapeutic manipulation of Trl cells, ex
vivo or in vivo might be highly advantageous in several T cell-
mediated diseases. Much progress has already been made in
animal models, which proved that Trl cell-based therapies may
be a feasible approach to treating inflammatory disorders
in general.

Adoptive transfer of in vitro induced Ag-specific Trl cells
efficiently prevents colitis induced in SCID mice by pathogenic T
cells (30). In a pre-clinical model of type 1 diabetes Trl cells
induced in the intestinal mucosa migrate to the periphery and
control effector T cell responses and the development of diabetes
(31). Studies in MS attributed deficiencies in IL-10-secreting Tr1
cells to decreased IL-27 and disruption of the CD46 pathway that
promotes transformation of IFN-y-secreting Th1 cells into Trl
cells. Exogenous IL-27 partially restored the number and
function in a mouse model of MS, experimental autoimmune
encephalomyelitis (EAE) (32). IL-27 induced Tr1 cells have been
described to have therapeutic potential in several autoimmune
contexts by expanding their immunomodulatory function in
active disease states.

Robust protocols have been established to generate clinical-
grade human Tr1 cells (33, 34) and Tr1 cell-based therapies have
been trialed in graft versus host disease (35) and refractory
Crohn’s disease (36) clinical trials.

DISCUSSION

Trl cells have an important role in autoimmune disease
prevention, and investigating their potential to restore immune
homeostasis in environments of persistent inflammation may be
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beneficial in the context of AS. While the genetics of AS implicate
Trl biology in disease processes discrepancies exist between in
vitro data that suggest the cytokine environment in AS may be
suitable for expansion of Tr1 cells (28) and in vivo data that show
reduced Trl cells in mice that lack an important AS-
susceptibility gene (29). A challenge from here is to define
where and how Trl cells may be important in AS and to
define pre-clinical models that will allow pre-clinical evaluation
of their therapeutic potential in AS.
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Th1/Th17 Axis

Hannes Lindahl”* and Tomas Olsson

Department of Clinical Neuroscience, Karolinska Institutet, Stockholm, Sweden

Interleukin-22 (IL-22) is secreted by a wide range of immune cells and its downstream
effects are mediated by the IL-22 receptor, which is present on non-immune cells in many
organs throughout the body. IL-22 is an inflammatory mediator that conditions the tissue
compartment by upregulating innate immune responses and is also a homeostatic factor
that promotes tissue integrity and regeneration. Interestingly, the IL-22 system has also
been linked to many T cell driven inflammatory diseases. Despite this, the downstream
effects of IL-22 on the adaptive immune system has received little attention. We have
reviewed the literature for experimental data that suggest IL-22 mediated effects on T
cells, either transduced directly or via mediators expressed by innate immune cells or non-
immune cells in response to IL-22. Collectively, the reviewed data indicate that IL-22 has a
hitherto unappreciated influence on T helper cell polarization, or the secretion of signature
cytokines, that is context dependent but in many cases results in a reduction of the Th1
type response and to some extent promotion of regulatory T cells. Further studies are
needed that specifically address these aspects of IL-22 signaling, which can benefit the
understanding and treatment of a wide range of diseases.

Keywords: interleukin 22 (IL-22), interferon gamma, interleukin 17 (IL-17), animal models, inflammatory disease,
infectious disease

INTRODUCTION

Interleukin-22 (IL-22) is often described as a cytokine that is expressed by immune cells but that
exclusively acts on non-immune cells (1, 2). Its role is best understood at so called barrier surfaces
such as the skin, lungs, and gut where the effects of IL-22 ligation typically involve proliferation,
regeneration, or activation of innate immune mechanisms. Interestingly, the IL-22 system has also
been linked to a range of T cell driven inflammatory diseases such as rheumatoid arthritis (RA),
graft versus host disease (GVHD), and multiple sclerosis (MS) (2-4). However, relatively little is
known about how IL-22 influences T cell polarization. The fact that the IL-22 receptor (IL-22R) has
mostly been shown to be absent on immune cells has likely contributed to this (1). Although there

Abbreviations: IL, interleukin; RA, rheumatoid arthritis; MS, multiple sclerosis; IL-22R, IL-22 receptor; NKT cell, natural
killer T cell; ILC, innate lymphoid cell; 8 T cell, gamma delta T cell; DC, dendritic cell; AhR, aryl hydrocarbon receptor;
RORyt, RAR-related orphan receptor gamma t; TLR, Toll-like receptor; TGF-, transforming growth factor beta; ICOS,
inducible T cell co-stimulator; IL-22BP, IL-22 binding protein; TNF, tumor necrosis factor; IFNY, interferon gamma; MAIT
cell, mucosa associated invariant T cell; LTi cell, lymphoid tissue inducer cell; EAU, experimental autoimmune uveitis; APC,
antigen presenting cell; CIA, collagen induced arthritis; LCMV, lymphocytic choriomeningitis virus; GvHD, graft versus
host disease.
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are an increasing number of reports of IL-22R expression on
immune cells, in most cases any effect of IL-22 on T cells is likely
indirect, transduced by mediators originating from IL-22
receptor expressing non-immune cells. IL-22 biology in general
has been comprehensively described in excellent review articles
(2, 4). Here, we have reviewed the literature for data that suggest
effects of IL-22 on T helper cell polarization or secretion of the
signature cytokines IFNY and IL-17. Any experimental setup
where IL-22 signaling has been specifically targeted has been
screened for such data. By applying this perspective to the
literature, we hope to promote further research on the role of
IL-22 in shaping adaptive immunity in inflammatory and
infectious diseases.

INTERLEUKIN 22

IL-22 was initially described as a cytokine produced by IL-9
activated T cells (5) and was later associated with the Th17
lineage (6). It has now become clear that IL-22 is not only
frequently produced independently of IL-17 (7-9) but can also
be produced by a wide range of other immune cells (Table 1).
There are also reports of IL-22 being produced by non-
hematopoietic cells (35, 36).

The most well-established inducer of IL-22 is IL-23 (6, 30).
The IL-23 receptor has been detected on Th17 cells, natural killer
T (NKT) cells, type 3 innate lymphoid cells (ILC3), gamma delta
(8) T cells, macrophages, dendritic cells (DC), and neutrophils.
Stimulation of these cells with IL-23 can induce production of
IL-22 (11, 18, 29, 31, 32, 37, 38). Moreover, IL-1P can act both
independently of and synergistically with IL-23 to induce IL-22
(18, 37, 39). IL-6 and TNF polarize naive T cells to the Th22
lineage (8). The aryl hydrocarbon receptor (AhR) promotes the

differentiation of several IL-22 producing cells such as Th17 cells,
Th22 cells, and ILC3 (40, 41). Ahr is located in the cytoplasm
where it senses endogenous and exogenous ligands, leading to
nuclear translocation and transcription of IL22 and other genes
(41-43). Similarly, transcription factor RAR-related orphan
receptor gamma t (RORYt) is also necessary for the differentiation
of Th17 cells and ILC3 (40, 44). Furthermore, IL-22 induction by
Toll-like receptor (TLR)2 ligation has also been described in innate
lymphoid cells (45, 46).

Negative regulators of IL-22 production include transforming
growth factor beta (TGF-B), IL-27, and Inducible T cell co-
stimulator (ICOS), all of which transduce signals to the
transcription factor c-Maf (47-49). Interestingly, IL-22 is one
of few cytokines that has a dedicated soluble antagonist molecule
to regulate its effects in vivo, IL-22 binding protein (IL-22BP),
transcribed from the gene IL22RA2 (Figure 1) (50, 51). Insights
about the role of IL-22 can therefore also be gained from
experiments in which IL-22BP levels have been manipulated.

Interleukin 22 Receptor

The IL-22R is a heterodimer of the subunit IL-10R2, which is
expressed by most cells, and the more selectively distributed
subunit IL-22R1 (Figure 1) (52-56). Ligation of IL-22R with IL-
22 induces activation of the tyrosine kinases JAK1 and Tyk2,
which in turn activates STAT3. STAT1 and STAT5 activation
has also been reported (1, 57) as well as downstream signaling via
the MAPK pathways (36, 58-60). IL-22R is expressed by
epithelial and parenchymal cells in a wide range of tissues
throughout the body. It is highly expressed at, but not limited
to, barrier surfaces such as the skin, gut and lungs. Other tissues
where IL-22 exerts effects include liver, thymus, pancreas,
kidney, and synovium (25, 36, 61-63).

TABLE 1 | Cell types that express IL-22.

Cell type Comments

Th1 Th1 polarization of human peripheral blood T cells in vitro induces IL-22 production (10).

Th17 In mice, expression of IL-22 is higher in Th17 cells compared to Th1 and Th2 (6, 11, 12). Colonization of germ-free mice with segmented
filamentous bacteria promotes Th17 cells in the lamina propria of the small intestine (13).

Th22 Th22 is a distinct T helper subset that does not produce IFNy, IL-4 or IL-17. It expresses CCR6 and skin homing CCR4 and CCR10.
Differentiation is promoted by IL-6, TNF, and ligation of the AhR (7-9). In vitro and in vivo, Th22 cells show a marked plasticity toward IFNy
production under Th1 polarizing conditions (14).

CD8 T cells IL-17 producing cytotoxic T cells often co-produce IL-22 (15-17).

0 T cells 0 T cells are an early source of IL-22 in several disease models (18, 19).

MAIT cells MAIT cells from the female genital tract preferentially produce IL-17 and IL-22 after microbial stimulation in contrast to blood MAIT cells, which
primarily produce IFNy, TNF, and granzyme B (20).

NKT cells Murine splenic NKT cells produce IL-22 after activation in vitro (21). IL-22 and IL-17 production by human NKT cells is largely segregated,
implying distinct roles (22).

ILC3 NKp46* RORyt*™ ILCs are present in the intestines and are a source of IL-22, which has important local homeostatic and protective effects
(23-26).

LTi cells LTi cells are a rapid innate source of IL-22 involved in the development of secondary lymphoid tissue (27, 28).

Macrophages IL-22 producing macrophages have been described in psoriatic skin (29).

Dendritic cells Ex vivo and bone-marrow derived dendritic cells can express IL-22 in response to IL-23 (30, 31).

Neutrophils Neutrophils can produce IL-17 and IL-22 in response to IL-23 (32, 33).

Mast cells A subset of mast cells isolated from human skin affected with psoriasis or atopic dermatitis produce IL-22 (34).

Non-hematopoietic cells  Acinar cells of the lacrimal glands are the primary source of IL-22 in a mouse model of dry eye disease (35).

TNF, tumor necrosis factor; AhR, aryl hydrocarbon receptor; IFNy, interferon gamma, yd T, gamma delta; MAIT cells, mucosa associated invariant T cells; NKT cells, natural killer T cells;
RORyt, RAR-related orphan receptor gamma t; ILC, innate lymphoid cells; LTi cells, lymphoid tissue inducer cells.

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 618110


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lindahl and Olsson

IL-22 Influences the Th1/Th17 Axis

Adaptive and innate
lymphoid cells and
less frequently
myeloid cells

Dendritic cells and
other myeloid cells

) Y

) )

L 4

IL-22 “f -
IL-22 binding protein

L] ®
. ®
soluble antagonist,

transcribed from/L22RA2
IL-22 receptor
IL-22R1
transcribed

from IL22RAT

IL-10R2

FIGURE 1 | The IL-22 system.

IL-22R has mostly not been detected on immune cells, which
has established IL-22 as a cytokine that mediates one-way
signaling from immune cells to tissue cells. However, there
are reports of IL-22R expression on both myeloid and lymphoid
cells and functional data on the effects of IL-22 on these cells.
IL-22 has direct effects on splenic CD4 T cells, B cells and
CD11b" cells in a mouse model of autoimmune arthritis (64—
67) and on splenic CD11b" cells in a mouse model of
autoimmune uveitis (68). Moreover, infiltrating mononuclear
cells in the salivary glands of patients with primary Sjogren’s
syndrome express IL-22R1 shown by immunohistochemistry
(69). Further characterization by flow cytometry showed IL-22R
expression on macrophages and, to a lesser extent, on T and B cells
both in salivary glands and in the circulation from primary
Sjogren’s syndrome patients but IL-22R was not detected at all
in samples from non-specific chronic sialoadenitis. During the
acute stage of Mycobacterium tuberculosis infection in mice, IL-
22R is expressed primarily on epithelial cells. However, during the
chronic stage both epithelial cells and recruited macrophages
express IL-22R, which also was observed in human samples
(46). IL-22 inhibits intracellular growth of M tuberculosis in
human monocyte derived macrophages (70). Stimulating
peripheral blood mononuclear cells from primary Sjogren’s
syndrome patients in vitro with IL-22 increased production of
IL-17, which was not seen in non-specific chronic sialoadenitis
(69). CD14" adipose tissue macrophages, but not circulating
CD14" cells, express IL-22R1 shown by western blot and FACS
(71). 1IL-22 strongly induces IL-1B from CD14" adipose
tissue macrophages.

THE INFLUENCE OF INTERLEUKIN-22 ON
THE TH1/TH17 AXIS

Inflammatory Diseases

Uveitis

The animal model experimental autoimmune uveitis (EAU) can
be induced by immunization with retinal autoantigens and
disease severity is evaluated by fundoscopy. Treatment with IL-
22 before onset of EAU in mice results in reduced severity of
disease and delayed onset (68). The protective effect of IL-22 in
this model is associated with an overall reduction in eye-
infiltrating cells with a proportional decrease in T cells and
neutrophils. Interestingly, the IL-22R subunit I22ral is highly
expressed by splenic CD11b" cells day 12 after immunization.
When stimulated in vitro with IL-22, these cells produce less IL-
6,1L-12,1L-23, and IL-1B but more IL-10 and TGF-f. Consistent
with a tolerogenic phenotype, they also express less MHC class II,
CD80, CD86, and CD40 but more PD-L1. IL-22 treated APCs
yield less antigen specific T cell proliferation in vitro and induce
less IFNYy and IL-17 production but more IL-10 production.

Dry Eye Disease

Dry eye disease is predominantly a Th17 cell driven
autoimmune disorder resulting in ocular mucosal
inflammation, which in severe cases can lead to damage to
the cornea and vision loss. Both IL-17 and IL-22 are elevated in
tear and lacrimal fluid in persons with dry eye disease (35). IL-
17 levels are positively correlated and IL-22 levels negatively
correlated with severity of disease. In a mouse model of dry eye
disease IL-22 neutralizing antibody or II22 gene deletion both
result in increased infiltration of Th17 cells and more severe
disease, consistent with a protective effect of IL-22. IL-22R is
expressed on the ocular surface and in vitro stimulation of
corneal epithelial cells with IL-22 inhibits expression of
inflammatory mediators, including the Th17-inducing
cytokines IL-6 and IL-23.

Colitis

The homeostatic role of IL-22 in the gastrointestinal tract has
received much attention (72). Activation of AhR alone promotes
IL-22 secretion by intestinal leukocytes but it also acts
synergistically with transcription factor RORyt (40). Steady
state Ahr~'~ mice have an increased number of intestinal Th17
cells as a result of commensal segmented filamentous bacteria
expanding and locally inducing Th17 cells (73). Administration
of IL-22 to Ahr™'~ reduces Th17 cells to numbers that approach
normal levels. The increased intestinal Th17 numbers in Ahr™/~
mice do not lead to any overt gut pathology. However, when one
allele of the RORyt gene is deleted in Ahr™'~ mice IL-22
production is further decreased, which is associated with
occasional observations of spontaneous colitis. The authors of
this study suggest that in immunocompromised patients, that
potentially have impaired IL-22 production, the normally
innocuous segmented filamentous bacteria may expand and
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cause intestinal autoimmunity through induction of pathogenic
Th17 cells.

Arthritis

Collagen induced arthritis (CIA) is an animal model of RA. Daily
administration of recombinant IL-22 starting before onset of
arthritis reduces disease severity of CIA in DBA mice but does
not alter incidence (74). The IL-22 treatment increases expression
of IL-10 in the spleen and administration of neutralizing IL-10
antibody together with IL-22 cancels the protective effect of the
latter. IL-22 induces secretion of IL-10 from CD11b" splenocytes
harvested during early disease. Addition of IL-22 decreases IFNYy
secretion induced in vitro by polyclonal T cell activation of
splenocytes harvested from mice with early disease as well as
from naive mice. In contrast, stimulation with IL-22 increases IL-
17 secretion from splenocytes restimulated in vitro with collagen.

In a follow-up study, Justa et al. showed that IL-22 has a dual
role in CIA. Treatment with a neutralizing IL-22 antibody before
onset of arthritis increases disease severity consistent with the
previous study, whereas treatment after onset reduces disease
severity (64). Surprisingly, they show that after disease onset IL-
22 actually decreases in vitro IFNY production from splenocytes
after restimulation with collagen. No effect on IL-17 or IL-10 was
observed in this context. However, IL-22 causes increased
proportions of Thl cells in the draining lymph nodes but still
does not influence Th17 cells. In the affected joints the proportions
of Th17 cells are increased as result of IL-22 signaling. I[22ral
mRNA and IL-22R1 protein expression is detected in CD4"
splenocytes from mice with arthritis but not at baseline or
during the initiation phase. CD11c" cells and CD4 T cells from
the spleen of arthritic mice co-cultured in the presence of
recombinant IL-22 results in less production of IFNy but more
IL-17. The protective effect of treatment with anti-IL-22 after
disease onset is blunted when performing the experiment on
Ifng”"™ mice. In contrast, mice treated with anti-IL-22 before
disease onset exacerbates disease, which is associated with
decreased Thl and unchanged Th17 proportions in draining
lymph nodes but increased IL-17 production from cells from
the affected joints. In summary, the pathogenic effect of IL-22
during late CIA is dependent on suppression of IFNY, possibly
mediated directly via IL-22R expression, which is upregulated
on CD4 T cells during this phase of the disease.

A study by another group primarily focused on the influence
of IL-22 on autoantibody formation in the context of CIA in
C57BL/6 mice but also includes some data on T cells (75). They
report that germinal center and autoantibody formation is
reduced in 11227 mice and IL-22R expression is detected in
follicular dendritic cell-like stromal cells. Furthermore, human
lymphoid stromal cells produce B cell attracting chemokines
CXCL12 and CXCL13 upon stimulation with IL-22. Regarding T
cells, they show that, despite having less severe CIA, the 11227~
mice have increased proportions of Th17 cells in the spleen ten
days after immunization. The Th17 cells retain their pathogenic
potential, which is shown by assessing secretion of IL-6 in co-
cultures with synovial fibroblasts.

Psoriasis Arthritis

Psoriasis arthritis is characterized by skin lesions and articular
inflammation and is often accompanied by osteoporosis. As with
many of the inflammatory diseases Th17 cells have been shown to
be critical in psoriasis arthritis (76). Central in the differentiation
of Th17 cells is activation of transcription factor STAT3. In a novel
model of psoriasis arthritis based on overactive STAT3 function
specifically in CD4 T cells, the psoriatic skin phenotype and
osteopenia were both ameliorated by either neutralizing IL-17
antibody or genetic deletion of 1122 (77). The 11227~ mice had no
reduction in total T helper cell infiltration in the skin but had
reduced proportions of Th17 cells consistent with a disease
promoting role of IL-22. Increased proportions of Tregs but also
Thil cells were seen in the inflamed skin of the II227~ mice.
Although an improvement in the osteoporosis phenotype was seen
in the 11227~ mice the proportion of IL-17" cells in the bone
marrow was increased. Similarly, the proportions of Th1 cells and
Tregs were also increased.

Encephalomyelitis

Experimental autoimmune encephalomyelitis (EAE) is an
animal model of MS and can be induced by immunization
with myelin autoantigens, which leads to a T cell driven
disease characterized by ascending paralysis. Although 11227/~
mice have no apparent phenotype in EAE experiments (78), mice
lacking the endogenous antagonist molecule IL-22BP have less
severe disease compared to wild type mice, suggesting a
protective role for IL-22 (79). These seemingly contradictory
findings can be reconciled if the presence of IL-22BP blocks IL-
22 in wild type mice to such a degree that they are
indistinguishable from 11227/~ mice. Consistent with the
reduced EAE severity, IL-22BP knockout mice have decreased
infiltration of Ly6C" inflammatory monocytes in the central
nervous system (79). Although not statistically significant, a
trend toward less I1-17" T cells infiltrating the CNS in IL-22BP
knockout mice is seen. In a follow-up study the role of IL-22BP
in EAE was further dissected using an inducible in vivo IL-22BP
knockdown rat strain. Reducing IL-22BP expression before EAE
immunization results in reduced incidence and severity of
disease in conjunction with increased proportions of Tregs and
decreased proportions of Th1 cells in the lymph nodes that drain
the site of immunization (80). Taken together, IL-22 appears to
have a protective effect in autoimmune neuroinflammation but,
unlike many other animal models discussed in this article, the
effect of endogenous IL-22 is normally blocked by IL-22BP.
Homeostatic expression of this soluble antagonist molecule is
detected in many tissues including secondary lymphoid organs
where immune responses are initiated and in the CNS by
microglia, making it an interesting pharmacological target in
MS and other neuroinflammatory diseases.

Dermatitis
In contrast to EAE, IL-22BP knockout mice have more severe
disease in an imiquimod induced model of psoriasis (81). This is
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consistent with the well documented pathogenic role of IL-22 in
rodent models of psoriasis (4). The draining lymph nodes of the
IL-22BP knockout mice have larger proportions of CD44"
CD62L" activated T cells. Also, proportions of both IFNy
producing and IL-17 producing CD8 T cells are elevated
compared to wild type mice.

Allergic Airway Inflammation

The role of IL-22 has been investigated in a model of atopic
dermatitis and allergic asthma in which mice are epicutaneously
sensitized to the model antigen ovalbumin followed by intranasal
challenge (82). Sensitization alone results in increased serum
levels of IL-22 and after intranasal challenge increased II22
mRNA as well as increased eosinophil and neutrophil
infiltration is detected in the airways. Applying the disease
model to 1227/~ mice results in less eosinophils and
neutrophils in the airways and reduces airway resistance after
methacholine provocation. Cells acquired by bronchoalveolar
lavage from 122~ mice contain more IFNY producing type 1
ILCs compared to wild type mice. No change was observed
regarding IFNy" CD4 and CD8 T cells. The authors go on to
show that IL-22 synergizes with TNF to drive the neutrophil
dominated airway inflammation.

Hepatitis

IL-22 has well described protective and regenerative effects on
the liver parenchyma after various insults (61, 83-85). In
contrast, IL-22 has a disease promoting net effect on chronic
hepatitis induced in a mouse strain, transgenically made to
express hepatitis B virus antigens, that is treated with anti-
CD137 to activate T cells. Using this model, I122*"* mice have
increased disease severity, infiltration of granulocytes and T cells
compared to 1122~ mice (86). Moreover, 122"+ mice also have
an altered balance between T cell responses compared to the
11227~ mice, with higher hepatic and splenic Th17 numbers but
unchanged Thl numbers. Anti-IL-22 treatment reduces the
hepatic stellate cell expression of CXCL10 and CCL20, ligands
for CXCR3 and CCR6 respectively, both being chemokine
receptors expressed on Th17 cells. IL-22 treated hepatic stellate
cells have increased chemotactic potential in a transwell assay
and specifically attracts Th17 cells.

Atherosclerosis

Th1 and Th17 cells both promote atherosclerosis, whereas Tregs
are protective. The role of Th2 cells is unclear. Circulating IL-22
and Th22 cells are both elevated in patients with acute coronary
syndrome (87). The role of IL-22 has been investigated using a
mouse model in which atherosclerosis is induced by feeding
ApoE™"~ mice a so called western diet (88). By administering
either recombinant IL-22 or neutralizing IL-22 antibody it was
shown that IL-22 aggravates atherosclerosis, which was
associated with increased macrophage and T cell infiltration in
the blood vessels with a proportional increase in Th17 cells. IL-22
receptor is expressed in mouse aortic tissue and its expression is
further elevated in the atherosclerosis prone mice.

Infectious Diseases

Chlamydial Lung Infection

Chlamydial organisms are obligate intracellular gram-negative
bacteria that can cause pneumonia in humans, which is modeled
in mice using Chlamydia muridarum. The role of IL-22 has been
investigated in this disease model using either administration of
recombinant IL-22 or neutralizing IL-22 antibody (89). In both
cases IL-22 was shown to improve outcome associated with
increased IL-17 production in infiltrating cells in the lungs and
spleen ex vivo as well as in splenocytes after antigen specific
activation in vitro. Conflicting results were obtained regarding
IFNY production. Anti-IL-22 treated mice also display lower IL-10
production ex vivo and after antigen specific stimulation in vitro.

Opportunistic Fungal Lung Infection

To mimic an opportunistic fungal lung infection in an
immunocompromised patient, mice were treated with a
neutrophil-depleting antibody prior to infection with
Aspergillus fumigatus (90). Furthermore, to investigate the role
of gut microbiota in this context, the mice were pre-treated with
vancomycin prior to infection, which suppresses intestinal
segmented filamentous bacteria and other gram-positive
bacteria. Vancomycin pre-treatment did not affect disease
severity in that study but did, however, reduce the presence of
IL-17 and IL-22 in the lungs. They show that [1227"~ mice have
increased colonization of intestinal segmented filamentous
bacteria, consistent with Ivanov et al. (13). After infection with
A. fumigatus, the amount of IL-17 in [1227"~ lung tissue appeared
to be increased (p = 0.06), an effect that was obliterated by pre-
treatment with vancomycin. Vancomycin pre-treatment of wild
type mice followed by fecal transplant, neutrophil depletion, and
A. fumigatus infection results in more Th17 cells infiltrating the
lungs after fecal transplants from 11227/~ compared to wild type
mice. Transferring serum from wild type mice colonized with
segmented filamentous bacteria to uncolonized wild type mice
infected with A. fumigatus results in a decrease in Th17 cells in
the lungs compared to transferring serum from colonized 11227/~
mice. This effect is counteracted by premixing the serum with
IL-1Ra (Anakinra). Wild type serum has decreased levels of IL-
lo but similar levels of IL-1B compared to 1227/~ serum.
Collectively making it plausible that IL-22 modulates serum
IL-1Ra ligands leading to accumulation of Th17 cells in the
lungs after fungal infection.

Tuberculosis

The immune response to Mycobacterium tuberculosis varies
depending on the infecting strain. The hypervirulent W-Beijing
lineage of M tuberculosis is a growing health threat that is often
associated with human immunodeficiency virus and drug
resistance. This infection is modeled in mice with the M.
tuberculosis strain HN878 (46). In this context, 1122~ mice
have normal susceptibility to infection but have higher bacterial
burden in the lungs during the chronic stage. IL-22 deficiency
has no impact on alveolar macrophages, monocytes, or recruited
macrophages in the lungs during the acute stage of disease but
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reduces the numbers of IFNYy secreting CD4 and CD8 T cells as
well as IL-17 secreting CD8 T cells. However, during the chronic
stage the numbers of monocytes and recruited macrophages are
lower in the 11227~ mice consistent with the impaired bacterial
clearance. Interestingly, IL-17, which has been shown to be
required for protective immunity to this strain (91), is
increased in CD8 T cells at this stage despite the poorer
outcome. This implies that the lack of IL-22 and associated
reduction in IFNY production and increased bacterial burden are
not compensated for by increased IL-17 production.

Malaria

Plasma levels of IL-22 are elevated in acute infection with
Plasmodium falciparum in humans as well as in the murine
malaria model Plasmodium berghei infection in C57BL/6 mice.
11227~ mice have earlier onset of cerebral malaria compared to
wild type mice despite similar parasite burden in the liver and
decreased parasitemia (92). Similar results were seen in
experiments using neutralizing IL-22 antibody in vivo. Day 3
after infection the 11227~ mice have increased proportions of
IFNY" cells in the spleen, evident in both CD4 and CD8 T cells as
well as ¥ T cells. Although no difference in IFNYy expression was
observed day 6, IL-17 expression in CD4 T cells as well as Y0 T
cell is decreased at both time points in 1122”7~ mice. APC and
CD8 T cell co-cultures using bone marrow derived dendritic cells
pulsed with antigen showed that both APCs and CD8 T cells
from 1227/~ mice are primed to produce more IFNy compared to
cells from wild type mice. Both CD11c¢" CD11b™ dendritic cells
ex vivo and bone marrow derived dendritic cells from 1227/~
mice have increased lipopolysaccharide induced expression of
CD80 and CD86. Adoptive transfer of splenocytes from OT1
mice, that have ovalbumin specific T cell receptors, into wild type
or 1227~ recipients followed by infection with a transgenic
ovalbumin-expressing malaria strain results in more antigen
specific T cell proliferation in the 11227/~ recipients.

Bacterial Colonization

The potential of IL-22 to influence the crosstalk between the
microbiota and the immune system during non-inflammatory
conditions in the mouse has been examined. Staphylococcus
epidermidis was applied to the skin and using both gene-deleted
mice and neutralizing antibody, the authors demonstrate IL-22
dependent upregulation of MHC class II expression on
keratinocytes, which results in increased numbers of S. epidermidis
specific Th1 in the skin but no difference was observed regarding
Th17 cells (93). Genetic deletion of MHC class II specifically in
keratinocytes reduces the Th1 cells but leaves Th17 cells unchanged.
The authors speculate that this may be a result of differential
requirements of Thl and Th17 cells to local co-stimulation and
chemokines produced by activated keratinocytes.

Viral Infection
The role of IL-22 in viral infections is less studied compared to
bacterial infections. A study reports that IL-22 is secreted in liver

and lymphoid organs within the first few days after intravenous
administration of lymphocytic choriomeningitis virus (LCMV)
(94). Here IL-22 is expressed mainly by yd T cells and is
dependent on the PI3K/mTOR pathway but not AhR signaling
(94). IL-22R was detected on CD45 cells in both the thymus and
the spleen. Infecting I122”~ mice with the LCMV results in
increased expression in splenic CD4 T cells of activation marker
CD44, chemokine receptor CXCR3, and proliferation marker
ki67. Antigenic restimulation of splenic and liver T cells in vitro
results in higher proportions of IFNy" CD4 and CD8 T cells.
Overexpression of IL-22 leads to the opposite results, confirming
that IL-22 dampens IFNY" T cell responses during acute (7 days)
and persistent (60 days) LCMV infection in both lymphoid
organs and the liver.

Immunization

In a study explicitly designed to study potential indirect effects of
IL-22 on T helper cell responses, mucosal immunization with
ovalbumin and the adjuvant cholera toxin was performed (95). In
11227~ mice this results in greater antigen specific T cell responses
to mucosal (intrarectal), but not systemic (intraperitoneal)
immunization. Polyclonal and antigen specific restimulation in
vitro of splenic T cells from the mucosally immunized 1122~ mice
results in elevated secretion of IFNy and IL-17, but no difference
was seen after systemic immunization. In this case the proposed
mechanism is increased epithelial permeability in the mucosal
membrane in the absence of the homeostatic trophic effects of IL-
22 allowing more antigen to come in contact with the
immune system.

Other Diseases

Multiple Myeloma

Circulating Th17 cells as well as serum levels of IL-22 and IL-17
are elevated in multiple myeloma patients compared to healthy
controls, which has spurred investigations into the role of IL-22
in this disease. When peripheral blood mononuclear cells from
multiple myeloma patients are cultured under Thl polarizing
conditions in the presence of IL-22 or IL-17, no effect on IFNy
was observed but when the two cytokines are combined IFNy
production is reduced (96). The authors suggest that the elevated
circulating IL-22 and IL-17 in multiple myeloma patients may
dampen Th1 responses potentially contributing to the observed
immune dysfunction in this patient group.

Radiation Induced Thymic Injury

IL-22 produced by local lymphoid tissue inducer (LTi) cells after
radiation induced thymic injury is essential for the regeneration
of thymopoiesis (97). In this disease model, the upregulation of
IL-22 in the thymus is dependent on IL-23 from dendritic cells,
primarily of the CD103" subset, and may be triggered by the loss
of double positive thymocytes. IL-22R subunit [I22ral is
expressed on thymic epithelial cells and in vitro treatment of
these cells with IL-22 results in improved survival and increased
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proliferation. Administration of IL-22 to irradiated mice with or
without subsequent hematopoietic stem cell transplantation
results in increased thymic cellularity, including all developing
thymocyte subsets and thymic epithelial subsets.

Lung Cancer

IL-22 and Th22 cells are elevated in sera and tumor samples from
patients with lung cancer and high IL22R1 expression is an
indicator of poor prognosis in non-small cell lung cancer. In a
study aimed at elucidating the role of IL-22 in tumor-promoting
inflammation a Kras-induced mouse lung cancer model was used
in combination with genetic deletion of 1122 (98). In the absence
of IL-22 lung tumor burden is reduced. Characterization of the
bronchoalveolar lavage fluid T cells showed reduced proportions
of Tregs and increased proportions of IFNy" CD4 and CD8 T
cells. IL-22 is known to induce STAT3 activation, which has also
been observed in non-small cell lung cancer and is furthermore
associated with poor prognosis, thus being a plausible
mechanism for the effects on tumor burden in the mouse
model. However, this would not explain the observed effects of
IL-22 on T cell phenotype. The authors propose that
pharmacologic targeting of IL-22 may have potential as an
add-on therapy to conventional treatments of KRAS-mutant
lung cancer.

Liver Allograft Rejection

Both adaptive and innate immune cells influence acute liver
transplant rejection. IFNy and IL-17 secretion is involved but the
role of IL-22 is largely unknown. In a rat model of acute liver
allograft rejection treatment with IL-22 neutralizing antibody
12 h before sacrificing the animal day 1, representing ischemia-
reperfusion-injury, results in worse liver function (99). In
contrast, treatment with IL-22 antibody 24 h before sacrificing
the animal on day 7, representing acute rejection, results in
improved liver function. At both timepoints IL-22 promoted
expression of anti-apoptosis and pro-regeneration associated
genes, implying that another mechanism overrides these effects
day 7 when clinical outcome is better compared to controls. IL-
22 neutralization is associated with increased proportions of
Tregs and decreased proportions of Thl7 cells in the liver
allografts day 7 but no difference was observed day 1. The
authors propose that at both timepoints the effect of IL-22 is
mediated via STAT3. During the ischemia-reperfusion-injury
stage the protective effect on hepatocytes by induction of anti-
apoptotic and reparative factors lead to better clinical outcome
but at the acute rejection stage day 7 induction of hepatocyte
chemokine secretion and Th17 type inflammation dominate
leading to worse clinical outcome.

Graft Versus Host Disease

Several studies have examined the role of IL-22 in GvHD. In a
model of acute GvHD performed by injecting C57BL/6
splenocytes into F1 progeny of C57BL/6 and D2 mice,
neutralizing IL-22 antibody was administered simultaneously
and results in increased survival as well as suppressed expansion

of donor CD8 T cells and decreased disease-associated depletion
of host cells, particularly B cells (100). This is associated with
increased proportions of Tregs in the spleen and decreased
proportions of IFNY, IL-4, and TNF secreting CD4 T cells.
Splenic CD11b" cells harvested from acute GvHD mice have
upregulated IL-22R mRNA as well as protein and cells from IL-
22 antibody treated mice have decreased expression of co-
stimulatory molecules. Co-cultures with CD11b" cells from IL-
22 antibody treated mice with normal C57BL/6 CD4" CD25~ T
cells promote Treg induction.

The role of IL-22 has also been investigated in a bone marrow
transplantation model in which recipient mice were exposed to
total body irradiation followed by injection of T cell depleted
allogenic bone marrow (101). Treatment with recombinant IL-22
in this model accelerates thymic reconstitution. To induce GvHD
the recipient mice were injected with allogenic T cells from the
same donor mouse strain. Treatment with recombinant IL-22
has no effect on acute GvHD (day 7) but reduces severity of
chronic GvHD (day 60), which is associated with increased
numbers of natural Tregs in the thymus and the spleen and
decreased numbers of Th1 cells in the spleen. No effect was seen
on induced Tregs. The same group has shown using the same
acute GYHD model with I1227~ mice that recipient derived IL-22
reduces severity of disease and improves survival day 30 (102).
The 11227~ mice has higher proportions of Th1 cells in liver,
spleen, and intestines. Tregs are reduced but no effect was seen
on Th17 cells. IL-22R mRNA was detected in bone marrow
derived dendritic cells and stimulation of these with recombinant
IL-22 results in reduced expression of CD80 and IFNYy.
Compared to wild type bone marrow derived dendritic cells
11227~ counterparts co-cultured with wild type T cells results in
higher proportions of Th1 cells and lower proportions of Tregs.

CONCLUDING REMARKS

Published data that demonstrate direct or indirect effects of IL-22
on T cell polarization or secretion of signature cytokines in the
context of a wide range of diseases are compiled in this review
(Table 2, Figures 2 and 3). The observed effects are not uniform,
but the data suggest that IL-22 signaling often results in reduced
Th1 type responses and it may also contribute to resolution of
inflammation by promoting Tregs or IL-10 secretion.

IL-22 has an important role in the response to bacterial
pathogens in several models of infectious diseases including
Citrobacter rodentium colitis (30, 40) and Klebsiella pneumonia
(103) as well as Mycobacterium tuberculosis infections of the lungs
(46). The proposed mechanisms have primarily been maintenance
of physiological barriers and induction of antimicrobial peptides.
Considering this, it is somewhat surprising that available data
frequently describe an inhibitory effect of IL-22 on Thl immune
responses. In contrast, if one considers the inflammatory diseases,
an inhibitory effect of IL-22 on inflammatory T cell responses is
consistent with the observed net effect of IL-22 on most models.
The notable exception is psoriasis and other dermatitides where
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TABLE 2 | The influence of IL-22 on the Th1/Th17 axis.

Phenotype Context Effect Influence of IL-22 References
Less IFNy Healthy human - Decreases IFNy during Th1 differentiation of PBMCs when Prabhala et al. (96)
combined with IL-17

EAU pos Decreases splenic T cell IFNy in vitro Ke et al. (68)
Murine malaria pos Decreases splenic T cell IFNy ex vivo and in vitro Sellau et al. (92)
CIA (treatment after onset) neg Decreases IFNy or Th1 cells in spleen, draining lymph nodes, and Justa et al. (64)
APC/T cell co-culture
CIA pos Decreases IFNy after polyclonal activation of splenocytes in vitro Sarkar et al. (74)
EAE pos Decreases Th1 cells in draining lymph node cells 7 days after Lindahl et al. (80)
immunization
GvHD (bone marrow) pos Decreases Th1 cells in the spleen day 60 Pan et al. (101)
GVHD (splenocytes) pos Decreases donor Th1 cells in target tissues Pan et al. (102)
Allergic airway inflammation pos Decreases IFNy in BAL cells Leyva-Castillo et al. (82)
Lung cancer neg Decreases Th1 and IFNy* cytotoxic T cells in lung tumor tissue Khosravi et al. (98)
Vaccination pos Decreases IFNy in restimulated splenocytes Budda and Zenewicz (95)
Psoriasis arthritis model neg Decreases Th1 cells in the skin and bone marrow Yang et al. (77)
LCMV infection neg Decreases Th1 and IFNy* cytotoxic T cells in the liver and spleen Yiet al. (94)
More IFNy Mycobacterial lung infection pos Increases IFNy" T cells in the lungs during the acute stage of Treerat et al. (46)
disease only
CIA (treatment before onset) pos Increases Th1 cells in draining lymph nodes Justa et al. (64)
Psoriasiform dermatitis neg Increases IFNy" cytotoxic T cells in the draining lymph nodes after Lindahl et al. (81)
polyclonal stimulation in vitro
Staphylococcal colonization on skin - Increases antigen specific Th1 cells Tamoutounour et al. (93)
GvHD neg Increases Th1 cells in the spleen Wau et al. (100)
Less IL-17 Untreated mice - Decreases Th17 cells in the intestines Qiu et al. (73)
EAU pos Decreases splenocyte IL-17 expression in vitro Ke et al. (68)
Pulmonary fungal infection - Decreases Th17 cells in the lungs McAleer et al. (90)
Murine malaria pos Decreases Th17 cells in the spleen Sellau et al. (92)
CIA pos Decreases splenocyte IL-17 expression ex vivo Corneth et al. (75)
CIA (treatment before onset) pos Decreases Th17 cells in joints Justa et al. (64)
Vaccination pos Decreases IL-17 production in antigen stimulated splenocytes in Budda and Zenewicz (95)
vitro
Psoriasis arthritis model neg Decreases Th17 cells in the bone marrow Yang et al. (77)
Dry eye disease model pos Decreases Th17 cells in the eyes Jietal (35)
More IL-17 Mycobacterial lung infection pos Increases IL-17* cytotoxic T cells during the acute and chronic Treerat et al. (46)
phase of the disease
Chlamydial lung infection pos Increases Th17 cells the lungs and spleen Peng et al. (89)
Chronic hepatitis neg Increases Th17 cells in the liver and spleen Zhao et al. (86)
CIA (treatment after onset) neg Increases Th17 cells in the joints and splenic APC/T cell Justa et al. (64)
co-cultures
CIA pos Increases Th17 cells in the spleen after antigen specific Sarkar et al. (74)
restimulation
Psoriasiform dermatitis neg Increases IL-17* cytotoxic T cells in the draining lymph nodes after Lindahl et al. (81)
polyclonal stimulation in vitro
Psoriasis arthritis model neg Increases Th17 cells in the skin Yang et al. (77)
Atherosclerosis neg Increases Th17 cells in the blood vessel Lin et al. (87)
Liver allograft rejection — acute rejection neg Increases Th17 cells in the allografted liver Zhang et al. (99)
More IL-10 EAU pos Increases splenic T cell IL-10 expression in vitro Ke et al. (68)
CIA pos Increases splenic T cell IL-10 expression in vitro Sarkar et al. (74)
Chlamydial lung infection pos Increases T cell IL-10 expression in the lungs, spleen, and Peng et al. (89)
lymph nodes
Less Tregs GvHD neg Decreases Tregs in the spleen Wu et al. (100)
Psoriasis arthritis model pos Decreases Tregs in the skin and bone marrow Yang et al. (77)
Liver allograft rejection — acute rejection neg Decreases Tregs in the allografted liver tissue Zhang et al. (99)
More Tregs EAE pos Increases Tregs in the draining lymph nodes Lindahl et al. (80)
GvHD (bone marrow) pos Increases Tregs in the spleen and thymus. Pan et al. (101)
GvHD (splenocytes) pos Increases Tregs in the spleen, liver, and small intestines Pan et al. (102)
Lung cancer neg Increases Tregs in lung tumor tissue Khosravi et al. (98)

T cell polarization or cytokine expression in experiments in which IL-22 signaling was specifically manipulated. The effect for each disease model is assigned as pos if IL-22 results in less
severe disease and neg if IL-22 results in more severe disease. PBMC, peripheral blood mononuclear cells; EAU, experimental autoimmune uveitis; CIA, collagen induced arthritis; APC,
antigen presenting cell; EAE, experimental autoimmune encephalomyelitis; GvHD, graft versus host disease; BAL, bronchioalveolar lavage; ILC, innate lymphoid cell; LCMV, lymphocytic
choriomeningitis virus; Tregs, requlatory T cells.
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FIGURE 2 | Organs and conditions in which there are reported effects of IL-
22 on the Th1/Th17 axis.

Psoriasiform dermatitis
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IL-22 has a pathogenic effect, which likely involves direct actions
of IL-22 on keratinocytes leading to excessive proliferation,
aberrant maturation as well as induction of inflammatory
mediators (6, 11, 104-106).

Although not covered in this review, several studies have
shown that IL-22 can promote B cell responses. CXCL13 is a
central chemokine in B cell immune responses and is expressed
in follicles of lymphoid tissues where it attracts B cells via the
receptor CXCR5. In vivo neutralization of CXCL13 in mice
reduces B cell recruitment to lymphoid follicles and inhibits
formation of germinal centers (107). CXCL13 can be induced by
IL-22 in tertiary lymphoid follicles (108) offering a plausible
explanation to the elevated antibody levels in response to IL-22.
In mice, IFNY promotes isotype switching to IgG2a or IgG2c
(109). The IL-22 mediated decrease in Th1 responses would thus
be expected to be associated with a reduction in these isotypes
which was the case in the study of Geboes et al. (66), but not in
Justa et al. (64) or Corneth et al. (75). Although Th2 cells have
not frequently been assessed in the included studies one can
speculate that IL-22 induces a shift in the Th1/Th2 balance
toward a Th2 and humoral immune response.

Both the proliferative and anti-apoptotic effects on epithelia
and other tissues commonly attributed to IL-22 signaling as well
as a potential inhibitory effect on T cell responses may lead to a
permissive environment for tumor growth. IL-22 has been
reported to both increase and decrease formation of tumors
depending on tissue and model system but a tumor-promoting
effect is more commonly observed (72). Interestingly,
constitutive deletion of the IL-22 antagonist molecule IL-22BP
in mice does not result in more tumor formation in steady state
conditions but in the context of chronic colitis the unrestrained
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FIGURE 3 | Hypothetical mechanisms of action for the observed effects of IL-22 on the Th1/Th17 axis.
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IL-22 signaling results in increased incidence of colon tumors.
On the other hand, another study demonstrated a protective role
of IL-22 in inflammation-induced colon tumors by improving
the cellular response to DNA damage (110).

In summary, IL-22 signaling often reduces Th1 type immune
responses. This characteristic of IL-22 may act in synergy with its
protective effects on IL-22R expressing tissue cells to reduce
collateral damage in the context of infection and inflammation.
The long-term risk of tumor growth needs to be counterbalanced,
which is the likely role of the endogenous IL-22 antagonist IL-
22BP that is constitutively expressed in many tissues.
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Inflammatory bowel diseases (IBDs) are characterized by chronic, inflammatory
gastrointestinal lesions and often require life-long treatment with immunosuppressants
and repetitive surgical interventions. Despite progress in respect to the characterization of
molecular mechanisms e.g. exerted by TNF-alpha, currently clinically approved
therapeutics fail to provide long-term disease control for most patients. The
transcription factor interferon regulatory factor 4 (IRF4) has been shown to play
important developmental as well as functional roles within multiple immune cells. In the
context of colitis, a T cell-intrinsic role of IRF4 in driving immune-mediated gut pathology is
established. Here, we conversely addressed the impact of IRF4 inactivation in non-T cells
on T cell driven colitis in vivo. Employing the CD4*CD25™ naive T cell transfer model, we
found that T cells fail to elicit colitis in IRF4-deficient compared to IRF4-proficient Ragf/ -
mice. Reduced colitis activity in the absence of IRF4 was accompanied by hampered T
cell expansion both within the mesenteric lymph node (MLN) and colonic lamina propria
(cLP). Furthermore, the influx of various myeloids, presumably inflammation-promoting
cells was abrogated overall leading to a less disrupted intestinal barrier. Mechanistically,
gene profiling experiments revealed a Th17 response dominated molecular expression
signature in colon tissues of IRF4-proficient, colitic Rag7’/ ~ but not in colitis-protected
Rag1~'~Irf4~"~ mice. Colitis mitigation in Rag1~"~Irf4~"~ T cell recipients resulted in reduced
frequencies and absolute numbers of IL-17a-producing T cell subsets in MLN and cLP
possibly due to a regulation of conventional dendritic cell subset 2 (cDC2) known to
impact Th17 differentiation. Together, extending the T cell-intrinsic role for IRF4 in the
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IRF4 in Non-T Cells and Colitis

context of Th17 cell driven calitis, the provided data demonstrate a Th17-inducing and
thereby colitis-promoting role of IRF4 through a T cell-extrinsic mechanism highlighting
IRF4 as a putative molecular master switch among transcriptional regulators driving
immune-mediated intestinal inflammation through both T cell-intrinsic and T cell-extrinsic
mechanisms. Future studies need to further dissect IRF4 controlled pathways within
distinct IRF4-expressing myeloid cell types, especially cDC2s, to elucidate the precise
mechanisms accounting for hampered Th17 formation and, according to our data, the

predominant mechanism of colitis protection in Rag?~~Irf4

== T cell receiving mice.

Keywords: interferon regulatory factor 4 (IRF4), myeloid cells, Th17, intestinal inflammation, inflammatory bowel

disease (IBD)

INTRODUCTION

Inflammatory bowel diseases (IBDs) clinically manifest with
chronic affections of the gastrointestinal tract that are assumed
to result from an inadequate immune response while antigens
against which the immune attack may be specifically directed have
not been identified so far (1). Besides some early-onset cases
affecting infants that are due to a rather genetically circumscribed
mutation as e.g. IL-10 receptor gene, onset of disease usually
occurs in young to middle-aged adults and is triggered by so far
rather undisclosed environmental factors that however
epidemiologically seem to be associated with western life style
habits as e.g type of nutrition (1-3). Among the diverse and
complex pool of immune cell subpopulations found within the
inflamed gut of IBD patients, based on many preclinical
experimental data sets, T cells are assumed to play a major
pathogenetic role in mediating intestinal tissue inflammation (4-
6). In fact, interleukin 17a (IL-17a) producing T helper (Th17)
cells are one of the most prevalent T cell subsets in the inflamed
gut tissue, suggesting a critical contribution to the pathogenesis of
IBD (7). However, failure in clinical studies examining the efficacy
of antibody mediated IL-17a and IL-17R blockade in IBD was
therefore unexpected and may indicate that pro-inflammatory
effects of Th17 cells are not or at least not exclusively mediated by
the cytokine IL-17a alone with the latter putatively exerting rather
barrier-protective effects in this context given the observation of
disease aggravation following IL-17a neutralization in some
patients (8, 9). Regardless, data on the biology and function of
IL-23 in IBD argue for the overall colitogenic rather than
inflammation-reducing nature of Th17 cells given the fact that
IL-23 has been revealed to be one, if not the most important
cytokine acting upstream of Th17 cells providing crucial signals
for their survival and proliferation (10-13). Interestingly, recently
IL-23 which expression is regularly upregulated in IBD tissues was
suggested to be critically involved in driving alternative immune
pathways specifically active in patients suffering from an anti-
TNF-alpha blockade resistant disease (14). Overall, in addition to
strategies that specifically block gut homing mediating molecules,
IL-23 represents together with TNF-alpha one of the few already
therapeutically established biological targets in clinical
management of IBD further strengthening the case for the
central pathogenicity of IL-23R" Th17 cells in the context of IBD.

Antigen-presenting cells (APCs) have been identified and
characterized to be critical instructors and modulators of both
pro- and anti-inflammatory T cell responses in vivo (15-18). In
addition to providing co-stimulatory or -inhibitory signals,
APCs do so largely by expressing and releasing cytokines as
e.g. IL-12, IL-23, or TGF-f§ all known to be crucial upstream
regulators and promoters of pro-inflammatory or regulatory T
cell differentiation programs (16, 17, 19, 20). T cells themselves
are unable to express inflammation-promoting cytokines like
IL-23 and IL-12. Hence, e.g. IL-23 is largely provided by APC as
e.g. dendritic cells and monocytes with the latter shown to have
the ability to differentiate into inflammatory dendritic cells in
the context of mucosal inflammation (16, 19, 21-23). Dendritic
cells are subdivided into conventional (cDCs) and plasmacytoid
dendritic cells (pDCs). Based on the developmental dependence
on specific transcriptional regulators and critical functional
differences in respect to their differential abilities to induce
and promote certain types of T cell responses, cDCs can be
further differentiated into two major subsets, cDC1 and ¢cDC2
(15, 24, 25). cDCls have been shown to be particularly critical
for the induction of anti-viral and anti-tumor CD8" T cell
responses in part by the preferential ability to release IL-12 and
cDC1 development is dependent on the transcription factor axis
IRF8/BATF3/ID2 (26-29). In contrast, development and
functionality of ¢DC2 are largely dependent on the
transcription factor IRF4 (16, 30, 31). Interestingly, cDC2s
have been shown to represent a critical source for IL-23
expression in vivo suggesting that especially IRF4 dependent
cDC2s might represent critical APC driving Th17 cell responses
in vivo as e.g. in the context of colitis (15, 16, 19). While the T
cell-intrinsic function of IRF4 in regard to its contribution to
the manifestation of colitis has been thoroughly evaluated (32),
the question whether IRF4 expressed by non-T cells is involved
in the colitis manifestation and more specifically in the
orchestration of the colitogenic T cell responses and if so in
what way has not been studied in great detail so far. Hence, here
we assessed the T cell-extrinsic role of IRF4 for the course of
acute T cell driven intestinal inflammation employing the
widely accepted CD4"CD25™ naive T cell transfer model
system (33, 34). We found that IRF4 expressed in non-T cells
is indispensable for the clinical, endoscopic, and
histopathological colitis manifestation. Moreover, IRF4
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deficiency within mice receiving IRF4-expressing T cells
resulted in a decreased recovery rate of transferred T cells
both in the draining mesenteric lymph node and the colonic
lamina propria. Most importantly, formation of colitogenic T
cells subsets and here foremost IL-17a expressing Th17 cell
subsets were severely hampered in the absence of T cell-
extrinsic IRF4 expression. Given its established, cell-intrinsic
role during the regulation of Th17 fate decision and ¢DC2
development and function with the latter known to promote
Th17 immune responses, IRF4 overall emerges as a key
transcriptional regulator globally promoting Th17 cell driven
gut inflammation.

MATERIALS AND METHODS

Mice

C57Bl/6 mice were purchased from Janvier Labs, and congenic
CD45.1/Ly5.1 B6.SJL-PtrprcaPepcb/BoyCrl mice and B6.PL-
Thy1?/Cy] mice were purchased from Charles River
Laboratories and The Jackson Laboratory, respectively.
B6.129S7-Ragltm1Mom/] (termed Raglf/’ mice) and
B6.129P2—Irf4m’1M“k/] (termed Irf4’/7 mice) were purchased
from The Jackson Laboratory and intercrossed to generate
Ragl™""Irf4™"~ mice. Mice were maintained under specific
pathogen-free conditions. Mice at 8 to 16 weeks of age were
used. This study was carried out in accordance with the
recommendations of the government of Lower Franconia in
Bavaria, Germany. The protocol was approved by the
government of Lower Franconia in Bavaria, Germany.

T Cell Transfer Colitis Model

Splenocytes were isolated from wildtype donor mice (C57Bl/6,
CD45.1/Ly5.1 B6.SJL-PtrprcaPepcb/BoyCrl or B6.PL-Thy1%/Cy]).
For this purpose, the spleen was mashed through a 40 um cell
strainer and red blood cells were lysed with ACK buffer (0.15 M
NH,Cl, 1 M KHCO;, 0.8 M Na,EDTA; pH7.2). Naive
(CD47CD25") splenic T cells were isolated from spleen cell
suspensions by two consecutive magnetic cell separation steps
with the CD4™ T cell isolation kit followed by the CD25 Microbead
kit (Miltenyi Biotec) according to the manufacturer’s instructions.
Purity of cell isolates was confirmed by flow cytometry. To induce
transfer colitis, 1 x 10° naive T cells were injected i.p. into recipient
mice. Ragl™ " Irf4”"~ mice were used as IRF4-deficient recipients.
Either Ragl™ Irf4""* or Ragl™"Irf4""~ mice were used as IRF4-
proficient T cell recipients due to a virtually indistinguishable
colitis phenotype of wildtype (Irf4"*) and IRF4 heterozygous
(Irf*'7) mice, and this group is further referred in the
manuscript as Ragl™~ mice.

Mini-Endoscopy of Mice

Mucosal inflammation of the colon after T cell transfer was
assessed macroscopically by colonoscopy using an image 1" S3
mini-endoscope (Karl Storz) as previously described (35). For
this purpose, mice were anesthetized and inflammation of the
colon was assessed using a modified murine endoscopic index of

colitis severity (MEICS) based on four parameters: thickening of
the bowel wall, changes of the vascularity, granularity of the
mucosal surface and stool consistency. Every parameter was
scored from zero for no colitis to three for massive
inflammation adding up to a maximal score of 12 as
previously described (36).

Histopathological Analysis

Samples of the distal colon were rinsed with phosphate-buffered
saline (PBS; Sigma-Aldrich) and fixed in 4.5% formaldehyde
(Carl Roth) overnight. For histopathological analysis, sections of
paraffin-embedded colon tissue were stained with hematoxylin
and eosin (H&E), and inflammation was assessed by a
pathologist in a blinded manner based on a slightly modified
scoring system described by Erben et al. (37). Slides were
analyzed using a Zeiss Axio Imager.Al microscope and
measurements were performed in micrographs taken with a
Zeiss AxioCam MRc camera and Zeiss AxioVision (4.9.1.SP2)
software. Briefly, histopathological changes were scored for four
criteria: inflammatory density (0 = no/minimal, 1 <10%, 2 = 10-
25%, 3 = 26-50%, 4 >50%), hyperplasia (0 <200 um crypt length,
1 =200-299 pm, 2 = 300-399 um, 3 >400 pum), goblet cell loss (0
<20%, 1 =21-35%, 2 = 36-50%, 3 >50%) and crypt abscesses (0 =
none, 1 <one, 2 = one to two, 3 = three or more per quadrant in a
circumferential colonic section). In addition, the location of
inflammation was assessed (1 = only mucosa, 2 = extending
into the submucosa, 3 = transmural), the crypt loss was scored
from 0 to 2 (0 = none, 1 = one, 2 = two or more neighboring
crypts lost), and the absence or presence of erosion, ulceration
and irregular crypts was scored with 0 or 1, respectively. Scores of
each criterion were summed up leading to a maximum total
histology score of 21.

Immunohistochemistry

Samples of the distal part of the colon were frozen and
embedded in Optimal Cutting Temperature compound
(Sakura). Frozen tissue sections were fixed in 2%
paraformaldehyde for 20 min. To prevent unspecific binding,
sections were blocked for 1 h with blocking buffer consisting of
10% fetal calf serum (FCS; Pan-Biotech) and 1% bovine serum
albumin (Sigma-Aldrich). Sections were double-stained with
anti-F4/80-Alexa Fluor 488 (BMS; BioLegend) and anti-CD4-
Alexa Fluor 647 (GK1.5; BioLegend) or rabbit anti-MPO
(polyclonal; Abcam) in blocking buffer overnight at 4°C. For
MPO staining, sections were additionally incubated with donkey
anti-rabbit-IgG-Alexa Fluor 647 (Poly4064; BioLegend) for 2 h
at room temperature in blocking buffer. Nuclei were
counterstained with Hoechst 33342 (Life Technologies).
Images were recorded using the confocal microscope Leica
TCS SP5II with Leica LasX software.

Isolation of Colonic Lamina Propria Cells,
Splenocytes, and Mesenteric Lymph

Node Cells

Colonic lamina propria (cLP) cells were isolated by enzymatic
digestion as described before (38). Briefly, the colon was rinsed
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with PBS to remove intestinal content, opened longitudinally,
and cut into small pieces. After washing colonic pieces twice with
Hanks’ Balanced Salt solution (HBSS; Sigma-Aldrich)
supplemented with EDTA (0.5 mM), intestinal tissue was
digested in HBSS containing DNase I (0.25 mg/ml),
collagenase D (0.5 mg/ml), dispase II (3 Units/ml), and 5%
FCS. Following filtering through a 40 um cell strainer (Falcon)
and washing of the digested tissue with PBS, cLP cells were
enriched with density gradient centrifugation where 80% Percoll
was overlaid with cells resuspended in 40% Percoll (GE
Healthcare). cLP cells were washed with RPMI supplemented
with 10% FCS prior to further analysis. Splenocytes and
mesenteric lymph node (MLN) cells were isolated by
enzymatic digestion of chopped tissues with DNase I (30 U/
ml), collagenase B (0.25 mg/ml) in DMEM high glucose (Gibco)
supplemented with 10% FCS for 1 h at 37°C. Cells were filtered
through a 40 pum cell strainer and washed with PBS. Red blood
cells were lysed with ACK buffer. All enzymes were purchased
from Sigma-Aldrich.

Flow Cytometry Analysis

For the analysis of cell surface markers, isolated cells were stained
with fluorochrome-conjugated antibodies dissolved in staining
buffer (3% FCS in PBS) for 20 min at 4°C in the dark before
analysis. For staining of intranuclear proteins, the FOXP3 Fix/
Perm buffer set (BioLegend) was used according to the
manufacturer’s instructions. Briefly, following staining of cell
surface markers, cells were fixed in fixation/permeabilization
working solution for 40 min at 4°C in the dark before
permeabilization and staining in permeabilization buffer for
40 min at 4°C in the dark. For intracellular cytokine staining,
isolated cells (1 x 10%/ml) were cultured in cell culture medium
[DMEM high glucose containing 10% FCS, 100 U/ml penicillin/
0.1 mg/ml streptomycin (Sigma-Aldrich), 1% non-essential
amino acids (Sigma-Aldrich), 1% L-glutamine (Sigma-Aldrich),
1 mM sodium pyruvate (Sigma-Aldrich) and 0.5 mM -
mercaptoethanol (Gibco)] in the presence of 50 ng/ml phorbol
12-myristate 13-acetate (Sigma-Aldrich) and 1 pM ionomycin
(Sigma-Aldrich) for 4 h at 37°C. 1 pg/ml brefeldin A (Sigma-
Aldrich) was added for the last 3 h of culture. Thereafter, cells
were stained for surface markers. Intracellular cytokine staining
was performed as described previously (39). In brief, following
fixation with 2% formaldehyde for 15 min, cells were
permeabilized with 0.05% saponin (Sigma-Aldrich) in staining
buffer. Intracellular cytokines were stained for 30 min at 4°C in
the dark using fluorochrome-labeled antibodies dissolved in
0.5% saponin in staining buffer. To identify and exclude dead
cells DAPI (Sigma-Aldrich) or the LIVE/DEAD Fixable Aqua
Dead Cell Stain Kit (Life Technologies) was used according to the
manufacturer’s instructions. Stained cells were measured in
staining buffer on a FACSFortessa II (BD Biosciences) flow
cytometer, and data were analyzed using FlowJo 10.7.1
software (Tree Star Inc). Cell aggregates were excluded from
analysis using forward scatter-area versus forward scatter-height
scatterplots. The following antibodies were used: anti-Ly6C

(HK1.4), anti-Ly6G (IA8), anti-F4/80 (BM8), anti-CD3e
(17A2), anti-CD4 (GK1.5), anti-GM-CSF (MP1-22E9), anti-IL-
17a (TC11-18H10.1), anti-IEN-y (XMG1.2); anti-CD45.2 (104),
anti-I-A/I-E (M5/114.15.2), anti-CD11c (N418), anti-CD103
(2E7), anti-CD11b (M1/70), anti-IRF-4 (IRF4.3E4), anti-
CD172 (A7R34), anti-T-bet (4B10), anti-XCR1 (ZET),
streptavidin-Brilliant-Violet 421 from BioLegend, anti-CD11b
(M1/70), anti-RORpt (Q31-378), anti-I-A/I-E (M5/114.15.2),
anti-CD45 (30F11), anti-CD19 (1D3), anti-CD3¢ (17A2), anti-
NK1.1 (PK136), anti-CD11c¢ (HL3) from BD Biosciences, Anti-
CD172a (P84) from Life Technologies, anti-Thyl.2 (30-H12),
anti-GATA3 (REA174) and a custom made biotinylated lineage
antibody cocktail (anti-B220, anti-CD3, anti-CD5, anti-CD11b,
anti-GR1, anti-NKI1.1, anti-SiglecF, anti-Ter119) from
Miltenyi Biotec.

Quantitative Real-Time Polymerase

Chain Reaction

Following RNA isolation from a sample of distal colonic tissue
using the NucleoSpin RNA isolation kit (Macherey Nagel),
cDNA of 1 pg RNA was reverse transcribed using iScript
cDNA Synthesis kit (Bio-Rad Laboratories). RNA quality and
concentration were measured with a Nanodrop ND-1000
(Thermo Fisher Scientific). Gene expression was measured by
quantitative Real-Time polymerase chain reaction (QPCR) using
iQ SYBR Green Supermix (Bio-Rad Laboratories) and the
following primers (MWG Eurofins): Hprt forward 5'-TGG
ATA CAG GCC AGA CTT TGT T-3/, reverse 5'-CAG ATT
CAA CTT GCG CTC ATC-3', Ifng forward 5'-ATC TGG AGG
AAC TGG CAA AA-3'; reverse 5'-TGA GCT CAT TGA ATG
CTT GG-3', Csf2 forward 5-ATC AAA GAA GCC CTG AAC
CT-3/, reverse 5'-GTG TTT CAC AGT CCG TTT CC-3', Tnf
forward 5'-CTT GTG GCA GGG GCC ACC AC-3', reverse 5'-
CCA TGC CGT TGG CCA GGA GG-3/, Il-17a forward 5'-GCT
CCA GAA GGC CCT CAG A-3, reverse 5'-AGC TTT CCC
TCC GCATTG A-3',111b forward 5'-GTG ACG TTC CCA TTA
GAC AA-3/, reverse 5'-TAT TTT GTC GTT GCT TGG TT-3/,
Rorc forward 5'-CCG CTG AGA GGG CTT CAC-3/, reverse 5'-
TGC AGG AGT AGG CCA CAT TAC A-3', 1123r forward 5'-
CAC AAC AAC TAC ACG TCC AT-3/, reverse 5-TAC CAG
TTT CTT GAC ATC GC-3’, Batf forward 5-GGA AGA TTA
GAA CCA TGC CTC-3/, reverse 5'-CCA GGT GAA GGG TGT
CGG-3', 1l6 forward 5'-CCG GAG AGG AGA CTT CAC AG-3/,
reverse 5'-TTC TGC AAG TGC ATC ATC GT-3, Il12a forward
5'-ACA GGG TGA TGG GCT ATC TG-3/, reverse 5'-GGG GAG
ATG AGA TGT GAT GG-3', II123r forward 5'-CAC AAC AAC
TAC ACG TCC AT-3', reverse 5'-TAC CAG TTT CTT GAC
ATC GC-3'". Primer sets for Thbx21 and I123a were purchased from
QIAGEN. Samples were run on a CFX Connect and CFX96 Real-
Time PCR detection system (Bio-Rad Laboratories). Data were
analyzed with CFX Manager v3.1 (Bio-Rad Laboratories).
Expression levels of target genes for each sample were
normalized relative to the reference gene Hprt. Relative gene
expression levels were calculated with the 2(722CY method.
Mean gene expression levels detected in Ragl™’~ mice were
arbitrarily set to one and gene expression levels of Ragl ™ Irf4™'~
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mice were calculated and displayed in relation to the normalized
Ragl™" mice.

Statistical Analysis

Unpaired Student’s t test was used for comparison of means of
two datasets. *p <0.05 was considered to be significant.
Statistical analysis was performed with Graphpad Prism
8.3.0 software.

RESULTS

Rag1~"Irf4~'~ Mice Fail to Develop Colitis
Upon Transfer of Naive CD4" T Cells

Previously, we and others have reported that in the T cell transfer
colitis model inflammatory manifestations within the gut are
strongly dependent on T cell-intrinsic expression of transcription
factors proven to be indispensable for the differentiation of Th17
cells in vitro and in vivo (32, 40-42). In line with that, T cell
restricted IRF4-deficiency severely compromised T cells’ ability to
induce colitis (32). Conversely, however, the selective role IRF4
expressed by non-T cells exerts in the immune pathogenesis of
colitis remains largely unresolved. To decipher the unknown impact
of IRF4 in this setting, we sought to create a genetic model in which
IRF4 deficiency is restricted to the non-T cell compartment while T
cells remain fully competent, i.e. T cells with preserved IRF4
expression abilities. In this experimental set-up, any kind of
regulation of observed T cell colitogenicity would be secondary to
the T cell-extrinsic IRF4 deficiency, i.e. clearly attributable to the
altered functionality of non-T cells in the absence of IRF4. Thereby,
this data set was suitable to help define the T cell-extrinsic role of
IRF4 in the context of colitis. To achieve this goal, we crossed IRF4
germline deficient mice onto the Ragl-deficient background and
elicited colitis in these mice upon naive CD4" T cell transfer into
Ragl " Irf4™"~, Ragl™""Irf4""~ or Ragl™ Irf4""" mice with the last
two groups serving as IRF4-sufficient control animals (termed
Ragl™"™ mice) (33, 34, 43). Strikingly, as documented by the
dynamic changes of the body weight curves over time, after 7-10
days, i.e. upon completion of priming and start of substantial
expansion of transferred CD4" T cells, IRF4-proficient recipient
mice started to lose initially subtly but progressively increasing
weight compared to IRF4-deficient Ragl™’~ mice with a clear
separation of both curves at the beginning of the fourth week
after experimental start (Figure 1A).

To assess whether the observed weight loss is accompanied
by or even due to an acute immune-mediated affection of the
colonic barrier, we performed mini-endoscopic evaluation of
the distal colon of both IRF4-sufficient and -deficient Ragl ™/~
mice in vivo prior sacrificing mice (Figure 1B). As displayed in
Figure 1B, at this time point colonoscopy showed that IRF4-
competent mice suffered from severe colitis in respect to all
evaluated categories adding up to a mean sum score of around
8. In contrast, T cell receiving Ragl '~ mice deficient in IRF4
virtually lacked macroscopic signs of colitis evidenced by a
sum score of <3 with a score of >3 representing the empiric
cut-off value for mice suffering from clinically meaningful,

endoscopic signs of colitis. To further validate the macroscopic
results, we performed thorough histopathological studies by
evaluating cross-sections derived from the distal colon, i.e.
areas matching the mini-endoscopically assessed region
(Figure 1C). Here, histopathological scoring and grading
revealed that both goblet cell loss and crypt length increase
commonly observed following severe forms of intestinal
inflammation were decreased in Ragl '"Irf4™'~ T cell
receiving mice. Overall, histopathologically assessed
parameters summarized in the histology score underscore
and further extend the results obtained during endoscopic
evaluation that Ragl™’~ mice lacking IRF4 expression are
largely protected from T cell mediated colon inflammation
(Figure 1C). Overall data presented so far unequivocally
demonstrate that IRF4 expression within non-T cells is
indispensable for T cell mediated transfer colitis in Ragl™’~
recipient mice based on both clinical, endoscopic, and
histopathological scoring results.

Colitis Protection of IRF4 Deficient
Rag1~’~ Mice Is Associated With a
Reduced Expansion of Transferred

T Cells and Diminished Recruitment

of Inflammatory Mononuclear Cells Into
the Colon

To further deconstruct the mechanism underlying reduced
manifestation of intestinal inflammation in Ragl™ Irf4”~ mice
when compared to controls, we next focused on the quantitative
and qualitative regulation of the cellular composition within the
inflamed gut. First, we performed multi-color immunofluorescence
(IF) staining of distal colon cross-sections matching previously
histopathologically assessed areas (Figure 2A). We readily
observed a striking reduction of the total immune cell infiltration
in Ragl™"~ mice lacking TRF4 expression. In line with our IF data, cell
number calculations of isolated colonic lamina propria mononuclear
cell preparations confirmed a significant reduction of total cLP cells in
mice lacking IRF4 compared to IRF4-sufficient controls (Figure 2B).
Furthermore IF imaging suggested that transferred CD4" T cells are
less abundant in Ragl™ " Irf4”'~ mice compared to controls, and this
finding was further substantiated by additional flow cytometry-based
enumeration of CD4" T cells within the total live cLP-derived
immune cell pool (Figures 2A, B). To further dissect whether this
observation results from a general reduction of T cell activation/
proliferation or is rather due to a gut homing phenotype due to
hampered migratory properties of the T cells in the absence of IRF4
expression in non-T cells, we determined both the total cellularity and
relative fraction of T cells within the mesenteric lymph node (MLN)
cells by flow cytometry. Interestingly, similar to the cLP
compartment, total numbers of MLN residing immune cells were
reduced in Ragl™""Irf4”"~ mice compared to controls (Figure 2B).
Also, the absolute numbers of CD4" T cells were significantly
diminished within the MLN suggesting that at least to a certain
degree hampered systemic T cell activation and expansion may
account for the lack of a colitis-mediating T cell pool in the absence
of T cell-extrinsic IRF4 expression. However, despite that finding, the
fraction of CD4" T cells within the MLN residing immune cell pool
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was even relatively increased compared to control mice (Figure 2B).
Hence, hampered efflux of CD4" T cells from the MLN due to
incomplete priming and/or imprinting of gut homing properties may
be also contributing to the reduced representation of colitogenic T
cells in the cLP fraction.

Intestinal myeloid cells have been described to play a
dichotomic, context-dependent role under homeostatic and
inflammatory conditions by exerting both anti-inflammatory as
well as pro-inflammatory functions (22, 23, 44). Especially blood-
derived monocytes are recruited to the gut through signal cascades
initially set in motion by the intestinal immigration of cytokine
releasing effector T cells where they were shown to at least partially
convert into cells displaying a Ly6C™ inflammatory phenotype (45—
47). In fact, IF studies exploring the expression pattern of the surface
glycoprotein and myeloid marker F4/80 revealed that colonic tissues
of T cell receiving Ragl™ Irf4”'~ mice contained visibly reduced
F4/80 expressing cells compared to controls contrasting the virtually
indistinguishable pattern of F4/80" and/or MPO" cells resp. in the
absence of inflammation between IRF4 proficient vs. deficient mice
(Figure 2A, Supplementary Figure 1A). Further resolution in
regard to the cellular composition of the F4/80" cells was
provided by additional in-depth flow cytometry analyses of
cLP cell fractions. With the help of the shown gating
strategy starting of CD11b" cells, we are able to distinguish
F4/80*Ly6G"°¢$SC'*Ly6C" " inflammatory monocytes
from F4/80"Ly6G"°8SSC!°"Ly6C"*¢ eosinophils and
F4/80"°8Ly6C"Ly6G" neutrophils (Figure 2C). Employing this
gating approach, we readily found that the fraction of CD11b"
cells is dramatically increased within the pool of live cLP cells
derived from T cell treated Ragl '~ mice with intact IRF4 expression
compared to IRF4-deficient mice (Figure 2C). Moreover, we found
that mononuclear cell isolates from the cLP compartment contained
both absolutely and relatively diminished fractions of both
neutrophils, eosinophils and presumably inflammatory Ly6C"&"
monocytes in Ragl~”’~ mice lacking IRF4 expression compared to
IRF4-proficient controls (Figure 2C). In contrast, neither absolute
nor relative IRF4-dependent regulation of either cell population
prior T cell transfer, i.e. non-inflamed mice was detectable
(Supplementary Figure 1B). Finally, similar to our studies on the
T cell phenotype shown above in Figures 2A, B, we compared the
composition of the MLN resident myeloid cell compartment in
IRF4-sufficient Ragl ™~ mice to Ragl™""Irf4"~ mice prior and after
T cell transfer. We could not detect any relative or absolute IRF4-
dependent difference within granulocyte subsets and Ly6C"e"
monocytes in the absence of T cell induced colitis
(Supplementary Figure 1C). Moreover, however contrasting
our studies on the cLP compartment, the relative fractions of
MLN residing neutrophils, eosinophils, and inflammatory
monocytes were not increased in IRF4-competent compared to
IRF4-deficient Ragl’/ " mice after T cell transfer (Figure 2D). In
addition, absolute numbers of neutrophils were virtually
indistinguishable between T cell receiving Ragl™’~ mice
irrespective of their ability to express IRF4. However, in
contrast, both absolute eosinophil as well as Ly6C"#" monocyte
counts were significantly reduced in MLN of Ragl™’"Irf4”~ mice
compared to controls (Figure 2D). In summary, our data so far

suggest that T cell-extrinsic inactivation of IRF4 leads to hampered
T cell expansion both in MLN and cLP, while defective MLN
exiting and/or gut homing abilities might add to the overall
reduced recovery of putatively colitogenic cLP T cells.
Furthermore, recruitment and/or local, i.e. intestinal expansion
of neutrophils, eosinophils and Ly6C™€" monocytes are severely
compromised upon T cell transfer in Ragl™’~ mice lacking TRF4
expression compared to IRF4 competent controls.

IRF4 Induces a Colonic Th17 Gene
Expression Signature in T Cell-Driven
Colitis

Our results have so far established that IRF4 controls the
expansion of transferred T cells and recruitment of a series of
putatively pro-inflammatory acting myeloid cells in T cell
mediated acute colitis through a T cell-extrinsic mechanism.
To gain further insight into the molecular mechanism and tissue
micromilieu acting in the colitic tissue on the immune cell
network, we performed quantitative gene expression analyses
employing a series of markers affiliated to distinct T helper cell
subsets (Figure 3). As displayed in Figure 3A, expression of the
prototypical Thl cytokine IFN-gamma was not differentially
expressed between TRF4-competent vs. -deficient Ragl™™ T cell
recipient mice despite a trend towards reduced expression in the
absence of IRF4. However, in contrast, colonic expression levels
of IL-17, GM-CSF and TNF-alpha were significantly reduced in
the absence of IRF4 compared to controls suggesting hampered
representation of a Th17 cell enriched cytokine milieu in situ. To
specifically assess whether Th17 cell differentiation inducing
and/or Th17 cell promoting cytokines are differentially
regulated, we compared colonic gene expression profiles of IL-
12 (Thl) and IL-1f8/IL-6/IL-23 (Th17) between colitis-protected
Ragl™"Irf4"~ and colitic IRF4-competent mice (Figure 3B).
With the exception of II23a, ie. IL-23p19 the colonic tissue
expression of all molecules was significantly reduced in the
absence of IRF4 clearly indicating that IRF4 expressed by non-
T cells might be critical for the generation of a Th17 prone
microenvironment. In line with a predominately Th17
differentiation permitting tissue micromilieu, additional
quantification of total IL-23R expression revealed significantly
upregulated tissue levels in the presence of T cell extrinsically
expressed IRF4 (Figure 3B). Overall enhanced IL-23R
expression might indicate increased susceptibility of invading
immune cells including T cells to be permissive for IL-23
mediated effects as Th17 cell differentiation and/or expansion.
Since our data so far clearly suggested that molecules and
pathways feeding into Th17 cell rather than Thl cell
differentiation are positively regulated by IRF4 through a T
cell-extrinsic mechanism, we finally assessed tissue expression
levels of transcription factors firmly connected to Thl and Th17
differentiation, respectively (Figure 3C). Interestingly, tissue T-
bet/Tbx21 expression widely accepted to be a critical regulator of
Th1 differentiation was virtually indistinguishable between both
Ragl™"~ cohorts irrespective of their ability to express IRF4 or not
(48). In contrast, however, and in full agreement with the data
presented above (Figures 3A, B), Ragl”’~ mice deficient in IRF4
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FIGURE 2 | Hampered expansion and influx of both recipient-derived myeloid and donor-derived T cells in T cell receiving Rag?~~ mice deficient in IRF4. Rag1~/~
and Rag1 “Irf4~~ mice were injected i.p. with 1 x 10° naive (CD4*CD257) T cells. When colitis was established in Rag1 ’~ mice five to six weeks after T cell transfer,
both Rag?1~~ and Rag1 ~“Irf4~~ mice were sacrificed, and the influx of T cells and inflammatory myeloid cells into the colon and mesenteric lymph node (MLN) was
analyzed. (A) Representative immunofluorescence staining of F4/80* and CD4™ cells in colonic cross sections at day 39 after T cell transfer. Upper panel: overview
picture of the colonic tissue (scale bars = 75 pum); lower panel: higher magnification of the white boxed area within the colonic tissue of the upper panel (scale bars =
50 pm). (B) Absolute number of colonic lamina propria (cLP) and MLN was determined (left column). Frequencies (middle column) and absolute numbers (right
column) of CD4* T cells (CD3*CD4™") within the total live immune cell pool were analysed by flow cytometry. In addition relative fraction (upper panel) and absolute
cellularity (lower panel) of neutrophils (CD11b*F4/80™LyB6G*Ly6C*), eosinophils (CD11b*F4/80*Ly6G SSCM"Ly6C™) and inflammatory Ly6C"" monocytes
(CD11b*F4/80"Ly6G SSC°Ly6CM") within the total live immune cell pool of cLP (€) and MLN (D) cells were analyzed by flow cytometry. One representative flow
cytometry plot is shown for every experimental group and illustrates the gating strategy for the indicated cell populations. Frequencies of cells in each sub-gate are
calculated as a percentage of live cells. Data are combined from two individual experiments (Rag7™~ n = 7; Rag1~~Irf4”~ n = 8). Data were analyzed by Student’s

t test and are shown as mean + SEM. ns, not significant. *p < 0.05.

showed a significantly reduced tissue expression of bona fide  establishment of a Th17 prone microenvironment in the colon
Th17 regulating transcription factors RORt and BATF (39, 49).  suggesting that IRF4 may control T cell mediated colitis through
Collectively, our data demonstrate that IRF4 expression by non-  provision of Th17 cell differentiation enabling and promoting
T cells in T cell receiving Ragl™’~ mice is crucial for the  mechanisms outside of T cells.
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FIGURE 3 | IRF4 drives a pro-inflammatory, Th17 cell differentiation promoting and putatively presence of functional Th17 cells increasing molecular gene expression
signature in colitis tissues in a T cell-extrinsic manner. Rag?~~ and Rag?™7Irf4~'~ mice were injected i.p. with 1 x 10° naive (CD4*CD257) T cells. When colitis was
established in Rag7~"~ mice five to six weeks after T cell transfer, both Rag?™~ and Rag?™~Irf4~~ mice were sacrificed. Gene expression levels of (A) Ifng, II17a,
Csf2, Tnf, (B) ll12a, lI1b, 116, 1i23a, 1I23r, (C) Tbx21, Rorc, and Batf transcripts within colonic tissue were analyzed and quantitated by gPCR. Mean of gene
expression levels detected in colonic tissues of Rag7~'~ mice was arbitrarily set down to 1, and all other gene expression levels were normalized to the expression
level detected within Rag1 ~/~ mice. Data are combined from three individual experiments (Rag?’/ “n=18; F?ag?’/ “Irf4~~ n = 13). Data were analyzed by Student’s ¢
test and are shown as mean + SEM. ns, not significant. *p < 0.05.

IRF4 Is Indispensable for the Formation,
Expansion, and Intestinal Homing of Th17
but Not Th1 Cells in a T Cell-Extrinsic
Manner

To further test our hypothesis that missing IRF4 expression
within non-T cells results in the abrogated formation of
colitogenic Th17 cells and that this step is critical as it may
mainly account for alleviated colitis manifestation in this group,
we performed in-depth intracellular cytokine staining profiling
experiments employing flow cytometry (Figure 4). To achieve
this goal, following ex vivo restimulation we stained both MLN
and cLP derived CD4" T cells for IFN-gamma, IL-17a, and GM-
CSF expression and compared frequencies of Thl and Th17
subsets resp. between Ragl '"Irf4”'~ and IRF4-sufficient control
mice. In accordance with our gene expression profiling
experiments, T-bet dependent Thl cells defined as IFN-
gamma'lL-17a” T cells were detected irrespective of the
presence or absence of IRF4 expression and hence appear to
develop independent of T cell-extrinsic IRF4 expression (Figures
4A, B). In sharp contrast, however, IL-17a producing T cell
subsets including IL-17a single producing as well as IL-17a* T
cells co-expressing either IFN-gamma or GM-CSF were broadly
negatively affected in mice lacking T cell-extrinsic IRF4
expression (Figures 4A, B). Strikingly, the comparison of both
MLN and cLP displayed an unequivocal pattern across organs in
the absence of T cell-extrinsic IRF4 expression overall supporting
the conclusion that reduced Th17 cell fractions in these mice
reflect a rather general negative effect on Th17 cell differentiation

and eventually Th17 cell pool than merely results from
hampered colonic influx of in MLN otherwise appropriately
skewed and functionally equipped Th17 cells.

Finally, to shed light on the mechanism putatively
underlying altered T cell instruction and proliferation in the
absence of IRF4, we screened for IRF4-dependent changes in
the colonic innate immune cell pool in the steady state, i.e. prior
T cell transfer. In regard to innate lymphoid cells (ILC) with
presumably overall rather colitis-suppressive effects given the
fact that ILC depletion leads to enhanced colitis manifestation
(50, 51), we found that the colonic pool of ILC1, ILC2, and ILC3
forms in a virtually IRF4 expression independent manner
(Supplementary Figure 2). Next, we assessed the antigen-
presenting cell (APC) compartment in Ragl™~ vs. Ragl”’
“Irf4”" mice (Supplementary Figure 3). In support of the
possibility that IRF4 deficient APCs may primarily account for
the observed reduced ability to skew transferred naive T cells
into colitogenic Th17 cells, we confirmed data from previous
reports (15, 16, 24) by demonstrating that the pool of Th17
responses promoting ¢cDC2s but not ¢DCls is reduced in the
absence of IRF4 both in the spleen and MLN (Supplementary
Figures 3A, B). Although, colonic DC populations were not
regulated in the absence of IRF4 (Supplementary Figure 3C),
flow cytometric expression profiling among colonic APCs
interestingly revealed that predominately CD11b" ¢DCs,
i.e. cDC2s regulated in both MLN and spleen, express higher
levels IRF4 protein compared to CD103°CD11b~ ¢DC1
(Supplementary Figure 3D). This result implies that albeit
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not diminished in numbers, colonic cDC2 might be functionally
affected (e.g. migratory abilities) upon IRF4 deletion and at least
partially contribute to compromised induction of colitogenicity
within transferred T cells.

Collectively, given the hampered colitis formation in T cell
recipient Ragl ™'~ mice lacking IRF4, here we provide data giving
crucial mechanistic insight into the molecular mechanisms by
showing that IRF4 controls the formation of colitogenic BATF-
and RORpt-dependent Th17 cell subsets in a T cell-
extrinsic manner.

DISCUSSION

Clinical practice in IBD management has profoundly changed
upon the availability of targeted therapies. While antibody-
mediated blockade of the cytokine TNF-alpha represents a
mainstay in the management of chronic inflammatory diseases

Rag1--Irf4-

FIGURE 4 | Multiple Th17 cell subsets but not bona fide Th1 cells are critically dependent on the expression of functional IRF4 in Rag1
cell driven colitis. Rag?™~ and Rag 1~ Irf4™"~ mice were injected i.p. with 1 x 10° naive (CD4*CD257) T cells. When colitis was established in Rag?
weeks after T cell transfer, both Rag1 /= and Rag1 ~“Irf4~"~ mice were sacrificed, and the cytokine profile of transferred CD4* T cells (CD3*CD4*) in the MLN (A) and
in the cLP (B) was analyzed by intracellular flow cytometry after ex vivo restimulation. Frequencies of IFN-y'IL-17a", IFN-y'IL-17a", IFN-y IL-17a" (upper panel) and
GM-CSF*IL-17a” GM-CSF*IL-17a* GM-CSFTIL-17a* (lower panel) expressing cell populations within the CD4™* T cell pool were analyzed. One representative flow
cytometry plot is shown for every experimental group. Data are combined from two individual experiments (Rag?~~ n = 7; Rag1™7Irf4”'~ n = 8). Data were analyzed

Rag1"-Irf4'-
1155

Rag1+-Irf4+-

Rag1*Irf4"

IL-17a

~/~ mice with established T

~~ mice five to six

including IBD, the expression of additional cytokines as e.g. IL-
18, IL-6, IL-17, and IL-23 has been identified to be highly
upregulated within inflamed tissues (7, 52-54). While clinical
studies demonstrated that inhibition of some of those cytokines
is effective at least in certain disease entities, in IBD only IL-23
targeting showed convincing inflammation-reducing effects and
hence was approved for this indication (55). Molecularly, IL-23
employs multiple mechanism thereby affecting a series of
immune cells to promote immune-mediated tissue
inflammation (10-12, 56-58). However, IL-23 is predominately
fostering pro-inflammatory T helper cells that share a common
feature, i.e. the expression of IL-17a (10, 59). Hence, the
identification of alternative targeting strategies going beyond
IL-23 neutralization to contain Th17 cell driven tissue
destruction remains a valuable goal for basic research
enterprises. Recently, effective targeting of the transcriptional
regulator GATA3, which is being widely accepted to promote
type 2 tissue immune responses by regulating gene expression on
a transcriptional level in multiple immune cell subsets implied in
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the pathogenesis of allergic airway diseases, was reported to be
achievable by local application of GATA-3-specific DNAzymes,
thereby showing clinical efficacy in asthma patients (60, 61).
Hence, targeting transcription factors to tackle mucosal
inflammation may represent a challenging but putatively
rewarding research area also in the context of Th17 mediated
tissue inflammation. In the chain of events underlying the
initiation of an inflammation cascade, transcription factors act
rather upstream and thereby often control pathogenetically and
functionally related networks acting across cell type borders. The
identification and interference with a potential master switch
within the Th17 network would hence represent a major advance
for the field of targeted immunotherapy of immune-mediated
chronic inflammatory disorders.

Until know, T cell-intrinsic expression of a series of
transcriptional regulators like BATF, RORyt and IRF4 has
been identified to be crucial for a T cell to differentiate into a
pro-inflammatory Th17 cell (39, 49, 62). Interestingly,
transcription factors usually regulate multiple milestones
within a given cell type both by direct and indirect
transcriptional effects. For example, besides regulating the
expression of IL-17 cytokine family members directly, BATF
is indispensable for continuous RORJt expression and hence
controls through this regulation of the Th17 cell network also
indirectly the expression of the IL-23 receptor in T cells (39, 63,
64). Among Th17 fate regulating transcription factors,
especially IRF4 seems to exert crucial functions in a series of
T cell-extrinsic immune cell populations including innate
lymphoid cells (ILCs), dendritic cells, and monocytes (16, 19,
65-67). However, the functional role of IRF4 expressed in non-
T cells in the context of intestinal inflammation has not gained
much attention. We found here in this study that inactivation of
IRF4 employing germ line deletion disables IRF4-proficient T
cells to mediate disease in a widely accepted T cell dependent
mouse model of acute colitis. Mechanistically, our analyses
revealed that the establishment of a Th17 inducing cytokine
milieu in the colon, as e.g. upregulated IL-1f8 and IL-6
expression, required IRF4 while for IL-23 expression it was
not. While the reduction of IL-1{3 and IL-6 might be sufficient to
explain hampered Th17 differentiation, the missing regulation
of IL-23 expression in colitic tissue appears at first sight
puzzling for two reasons: First, IRF4 dependent ¢cDC2s have
been described to be the major producer of IL-23 among DCs
and thereby putatively impacting Th17 cell differentiation
directly (16, 19). Second, to account for the hampered
proliferation of differentiated Th17 cells as one possible
explanation for the reduced colitis manifestation appears at
first sight rather unlikely given the widely accepted dominant
role of IL-23 in this context through the provision of critical
survival and expansion signals especially for IL-23 receptor
expressing Th17 cells (12, 13). However, although we have not
tested that possibility directly, in the light of downregulated
BATF/RORyt both known to regulate IL-23 receptor
expression T cells primed in IRF4-deficient Ragl™~ mice in
fact may lack IL-23R expression on their cell surface. Thereby T
cells were unable to receive proliferation-promoting effects

from IL-23, overall providing an explanation for their
mitigated colitogenicity. In this scenario and supported by
our data, colonic IL-23 levels are mounted by cells
functioning at least in this respect independent of IRF4,
resulting in similar total IL-23 tissue levels. In fact, T cells
selectively lacking IL-23R through genetic inactivation similarly
fail to mediate colitis in this model system (12). Hence, despite
indistinguishable provision of IL-23, effects dependent on the
IL-23/IL-23R interaction on T cells appear to be extinguished in
the absence of IRF4 in non-T cells due to virtually absent IL-
23R expression on developing effector T cells. In fact, IL-23R
expression analysis within total colon tissues revealed strikingly
reduced levels presumably due to decreased total T cell numbers
in the colon but most likely also reflecting reduced IL-23
receptor copies expressed by a single cLP T cell. Future
studies certainly need to further investigate the question
which molecular signals derived from the remaining and
putatively functionally compromised IRF4-deficient ¢cDC2s
may directly or indirectly account for proper induction of IL-
23 receptor expressing, colitogenic Th17 cells. Interestingly, IL-
6 was shown to induce both BATF and RORH in a STAT3-
dependent manner (42). Given reduced IL-6 tissue levels, IL-6
expression might be dependent on the presence of IRF4 within
myeloid cells both in the MLN and/or cLP (16, 19). Hence, IRF4
deficiency-related reduction of IL-6 expression might
additionally undermine Th17 differentiation. This scenario of
IL-6 driven Th17 cell differentiation may be clinically relevant
given the clinical observation that some patients do not respond
to IL-23 blockade despite a Th17 dominated mucosal
inflammation in situ. However, this hypothesis will require
vigorous testing in the future especially in the light of rather
moderate results that studies investigating the efficacy of an IL-6
blocking antibody (tocilizumab) in IBD reported (68, 69).

Hence, based on our current study, global interference with
IRF4 expression and consecutively IRF4-dependent pathways
might emerge as a promising therapeutic option gain control
especially in those sub-cohorts of IBD patients suffering from
continuous intestinal inflammation refractory to all currently
available and clinically approved treatment regimens. Due to its
documented, dual colitogenic role both in T cells and non-T
cells, IRF4 targeting may be in this regard a very attractive
molecular target to limit intestinal inflammation by inhibiting
both development and functionality of Th17 cells.

Since the identification of the precise IRF4-dependent non-T
cell immune cell(s) and/or signaling pathways putatively
regulating T cell driven colitis was not the focus of this study
and in fact will require already planned future experimentation,
we can only speculate on that at this point. Although IRF4 has
been clearly shown to impact ILC biology (65), antibody
mediated ablation of ILC in fact leads to an aggravation of
colitis (data not shown) and as previously published (50, 51)
indicating that hampered ILC functionality is not likely to
underlie the colitis protection observed in the absence of IRF4.
In addition, in this study we provide experimental data that IRF4
deficiency does not alter the pool of colonic ILC1, ILC2 or ILC3
on Ragl ™~ background. While this does not formally exclude an
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ILC-mediated mechanism underlying colitis protection in the
absence of IRF4, our and published data, however, are not in
favor of the conclusion that regulation of ILC function is here
involved. Based on the currently available literature, among
myeloid cells known to express IRF4 the functionality of APC
may appear to be most likely regulated in an IRF4-dependent
manner and by this control colitogenic T cell differentiation (15,
16, 44). In CD11b" ¢DCs, i.e. cDC2, IRF4 regulates migration to
(70) and survival within mucosal tissues (16, 19). As elaborated
above in respect to the biology of IL-23, cDC2 cells are in part
dependent on IRF4 as confirmed in this study and have been put
forward to be critical in Th17 cell biology due to its preferential
expression of IL-23 among cDCs (16, 19, 71, 72). Future studies
including the usage of cDC-specific deletor mice, i.e. genetically
engineered mice expressing cre recombinase under the control of
the promotor of Zbtb46 crossed to mice carrying a conditionally
targeted IRF4 allele will be required to address that question (73,
74). Similarly, distinct functions within monocytes and
monocyte-derived cells have been shown to be regulated by
IRF4 as e.g. the ability to cross-present cell-associated antigens
to CD8" T cells (66), fine-tuning TLR signaling (75), cytokine
expression (76) or development and functionality of
immunosuppressive myeloid cell populations (77). Here, with
the help of novel genetic model systems, future studies need to
decipher cell-type specific roles of IRF4 within ontogenetically
distinct ¢<DC and monocyte-derived cell populations in the
context of colitis.

Collectively, our study unequivocally demonstrates that IRF4
expressed in non-T cells is a positive regulator of Th17 cell
mediated colitis. Given the T cell-intrinsic role of IRF4 in driving
Th17 cell differentiation in vitro (62) and also in the context of
colitis in vivo (32), our data support the conclusion that
inactivation of IRF4 universally protects against Thl17
mediated colitis and suggest that strategies to interfere with
IRF4 gene expression are of potential great interest to harness
acute intestinal inflammation.
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Ty17 cells have been extensively investigated in inflammation, autoimmune diseases,
and cancer. The precise molecular mechanisms for Ty17 cell regulation, however,
remain elusive, especially regulation at the post-transcriptional level. Tristetraprolin
(TTP) is an RNA-binding protein important for degradation of the mRNAs encoding
several proinflammatory cytokines. With newly generated T cell-specific TTP conditional
knockout mice (CD4CeTTP™f), we found that aging CD4C®TTPYf mice displayed an
increase of IL-17A in serum and spontaneously developed chronic skin inflammation
along with increased effector Ty17 cells in the affected skin. TTP inhibited Ty17 cell
development and function by promoting IL-17A mRBNA degradation. In a DSS-induced
colitis model, CD4CTTPY! mice displayed severe colitis and had more Ty17 cells
and serum IL-17A compared with wild-type mice. Furthermore, neutralization of IL-17A
reduced the severity of colitis. Our results reveal a new mechanism for regulating Ty17
function and Ty17-mediated inflammation post-transcriptionally by TTP, suggests that
TTP might be a novel therapeutic target for the treatment of Ty17-mediated diseases.

Keywords: tristetraprolin, RNA-binding protein, IL-17, mRNA decay, T417, DSS, colitis

INTRODUCTION

Ty17 cells play a pivotal role in the pathogeneses of several diseases, including autoimmune
arthritis, multiple sclerosis, and inflammatory bowel disease (IBD) (1, 2). Differentiation of
Ty17 cells requires T-cell receptor (TCR) signals plus transforming growth factor p (TGF-p)
and interleukin 6 (IL-6) stimulation. Several transcription factors, including RORyt, Stat3 and
interferon-induced factor 4 (IRF-4), have been shown to mediate Ty17 cell differentiation (3-7).
In addition, IL-23 is essential for Ty17 cell survival/expansion and for generation of pathogenic
Tw17 cells, although initial differentiation of Ti17 cells depends on IL-6 and TGF-f stimulation
(8). As the signature cytokine produced by Ty17 cells, IL-17 contributes to the pathogenesis of
Ty17-mediated inflammatory diseases, such as psoriasis (9), rheumatoid arthritis (10), and IBD
(11, 12), as well as host defense against certain pathogens (13). Therefore, tightly controlling the
development and function of Ty17 cells is essential for maintaining homeostasis. So far, most
studies have focused on transcriptional regulation of Ty17 cell differentiation and function; much
less is known about how Ty 17 cells are regulated at the post-transcriptional level.
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Tristetraprolin (TTP, also known as TIS11, ZFP36, and
Nup475), a CCCH tandem zinc-finger protein (ZFP) coded
by gene Zfp36, is involved in the regulation of inflammatory
responses at the post-transcriptional level (14). Expression of
TTP mRNA and protein is tightly regulated in macrophages
under the control of TLR4 and other TLR signaling (15-
17). Upregulation of TTP can reduce inflammatory responses
in macrophages (18). TTP binds to AREs within the 3’
untranslated region (3’ UTR) of its target transcripts, causing
destabilization of the mRNAs encoding tumor necrosis factor
a (INF-a) (19), granulocyte-macrophage colony-stimulating
factor (GM-CSF) (20), cyclooxygenase 2 (21), IL-2 (22), IL-
10 (23), and the chemokine CXCL1 (24), among others (25).
The mRNAs encoding TNF-a and GM-CSF are stabilized
in TTP-deficient mice and in cells derived from them (16,
20). Oversecretion of these cytokines in TTP knockout (KO)
mice results in a severe systemic inflammatory response
including arthritis, autoimmunity, and myeloid hyperplasia
(26). We previously demonstrated that TTP inhibits IL-
23 expression through promoting pl9 mRNA degradation
via AREs in the 3’ UTR (27). Molle et al. (28) found
similar findings as ours and showed that IL-23 oversecretion
in conventional TTP~/~ mice causes an increase in Tyl7
cells, and both IL-23 and IL-17A contribute to the chronic
inflammation in conventional TTP~/~ mice. Although TTP
is one of the best characterized post-transcriptional regulators
and ARE binding proteins, it remains largely unclear whether
TTP affects T cells, specifically Ty17 cell development and
function in vivo.

In this study, we generated T cell-specific TTP conditional KO
(CD4CeTTPY) mice to investigate the effects of TTP on T-cell
development and function. Aging CD4“"*TTP/f mice developed
spontaneous skin inflammation and displayed an increase in
systemic IL-17A and skin Ty17 cells. CD4™ T cells lacking TTP
were more likely to develop into Ty 17 cells compared with wild-
type (WT) CD4™ T cells. In fact, IL-17 productivity was enhanced
in TTP~/~ CD4 T cells compared with WT CD4* T cells at
the single-cell level. This increased IL-17 production in TTP~/~
CD4™ T cells was mediated by increased IL-17A mRNA stability,
demonstrating that TTP promotes the degradation of IL-17A
mRNA. Furthermore, the CD4°" TTPf mice were prone to DSS-
induced colitis with higher levels of serum IL-17A and Ty 17 cells
in mesenteric lymph node (LN) than WT mice. Neutralization
of IL-17A reduced the severity of colitis in CD4“"TTPf mice.
Therefore, our study reveals a novel post-transcriptional pathway
through which TTP suppresses the function of Ty 17 cells.

RESULTS

T Cell-Specific TTP Conditional KO Mice
Develop Chronic Skin Inflammation

During the Aging Processes

To determine the effects of TTP on T cells, we generated T
cell-specific TTP conditional KO mice by crossing TTPflox/flox
mice with mice expressing Cre recombinase transgene driven

by the CD4 promoter (CD4C"e) (29). Cre recombinase led to
deletion of the exon 2 and the 3’ UTR of TTP in both CD4
and CD8 T cells due to CD4/CD8 coexpression transiently in
the thymus (30). Exon 2 codes the tandem zinc-finger domain,
which is responsible for the RNA-binding activity of TTP.
Functional TTP KO specifically in CD4 T cells was evidenced
in CD4 T cells lacking TTP expression and in macrophages
with normal TTP expression (Supplementary Figure 1A). The
percentages of thymic CD4 and CD8 T cells were similar between
WT and CD4%*TTPf mice (Supplementary Figure 1B), and
the numbers of macrophages and dendritic cells (DCs) in
spleen were comparable between WT and CD4CTTPf mice
(Supplementary Figure 1C). Among most obvious phenotypes
of the conventional TTP~/~ mice are growth retardation and
joint swelling (26). Somewhat surprisingly, the conditional
CD4%TTPY! mice grew normally, with body weights that were
identical to those of their WT littermates and with no signs of
joint inflammation (Figure 1A). Enlargement of LNs and spleens
was noted in the CD4“"*TTPYf mice (Figure 1B). Although the
younger CD4°TTPf mice did not show any signs of chronic
inflammation, CD4*TTPf mice started showing evident
dermatitis within 10 months of birth, and 80% had dermatitis
by 16 months of age (Figure 1C). Histological analysis of the
affected skin indicated that the epidermal layer thickness was
significantly increased, and more inflammatory cells were present
in the affected skin (Figure 1D). Immunofluorescence staining
showed an increase in IL-17TCD4%" cells in the skin lesions
of CD4CTTP!f mice compared to WT mice (Supplementary
Figure 1D). Next, we isolated cells from draining LNs of the
affected skin and stimulated them with PMA and ionomycin for
4 h, followed by detection of IL-17- and interferon y (IFN-y)-
producing CD4 T cells by flow cytometry. As shown in Figure 1E,
there were higher percentages of IL-17-producing CD4 T cells in
the draining LNs of CD4"*TTP!f mice than in WT mice. When
these LN cells were stimulated by anti-CD3 with or without anti-
CD28 antibody (Ab), more IL-17A was secreted by LN cells of
CD4%TTP! mice than that of WT mice (Figure 1F), suggesting
a correlation between IL-17 and the development of dermatitis in
the aging CD4“"*TTPY/f mice.

T Cell-Specific TTP Conditional KO Mice
Have More IL-17-Producing Effector
T Cells

T cells, especially Ty 17 cells, are major producers of IL-17. To test
whether TTP affected Ty17 cell function, we first checked CD4
T-cell proliferation. The proliferative capacity of CD4 T cells was
similar between CD4“"TTP!/f mice and WT mice (Figure 2A).
However, CD4* T cells from CD4S T TP/ f mice (Figure 2B) and
from conventional TTP~/~ mice (Supplementary Figure 2A)
were more likely to become CD62L~ CD44™" effector T cells
compared with cells from WT mice, indicating that T cell-
specific TTP deficiency leads to CD4 T-cell activation. Indeed,
CD4™" T cells from spleens of CD4"TTP!/f mice secreted higher
levels of IL-17A than WT cells (Figures 2C,D). Systemic IL-
17A levels were also significantly elevated in CD4“"*TTPf mice
compared with their WT littermates (Figure 2E). Interestingly,
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the increased serum IL-17A was not manifest until CD4* T TP/
mice were older than 16 weeks (Figure 2E). CD4 T cells
purified from spleens of the conventional TTP~/~ mice also
showed a significant increase in IL-17-producing effector CD4
T cells when the mice were older than 8 months of age
(Supplementary Figure 2B). In addition, the levels of IL-17 and
IL-6 in culture supernatants of CD4" T cells (Supplementary
Figure 2C) and IL-17A in serum (Supplementary Figure 2D)
were increased significantly in conventional TTP~/~ mice
compared with WT mice. These data indicate that TTP plays
a role in suppression of IL-17 secretion and in Ty17-mediated
inflammation in aging mice.

Ty17 Cells Lacking TTP Have Increased

per Cell Cytokine Productivity

To figure out whether TTP deficiency could enhance Ty17 cell
differentiation, we differentiated naive CD4 T cells from WT
and CD4CTTP!f mice into Ty1 and Ty17 subsets under Tyl
and Ty 17 polarizing conditions and then measured intracellular
IFN-y and IL-17A with flow cytometry. IEN-y-producing CD4
T cells were comparable between TTP~/~ CD4 T cells and WT
CD4 T cells under Ty0, Ty1, and Ty17 polarizing conditions
(Figure 3A and Supplementary Figure 3A). Surprisingly, even
the percentages of differentiated Ty17 cells were comparable

between TTP~/~ CD4 T cells and WT CD4 T cells (Figure 3A
and Supplementary Figure 3A); the secretion of IL-17 by
TTP~/~ CD4 T cells was increased under all conditions
(Figure 3B). In addition, when total CD4 T cells from WT and
TTP~/~ mice were cultured under Ty0 and Ty17 conditions,
there was little increase of IL-17-producing CD4 T cells in cells
lacking TTP (Figure 3C and Supplementary Figure 3B). This
little increased TTP~/~ Ty 17 cells was in contrast to significantly
increased levels of IL-17A produced by the TTP~/~ CD4 T cells
in culture supernatants (Figure 3D). These data suggest that
the increased IL-17 secretion by TTP~/~ CD4% T cells may
not be due to an increase in Ty17 cell differentiation. Indeed,
the mean fluorescence intensity of IL-17A was significantly
increased in TTP~/~ CD4% T cells compared with WT cells
under Ty17 differentiation conditions (Figure 3E), indicating
that each TTP~/~ CD4*" T cell produces much more IL-17A
protein than WT cells. In addition, TTP~/~ CD4" T cells
polarized under Ty17 and Tyl conditions expressed more IL-
17 and IL-6 mRNA than WT cells, whereas IFN-y mRNA
expression was no difference (Figure 3F and Supplementary
Figures 4A,B). Compared to WT cells, the expression of the
Ty 17 cell master transcription factor RORyt was decreased, Stat3
increased and Tbx21 mRNA kept no change in TTP~/~ CD4 T
cells under either Ty17 or Tyl skewing conditions (Figure 3F
and Supplementary Figure 4B), further supporting that Ty17
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cell differentiation is not enhanced in CD4 T cells lacking TTP.
Overall, these data indicate that the increased IL-17 secretion in
TTP~/~ CD4t T cells is due mainly to an enhanced synthesis of
IL-17 at the single-cell level.

TTP Controls the Effector Function of
Ty17 Cells by Reducing IL-17A mRNA
Stability

To explore the mechanisms of TTP-mediated inhibition of IL-
17A, we measured and compared IL-17 mRNA stability between
WT and TTP~/~ Tyl7 cells. As shown in Figure 4A, the
half-life of IL-17A mRNA was increased from 36 min in WT
Ty17 cells to 115 min in TTP~/~ Tyl7 cells. The half-lives
of IL-10 and IFN-y mRNAs were also increased in TTP~/~
Ty17 cells compared to WT cells, whereas the TGF-f mRNA
half-life remained similar (Figure 4A). In addition, the steady-
state levels of IL-17A and TNF-a mRNA were also increased
in TTP~/~ CD4 T cells in response to TCR and costimulatory
signals (Supplementary Figure 5A). The mRNA half-lives of
transcription factors important for Ty17 cell development, such
as IRF4 and IRFS8, were actually decreased in TTP~/~ Tyl7

cells compared with WT cells (Supplementary Figures 5B,C),
further indicating that TTP has minimal effects on Ty17 cell
differentiation. To further confirm the inhibitory effects of TTP
on IL-17A, we introduced TTP by adenoviral transduction into
Jurkat T cells and found that overexpression of TTP inhibited
the expression of IL-17A mRNA (Figure 4B). To determine
whether IL-17A 3’ UTR mediated the IL-17 inhibition, we
cloned the 3’ UTR of IL-17A mRNA downstream of luciferase
gene and cotransfected a TTP expression vector with the IL-
17A-3" UTR luciferase-reporter construct into HEK293 cells,
followed by measuring luciferase activity. TTP inhibited IL-
17A-3" UTR-mediated luciferase activity (Figure 4C), indicating
that TTP promotes IL-17A mRNA degradation through its
3" UTR. TTP is a ZFP containing a CCCH tandem zinc-
finger domain. Zinc fingers of this type have been found in
many RNA-binding proteins and are responsible for binding
to the 3’ UTRs of target mRNAs. To determine whether these
zinc fingers were responsible for TTP inhibition of IL-17A
secretion, we cotransfected WT TTP, or two TTP zinc-finger
mutants (TTPACI124R and TTPAC147R), with the IL-17A-3’
UTR-luciferase-reporter plasmid into HEK293 cells, followed
by measuring luciferase activity. As shown in Figure 4D, the
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C147R TTP mutant lost its suppressive effect on IL-17A-3' UTR~
regulated luciferase activity, whereas the C124R mutant retained
luciferase suppressive activity. These data suggest that TTP via
zinc finger promotes IL-17A mRNA degradation, resulting in
inhibition of IL-17 secretion by CD4 T cells.

T Cell-Specific TTP Conditional KO Mice
Are Prone to DSS-Induced Intestinal

Inflammation

Tu17 cells and IL-17 play important roles in intestinal
inflammation (25, 26). DSS administration is commonly used
to generate an acute mouse model of IBD. We used this
model to determine the role of TTP in Tyl7-mediated
intestinal inflammation. We fed WT and CD4“TTPY! mice
DSS-containing water and found that the CD4“TTP/f mice
displayed severe colitis compared with WT mice. Specifically, the
CD4CTTPYf mice developed significantly greater weight loss
and severe bloody diarrhea than the WT mice (Figures 5A,B).
All CD4°TTP!/f mice died due to severe colitis by 8 days

after drinking DSS water, whereas 80% of WT mice survived
(Figure 5C). Colon lengths were also greatly shortened in
CD4TTPY! mice compared with WT mice (Figures 5D,E).
Histological analysis showed more severe tissue damage and
more infiltrating inflammatory cells in the colons from
DSS-treated CD4S"*TTPf mice compared with WT mice
(Figures 5E,G). These results indicate that T cell-specific TTP KO
mice are vulnerable to DSS-induced colitis.

IL-17 Mediates the DSS-Induced Colitis

in T Cell-Specific TTP Conditional KO

Mice

To determine whether IL-17 is responsible for the DSS-
induced colitis in this model, we measured IL-17 levels in
serum of the CD4"*TTPf mice and control WT mice fed
DSS-containing water. Serum levels of IL-17A were higher
in both WT and CD4%TTPYf mice fed DSS water than in
those without DSS, with even greater IL-17A levels in the
CD4CTTPY! mice (Figure 6A). Next, we analyzed CD4 T-cell
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subsets and found a significant increase in IL-17A-producing
CD4™ cells from the mesenteric LNs (MLNs) of CD4CreTTP!/t
mice compared to WT mice, whereas the frequency of IFN-
y-producing CD4" T cells was comparable (Figures 6B,C),
further suggesting that IL-17 produced by the Tyl7 cells
may contribute to the colitis in CD4“*TTPYf mice. To
confirm a causal relationship between IL-17 and colitis, we
administered a neutralizing Ab specifically directed against IL-
17A to CD4“TTP!/f mice fed DSS-water and then closely
monitored their body weights. The CD4*TTP!f mice receiving
IL-17A neutralizing Ab showed significantly less body weight
loss (Figure 6D) and had longer colons (Figure 6E) than the
mice receiving control immunoglobulin G (IgG). Histological
analysis also showed reduced intestinal inflammation and
more intact structure in the colons of CD4“*TTPYf mice
given IL-17A neutralizing Ab (Figures 6EG). These results
demonstrate that IL-17 produced by Ty17 cells contributes, at
least partially, to the pathogenesis of DSS-induced colitis in
CD4CTTPYf mice.

DISCUSSION

Tu17 cells play important roles in chronic inflammation.
Excessive Tyl7 cell development and IL-17 production are
associated with the pathogenesis of several diseases, including

autoimmune arthritis, multiple sclerosis, and IBD (31, 32). So
far, most studies have focused on the development of Ty17
cells and their transcriptional regulation by key transcription
factors. Relatively little is known about how Ty17 cells are
regulated at the post-transcriptional level. In this study, we
have demonstrated that the RNA-binding protein T'TP negatively
regulates T 17 cell function at the post-transcriptional level by
enhancing degradation of the IL-17 mRNA. It has been reported
that conventional TTP~/~ mice develop a severe inflammatory
syndrome with elevated levels of circulating inflammatory
cytokines due to increased mRNA stability (22, 27, 28, 33-40),
demonstrating that TTP is an important regulator for control
of inflammatory responses. In order to evaluate the role of TTP
in regulation of T-cell development and function, we generated
CD4-specifc TTP conditional KO mice. The CD4“*TTP/f mice
exhibited different phenotypes from conventional TTP~/~ mice.
One obvious difference was that the CD4"* TTP"/f mice appeared
to undergo normal growth, whereas the conventional TTP~/~
mice had retarded growth (Figure 1A). Another difference in
the CD4%*TTP/f mice was the lack of the early onset and
severe inflammatory arthritis universally seen in the conventional
TTP~/~ mice (26). Although younger CD4“TTPYf mice
appeared normal, they did develop atopic dermatitis and had
elevated skin Ty17 cells and serum levels of IL-17A when they
aged past 5-8 months. Frasca et al. (41) showed that TTP levels
were higher in activated B cells from old mice as compared
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FIGURE 5 | T cell-specific TTP conditional knockout mice are prone to DSS-induced colitis. Age- and body weight-matched CD4C®TTP/f and control mice
(8-12 weeks old) were administered with DSS in drinking water (2.5% wt/vol) for 5 days. Each group had five mice. Average body weight changes (A), bloody
diarrhea (B), and survival (C) shown at indicated time points. On day 9, the lengths of colons of mice from treated groups were measured (D) and photographed (E).
Sections of colons in each group were stained with hematoxylin and eosin (F). (G) Histological scores of colons collected from the above mice. Data are from four
mice per group and represented as mean + SD. *p < 0.05, **p < 0.01, and **p < 0.001 between groups.

with young mice. These data suggest that TTP plays a role
in controlling lymphocyte activation and chronic inflammation
during the aging processes.

The spontaneous chronic inflammation in conventional
TTP~/~ mice is considered to be at least partly TNE-
o dependent, as TNF mRNA was stabilized in TTP™/~
macrophages after stimulation with lipopolysaccharide (16, 30),
and treatment of the conventional TTP KO mice with Abs to
TNF-a (26), or breeding to TNF-a receptor-deficient mice (15),
prevented development of the inflammatory syndrome. However,
specific deletion of TTP in myeloid cells did not recapitulate
the phenotypes of conventional TTP~/~ mice (30), indicating
the involvement of other cell types in the development of the
inflammatory syndromes. Indeed, we found that both CD4* and
CD8" T cells (Supplementary Figure 6) in the T cell-specific
TTP-deficient mice produced much higher levels of IL-17A
compared with the cells of WT mice. The increased IL-17A along
with spontaneous dermatitis development in old CD4CrTTP!/f
mice demonstrates a role for TTP in regulating T cell-mediated
inflammation. Studies from our laboratory and others show that
TTP targets IL-23 and IL-6 mRNA for degradation (27, 34,
36, 37). Because both cytokines are important for Ty17 cell
differentiation, these collective results suggest that TTP may
affect the development of Ty17 cells. Surprisingly, several key
transcription factors important for Tyl7 cell differentiation,
such as RORyt, IRF4, IRF8, were not increased in TTP~/~
TH17 cells, indicating that TTP may affect Ty17 cell function
rather than Ty17 cell development. Indeed, TTP~/~ Tyl7 cells

produced more IL-17A than WT Ty17 cells at the single-cell
level (Figures 3A-E), and the IL-17 mRNA stability was increased
in TTP~/~ Tyul7 cells (Figure 4A). Our results indicate that
TTP negatively regulates Tt17 cell function by promoting mRNA
degradation of its signature cytokine IL-17. IFN-y might also
play a role in the development of skin inflammation in aged
CD4CTTPY! mice, as the levels of IFN-y were also increased
in the TyO0 and Ty17 cells lacking TTP (Figure 3A), which
is consistent with a previous report that TTP promotes IFN-y
mRNA degradation (35). Molle et al. (28) reported that IL-17 is
involved in the generation of joint inflammation in conventional
TTP~/~ mice, as deletion of IL-17 in TTP~/~ mice ameliorates
the inflammation. They also reported that the differentiation of
Ty17 cells from naive CD4 T cells lacking TTP was normal (28),
which is in line with our observation. These data together suggest
that TTP regulates Ty17 cell function by targeting IL-17 mRNA
stability, without directly affecting Ty;17 cell differentiation.
Signaling through many TLRs and other environmental
stimuli can induce TTP expression in macrophages, which in
turn prevents excessive cytokine production and inflammation.
TTP suppresses the expression of proinflammatory cytokines
by binding directly to AREs in the 3’ UTR of their mRNAs,
leading to their deadenylation and decay. In primary CD4 T
cells, TTP inhibits IL-17 expression by directly promoting mRNA
degradation via the IL-17 3’ UTR (Figures 4A,C). Using human
T-cell line HuT102 and Jurkat cells, Lee et al. (42) reported that
TTP bound to several AREs in the 3’ UTR of IL-17 mRNA for
degradation of human IL-17 transcript. These data suggest that
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FIGURE 6 | IL-17 mediates DSS-induced colitis in the T cell-specific TTP conditional knockout mice. Wild-type and CD4CeTTPY mice were fed 2.5% DSS water for
5 days and then switched to normal water for additional 4 days. Serum was isolated at day 9 and used to measure IL-17A levels by ELISA (A). Lymphocytes isolated
from mesenteric LN at day 9 were analyzed for intracellular cytokine expression by flow cytometry gated as CD4* T cells (B,C). CD4ACTTP/f mice were received
150 mg of IL-17A-specific neutralizing mAb (InVivoMAb anti-mouse IL-17A, clone 17F3; BioXcell) intraperitoneally every other day starting on day 1 after DSS water
administration. (D) Average body weight of the mice at indicated time points. (E) At day 9, colons were photographed (insert) and individual colon lengths were
measured. (F) Sections of colons were analyzed with hematoxylin and eosin staining. (G) Histological scores of colons collected from the above mice. Data are from
four or five mice per group and represented as mean + SD. *p < 0.05, **p < 0.01, and “**p < 0.001 between groups.

TTP regulates the expression of macrophage cytokines and T-cell
cytokines through similar mechanisms. It is known that TTP
regulates targeted gene expression through several mechanisms,
such as mRNA localization or translation efficiency or other
RNA modifications in addition to mRNA stabilization (25, 43).
These mechanisms may also contribute to IL-17 regulation by
TTPin T cells.

IBDs in human are characterized by chronic intestinal
inflammation mediated by several factors. Both protective
and pathogenic functions of IL-17 have been reported in
different experimental models of colitis. Adoptive transfer of
IL-17-/~ CD45RBM T cells into RAG™/~ recipient mice
induced a more severe wasting disease compared with WT
counterparts (44). In contrast, IL-17 deficiency resulted in
resistance to dextran sulfate sodium-induced colitis in mice,
indicating a pathogenic role of IL-17 in intestinal inflammation
(12). Our data show increased IL-17 in CD4“"*TTPf mice,
along with accelerated wasting disease compared with WT
littermates. It has been reported that neutralizing IL-17 activity
enhanced the development of DSS-colitis in WT mice (45).
Therefore, we focused our study on whether IL-17 in the
CD4 conditional TTP KO mice played a role in DSS-induced
colitis by administering IL-17 neutralization Ab only to KO
mice. As shown in Figure 6D, neutralizing IL-17 reduced the

severity of wasting disease, supporting a pathogenic role for
IL-17 in intestinal inflammation observed in the CD4¢™TTP!f
mice. Notably, although neutralization of IL-17 reduced DSS-
induced colitis, mice still developed significant weight loss.
This suggests that other factors regulated by TTP may also
contribute to DSS-colitis in the T cell-specific TTP conditional
KO mice. Although CD4cre is broadly used to generating
conditional gene targeting in CD4 T cells, several types of
cells express CD4, including thymic CD8, CD4-expressing
DCs, and monocytes. Therefore, the phenotypes observed in
the CD4%*TTP"! mice may be mediated by several types of
cells. TNF-a is known to be important in the pathogenesis of
intestinal inflammation. TNF-a expression was indeed higher
in TTP~/~ Tyl7 cells than WT Ty17 cells (Supplementary
Figure 4B). TNF expression in TTP~/~Ty17 cells may also
contribute to the DSS-induced colitis in the CD4"TTP/f mice.
IL-6 could be involved, because TTP deficiency also led to
increased IL-6 in the serum of CD4 T cell-specific TTP KO
mice (Figure 3F and Supplementary Figure 4A). More study
is needed to further investigate the roles of IL-6 and other
players in the pathogenesis of intestinal inflammation mediated
by TTP. Tyl17 cell-produced GM-CSF plays an essential role
in autoimmune inflammation (such as encephalitis) mediated
mainly by a positive feedback loop between GM-CSF secreted
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by Tx17 cells and the production of IL-23 by antigen-presenting
cells (46, 47). We recently report that GM-CSF-producing CD4
T cells may be a unique subset of T helper cells, namely, Ty-
GEF-CSE important for T cell-mediated inflammation (48). GM-
CSF has been reported to mediate intestine inflammation (49).
Considering TTP mediates GM-CSF expression (20), it is possible
that GM-CSF may also contribute to the phenotypes in the
CD4CTTPYf mice.

In summary, our results reveal a new mechanism for
regulating Ty17 function and Ty17-mediated inflammation,
through post-transcriptional regulation of IL-17 mRNA decay by
TTP, suggesting that TTP might be a novel therapeutic target for
treatment of the Ty17-mediated diseases.

MATERIALS AND METHODS

Mice

CD4%TTPf mice were obtained by crossing mice expressing
Cre recombinase under the control of the murine CD4
promoter (CD4C¢) mice purchased from the Jackson Laboratory
(Bar Harbor, ME, United States) (29) with the previously
described TTPo¥/flox mice (30). All mice were on the C57BL/6
background and were bred at the animal facility of Saint
Louis University. Animal experiments were approved by the
Institutional Animal Care and Use Committee at Saint Louis
University and were performed according to federal and
institutional guidelines.

Cell Lines

Jurkat cells were purchased from ATCC and cultured in RPMI-
1640 with 10% (vol/vol) fetal calf serum (Sigma, St. Louis,
MO, United States; endotoxin NMT 10.0 EU/mL) supplemented
with 2 mM glutamine and 100 units/mL of penicillin and
streptomycin (Sigma). HEK293T cells were purchased from
ATCC and cultured in Dulbecco modified eagle medium
(4.5 g/L) with 10% (vol/vol) fetal calf serum and 100 units/mL
of penicillin and streptomycin purchased from Sigma as
described above.

Antibodies and Flow Cytometry

The following Abs were purchased from BD Biosciences: anti-
CD3-APC (clone 145-2C11), anti-CD4-PE (clone H129.19),
anti-CD8-PE (clone 53-6.7), anti-CD4-PerCP (clone RM4-
5), anti-CD44-FITC (clone IM7). For intracellular staining of
cytokines, cells were stimulated for 4 h with PMA (phorbol
12-myristate 13-acetate; 50 ng/mL; Sigma) and ionomycin
(0.5 pg/mL; Sigma) in the presence of Monensin (GolgiStop;
0.7 pL/mL; BD Biosciences) for 4 h and then fixed and
permeabilized for intracellular cytokine testing according to
the manufacturer’s instructions (BD Biosciences). Antibodies
used were as follows: anti-IFN-y-APC (clone XMG1.2), anti-
IL-17A-PE (clone TC11-18H10.1), anti-IL-17A-AF488 (clone
TC11-18H10.1), anti-IFN-y-AF700 (clone XMG1.2), from BD
Biosciences. Cells were analyzed on a FACSCanto II or
FACS LSR II (BD), and data were analyzed with Flow]Jo
software (TreeStar).

T-Cell Stimulation and Differentiation

CD4™ T cells, purified using the DynaBeads FlowComp mouse
CD4 kit (Invitrogen) or EasySep Mouse Naive CD41 T Cell
Iso Kit (Stemcell), were activated by plate-coated anti-CD3 (1
pg/mL; 145-2C11; Biolegend) and anti-CD28 (1 pg/mL; 37.51;
Biolegend) Abs for 72 h in complete cell culture medium
(RPMI 1640) supplemented with 10% heat-inactivated fetal
calf serum, 2 mM L-glutamine, penicillin-streptomycin, non-
essential amino acids, sodium pyruvate, 10 mM HEPES, and
50 wM 2-mercaptoethanol. Supernatants were collected for
measuring cytokines by enzyme-linked immunosorbent assay
(ELISA) (BD Bioscience). For in vitro T-cell differentiation,
CD4" T cells were activated with plate-coated anti-CD3
(2 pg/mL) and anti-CD28 (2 pg/mL) Abs under the following
conditions: for Tyl: anti-IL-4 20 pg/mL (11B11; BD), IL-12
10 U/mL (Peprotech); for Ty17: IL-6 50 ng/mL (Peprotech),
TGF-f 1 ng/mL (Peprotech), IL-23 20 ng/mL (Peprotech),
anti-IL-4 10 pg/mL (11B11; BD), and anti-IFN-y 10 pg/mL
(XMG1.2; BD). Cells were cultured for 4 days before activated
with PMA (50 ng/mL; Sigma) and ionomycin (0.5 pg/mL;
Sigma) for 4 h for analysis of cytokines and surface markers
with flow cytometry.

Plasmid Constructs

Full-length 3" UTR of murine IL-17A was retrieved from the
website AREsite (Universitat Wien). A 656-bp fragment of the
mouse IL-17A 3’ UTR amplified from c¢DNA of mouse T
cells was cloned downstream of the luciferase gene in pGL3
control vector (Promega) between Xbal and Fsel sites. Luciferase-
reporter gene expression is driven by SV40 promoter and has
been used by us and others to study mRNA stability controlled by
downstream inserted 3’ UTR or siRNA (27, 50-54). WT TTP and
two mutant TTP plasmids were generated in Perry Blackshear’s
laboratory (55).

Luciferase Assay

Transient transfections were performed by electroporation.
Briefly, for each condition 0.4 mL of HEK293T-cell suspension
containing 1 x 107 cells was mixed with 3 g of total DNA
(including reporter, effector, internal control, and carrier DNA)
and electroporated in 0.45-cm electroporation cuvettes (Gene
Pulser II; Bio-Rad Laboratories, Hercules, CA, United States)
at 975 microfarade and 300 V in RPMI 1640 medium
without serum. The transfected cells from different cuvettes
were resuspended in RPMI 1640 containing 10% fetal bovine
serum (FBS), 2 mM glutamine, 10 wM chloroquine, and
antibiotics and were added to 24-well plates and incubated
for 40 h prior to harvesting. To measure luciferase activity,
cells were pelleted by centrifugation and resuspended in 100
nL of lysis buffer containing 125 mM Tris-phosphate pH 7.8;
10 mM DTT; 10 mM 1-2-diaminocyclohexane-tetraacetic acid;
50% glycerol; and 5% Triton-X100. Luciferase activity was
measured in cell lysates with Luciferase Reporter Assay system
(Promega). Transfection efficiency was routinely monitored by -
galactosidase (B-gal) assay by cotransfection with 3 g of pPCMV-
B-gal plasmid. Variability in p-gal activity between samples
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was typically within 5%. Lysates were used for both luciferase
and B -gal assays.

Quantitative Reverse
Transcription-Polymerase Chain

Reaction

Total RNA was extracted using TRIzol (Invitrogen, Life
Technologies). Reverse transcription (RT) reactions were
carried out as follows: 1-pg aliquots of total RNA were mixed
with 1 pL oligo dT primers (0.5 mg/mL), 1 pL 10 mM
dNTPs, and ddH,O to equalize volumes of all samples at 12
L. The mixture was heated at 65°C for 5 min, quenched
on ice, spun down briefly, and 8 pL of a Master Mix was
added. The RT Master Mix consisted of 4 pL 5 x first-
strand buffer (Invitrogen), 2 nL 0.1 M DTT, 1 pL RNase
inhibitor (40 U/pL; Invitrogen), and 1 pL Superscript II
(200 pL/pL, Invitrogen). The reaction was incubated at
42°C for 60 min and then at 70°C for 15 min, followed
by 4°C soak. To each sample (in 20 pL total volume), 80
nwL ddH,O was added; 5 pL diluted ¢cDNA was used for
each polymerase chain reaction (PCR) reaction of 25 pL
volume. PCR was performed using two-step qRT-PCR with
SYBR green (Invitrogen, Life Technologies) with ABI Prism
7700 Sequence detector/Real Time PCR machine. Results
were analyzed using AACT method with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as an endogenous reference
control. Primers for specific murine targets were as follows:
Ifn-y, forward, 5-CCATCCTTTTGCCAGTTCCTC-3/, and
reverse, 5 -ATGAACGCTACAC ACTGCATC-3'; 1l17a, forward,
5'-CTCCAGAAGGCCCTCAGACTAC-3/, and reverse, 5-GG
GTCTTCATTGCGGTGG-3'; Tgfb, forward, 5-TAAGAGGTC
ACCCGCGTGCT-3, and reverse, 5-AAAGACAGCCACTC
AGGCGTA-3; Rorc, forward, 5-AAGATCTGCAGCTTT
TCCACA-3/,and reverse, 5 -TTTGGAACTGGCTTTCCATC-3';
Stat3, forward, 5-CAGACTGGTTGTTTCCATTCAGAT-3, and
reverse, 5-ACCCAACAGCCGCCGTAG-3’; Tbx21, forward,
5'-ATGCGTACATGGACTCAAAGTT-3", and reverse, 5'-TTT
CCAA GAGACCCAGTTCATTG-3'; 1i6, forward, 5'-GGAAATT
GGGGTAGGAAGGA-3/, and reverse, 5-TGTGCAATGGCAA
TTCTGAT-3'; GAPDH, forward, 5-TGGCCTACATGGCCT
CCA-3/, and reverse, 5’-TCCCTAGGCCCCTCCTGTTAT-3'.

mRNA Stability

CD4™ T cells were cultured under Ty 17 polarization conditions
before adding actinomycin D (5 pg/mL; Sigma) and 5,6-
dichlorobenzimidazole riboside (DRB) (10 pg/mL; Sigma),
and then total RNAs collected at different times. cDNAs
were used to measure the remaining mRNA for calculating
the half-life of each mRNA as described previously (27,
56, 57). In brief, the half-lives of mRNAs were calculated
separately in WT and TTP KO cells and then compared.
The remaining levels of mRNAs at 30, 60, 90, and 120 min
after blocking de novo RNA synthesis with ActD/DRB were
first normalized to housekeeping GAPDH at each time
point and then calculated against the levels of mRNAs
at t = 0, which was set as 100%.

Enzyme-Linked Immunosorbent Assays
Serum from blood of WT and KO mice treated with or
without DSS, as well as supernatants from CD4 T cells, was
harvested at described in the text and stored at —70°C.
Mouse IL-17 was detected using ELISA MAX™ Deluxe Set
Mouse IL-17A kit (Biolegend) according to the manufacturer’s
instructions. Concentrations were calculated by regression
analysis of a standard curve.

Western Blotting

Cells were lysed in RIPA buffer for 30 min on ice. Protein
lysates (25 jLg) were loaded on a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Gels were transferred to
nitrocellulose membrane and blocked in 5% non-fat milk
in Tris buffer, pH 8.0, at room temperature for 2 h. The
membrane was blotted with anti-TTP Primary Ab (clone
3A2; 1 mg/mL; Santa Cruz Biotechnology) in Tris buffer
containing 5% milk powder and left overnight at 4°C.
After extensive washing, blots were subjected to horseradish
peroxidase—conjugated sheep anti-mouse Ig secondary Ab at a
1:5,000 dilution in 5% milk and then detected with enhanced
chemiluminescence detection (PerkinElmer Life Sciences Inc.,
Boston, MA, United States).

DSS Colitis Model

Colitis was induced in mice with drinking water containing
2.5% DSS (MP Biomedicals) for 5 days and then replaced
with normal water. Mice were monitored for weight
changes, diarrhea, bloody stools, and overall health. Mice
were removed from the study when their body weight
loss exceeded 25% of their original body weight and
counted as death.

Histologic Colitis Assessment and Colon
Length

The entire colon was removed from cecum to anus, measured,
and fixed in 10% neutral-buffered formalin. Five-micrometer-
thick sections were stained with hematoxylin and eosin for
microscopic examination. Histological scores were assigned
by a pathologist blinded to the experimental groups based
on the extent and severity of inflammation, ulceration, and
hyperplasia of the mucosa. The final score was calculated as
the sum of individual factors, multiplied by the extent of tissue
involvement. Severity scores for inflammation were as follows:
0 = normal (within normal limits), 1 = mild (small, focal,
or widely separated, limited to lamina propria), 2 = moderate
(multifocal or locally extensive, extending to submucosa), and
3 = severe (transmural inflammation with ulcers covering >20
crypts). Multiplied factors as extent of lesions were as follows:
0 =normal (0% involvement), 1 = up to 25% involvement, 2 = 25—
50% involvement, 3 = over 51-50% involvement, and 4 = over
76-100% involvement. Spleen and MLNs were mechanically
dissociated, and red cells were lysed in ACK lysis buffer. Cell
suspensions were washed, enumerated, and stored in RPMI 1640
containing 10% FBS (Cellgro, Herndon, VA, United States) on ice
until used.
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Statistical Analysis

Data were analyzed with Prism software 5.0 (GraphPad). For
standard data sets, data were shown as mean =+ SD, and
an unpaired two-tailed Student’s t-test was used. For multiple
groups, one-way analysis of variance was used. *p < 0.05,
**p < 0.01, ***p < 0.001 between indicated groups.
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Mohamed Mandour 2%, Sijia Chen"?® and Marleen G. H. van de Sande "2

" Department of Clinical Immunology and Rheumatology, Amsterdam Rheumatology & Immunology Center (ARC),
Amsterdam University Medical Centers, Location Academic Medical Center, University of Amsterdam, Amsterdam,
Netherlands, 2 Department of Experimental Immunology, Infection and Immunity Institute, Amsterdam University Medical
Centers, Location AMC, University of Amsterdam, Amsterdam, Netherlands, 2 Division of Rheumatology, Inflammation, and
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Spondyloarthritis (SpA) is a spectrum of chronic inflammatory joint diseases that frequently
presents with inflammation of the axial skeleton, peripheral joints, entheses, skin, and gut.
Understanding SpA pathogenesis has been proven challenging due to the limited
availability of human target tissues. In recent years, the interleukin (IL)-23/IL-17 pathway
has been implicated in the pathogenesis of SpA, in addition to the Tumor Necrosis Factor
Alpha (TNF-o) cytokine. The underlying molecular mechanisms by which the IL-23/IL-17
pathway triggers disease initiation, both in the joints as well as at extra-musculoskeletal
sites, are not precisely known. Animal models that resemble pathological features of
human SpA have provided possibilities for in-depth molecular analyses of target tissues
during various phases of the disease, including the pre-clinical initiation phase of the
disease before arthritis and spondylitis are clinically present. Herein, we summarize recent
insights gained in SpA animal models on the role of the IL-23/IL-17 pathway in immune
activation across affected sites in SpA, which include the joint, entheses, gut and skin. We
discuss how local activation of the IL-23/IL-17 axis may contribute to the development of
tissue inflammation and the onset of clinically manifest SpA. The overall aim is to provide
the reader with an overview of how the IL-23/IL-17 axis could contribute to the onset of
SpA pathogenesis. We discuss how insights from animal studies into the initiation phase
of disease could instruct validation studies in at-risk individuals and thereby provide a
perspective for potential future preventive treatment.
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Mandour et al.

IL-23/IL-17 in SpA

INTRODUCTION

Spondyloarthritis (SpA) is a chronic inflammatory joint disease
characterized by inflammation and new bone formation which
results in structural damage. Clinically, patients present with
axial manifestations, such as sacroiliitis or spondylitis, and/or
peripheral manifestations such as arthritis, dactylitis, or
enthesitis. Besides, extra-musculoskeletal features, including
psoriasis, inflammatory bowel disease, and uveitis, can be
present (1). SpA comprises 2 subtypes: peripheral SpA, with
psoriatic arthritis (PsA) as the prototypical disease, and axial
SpA, which encompasses radiographic axSpA, in which patients
have signs of sacroiliitis on X-ray and fulfill the modified New
York criteria (2), and the non-radiographic type (3). The disease
pathogenesis of SpA is incompletely understood. Genetic factors
combined with exposure to microbes by the loss of barrier
function in the skin or the gut, or local mechanical stress
at entheseal sites, are suggested to induce an inflammatory
cascade resulting in joint inflammation and new bone
formation. HLA-B27 is the strongest genetic factor linked to
SpA. Genetic association studies, animal studies, human ex-vivo
and intervention studies have demonstrated that the tumor
necrosis factor alpha (TNF-o) and interleukin (IL)-23/IL-17
pathways are key players in the inflammatory cascade, both
in the initiation phase of SpA, and during chronic persistent
disease (4-6) (Figure 1).

TNF-o is a pleiotropic, pro-inflammatory cytokine playing
major roles in protection against infections and driving
inflammation in immune mediated inflammatory diseases
including SpA. It is produced by various immune (activated T
cells, macrophages, monocytes, neutrophils) and non-immune cells
(fibroblasts, endothelial cells) (7). TNF-o is produced as a
transmembrane bound protein expressed on the cell surface of
various cell types including lymphocytes and macrophages, which is
cleaved into a soluble form by metalloprotease TNF-o. converting
enzyme (TACE), also called A Disintegrin and Metalloprotease 17
(ADAM17). Both the transmembrane and soluble forms of TNF-o.
are biologically active and can bind to the TNF-o. receptors 1 and 2,
but their downstream effects vary (8, 9).

IL-17A is a pro-inflammatory cytokine implicated in various
inflammatory disorders. IL-17A by itself only has a modest
proinflammatory effect but acts as a potent enhancer of
inflammation through synergy with other proinflammatory
cytokines such as TNF-a (10). IL-17A was the first to be
characterized among the 6 conserved IL-17 proteins (IL-17A-F),

Abbreviations: ADAM17, A disintegrin and metalloprotease 17; AIA, adjuvant-
induced arthritis; AXSpA, Axial spondyloarthritis; CIA, collagen-induced arthritis;
DCs, Dendritic cells; HLA-B27/Huf2m- tg, HLA-B27/human 2 microglobulin
transgenic rat; IL-23R, Interleukin 23 receptor; IL-23, Interleukin 23; IL-17A,
Interleukin 17A; ILC, Innate lymphoid cells; LN, Lymph node; MLN, Mesenteric
lymph node; NF-xB, Nuclear factor kappa-Beta; PsA, Psoriatic arthritis; NSAIDs,
Non-steroidal anti-inflammatory drugs; PLN, Popliteal lymph node; PRR, Pattern
recognition receptors; PsO, Psoriasis; TACE, TNF-o. converting enzyme; TLR,
Toll like receptors; TNF-o, Tumour necrosis factor alpha; TNFR1, Tumor necrosis
factor receptor 1; TTP, Tristetraprolin; RANKL, Receptor activator of nuclear
factor kB ligand; STATS3, Signal transducer and activator of transcription 3; SpA,
Spondyloarthritidis; SPF, Specific pathogen free; UPR, Unfolded protein response.

followed by IL-17F, which is for 50% structurally similar to
IL-17A (11, 12). The IL-17 receptor family comprises the
subunits IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE.
After binding of IL-17A or F to their receptors, Actl associates
with the IL-17 receptor resulting in the activation of various
downstream signaling pathways (13). IL-23 is the canonical
cytokine that activates IL-17A production. It is a heterodimeric
cytokine, which contains a P19 and a P40 subunit. The P19 unit
is exclusive to IL-23 whereas the P40 subunit is shared with IL-12
(14). IL-23 signals through the IL-23R and IL-12B1 subunits
resulting in activation of the JAK-STAT pathway mainly via
STAT3 (15). More recently, it has been shown that T cells and
innate (-like) lymphocytes can produce IL-17A in response to
cytokines other than canonical IL-23. These alternative cytokines
include IL-7 and IL-9, which classically are required to maintain
peripheral innate(-like) T cell populations (16-18). Other diverse
innate immune cells also produce IL-17, including yd T cells,
NKp46+ NK cells, intestinal Paneth cells, invariant natural killer
T cells (INKT), MAIT cells and neutrophils (19). The emergence
of distinct pathways culminating in the secretion of IL-17A, in
addition to the canonical IL-23/IL-17 pathway, underscores the
importance of IL-17A in human health and disease (20). In SpA,
IL-17A driven inflammation contributes to erosive joint damage
and pathological new bone formation (21).

Although the IL-23/IL-17 axis has a central role in SpA
pathology, antibodies targeting IL-17A and IL-23 have
demonstrated different levels of efficacy in the various subtypes
of SpA (22-24). Most strikingly, IL-23 inhibition in human
radiographic axSpA patients was not effective (25), whereas IL-
17A-blocking therapies decreased inflammation and disease
severity (6, 26). These clinical findings are supported by
findings in the Mycobacterium tuberculosis (M.tb) accelerated
HLA-B27 transgenic rat (27) model. The disease phenotype in
this model resembles human SpA as these rats develop signs of
arthritis and spondylitis, with inflammation and new bone
formation. When IL-23 inhibition was started after the rats
had developed established disease with arthritis and
spondylitis, there was a lack of efficacy just as observed in
patients (25, 28). In contrast, blocking IL-23R just after
immunizing the rats completely prevented inflammation and
new bone formation (24). These findings suggest that it may be
necessary to block IL-23 in the pre-clinical phase, before the
disease phenotype becomes clinically apparent. Based on these
findings in the rats, it could be hypothesized that there may be a
pre-clinical disease stage also in human SpA where specific
immune pathways are already activated before the disease
becomes clinically manifest (Figure 1). This concept of a pre-
clinical “at-risk phase” phase is already well-established in a
different form of chronic arthritis, rheumatoid arthritis (RA)
(29-31). Better understanding of the molecular alterations
present in the at-risk phase of RA have resulted in initial
treatment trials aiming to prevent onset of disease (32, 33).

For long, it has been speculated that extra-musculoskeletal
tissue inflammation in SpA contributes to the initiation of arthritis
and spondylitis and subsequent development of full-blown SpA.
To address the potential tissue-specific role of IL-23/IL-17 in both
joint and extra-musculoskeletal tissues, it would be ideal to
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examine these target tissues, however, this is challenging due to
the relative lack of tissue samples that can easily be obtained from
affected lesions. This is even more challenging in individuals who
are at increased risk of SpA, before the onset of clinically manifest
disease. Animal data could provide a good basis for future human
studies allowing better understanding of the disease development,
and on how extra-musculoskeletal tissues are involved in
initiation of this disease. Increased understanding of the
molecular pathways active in this very early stage of disease in
SpA might identify novel potential treatment targets or even
provide a basis for preventive treatment strategies aiming to
further improve outcome for SpA patients.

Here, we provide an overview of findings from various
experimental SpA animal models indicating how the IL-23/IL-
17 axis is implicated in the initiation and progression of disease,
with a focus on the major tissues involved in SpA pathogenesis.

EXPERIMENTAL MODELS OF SPA

Evidence from studies in animal models, human expression studies,
and SpA genetic association studies, has indicated that the IL-23/IL-
17-axis contributes to pathogenesis of chronic arthritis, spondylitis,
and associated inflammatory manifestations (34).

There are several animal models that bear resemblance to
human SpA (Figure 2) (35-37). These models differ in genetic
modifications, disease mechanism and pathologic features.
Collectively, they contribute to dissecting the pathogenic
processes in SpA disease development and progression. Herein,
we first briefly summarize the most commonly used experimental

FIGURE 1 | Hypothetical model for the disease initiation phase: the pre-clinical phase. In the pre-clinical phase of disease innate immune triggering results in
activation of specific pathogenic immune pathways site distant from the joints resulting in (subclinical) joint inflammation and new bone formation which subsequently
develops into clinically manifest spondyloarthritis (SpA). m¢, macrophages, NK, NK cells; NKT, NKT cells; y8, gamma delta T cells.

models of SpA. An thorough overview of these SpA animal models
has been previously presented by Viera de Sousa et al. (35). There
are more recent animal models developed since, which we are
highlighting here as well (37).

HLA-B27/Huf2m Overexpression

HLA-B27 is the major genetic risk factor for SpA (38, 39), and
overexpression of HLA-B27 resulted in clear SpA-like features in
rats (38), but not in mice (40). Over time, the HLA-B27
transgenic (tg) rat model has progressed from the HLA-B27/
human B2 microglobulin (hf2m) (tg) Lewis (21-4H) rats,
characterized by orchitis, colitis and hind limbs arthritis, with
psoriasis in up to 50% of the rats, to the HLA-B27/hf32m-tg F344
(33-3) rats with similar clinical manifestations but with earlier
disease onset. This was followed by the HLA-B27/h32m-tg Lewis
rats (21-3 x 283-2)F1 line with lower HLA-B27 copy numbers, in
which all male rats develop orchitis, followed by the development
of arthritis (4-6 months age) in 70% of all male rats, and
spondylitis (7-9 months age) in 50% of them (41). These rats
also show signs of peripheral and axial new bone formation.
Most recently, immunizing the (21-3 x 283-2)FI rats with heat-
inactivated Mycobacterium tuberculosis (M.tb) has been
demonstrated to synchronize and accelerate the disease onset
in both male and female rats. Arthritis and spondylitis
development is visible in 80-100% of the rats 2-3 weeks post
M.tb immunization (35).

TNF-o Overexpression
TNF-o is one of the key cytokines in SpA pathogenesis and there
are several animal models that are based on TNF-ot overexpression.
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FIGURE 2 | Animal models resembling human spondyloarthritis. HLA-B27/Hup2m- tg, HLA-B27/human B2 microglobulin transgenic rat; TNF-c., Tumor necrosis
factor alpha; IL-23, Interleukin-23; IL-17, Interleukin-17; M. tub, Mycobacterium tuberculosis; IL-23mc, Interleukin-23 minicircle; Human TNF tg mice, Human tumor
necrosis factor transgenic mice.

In the TNF**®* mice, the overexpression of murine TNF-ct leads to
chronic peripheral polyarticular synovitis, enthesitis and colitis,
without psoriasis, osteoproliferation or spinal involvement (42-
44). The colitis severity varies from asymptomatic histological
inflammation to severe ileitis depending on housing conditions.
In contrast, mice that overexpress transmembrane TNF (tmTNF)
(TgA86) (45) do develop new bone formation together with signs of
peripheral arthritis and spondylitis, without gut or skin involvement
(35). The human TNF-(Tg197) tg mice is a model characterized by
destructive polyarticular synovitis (including sacroiliitis), with no
spinal involvement, new bone formation, gut or skin inflammation
(46). The differences in clinical presentation between the soluble and
tmTNF overexpression models indicate that tmTNF drives the key
clinical phenotype and pathologic bone formation of SpA.

IL-23/IL-17 RELATED ANIMAL
MODELS OF SPA

Animal models played an important role in implicating the IL-
23/IL-17 axis in SpA pathogenesis. In the IL-23 minicircle (mc)
induced B10.RIII mice model, high systemic IL-23 expression

results in axial and peripheral enthesitis with entheseal new bone
formation, with no destructive synovitis at day 35 (47). Another
model that is considered IL-23/IL-17 dependent is the SKG
model with the ZAP-70"'®*“ mutation. This ZAP-70"'**¢
mutation is downstream of the T cell receptor signaling
complex. This mutation affects positive and negative selection
of T cells. Moreover, it alters the generation and function of
CD25+CD4+ natural regulatory T (Treg) cells (48). SKG mice
develop arthritis, enthesitis, spondylitis, peripheral new bone
formation and Crohn’s disease-like ileitis, but without clear signs
of axial new bone formation. The disease onset can be
synchronized by one IP injection of the fungal wall component
curdlan. In this model, curdlan activates IL-23 release, inducing
mucosal dysregulation and IL-17 and IL-22 cytokine expression,
driving the SpA phenotype (49, 50).

Recently, IL-27RA™" p53%!7*""* mice have been demonstrated
to show SpA-like disease (37). As a result of knocking out IL-27RA,
these mice lack the inhibitory effect of IL-27 on Th17 lineage
differentiation. IL-27 is a member of the IL-12 cytokine family
and is known to down regulate IL-23, RAR-related orphan receptor
(ROR)-yt, and Th17 differentiation (12,47, 51), while p53 is known
to negatively regulate osteoblast differentiation, bone formation and
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remodeling pathway (52). The IL-27RA” p53"'7*"/* mice
demonstrate minimal axial inflammation and bone loss, with
pathological bone formation at the intervertebral discs (37).
Moreover, these mice also show skin inflammation (neutrophilic
dermatitis) and additional organ pathology including chronic
kidney nephropathy (37, 53).

Other models reflecting the importance of IL-17A production in
SpA disease pathogenesis are the STAT3 overexpression models.
STATS3 is a key regulatory factor inducing differentiation of naive
CD4" T cells into Th17 cells (54). The group of Yang Lu introduced
the R26STAT3C*°P" CD4Cre mouse model reflecting SpA with
signs of psoriasis, driven by a specific hyperactive T cell-STAT3C
allele (55, 56). The disease manifestations include spontaneous
development of psoriatic skin lesions, enthesitis/tendinitis, and
arthritis (57). Peri-articular bone erosion and osteopenia were
also observed, without signs of new bone formation.

Similarly, overexpression of STAT3 in the K5.STAT3C:F759
murine model also results in spontaneous severe psoriatic
cutaneous lesions and peripheral erosive arthritis (36).

OTHER MODELS

The aging male DBA/1 mice spontaneously develop brief
arthritis, dactylitis, and enthesitis. In 10-12 weeks old mice
progressive endochondral bone formation has been shown but
still without axial or extra-articular pathologic changes (58, 59).

More recently, the Tristetraprolin (TTP) KO model has been
shown to develop a severe, systemic inflammatory syndrome, with
destructive arthritis, conjunctivitis, dermatitis, osteopenia, myeloid
hyperplasia and cachexia (60). TTP is a RNA binding protein that
has important endogenous anti-inflammatory effects, through
destabilizing mRNAs encoding pro-inflammatory cytokines
and suppressing their biosynthesis (e.g. TNF-a). The clinical
and immunological phenotype associated with TTP deficiency
was dependent on the IL-23/IL-17A axis (61). Most of the
expressed phenotype was prevented using anti- (TNF-o)
antibody treatment (60).

INVOLVEMENT OF IL-23/IL-17 AXIS IN
THE INITIATION PHASE OF DISEASE

Although the major clinical presentation of SpA involves the
joints (axial or peripheral), innate immune activation by either
microbial stress caused by barrier dysfunction at the gut or the
skin, or by mechanical stress caused by microtrauma at the
entheses, is thought to trigger disease onset (27). The exact
underlying mechanisms are not yet fully understood
(Figure 2). To gain more insight into the disease initiation
phase, of SpA, when first pathological molecular alterations
occur, we assessed the result of IL-23 and IL-17 dysregulation
in SpA experimental models. We highlight studies in which the
disease initiation in SpA may be explained by IL-23/IL-17
activation systemically or locally in the entheseal areas close to
the joints. Moreover, we will discuss other potential initiation

sites of SpA by summarizing how gut and skin inflammation
may relate to development of joint inflammation.

Sherlock et al. have shown that induction of high systemic
IL-23 levels can induce enthesitis before development of new
bone formation and synovial joint destruction. After induction of
disease with IL-23mc, mice develop paw swelling at day 5-10
with entheseal inflammation (47). Although F4/80+
macrophages and myeloperoxidase (MPO)+ neutrophils were
observed in the entheseal inflammatory infiltrate, IL-23
responsive RORYt+CD3+CD4-CD8- entheseal resident T cells,
later identified as Y0 T cells (62) were shown to be important for
initiating inflammation, as this specific subset of T cells were
shown to produce IL-17A and IL-17F, and IL-22 (47) and
inhibition of IL-17 and/or IL-22 did decrease disease severity.
Depletion of Th17 cells was shown not to change the disease
course, indicating that indeed the resident entheseal T cells play
an important role in driving the disease onset. In this model, the
entheseal inflammation was followed by expansion of periosteal
osteoblasts by day 18, accompanied by a molecular new bone
formation gene expression profile. Entheseal new bone
formation was observed at day 35 (47).

In the SKG model, curdlan (consisting of the fungal wall
component beta-glucan) signaling via the dectin 1 pattern-
recognition receptor, that specifically recognizes beta-glucans,
was applied as a trigger of a SpA phenotype (49, 63). Curdlan
injection induces ileal IL-23 secretion, which in turn provokes a
state of mucosal dysregulation and cytokine imbalance. The mice
develop (histological) inflammation at the axial and peripheral
entheses 1 week after curdlan induction followed by development
of clinical enthesitis, sacroiliitis, peripheral arthritis and colitis
and uveitis with increased serum levels of IFN-y, TNF-o, IL-6 and
IL-17A. The surge of IFN-y, IL-6 and IL-17A cytokines was
shown to be IL-23 dependent (50, 64). The disease manifestations
were shown to be IL-23 dependent and partially IL-17 dependent
(64). Early IL-23 inhibition using anti-IL-23 mAb before disease
induction in SKG mice resulted in a clear clinical improvement in
these mice. There were no histological signs of arthritis and
spondylitis (50, 64).

The importance of IL-23 in disease initiation was also
found in the accelerated heat-inactivated M.tb induced HLA-
B27 tg rat model. It was shown that there is a short increase in
IL-23R expression and RORC gene expression shortly after
immunization (24). Blocking IL-23R after immunization but
before onset of clinical manifestations completely prevented
arthritis and spondylitis development. This prophylactic
treatment significantly suppressed the lymph nodes and splenic
mRNA expression of various downstream cytokines, e.g. Il-17A,
II-22, Mmp3 and Ccl20. However, expression of other pro-
inflammatory cytokines such as II-17F, Ifn-y% Tnf-o, and II-6
were not affected by IL-23R blocking. Although IL-23 was clearly
implicated in disease initiation, the source and the cell type(s)
responsive to IL-23 in this model need to be elucidated (24).

In the same accelerated HLA-B27tg rat model, prophylactic
anti-IL-17A treatment significantly delayed the development and
decreased the severity of spondylitis and arthritis. On histology
there was less inflammation and less destruction in axial and
peripheral joints in anti-IL-17A treated rats, but the disease
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onset was not prevented (65). This is in contrast to the findings
with anti-IL-23R blocking therapy, as anti-IL23R did prevent the
disease onset.

Strikingly, in the B10.RII mice, the use of IL-17Amc DNA
over-expression, as well as IL-17A blockade revealed no major
role for IL-17A in driving arthritis in the B10.RIII model (47).
Consistent with that, IL-17A deficiency in the IL-17A™" SKG
mice only resulted in a moderate reduction of the SKG
phenotype (64). Altogether, the data from these SpA models
indicate that IL-17A is likely not the only cytokine that
contributes to the initiation of IL-23 dependent arthritis.

In addition to IL-17A, IL-22, as a downstream cytokine of IL-
23, was shown to be relevant for the severity of enthesitis in both
the IL-23mc and SKG mice model (47, 64, 66). Ex vivo gene
expression profiling revealed the induction of murine II-6, II-22
and CxclI by day 5 of IL-23 expression in the IL23mc model (47).
Blocking IL-22 in SKG mice for 8 weeks from the first moment of
clinical manifestations reduced Achilles tendon enthesitis,
similar to the reduced severity of enthesitis observed in the IL-
17A°"" SKG mice (64).

The aforementioned animal studies link IL-23 responsive cells
to initiation of disease and development of clinical SpA
manifestations. In humans innate immune cells have been
reported to express IL-23R with inducible IL-17A/F expression
(67). Recently also presence of conventional CD4+ and CD8+ T
cells have been reported in human entheses, which upon
stimulation could produce TNF-o and IL-17A. However, IL-17
production here is independent of IL-23 (67-69). If these cells
could play a role in the onset of SpA in humans needs further
investigation. This link between IL-23 responsive cells and
initiation of disease in animal models direct further in depth
characterization of both innate and adaptive immune cells from
the moment of triggering of inflammation (possibly in the pre-
clinical disease stage) to onset of clinically manifest
spondyloarthritis to further elucidate which IL-23 responsive cells
drive pro-inflammatory cytokine production, including IL-17A,
and which cells drive IL-17 production independently of IL-23.

Altogether, IL-23 plays an important role in inducing SpA
pathology as revealed in the different models. If immune
dysregulation of IL-23 is also present in the pre-clincal phase
of human SpA needs further investigation. If in the future we
can identify individuals at very high risk of developing SpA,
who would qualify for preventive treatment strategies, then
anti-IL23 treatment could be suggested to be the first candidate
to be tested as a preventive medicine. However, currently we lack
good predictive tools that could identify those individuals at
increased risk of developing SpA who would qualify for such a
treatment strategy.

THE GUT-JOINT AXIS IN THE INITIATION
OF SPONDYLOARTHRITIS

SpA patients often present with gut inflammation which led to
the hypothesis that inflammation at the gut mucosa may initiate
SpA pathogenesis (70, 71). Theoretically, gut inflammation could

result in loss of intestinal barrier integrity allowing microbes and
dietary antigens to enter into the bloodstream, and trigger
immune dysregulation leading to joint inflammation (72-74).
An in-depth review discussing the gut-joint axis in SpA was
recently provided by Gracey et al. (71). Here we will discuss
current literature on the potential crucial role of the IL-23/IL-17
axis in the transition of inflammation from the gut to the joint.

IL-17 has been considered to play a dual role in gut
homeostasis. Whereas IL-23-independent IL-17A production
by innate(-like) immune cells is considered to be protective in
colitis by maintaining barrier function in the intestines (75, 76),
IL-23-dependent IL-17A production by Th17 cells results in gut
inflammation (76, 77). This might explain the opposing effects
observed in clinical trial in active crohn’s disease where IL-17A
inhibition resulted in worsening of colitis, but treatment with
anti-IL-12/IL-23p40 as well as pl19 inhibition (78) improved
inflammation (79). In addition to IL-17A, IL-17F has been
demonstrated to promote inflammation in the intestines
through its effect on the intestinal microbiome in mice (80). A
study in experimental colitis provided evidence that inhibition of
both IL-17A and IL-17F was necessary to attenuate colitis (81).
IL-22 is another key player in intestinal host defense and
maintaining mucosal homeostasis, which adds further
complexity to role of the IL-17/IL-23 axis in gut inflammation.
It induces direct intestinal expression of complement C3 and
mucin genes, shares in the clearance of pathogens (82-84), via
facilitating the production of cytokines and chemokines that
mediate innate cell recruitment to infection sites (84).
Furthermore, IL-22 has been shown to regulate hemopexin
production, in order to impair bacterial growth (85).

Gut inflammation is a prominent feature in the high copy
numbers HLA-B27 tg rat models (21-4H and 33-3 line) (38).
Colitis is seen at 6 weeks age and increased II-23p19 expression
occurred at the start of colitis associated with increased II-17A,
next to Il-1, II-6, and Tnf-or expression. IL-23p19 and IL-17A
transcripts were localized to CD11c+ antigen presenting cells
and CD4+ T cells, respectively (86). This was accompanied by
increased HLA-B27 expression and signs of HLA-B27 misfolding
with an unfolded protein response (86). Mechanistically, it is
thought that the increased HLA-B27 expression in activated
macrophages results in an unfolded protein response with ER
stress promoting IL-23 expression (86-88). This IL-23 could
then induce pathogenic IL-17A production by Th17 cells. Ciccia
et al. showed human evidence for HLA-B27’s role in gut
inflammation. They have observed that HLA-B27 misfolding
occurs in the gut of AS patients and is associated with activation
of autophagy. Autophagy appears to induce intestinal expression
of IL-23 in the human gut (89).

Furthermore, Utriainen et al. (90) reported a significantly
decreased subset of intestinal dendritic cells (DCs), which are
involved in maintaining self-tolerance, in the mesenteric lymph
nodes (MLNs) and gut draining lymph of HLA-B27-tg (33-3)
rats. The deficiency of these tolerogenic DCs in combination
with the improved ability of bone marrow-derived DCs to
stimulate IL-17 production by CD4+ T cells could induce an
immune mediated inflammatory response involving the IL-23/
IL-17 axis. Possibly, the dysbalance in proinflammatory and
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toloregenic DCs as well as the HLA-B27 misfolding as observed in
these experimental animal models (86, 91, 92), might also be
relevant for induction of disease in HLA-B27+ individuals.

In HLA-B27 tg (33-3) rats it was observed that HLA-B27
homodimer expression on various lymphocyte populations
increases between week 6-23 of age, and is accompanied by
colitis development and expansion of IL17+ CD4+ T cells and
TNE+ CD4+ T cells. Of interest, presence of HLA-B27
homodimer expression on monocytes in gut draining MLN, but
not on splenocytes, co-occurred with the expansion of Th17 cells,
when colitis was first observed. Besides HLA-B27 misfolding,
HLA-B27 homodimerization is proposed as another mechanism
by which HLA-B27 can contribute to IL-17 production, which has
been reviewed previously (93-95). HLA-B27 is normally present
on the cellular surface with f,m as a heterodimer, however when
presented as a homodimer, this homodimer can interact with
killer-cell immunoglobulin-like receptors (KIRs) on the surface of
NK cells and T cells. This could result in direct activation of NK
cells and T cells and aberrant cytokine production, contributing to
an enhanced activation of the IL-23/IL-17 pathway (96).

The evidence for the role of the IL-23/IL-17 axis in colitis
preceding joint inflammation was further provided by Glatigny
(91). In the HLA-B27 tg (33-3 line) rats Glatigny et al. observed
increased IL-17+TNF+ T cells in MLN which coincided with
colitis, and later this was followed by the occurrence of the same
cell types in PLN at the same time as the onset of arthritis. The
increase in IL-17A+TNF+ T cells was paralleled by elevated
mRNA expression levels of several genes indicating a Th17
phenotype (i.e. II-21, 1I-22, and Rorc) and increased serum
levels of IL-17A (91).

These studies add to the concept that immune dysregulation in
the gut precedes the onset of other clinical manifestations of SpA,
possibly mediated by dysbiosis and/or colitis. They suggest that
IL-23 produced in the gut could influence local activation of
lymphoid cells in the entheses (47, 64). Various innate immune
lymphoid cells able to produce these cytokines have been
implicated in human SpA pathogenesis (reviewed in Gracey
et al.) (71). If the IL-17+ T cells present in the gut mucosa are
indeed pathogenic and if they play a role in the migration of
immune cells from the gut to the joints needs further investigation.
That lymphocytes can possibly egress from gut to joint prior to
disease onset was suggested in a study in TNF**** mice, reported
as a conference abstract, where lymphocytes were shown to traffic
from the colon to the joints (97). Ciccia et al. provided data,
supporting active gut-joint trafficking in human axSpA. They
showed an expanded gut-derived IL-17+ and IL-22+ ILC3
population expressing 047 in the peripheral blood, synovial
fluid and inflamed bone marrow of patients (98).

Dysbiosis is an alteration in the composition of complex
commensal or microbiota that might be induced by a wide range
of environmental factors (99). Related to colitis, dysbiosis is
suggested as an important factor that drives pathologic immune
pathways. In HLA-B27 tg rats (33-3) it was shown that gut
metabolomic changes are already present before the onset of
colitis suggesting that these alterations might be an initiating
event, however if these changes affect the IL-23/IL-17 pathway
was not investigated (100). Gill et al. investigated microbial

dysbiosis in different HLA-B27 rat strains and found no
common overlapping microbial pattern but showed that the
genetic background determined the dysbiotic microbial pattern
present in each model. Nevertheless, microbial dysbiosis
(regardless of the pattern) provoked similar immune response
with an obvious increase in IL-23 and IL-17, as well as IL-1,
IFN-v, and TNF-o cytokines coinciding with colitis as early as 2
months of age in the various strains (101).

Gut microbes triggering the immune system were also
observed in the SKG mouse models of SpA. Observations in the
ZAP-70"'* mutant SKG mice and TLR-4-deficient SKG mice
have confirmed the role of gut microbiota and therelated colitis in
SpA. In contrast to the germ free SKG mice, that are free of all
microorganisms including those that are typically found in the gut,
the curdlan treated specific pathogen fee (SPF) SKG mice show
increased constitutive II-23 expression specifically in ileal tissue,
associated with ER stress marker expression and MLNs cytokine
production including II-6, Tnf-¢, Ifn-y and II-17A (64).
Involvement of gut microbes was reported by Rehaume et al.
who showed that (intraperitoneal) curdlan administration induced
acute systemic inflammation with IL-6, TNF, MCP-1 production
and neutrophil recruitment disregarding the presence of the SKG
allele or microbiota, with the response diminishing earlier in the
germ-free animals. Neutrophil IL-17A production in the
peritoneal cavity was shown to be microbiota dependent, as was
ER-stress induced increased ileal IL-23 expression, MLN IL-17A
expression, goblet cell loss, and ileitis development. In contrast, the
development of associated arthritis and spondylitis was not
crucially dependent on the microbiota profile, but incidence of
arthritis and its severity clearly differed with various microbial
profiles (102). These studies provide a link of microbial innate
immune triggering in gut to development of SpA features. These
microbiome alterations may be further induced by the tissue
inflammation in the gut, making it difficult to determine what
the initiating factor was: the dysbiosis or the tissue inflammation?
(103). In human SpA, dysbiosis has been seen both in patients
(104) as well as in healthy HLA-B27+ individuals (105), and it
remains speculative if dysbiosis lowers the threshold for gut
inflammation, and the onset of SpA.

SKIN

Psoriasis is an extra-musculoskeletal manifestation often seen in
SpA patients (4), in particular in a subtype of SpA, psoriatic arthritis
(PsA). The proinflammatory role of IL-17A in the development of
articular and cutaneous manifestations of PsA has been consistently
established in animal models as well as in human PsA. Here, we
highlight the animal models that describe the concomitant presence
of psoriasis and musculoskeletal manifestations.

In wild type C57BL/6] mice, as early as 1 day after IL-17A
mc gene transfer, clinical psoriatic changes were observed,
accompanied by an inflammatory infiltrate of neutrophils.
Moreover, gene expression of murine keratin 16 (K16), a marker
of keratinocyte hyper-proliferation was highly expressed. It
remains to be assessed which cells are responsible for both the
skin inflammation as well as the joint and bone pathology (106).
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Recently, additional novel animal models demonstrating the
cutaneous, articular, and associated bone changes of psoriatic
arthritis were developed. Yang et al. showed in the
R26STAT3C" P CD4Cre mice SpA like disease, which is
driven by an amplified Th17 response downstream of T cell-
specific expression of a hyperactive STAT3C allele (55, 56).
Animals developed psoriasis-like skin lesions after 5 weeks
with increased infiltration of single IL-17+, IL-22+ or
combined IL-17/IL-22+ CD4+ T cells. The associated Achilles
tendon enthesitis showed increased cell infiltration with both IL-
23R and RORyt double positive CD4+ T cells. These findings
imply that Th17 cells play an important role in the development
of skin and entheseal inflammation (56).

The importance of STAT3 in psoriatic skin inflammation was
also shown when specifically activated in keratinocytes in the
K5.STAT3C:F759 mice model. Yamamoto et al. demonstrated
that early occurrence of arthritis in K5.STAT3C:F759 mice was
due to coincident skin inflammation induced by a hyper STAT3
activation. Mice showed increased serum IL-6 and IL-17A levels.
IL-17A expression was elevated compared with F759 mice in
inflamed joints, which contain increased numbers of CCR6+
CD4+ T cells compared to the LN compartment (36).

Although these 3 models clearly show involvement of the IL-
23/IL-17 axis in development of psoriasis and arthritis,
development of arthritis was not preceded by psoriasis but
occurred simultaneously.

Skin inflammation preceding joint inflammation was
addressed in F759 (not harboring the K5.STAT3C transgene)
mice. These mice are known to spontaneously develop arthritis
after 12-18 month. It was also shown that forced induction of
psoriasis-like lesions by imiquimod application in these mice
significantly accelerated arthritis development, suggesting that
psoriatic inflammation facilitated arthritis development, possibly
by activating the IL-17 pathway, as IL-17+ ¥d T cells as well as
Th17 cells were present in the inflamed skin. However, other
options should not be ruled out as imiquimod can also have
important systemic effects (36). Recently a study reported
(currently only available in abstract) that psoriasis-like skin
inflammation in C57/Bl6 male mice induced mild synovial
joint inflammation. Similar results were obtained after dextran
sodium sulphate (DSS) colitis induction in these mice (107).

These preliminary data indicate that the skin is a candidate
location for triggering joint pathology. Besides follow-up studies in
animal models resembling PsA, future longitudinal studies in patients
with psoriasis at increased risk of development of PsA, are expected to
provide further insight into the mechanisms triggering joint disease
in PsA. Future studies could benefit from applying state of the art
molecular imaging in combination with (serial) tissue biopsy analysis
to repetitively assess tissue inflammation.

CONCLUSION AND FUTURE PERSPECTIVES

Literature on the animal models resembling human SpA
indicates an overlapping and distinctive role of IL-17A and IL-
23 in the initiation of disease. There is initial evidence for

inflammation at gut and skin to precede joint inflammation in
animal models of SpA with involvement of the IL-23/IL-17 axis.
Importantly, in accordance with the insights from the M.tb HLA-
B27 study (24, 27), IL-23 plays an important role in the onset of
SpA-like pathology in many animal models, even before clinical
joint manifestations are present, which is in clear contrast with
the absence of any significant clinical effect as observed when
blocking IL23R in diseased rats (24) or with blocking of IL-23p19
in AS patients (25). The data in animal models may help us to
understand which pathways are dysregulated early in the disease
process, in the pre-clinical phase, and if these dysregulations
differ from observations in established disease.

While animal models provide an ideal basis for in-depth
molecular analysis of target tissues in SpA to elucidate causal
relationships between the upregulation of specific immune
pathways and development of key SpA features, complimentary
studies performing serial advanced molecular imaging or bio-
sample collection in individuals with an increased risk of
developing SpA or PsA, or in patients who have been recently
diagnosed withSpA, are essentially required if we want to translate
findings in animal models of SpA to human disease. The goal of
studying the preclinical stage of the disease would be to find better
diagnostic markers to allow an earlier diagnosis and open up
opportunities for preventive treatment strategies (108-110). If IL-
23 dysregulation in the pre-clinical phase of disease, as observed in
various animal models, can be confirmed in human pre-clinical
SpA, it could be speculated that IL-23 targeting may be effective in
preventing disease, in contrast to the lack of effect observed with
IL-23 blocking in established SpA. There is more recent evidence
that Th17 cells in the synovial tissue are polyfunctional and
produce multiple proinflammatory cytokines that synergize with
IL-17A. Treatments targeting Th17 cells, or affecting multiple
cytokines that synergize with IL-17A in pathogenic immune
responses could also be considered for preventive trials,
Whether these pathways are upregulated early in the disease
pathogenesis remains to be elucidated. As an example, potential
novel treatments such as TYK2 inhibition (108), mTOR inhibition
by rapamycin (110), and PI3K$ inhibition (109) have been shown
in vitro and/or in vivo animal models to affect multiple cytokines
relevant for SpA pathogenesis. Lastly, it remains to be studied if
preclinical treatment in patients could prevent or affect pathologic
bone formation, as this remains an unmet treatment need in
SpA patients.

The IL-23/IL-17 axis is clearly implicated in disease initiation
in SpA. However, which specific innate (-like) or adaptive immune
cells are responsible for the pathogenic IL-17A production in the
various target tissues, is still incompletely understood. Moreover,
the effects of the plasticity of the Th17/Treg cells in initiating
inflammation as well as the pathogenic role of pathways that
enable IL-23 independent IL-17A production are still incompletely
understood and prompt further research both in human SpA as in
animal models resembling SpA.

To conclude, animal models have improved our
understanding of the IL-23/IL-17 axis in SpA and continue to
allow us to gain novel insights on SpA pathogenesis. Greater
understanding of disease initiation in SpA animal models could
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support human preclinical SpA studies, This may provide a basis
for better future preventive approaches for our patients.
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Psoriatic arthritis (PsA) is a chronic inflammatory disease belonging to the family of
spondyloarthropathies (SpA). PsA commonly aggravates psoriasis of the skin and
frequently manifests as an oligoarthritis with axial skeletal involvement and extraarticular
manifestations including dactylitis, enthesitis, and uveitis. The weight of genetic
predisposition to psoriasis and PsA is illustrated by the concordance rates in
monozygotic twins which clearly demonstrate that genomics is insufficient to induce the
clinical phenotype. The association of PsA with several single nucleotide polymorphisms
(SNPs) at the IL23R locus and the involvement of Th17 cells in the immunopathogenesis of
PsA clearly put the IL-23/IL-17 axis in the spotlight. The IL-23 and IL-17 cytokines have a
pivotal role in the chronic inflammation of the synovium in PsA and are also prominent in
the skin lesions of those with PsA. In this review, we focus on the genetic association of
the IL-23/IL-17 axis with PsA and the contribution of these master cytokines in the
pathophysiology of the disease, highlighting the main cell types incriminated in PsA and
their specific role in the peripheral blood, lesional skin and joints of patients. We then
provide an overview of the approved biologic drugs targeting the IL-23/IL-17 axis and
discuss the advantages of genetic stratification to enhance personalized therapies in PsA.

Keywords: genetics, psoriatic arthritis, IL17, IL23, SNPs (single nucleotide polymorphisms), therapy

INTRODUCTION

Psoriatic arthritis (PsA) is a common inflammatory disease affecting the joints and it is usually
accompanied by plaque psoriasis (Ps) (1). PsA occurs in up to 30% of patients with psoriasis
(particularly those with nail involvement) and affects from 0,05 to 0,25% of the general population
(2), making it the second most common form of chronic inflammatory arthritis after rheumatoid
disease. To address the therapeutic choices and to envision the potential musculoskeletal and
dermatological phenotypes, the GRAPPA (Group for Research and Assessment of Psoriasis and
Psoriatic Arthritis) group identified six disease domains, i.e. peripheral arthritis, enthesitis,
dactylitis, axial involvement, skin and nail psoriasis. Among these, peripheral arthritis and
enthesitis are dominant and found in the vast majority of patients while the prevalence of axial
PsA increases with disease duration, occurring in less than 5% of early referrals and up to 25-70% of
patients with long-term disease course for PsA (2). PsA is in some cases characterized by axial
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skeletal involvement, along with the more frequent oligoarthritis
with mostly peripheral and asymmetric manifestations (3).

The pathogenetic link between psoriasis and PsA is highly
representative of the mechanistic hypotheses of disease
pathogenesis. Psoriatic skin is featured by hyperplasia of the
epidermis and of the stratum corneum, infiltration of the
epidermis by neutrophilic granulocytes (called Munro’s micro
abscesses) and infiltration of the dermis by T-cells, dendritic cells
(DCs), and macrophages, which leads to the clinical features of
raised erythematous silvery plaques (4). In a similar fashion, PsA
is characterized by chronic inflammation which causes bone
erosion and bone loss, but also new bone formation around the
affected joints (5).

The increased number of osteoclasts found in the synovium
in PsA is remarkably similar to rheumatoid arthritis (RA) and
the persistent inflammatory synovitis causes progressive joint
damage due to synovitis and erosion of articular cartilage, visible
as radiological damage in almost half of the patients (6). The
exaggerated inflammatory response lead to enthesitis, with the
crucial contribution of IL-17 producing T-cells and enthesal
resident cells, expressing IL-23R (7, 8) with biomechanical stress,
HLA-B27, and a permissive microbiome as necessary factors (9).

The phenotypic features of PsA suggest that some of the
genetics and molecular mechanisms of the disorder are shared
across various different types of inflammatory diseases, including
psoriasis, ankylosing spondylitis (AS), inflammatory bowel
disease, and Behget disease (10-12). Extra-articular manifestations
of PsA include inflammation of the gastrointestinal tract (with a
higher risk of inflammatory bowel disease) and the eye (uveitis),
along numerous metabolic and neoplastic disturbances (13).

In this review we will address the contribution of genetics to
susceptibility to PsA and its subsequent progression, with special
empbhasis on the IL-23/IL-17 axis and the genes and cells that this
involves. We are well aware that genetics represents only a necessary
but insufficient player in the disease etiology, as recapitulated by the
low concordance rates in monozygotic twins for PsA. Of note,
however, the same rates are for psoriasis among the highest in
chronic inflammatory or autoimmune diseases.

PSA DIAGNOSIS

The diagnosis of PsA is largely based on features and the
CASPAR criteria (14) are used in the research setting for more
formal; classification purposes. In contrast to rheumatoid
arthritis there are no specific markers or autoantibodies for the
diagnosis of PsA: it is seronegative for both rheumatoid factor
and antibodies to cyclic citrullinated peptides (CCP) unlike
rheumatoid arthritis where these are positive in approximately
80% of cases. Overall PsA is equally distributed between males
and females but axial manifestations (spondylitis) are about three
times more common in males (15). PsA patients experience
substantial functional impairment, decreased quality of life and
reduced life expectancy, which highlights the importance of
prompt implementation of appropriate treatment. Genetics
and molecular studies have led to a better understanding of the

etiology of the disease and in future may allow the development
of more targeted individual approaches to therapy.

Laboratory tests typically but not invariably show increased
raised inflammatory markers, such as erythrocyte sedimentation
rate (ESR) and C-reactive protein (CRP), whereas rheumatoid
factor (RF) and CCP antibodies are negative, in contrast to
rheumatoid arthritis (16). Recent studies have also shown a
possible association with anti-LL37 (cathelicidin antimicrobial
peptide) autoantibodies (17).

There is an association with the Human Leukocyte Antigen
(HLA)-B27 that is most prevalent in those with sacroiliitis and
axial skeletal involvement. Of particular interest, about 85% of
PsA patients with bilateral sacroiliitis are positive for HLA-B27
in contrast to only 22% of cases with unilateral sacroiliitis (18,
19). Conversely, HLA-B17/Cw6 haplotype (strongly associated
with psoriasis itself) is mostly associated with oligoarthritis (20).

HLA-B27 is the key genetic marker of ankylosing spondylitis
(AS), commonly shared with axial-PsA (21). Although the
prevalence of HLA-B27 is lower in patients with PsA (20%), it
has been demonstrated that axial-PsA patients are significantly
HLA-B27 positive compared to patients without axial
involvement (P < 0.001) (22, 23).

Radiological imaging of PsA patients may show signs of both
bone erosion and new bone formation with bone proliferation
mostly found in the metacarpal and metatarsal bones and joints.
Formation of new bones is mostly asymmetric, with deformities
arising at digits and peripheral joints. Joint damage affects
mostly the hands, wrists, feet, ankles, knees, and shoulders.
Syndesmophytes may develop in the skeleton and calcification
may appear at the entheses, specifically at the insertion sites (24).
In contrast to rheumatoid arthritis, PsA may show different
manifestations in the same anatomical site with osteolysis and
bone deposition detected in the same hand. Dactylitis may be
accompanied by bone erosion or new bone formation as well
(25). In the spine the degree of new bone formation can be
graded using scoring systems, such as the Bath Ankylosing
Spondylitis Radiology Index (BASRI) and the modified Stoke
Ankylosing Spondylitis Spine Score (mSASSS) (26, 27).

THE GENETICS, EPIGENETICS, AND
IMMUNOPATHOGENESIS OF PSA

There is a strong genetic component to psoriasis and PsA.
Further, there is a significant degree of overlap in genetic
predisposition between psoriasis, PsA, AS and the inflammatory
bowel diseases (ulcerative colitis and Crohn Disease) (21, 28).
The genetic contribution to diseases like psoriasis and PsA
has classically been investigated through twin studies. The
concordance rate for psoriasis in MZ twins is between 20 to
64%, indicating that genetic factors account for roughly 70% of
the population variance in the susceptibility to psoriasis (18). In
polygenic diseases, there has also been an increasing focus on
monozygotic (MZ) twins in order to assess the influence of
epigenetics. This is true also for psoriasis and PsA (29). In
addition to genetic predisposition, the onset and progression of
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both psoriasis and PsA appear to be influenced by both the
environment and epigenetics factors (30).

Genome-Wide Association Studies and
Array-Based Technologies

PsA is a polygenic immune-mediated disease: genome-wide
association studies (GWAS) have identified many genes/
genomic loci increasing susceptibility for PsA, many of which
are also common to psoriasis uncomplicated by arthritis; these
include HLA-A, HLA-B, HLA-C, IL23R, CSF2 (Colony Stimulating
Factor 2 or granulocyte-macrophage colony stimulating factor),
TRAF3IP2 (TRAF3 Interacting Protein 2), NOS2 (Nitric Oxide
Synthase 2) (31, 32). The results of GWAS suggest that there are
PsA-specific genetic variants which are independent of those
previously identified in isolated psoriasis, specifically near IL23R
and TNFAIP3 (TNFo Induced Protein 3) (33).

GWAS are very informative for common and low frequency
variants but they do not identify rare variants. Exome chips, such as
the Illumina Exome BeadChip, allow the identification of coding
variants and detection of rare SNPs (34). A very good alternative is
the ImmunoChip, such as the Illumina Infinium genotyping chip,
which contains 196,524 polymorphisms (718 small insertion
deletions, 195,806 SNPs) and it is a “low-cost” option. It is
designed to perform deep replication of major inflammatory and
autoimmune diseases and fine mapping of established GWAS
significant loci (35). In 2015, Bowes and colleagues used the
ImmunoChip array to fine-map immune-related susceptibility
loci including the known psoriasis risk loci, to define new PsA
susceptibility loci. They identified a specific PsA variant at the IL23R
locus, and a new PsA-specific association at chromosome 5g31 (36).

These associations may indicate roles for certain signaling
pathways that are specific to the pathogenesis of PsA rather than
psoriasis itself, but further investigation is needed to clearly
understand their contribution.

PsA-Associated Genetic Variants and
Their Immune-Pathological Role

Antigen presentation by MHC proteins is pivotal to acquired
immunity, and MHC alleles are strongly associated genetically
with both psoriasis and PsA. HLA class I alleles are associated with
increased susceptibility for PsA, but the PsA-associated HLA
alleles differ from those reported in psoriasis (37). For example,
the association of HLA-C*06, which is consistently associated with
psoriasis, is only very weakly associated with PsA. Conversely
HLA-B*08, HLA-B*27, HLA-B*38, and HLA-B*39 are the HLA
alleles most consistently associated with PsA (38).

HLA-B*27, which is the pre-eminent genetic association with
AS, is also consistently associated with PsA but not with
psoriasis, thereby indicating different pathogenetic mechanisms
in the two conditions despite the obvious disease-in-disease bias
for case ascertainment. HLA-B*27 is especially associated with
axial skeletal disease and the strength of this association tends to
show an inverse relationship with the number of peripheral
joints involved (39).

Several other genes involved in the immune response are also
associated with PsA. Thus, there are also several other non-HLA

genetic associations involving components of the MHC class I
antigen processing and presentation pathway: these include ERAPI
and ERAP2 (Endoplasmic Reticulum Amino-Peptidase-1 and -2).
Others are involved in the innate immune response and the
initiation of the immune reaction (e.g. TLR4 - Toll-Like Receptor
4), or the differentiation and function of CD8+ T-cells (e.g. RUNX3 -
Runt-related transcription factor 3) (31, 40, 41). Many of these
genes are also associated with increased susceptibility to AS,
highlighting once again the considerable overlap between these
two disorders in terms of their genetic susceptibility (42).

The GWAS era has also highlighted several PsA-associated
single nucleotide polymorphisms (SNPs) located in IL-23A, IL-
23R, IL-12B, TYK2 (Tyrosine Kinase 2), and TRAF3IP2 (which is
a downstream target of the IL-17 receptor - IL-17R), implying a
pivotal role for the IL-23/IL-17 axis in the pathogenesis of PsA
disease pathogenesis (see Table 1) (5, 43). A crucial role for IL-17
family is undisputed as the levels of IL-17 and IL-17R were found
increased in both psoriatic skin and synovial fluid of patients
with PsA (44).

The contribution of the IL-23/IL-17 axis has greatly advanced
our understanding of the pathogenesis of PsA. Th-17 cells
produce the pro-inflammatory cytokine IL-17, and all the
elements of the Th17 pathway, including MMP3 (Matrix
Metalloproteinase 3), CCL1 and CCL20 (Chemokine Ligand 1
and 20) and IL6. The majority of these pro-inflammatory
cytokines are upregulated in the blood, synovium, and skin of
PsA patients (45, 46). A recent study has identified CXCR6 as a
marker for IL-17+CD8+, specialized cells found in the synovial
fluid of PsA patients. The presence of CXCR6+IL-17+CD8+ cells
in PsA synovium may explain their contribution to the
inflammatory environment (47).

TABLE 1 | Genetic variants related to the IL-23/IL-17 axis found associated with
PsA through GWAS or consistently identified in targeted analysis studies.

Chromosome Gene SNP ID Odds Function
ratio
1p31.3 IL-28R rs11209026 0.6" Th-17 signaling
rs12044149  1.4°
2g32.2 STAT4 rs7540214  N/A  Mediating response to IL-12
and Th-17/Th-1
differentiation
5033.3 IL12B rs2082412 1.4  Th-17 and Th-1
rs6887695  1.3% differentiation
rs4921482  1.4°
rs3212227  1.4°
rs918520 1.5*
12013.3 IL23A rs2020584  N/A  Th-17 signaling
17g21.2 STAT3 rs744166 Mediating response to IL-12
and Th-17/Th-1
differentiation
50g33.1 TNIP1 rs8177833 1.8 NFkB signaling
6021 TRAF3IP2 rs33980500 1.7*  Th-17 signaling and NFkB
rs13190932 N/A  signaling
19p13.2 TYK2 rs35251378 1.4*  NFKB, Interferon and Th-17
signaling

“Odds Ratio (OR) from Stuart PE et al. Am J Hum Genet. 2015 3; 97(6): 816-836.
*OR from Zhu K et al. Inflamm. Res. 2012; 61, 1149-1154.

®OR from Bowes et al. Nat Commun. 2015 5; 6: 6046.

©OR from Filer et al. Arthritis Rheum 2008; 58(12):3705-9.
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IL-23 promotes the survival and expansion of Th-17 cells
through its receptor IL23R and the related downstream signaling
pathway, which is crucial to Th-17-mediated diseases like PsA. In
2009, a study conducted by Gladman group showed a protective
effect for the 1511209026 SNP in IL-23R (encoding the loss-of-
function 381GIn allele in the cytoplasmic tail of IL23R) in a
Canadian PsA cohort (48). This SNP is also associated with
disease severity, while another variant, rs12044149, showed an
independent peak of association with PsA, after conditioning for
the top SNP associated with psoriasis overall (rs9988642) (36).

Th17-mediate inflammatory response also involves the
signaling adaptor TRAF3IP2 (TRAF 3-interacting protein 2),
which is downstream of IL-17R. The PsA-associated TRAF3IP2
variant 7533980500 alters the binding of the TNF receptor-
associated factor 6 (TRAF6), which modulates immunoregulatory
signals (49, 50).

IL-23 and IL-17 also have major effects on the activation of
osteoclasts, which are the main responsible for bone erosion and
where the cytokine RANKL (receptor activator of nuclear factor
kappa-f ligand) is a critical factor in the promotion of osteoclasts
differentiation. RANKL is also expressed by Th-17 lymphocytes
and synovial fibroblasts. The dogma that Th17 cells were the
primary responsible for bone resorption, was recently challenged
in animal studies where cell specific deletion of RANKL
indicated that RANKL expression was limited to synovial
fibroblasts and B cells (51).

In PsA, bone deposition is crucial as bone resorption. This
process arises from the aberrant proliferation, differentiation,
and activity of osteoblasts, and several signaling pathways are
involved, such as the bone morphogenetic protein (BMP) and
the WNT signaling pathway, such as DKKI, and Sclerostin
which are relevant for both PsA and AS (52).

The abnormal proliferation of keratinocytes promoting
epidermal hyperplasia (53), also emphasizes the predominant
functional role of the IL23/IL-17 axis in PsA pathogenesis and in
PsA inflammatory cascade.

Lastly, Al Mossawi and colleagues recently demonstrated a
marked increase of specific subsets of CD4+ and CD8 + T-cells
producing GM-CSF in the blood and synovium of PsA patients.
They also demonstrated an increased number of double-positive
IL17/GM-CSF for CD4+, CD8+, ¥d, and NK (natural killer) cells.
The CSF2 locus encoding GM-CSF, is also strongly associated
genetically with PsA. Overall these results suggest a functional
link between GM-CSF and the IL-17/IL-23 axis, opening
important potential avenues for the treatment of PsA,
including those targeting GM-CSF directly (54).

CELLULAR MECHANISMS IN PSA: THE
MULTIFACETED ROLE OF IL-17 AND IL-23

The contribution of the IL-23/IL-17 axis to the development of
PsA will be discussed in this section, highlighting Th-17 biology
and the production of a pro-inflammatory milieu in the skin and
in the synovium, and how this leads to the activation of
osteoclasts, which are responsible for bone degradation, and of

keratinocytes and neutrophils, which are implicated in the
epidermal hyperplasia.

Cell Activation and Innate Immunity
Inflammation is one of the hallmarks of PsA and activation of
the innate immune response is one of the physiological triggers
leading to the inflammatory cascade. The transcription factor
NF-xB has a major role in this cascade, as it promotes the
transcription of several proinflammatory cytokine target genes.
Downstream signaling, such as IFNs (Interferons) and TNFo
strongly contribute to the immune response in PsA (55).

Several genes involved in these NF-kB pathways show
genome-wide significant association with PsA, including REL
(a subunit of NF-kB), NOS2, and TNFAIP3 (31, 56). The IL-23/
IL-17 axis might also influence the activation of the NF-kB
pathway in other ways; these include the adaptor protein Actl,
which when is phosphorylated binds to TRAF6 to activate the
NEF-kB activator protein 1 (AP-1), or the CCAAT-enhancer-
binding protein (C/EBP) cascade (57).

Interferon signaling also plays a key functional role in the
pathogenesis of PsA (58). It is therefore of interest that several
interferon-related genes, including TYK2, IFNLIR, and PTPN22,
exhibit genome-wide significant association with PsA (59).
TYK2, for instance, encodes a tyrosine kinase that is involved
in initiating IFN o signaling and, as mentioned above, it is also an
activator of IL-23R.

TNFa clearly plays a major role in the inflammatory process
of PsA as shown by the presence of raised levels of this cytokine
at the sites of inflammation and the dramatic responses to
treatment with anti-TNF biologics (60). It has a major role in
innate immunity, inducing the production of inflammatory
chemokines leading to the accumulation of activated T-cells,
neutrophils, and monocytes. It is of some interest that significant
association for psoriasis and PsA has been found for the SNPs
rs80267959, rs1800629, and rs361525 at the TNFA locus (61).

Cell Activation and Adaptive Immunity

The pathogenesis of PsA involves components of both the innate
and adaptive immune system. Many different cell types are
involved in these pathophysiological processes, including T-
cells, neutrophils, keratinocytes, and synoviocytes (62).

The master cytokine in the pathogenesis of PsA is IL23. IL-23 is
a heterodimer composed of two subunits p19 and p40 subunits,
which bind to IL23R. While p19 is unique to IL-23, the p40
subunit is shared with IL-12 (63). The binding of IL-23 to IL23R
leads to the recruitment of JAK2 and TYK2 kinases, which are able
to activate IL23R (and its cognate IL12RB1), phosphorylate
STAT3 (Signal Transducer and Activator of Transcription 3)
and induce RORyT (RAR-related orphan receptor gamma) to
promote the differentiation, survival, and expansion of Th-17 cells.
IL-23 is essential not only in inducing the Th-17 phenotype but
also in defining the level of pathogenicity (64).

Th-17 cells are among the possible drivers of the pathogenesis
of PsA and the effector molecules they release are able to trigger
different target cells such as osteoclasts, macrophages, and
synovial fibroblasts. IL-17 is the major cytokine produced by

Frontiers in Immunology | www.frontiersin.org

January 2021 | Volume 11 | Article 596086


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Vecellio et al.

Genetics of PsA

Th-17 cells, gd T cells and other various immune cells. IL-17 A is
a homodimer disulfide-linked glycoprotein and it is the most
widely studied member of the IL-17 cytokines family, which
includes also IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F (65).
IL-17A and IL-17 F share 55% of homology and they can form
heterodimers, which bind the receptor IL-17R. IL-17R is a
dimeric complex consisting of two subunits, IL-17RA and IL-
17RC subunits (66). The differential binding affinity of IL-17 for
IL-17RA and IL-17RC is still not well define, especially under
inflammatory conditions (67).

Th-17 cells differentiate from naive T-cells depending on a
combination of different cytokines along three distinct pathways
(68): (i) IL-6 and Transforming Growth Factor-f (TGFB) (in
addition IL-1B and TNFo); (i) IL-21 and TGEB; (iii) IL-1B, IL-6,
and IL-23 (69). Th-17 cells are characterized by the expression of the
transcription factor RORyT with a specific gene signature which in
addition to IL17 also includes IL6, TNF, CSF2, CCL20, and IL23R (69).

T-cell subsets triple-positive for IL-17, GM-CSF, TNF, or
IFN-y were found increase in PsA synovial tissue. These enriched
polyfunctional cells were also found associated with disease
activity index (70).

Recently, an elegant study by Taams’ group demonstrated
that IL-17+CD8+T cells may contribute to inflammation and
disease persistence in PsA. These cells were found increased in
patients’ synovium and have a Th-17 resembling transcriptomic
profile characterized by high expression of CXCR6 (47).

JAK and STAT are the key signaling pathways transducing
the cytokine signals in Th-17 cells (63). Following the
inflammatory cascade mediated by IL-1f and IL-23, Th-17
cells release specific pro-inflammatory cytokines such as IL-17,
GM-CSF, and IL-22. The function of Th-17 cells is tightly
dependent on the balance of the effector molecules they
produced, such as IL-23 and TGF-B, and on those cytokines
promoting cell differentiation and maintenance (IL-23).

The effects of IL-23 on bone are conflicting. IL-23, in a Th-17
independent way, up-regulates the expression of the nuclear
factor kappa-B ligand RANKL-receptor RANK in osteoclast
precursors (from monocyte lineage cells), favoring osteoclast
differentiation and proliferation (64, 71). IL-23 also induces the
production of GM-CSF, which is an inhibitor of the
differentiation of osteoclasts, thus limiting bone resorption
(72). RANKL expression is also found in synovial fibroblasts
where its deletion plays a key role in bone erosion (51).

Neoangiogenesis also appears to have an important part in
the pathogenesis of PsA; new blood vessels are prominent in the
synovial histology of the condition. It appears that the IL-17/IL-
23 axis might play a role in the angiogenic process. As we have
described, IL-17 produced by Th-17 cells up-regulates
proinflammatory cytokines and prompts the recruitment of
neutrophils and macrophages and endothelial cell migration.
Further, keratinocytes, stimulated by IL-17 ligands, start to
differentiate and proliferate aberrantly, producing proinflammatory
adenosine monophosphate (AMP), chemokines, and angiogenic
factors such as vascular endothelial growth factor (VEGEF) (73).

IL-23 can also promote epidermal hyperplasia activating the
proliferation of keratinocytes (increasing the expression of

keratin 16) and by acting synergistically with IL-17 promotes
the recruitment of neutrophils and the infiltration of IL-22 and
IL-17 producing-cells into the lesioned skin (74). The response of
keratinocytes and endothelial cells among others to IL-17 and
IL-22 stimulation leads to the upregulation of chemokines such
as CXCLI and CCL20, pro-inflammatory cytokines, and anti-
microbial peptides, such as LL-37 and B-defensins. IL-17 and IL-
22 both promote keratinocyte proliferation and the recruitment
of macrophages and neutrophils; they also decrease the
expression of adhesion molecules (i.e. selectins and integrins)
thus favoring the disruption of the skin barrier. IL-17 can also
stimulate the expression of endothelial markers such as P- and E-
selectins and adhesion molecules, including ICAM-1
(Intracellular Adhesion Molecule 1) and VCAM-1 (Vascular
Cellular Adhesion Molecule 1), which enhances the
mobilization of neutrophils (75).

Lastly, the expression of IL-17 and IL-23 is increased in the
synovium (76, 77). Gene expression analysis of PSA synovium
reveals a gene signature closer to PsA skin than to rheumatoid
synovium (78). The recruitment of pathogenic IL-23/IL-17-
producing CD4+ T-cells has been demonstrated to be higher
in the joints, while the IL-17/IL-22 producing CD4+ T-cells are
strongly detected in the skin and in the circulation (79, 80).

THERAPEUTIC APPROACHES IN PSA

Since the development of biologic therapies, the ultimate target for
the treatment of any patient with psoriasis and/or PsA in modern
times is complete remission (81). Initially these targeting TNFo
were used with great effect but much effort has also been made to
develop biological drugs targeting the IL-23/IL-17 axis. This axis, as
specified previously explained, offers several plausible drug targets,
such as the p40 subunit of the IL-23/IL-12 receptor, the p19
subunit of IL-23R, IL-17A and its specific receptor IL-17R (82).

In the treatment of PsA non-steroidal anti-inflammatory
drugs (NSAID) and synthetic disease modifying antirheumatic
drugs [sDMARDs, such as methotrexate (MTX), leflunomide,
and sulfasalazine] remain the first-line therapies but biological
molecules (b DMARDs) and targeted synthetic DMARDs
(tsDMARDs) are used if therapy with NSAID and DMARDs
fails to control the disease adequately.

Biologics (such as etanercept, infliximab, adalimumab,
golimumab, certolizumab, ustekinumab, and secukinumab) or
synthetic drugs (apremilast, tofacitinib and ixekizumab) are
given in specific circumstances (62). The different drugs used
in PsA (and in other conditions) with their mechanism of action
are shown in Table 2.

A combination of two or more of these drugs is often
administered in complex immunological diseases like PsA, and
often results in increased efficacy compared with monotherapy (83).

In recent few years, a number of guidelines have been developed
for the clinical assessment and management of PsA; these include
recommendations from GRAPPA, EULAR (European League
Against Rheumatology) and ACR/NPF (American College of
Rheumatology/National Psoriasis Foundation) (84, 85).
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TABLE 2 | Overview of the current treatments in PSA and related mechanism of action.

Category Molecule Mechanism of action Approval and use ACR20 in PsA (%)
sDMARDs Methotrexate Anti-metabolic RA, Ps, and PsA 32-40
Leflunomide Inhibitor of pyrimidine synthesis RA, Ps, and PsA 34
bDMARDs Etanercept TNFo. blocker AS, RA, and Ps 60-65
Infliximab TNFao blocker AS, RA, Ps, and PsA 65
Adalimumab TNFo. blocker Ps and PsA 58
Golimumab TNFo blocker PsA, AS, and RA 76
Certolizumab TNFo. blocker RA and Ps 52-63
Brodalumab IL-17RA inhibitor Ps and PsA 39
Ustekinumab IL-12/IL-283 inhibitor Ps and PsA 42-50
Secukinumab IL-17A inhibitor AS, Ps, and PsA 54
Guselkumab IL-23 inhibitor Ps, PsA 58
Ixekizumab IL-17A inhibitor Ps, and PsA 60
tsDMARDs Apremilast PDE4 inhibitor Ps and PsA 31
Tofacitinib JAK-1/3 inhibitor PsA 50-53

SDMARDS, synthethic disease modifying anti-rheumatic drug; bDMARDs, biologic disease modifying anti-rheumatic drug; tsDMARDS, targeted synthetic disease modifying drug; ACR20,
American College of Rheumatology 20 response; Ps, psoriasis; IL, interleukin; PDE4, phosphodiesterase type 4; TNFe, tumor necrosis factor o (15, 62, 82, 83).

For instance, EULAR recommends NSAID and local glucocorticoid
injections, especially for enthesitis, in the early phase of the disease.
If adverse prognostic factors are present or treatment fails, the
administration of sDMARDs, such as MTX (or alternatively
leflunomide or sulfasalazine) is recommended (86). If these fail to
control the disease adequately or are poorly tolerated the
administration of TNF inhibitors should be considered either in
combination with DMARD:s or not. Biologics should also be used in
those with prominent axial disease or severe enthesitis. The
continued use of TNF inhibitors should be evaluated carefully
according to the patient’s response and a switch to alternative
biologics may be considered either where there is no initial benefit
(primary failure) or where the response is lost after a period of time
(secondary failure) perhaps due to the host generation of antibodies
to the biologic (81).

Targeting the IL-17/IL-23 Pathway

The IL-17/IL-23 pathway and Th-17 cells have become a favorite
target in PsA in recent years. For this purpose, several biological
drugs have been developed (Figure 1). Ustekinumab, which is a
monoclonal antibody targeting p40 subunit of IL-12/IL-23 has
been used for skin and nail psoriasis but also for peripheral PsA
in those patients who not respond not to DMARDs (87).

Two large clinical trials, PHOENIX 1 and 2, assessed the efficacy
of ustekinumab in psoriasis patients (88) while PSUMMIT-1 and
-2 examined its efficacy and safety in PsA (89). Post-hoc analyses
confirmed the efficacy of ustekinumab not only on skin but also in
improving PsA rheumatological manifestations and radiographic
progression (90). The efficacy of ustekinumab in axial involvement
for PsA or in axial SpA is believed to be marginal and the
development programs have been thus discontinued. However,
the final word on the efficacy of IL23 blockers in SpA remains
uncertain as recent data on guselkumab showed efficacy on patient
reported outcomes for PsA axial manifestations (91) and a recent
phase IV study on ustekinumab reported that this drug is
frequently used in patients with axial PsA (92). Inhibition of IL-
17A has been achieved using secukinumab, a human monoclonal
antibody targeting IL-17A, with efficacy in both PsA and
ankylosing spondylitis (93, 94). In the treatment of PsA

secukinumab is effective for dactylitis, enthesitis, skin and nail
lesions, but its effects on joint disease is rather less, as shown in
FUTURE 2 and 3 trials (95).

Targeting either IL-17 or its receptor in PsA patients include
besides secukinumab, also ixekizumab and brodalumab. The
efficacy of ixekizumab (also targeting IL-17A) was demonstrated
in reducing active disease and radiologic progression in joints, as
well as fulfilling the PsA criteria of skin response, as demonstrated
in the head-to-head SPIRIT study (96). Furthermore, brodalumab,
which is a human monoclonal antibody human anti-IL17RA, a
pan inhibitor of IL-17A, IL-17F, and IL-25 is currently used in the
treatment of psoriasis where shows a complete clearance of
moderate-to-severe psoriasis (97). Brodalumab efficacy and
safety was also assessed in PsA patients (98).

DISCOVER-1 and -2, a double-blind, randomized, placebo-
controlled phase 3 trials proved the efficacy of Guselkumab a
human monoclonal antibody specifically binding the p19 subunit
of IL-23. The study has shown a substantial improvement in
biological naive patients with active disease, in particular in
decreasing IL-17A, IL-17F, and CRP serum levels by week 16
achieving Psoriasis Score and Severity Index, PASI75 (99, 100).

Overall, following the blockade of the IL-23/IL-17 axis,
clinical trials for Ps and PsA showed a good amelioration of
the skin lesions while the joint response was much lower. A
larger percentage of patients achieved the PASI75, PASI90 and
PASI100 compared to proportion of patients fulfilling the
ACR20, ACR50, or ACR70 criteria of response (101).

DISCUSSION AND CONCLUDING
REMARKS: HOW GENETICS MIGHT BE
CRUCIAL IN IDENTIFYING CREDIBLE
THERAPEUTIC TARGETS

PsA is a complex polygenic disease with a genetic contribution that
overlaps with other related conditions such as psoriasis, AS and
IBD. Genetic variants associated with a specific disorder have the
power to highlight genes or pathways that may contain credible
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targets for drug therapy. This is well exemplified for the IL-17/IL-23
axis and Th-17 cells with the development of biological
drugs blocking IL-17 (ie Secukinumab in AS), or IL-23 (ie.
Ustekinumab in psoriasis/PsA). Unfortunately, the process is
challenging (102).

The first crucial point following a GWAS is to accurately
assign associated SNPs to the genes they regulate in order to
define credible pathways. For this purpose, several experimental
functional assays have been developed. Functional disease-
associated SNPs may affect the binding of transcription factors
or the enrichment of regulatory markers: this is currently
evaluated with in vitro Electrophoretic Mobility Shift Assays
and ex vivo with Chromatin ImmunoPrecipitation). SNPs may
have an effect on gene expression (evaluated with expression
quantitative trait loci, eQTL studies) or on chromosome looping
(assessed via chromosome conformation assays). Genome
editing techniques are performed to define the consequences of
harboring a risk variant on cellular function.

Second, these experiments must be performed considering
cell-specificity (i.e. specific tissue or cell type) and condition-
specificity (i.e. different stimulatory conditions) to provide
significant insights into the pathogenesis of a specific disease
and develop targeted therapies.

This approach will increase our understanding in defining
credible pathways, specific genes, and cell populations for
targeted therapy. The better molecular stratification we can
achieve (for instance, patients with enrichment of associated
SNPs in the IL-23/IL-17 pathway may respond more effectively
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FIGURE 1 | Genetics studies allowed the identification of the IL-23/IL-17 axis having a crucial functional role in PsA pathogenesis. Genetics lead to the development
of biological drugs targeting the IL-23/IL-17 axis in PsA. Red arrow indicates the target of different biologics.

to secukinumab or ustekinumab), the better the design of
personalized therapeutic strategy will be. The final goal will be
an advanced use of SNPs as pharmacogenetic markers, in order
to define credible pathways to target and predict response to
biological therapy (i.e. HLA-C*06 as a pharmacogenetic marker
in response to Ustekinumab) (103).
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Ankylosing spondylitis (AS) is a common form of inflammatory spinal arthritis with a
complex polygenic aetiology. Genome-wide association studies have identified more than
100 loci, including some involved in antigen presentation (HLA-B27, ERAP1, and ERAP2),
some in Th17 responses (IL6R, IL23R, TYK2, and STAT3), and others in macrophages
and T-cells (IL7R, CSF2, RUNX3, and GPR65). Such observations have already helped
identify potential new therapies targeting IL-17 and GM-CSF. Most AS genetic
associations are not in protein-coding sequences but lie in intergenic regions where
their direct relationship to particular genes is difficult to assess. They most likely reflect
functional polymorphisms concerned with cell type-specific regulation of gene expression.
Clarifying the nature of these associations should help to understand the pathogenic
pathways involved in AS better and suggest potential cellular and molecular targets for
drug therapy. However, even identifying the precise mechanisms behind the extremely
strong HLA-B27 association with AS has so far proved elusive. Polygenic risk scores
(using all the known genetic associations with AS) can be effective for the diagnosis of AS,
particularly where there is a relatively high pre-test probability of AS. Genetic prediction of
disease outcomes and response to biologics is not currently practicable.

Keywords: epigenetics, aetiology, pathogenesis, spondyloarthropathy, interleukin-23

INTRODUCTION

Ankylosing spondylitis (AS) is the archetype of a group of inflammatory disorders known as
spondyloarthropathies (SpA) because they often affect the spine (axial skeleton). Other forms of
SpA (e.g., psoriatic arthritis, reactive arthritis and the enteropathic arthropathies associated with
inflammatory bowel disease—IBD) also often involve the axial skeleton (axSpA) but sometimes just
affect the peripheral joints (peripheral SpA). Any part of the spine may be involved in AS but the SI
joints are the most commonly affected sites early in the disease. The demonstration of radiographic
sacroiliitis is a formal prerequisite for the diagnosis of AS but may take many years to be apparent
on plain films. Therefore, to diagnose early AS or axSpA (considered together here although there
are semantic differences), magnetic resonance imaging (MRI) is preferred since it can detect the
early inflammatory phase of the disease potentially many years before radiographic changes become
apparent on X-rays (1, 2). AS is one of the commonest forms of arthritis in the developed and
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developing world with a prevalence of up to one in 200 in
Western Europe but it is much less common in some other parts
of the globe, such as sub-Saharan Africa where its low prevalence
generally reflects the low frequency of the immune response gene
HLA-B27 with which it is so strongly associated—see below (3).
In this review, we focus on AS and axSpA (defined by imaging
criteria—either radiographs or MRI) as might be diagnosed
using the algorithm presented by Taurog et al. (4).
Unfortunately, despite increased awareness of the disease and
the diagnostic utility of MRI, the diagnosis of AS is still missed all
too often; only one-third of cases are diagnosed within a year of
the onset of symptoms, and there is typically a delay of more than
6 years before the diagnosis is established (5, 6).

In contrast to the inflammation of the joint lining (synovitis)
associated with many other arthropathies, such as rheumatoid
arthritis, the characteristic pathology of AS is enthesitis. The
entheses are anatomical sites that have evolved to tolerate heavy
mechanical loads, such as fibrocartilaginous joints (including the
SI joints), the osseous insertions of ligaments and tendons, and
joint capsules. In AS, inflammation at these sites initially causes
bone erosion but this is often followed by new bone formation,
which creates “syndesmophytes” that bridge between adjacent
vertebrae in the spine causing bony fusion (ankylosis). Over time
this can lead to complete loss of spinal movement and the classic
“bamboo spine” appearance on radiographs characteristic of the
most severe cases (Figure 1). Some years ago, Sherlock and his
colleagues shed some light on why the entheses might bear the
brunt of the pathological attack when they demonstrated
the presence of CD3" CD4" CD8 lymphocytes resident at the
entheses expressing the interleukin (IL)-23 receptor (IL23R), and
that a form of SpA resembling AS could be initiated in mice
simply by liver-specific over-expression of IL23 alone without
other cells being recruited to the affected tissues (7). Recently, 5
T-cells of both the V31 and V32 subsets have been demonstrated

at the entheses that can be induced to produce IL-17, in the case
of V2 cells without the expression of IL23R (8). The relevance of
IL23-driven pathways to the development of AS has also been
amply demonstrated by numerous genetic associations with
components of this pathway (see below).

As with many other common diseases, the nature versus
nurture debate regarding the aetiology of AS has long been a
source of interest and speculation. Of course, increased familial
recurrence can reflect either environmental or intrinsic factors
but the absence of obvious temporal clustering of cases within
families and the fact that the disease tends to start at a broadly
similar age (typically between 20 and 40 years of age) is more
suggestive of genetic than environmental influences. It was the
particularly strong familial nature of the disease that prompted
Derek Brewerton (at the suggestion of his rheumatology
colleague Dudley Hart at the Westminster Hospital) to look
for genetic risk factors in AS rather than rheumatoid arthritis in
the 1970’s. By then it was already apparent that the pattern of AS
recurrence risk among relatives of increasingly distant
relatedness (very pronounced reduction in risk from first-
degree to second-degree relatives, with more gradual reduction
thereafter) was more consistent with a polygenic risk than either
a monogenic or oligogenic contribution (9, 10). Despite this,
such was the strength of the association between AS and the
transplant antigen HLA-B27 (11, 12) that many erroneously
assumed that AS was a monogenic disease. The classic way of
investigating the genetic component of a disease by twin studies
reveals a highly significant genetic contribution to AS, and one in
which HLA-B27 is the major but by no means the only factor
(Figure 2) (13). Armed with this limited but convincing
information and the enthusiastic support of Sir John Bell and
Mark Lathrop at the newly instituted Wellcome Trust Centre for
Human Genetics a number of us from around the world
therefore set out in the 1990’s to try to identify at least some of

FIGURE 1 | (A) Sagittal magnetic resonance image of the thoracic spine of a 44-year-old man with active ankylosing spondylitis, showing high signal on these T2-
weighted images consistent with inflammation at the vertebral corners consistent with the attachment of vertebral ligaments and discs. (B) Computed tomographic
reconstruction of the thoracic spine of a 25-year-old man with AS since the age of 12. There is clear bony fusion between the adjacent vertebrae and also at the
costovertebral joints. (C) Bilateral sacroilitis shown by MRI (STIR sequence) worse on the sacral side of the right Sl joint.
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MZ Twins
DZ Twins
B27* DZ Twins

6/8  (75%)
4/32  (13%)
4115  (27%)

»92% of population variance due to genetic factors
> AS is a genetic disease that is not all due to B27

Brown et al, Arthritis Rheum 1997;40:1823

FIGURE 2 | Studies of concordance for AS in UK twins recruited through the
National Ankylosing Spondylitis Society. The clear difference on concordance
rates between MZ twins and DZ twins is highly indicative of a major genetic
component, which can only partly be explained by the influence of HLA-B27.

the other genes that were involved. In this brief review we discuss
selected examples of the progress that has already been made
towards this goal and how this has helped to pin down some of
the pathological processes involved in AS. We discuss some of
the innovative methods that have been used to identify new
genetic associations with AS and the problems in interpreting
these associations at a functional level. We include brief
discussions of how these findings could inform future drug
target discovery and play a role in the diagnosis of AS, and
personalizing therapeutics for individual patients.

GENOME-WIDE ASSOCIATION STUDIES
IN AS

Prior to the late 1990s efforts to identify any non-HLA genes
contributing to AS were limited to studies of so-called
“candidate” genes for which there was (usually but not
invariably) a compelling biological reason for why they might
be involved. Naturally enough (given the association with HLA-
B27), many of these candidates were broadly “immunological” in
nature and, equally unsurprisingly, they were generally
unrewarding. The transition to genome-wide approaches was
perhaps somewhat offensive to some scientists, because it was
essentially not “hypothesis-driven” in the classic Popperian
philosophical sense—other than that we proposed that there
were genes out there to be discovered. The initial studies in AS,
based on a form of genetic linkage analysis of affected
relative pairs proved too blunt an instrument for the job
(despite the huge amount of work involved in recruiting
several hundred affected sibling pairs and their nuclear
families). Beyond demonstrating linkage to gene(s) in the
major histocompatibility complex on chromosome 6 not very
much else came up and certainly nothing that was categorically
associated with AS even after applying meta-analysis (14-16).
Worse still, it was obvious that this type of analysis had very little
power to refine chromosomal intervals to the level of identifying
individual genes and/or the polymorphisms in them that were
disease-causing variants. It was not until technical advances
allowed the application of much larger numbers (~500,000) of

genetic markers known as single nucleotide polymorphisms
(SNP) spanning the entire genome that the field really started
to move on. Nonetheless, there were some exciting surprises even
before this grand-scale technological revolution was fully in
place. The following are just a few examples from the first
decade of GWAS in AS.

Early Successes: Endoplasmic Reticulum
Associated Aminopeptidase 1

The first GWAS in AS was published in 2007 as part of a broader
attempt by the Wellcome Trust Case-Control Consortium to
identify the genetic component of several common complex
diseases, including cardiovascular disease, bipolar disease,
inflammatory bowel disease, rheumatoid arthritis, tuberculosis,
autoimmune thyroid disease, multiple sclerosis, and breast
cancer (17). The number of AS cases was relatively small
(~1,000) and the number of SNPs was modest (~14,500, of
which 3,000 were in the major histocompatibility complex -
MHC). Although the SNPs were gene-targeted non-synonymous
variants (i.e., amino acid changing) this only gave a coverage of
about one SNP per two gene loci, on average. By chance, one of
the genes that registered association in this study had been
allocated rather more than its fair share of SNPs—ERAPI
(endoplasmic reticulum aminopeptidase 1 involved in
processing peptide antigens for presentation by MHC class I
molecules) had 5 non-synonymous (coding) SNPs. To this day
ERAPI remains one of the most interesting and strongest
associations (p~10'50) with AS outside the MHC (18-21). It is
one of a family of aminopeptidases involved in the progressive
cleavage of single amino acids from the amino-terminal end of
peptides transported via the TAP (transporter associated with
antigen processing) prior to associating with nascent MHC class
I molecules. ERAPI is crucial in shaping the available peptide
repertoire, not only by providing peptides of the optimal length
(8-9 amino acids) but also by influencing their amino-terminal
residues that affect their binding to individual HLA allotypes,
such as HLA-B27. A number of fascinating subsequent
discoveries have been made about the nature of this genetic
association with AS and the functions of ERAP1.

1. The association with ERAPI is synergistic with HLA-B27.
Only around 84 per cent of AS cases in the UK are HLA-B27
positive and the association of AS with ERAPI is restricted to
those who are HLA-B27 positive (20). Interestingly, HLA-
B27 negative AS is associated with another aminopeptidase—
ERAP2—which is adjacent to ERAPI on chromosome 5 but
in a separate linkage disequilibrium block. Given the clear
functional interdependence of MHC class I molecules and
these aminopeptidases it is perhaps unsurprising that there
should be such obvious genetic interaction but there are
actually remarkably few similar examples to date in the
literature. Indeed, it was this synergy between HLA-B27
and ERAP1 that prompted others to look successfully for
similar MHC/ERAP interactions in psoriasis, a condition
with well-described genetic overlap with AS and SpA (22).
Subsequently, similar findings have also been described in
Behcet’s syndrome between ERAPI and HLA-B*51 (23).
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2. ERAP2 actually turns out to be associated both with HLA-
B27 positive and negative AS (although it needs rather highly
powered studies to prove it). There is a high frequency
ERAP2 null allele that results in about a quarter of Europeans
having no functional ERAP2 although precisely how this
affects susceptibility to AS is not currently known (24).

3. Altering the expression of ERAP1 or ERAP2 has a profound
impact on the repertoire of peptides bound to MHC class I
molecules, including HLA-B27 (25, 26). But how this relates
to the pathogenesis of AS is also unknown. Any potential
“arthritogenic peptide” remains highly elusive.

4. ERAPI polymorphisms that afford protection against AS are
common loss-of-function variants with reduced
aminopeptidase activity that are also likely to influence this
repertoire (18, 27, 28). Consequently, there would appear to
be scope for developing small molecule inhibitors of ERAP1
(and possibly other aminopeptidases) in the quest for new
therapies for the prevention or treatment of AS.

A Credible GWAS Hit: Interleukin-23
Receptor

The same early GWAS (17) that identified ERAPI also revealed
the first evidence of association between AS and the IL23R locus
on chromosome 1, encoding the IL23-specific component of the
of the heterodimeric IL23 receptor (the other component,
IL12RBI, can also combine with ILI2RB2 to form the ILI12
receptor) (29). In the main part of this study, the initial strength
of the association was weak (as is often the case in such relatively
poorly powered studies), but it was subsequently amply
confirmed and strengthened (20, 21, 30). Further, this IL23R
association is recapitulated in other diseases, such as psoriasis
and inflammatory bowel disease (IBD), which commonly occur
in individuals with AS and/or their relatives, highlighting a
degree of shared genetic background between these conditions
(22, 31). The main SNP primarily associated with AS, psoriasis
and IBD (rs11209026) causes a loss-of function mutation in the
cytoplasmic tail of IL23R that reduces IL-17 and IL22 production
by Thl7 effector cells (32, 33) and modulates responses to
pattern recognition receptors (34). These findings suggest that
IL-23 driven pathways are implicated in AS, a finding supported
by the subsequent identification of several other genetic
associations with components of the Th17 lymphocyte
developmental pathway, including IL6R, TYK2, STAT3, ILIR1/
2, and IL12B (encoding the p40 fragment of IL12 that dimerises
either with p35 in IL12 or p19 to form IL23). Coffre et al. suggest
that the effector functions of Thl and Th17 cells are affected by
multiple variants at genetic loci associated with the IL23-driven
pathway, including IL23R, IL12B, CCR6, IL17A/F, IFNG,
ILI2RB2, TBX21, and RORC (35).

These findings support the case for targeting various
components of the IL23 pathway as a means of treating AS.
Further, since many of the same genetic associations are also
found in psoriasis and IBD (36) similar therapeutic strategies
might also be expected to be fruitful in these conditions.

However, the results have proved somewhat unpredictable and
indicate substantial complexity in the relevant biological
pathways and their involvement not only in their effects in the
various related forms of SpA but also on the associated skin and
bowel disease. Thus, targeting of IL-17 (the main pro-
inflammatory cytokine associated with terminally differentiated
Th17 cells) with the therapeutic monoclonal antibodies
secukinumab or ixekizumab has proved highly successful in AS
(37, 38) and psoriasis (39) but not IBD (40). Targeting the p40
subunit common to both the IL23 and IL12 receptors (thereby
blocking both IL12 and IL23) has proved disappointing in AS
and axial SpA (41, 42) in contrast to its efficacy in psoriasis and
IBD (43, 44). Finally, despite its success in treating psoriasis,
psoriatic arthritis and IBD (45, 46) the therapeutic antibody
risankizumab, which targets the pl9 fragment of IL23, is
ineffective in AS (47). It is therefore interesting that AS does
not show the same genetic association with IL23 as psoriasis (36),
perhaps suggesting that I1-23 itself is important in psoriasis while
IL23R and downstream signalling pathways are rather more
relevant to the pathogenesis of AS.

A Second Association at the IL23R Locus?

More detailed genomic studies have revealed other associations
near IL23R independent of rs11209026 in the intergenic region
between IL23R and the neighbouring IL12RB2 gene (tantalisingly
encoding the IL12-specific component of the IL12 receptor - see
above). The associated SNP - rs11209032 - lies in a regulatory
region, including a transcription factor binding-site for TWIST1,
and appears to increase Thl cell differentiation but, so far, its role
in the pathogenesis of AS is unclear (48, 49). The International
Genetics of AS (IGAS) Immunochip study in 2013, which fine
mapped ~200 loci of known importance in immune responses
and inflammation, revealed that such complex associations with
more than one SNP independently associated with AS at a given
locus are not uncommon (21).

Other “Hits” With Immunological
Relevance: IL7R (IL7 Receptor a Chain)
CSF2 (Granulocyte-Macrophage Colony-
Stimulating Factor), and GPR65 (G-Protein
Coupled Receptor 65)

Unsurprisingly the IGAS Immunochip study identified or
confirmed genome-wide associations with many other loci
implicated in immune/inflammatory conditions (because, after
all, that was what the “Immunochip” was designed to do). For
example, the “suggestive” AS association with 756897932 in IL7R
mirrored similar genome-wide significant associations of IL7R
with multiple sclerosis and primary biliary sclerosis (21, 50, 51).
The “C allele” affects differential splicing of the 6™ exon in the
transmembrane domain of IL7R and increases the amount of
both membrane-bound and soluble IL7R. Soluble IL7R increases
the half-life of IL7, which plays a key role in T-cell immunity.
Synovial fluid monocytes from patients with SpA have increased
levels of IL7R and a transcriptome profile that overlaps with IL-
7-induced gene sets (52). Type 3 innate immune cells expressing
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IL7R are also increased in the synovial tissues of patients with
SpA, and these cells produce GM-CSF (granulocyte-macrophage
colony-stimulating factor) after in vitro stimulation (53).
Targeting GM-CSF with therapeutic antibodies has already
been shown to be effective in rheumatoid arthritis (54) and
would therefore appear to be an obvious target in SpA as well
(one such antibody—namilumab—is currently under
investigation in the Namaste Trial—ClinicalTrials.gov
Identifier NCT036226658).

Further evidence supporting a role for GM-CSF in AS also
comes from the genetic association with GPR65 (encoding a G-
protein-coupled receptor involved in proton sensing) in the
IGAS Immunochip study (21). Although it was not appreciated
at the time GPR65 plays an integral role in regulating GM-CSF
expression. Single cell genomics reveals that it is also crucial to
the pathogenicity of Th17-cells in murine experimental allergic
encephalomyelitis (55). Th17-cells are pleiotropic; there are
increased numbers of GM-CSF secreting CD4" and CD8"
lymphocytes in the synovium and peripheral blood of patients
with SpA, and also increased numbers of IL-17A*/GM-CSF*
double-positive CD4", CD8", y8 and NK cells. GM-CSF'CD4"
lymphocytes express GPR65 irrespective of whether they co-
express IL-17A (53). Silencing GPR65 in primary CD4-cells
results in reduced GM-CSF expression and so it may also be
an important potential therapeutic target for SpA.

A Plausible Association Without Functional
Corroboration: NOS2 (Inducible Nitric
Oxide Synthase)

The Immunochip study showed a convincing peak of association
with SNPs upstream of the NOS2 gene (21), which has previously
been associated with susceptibility to infectious diseases, such as
leishmaniasis, and inflammatory diseases in mice (56). NOS2 is
also associated with IBD where its expression in the gut mucosa
is highly dysregulated (57). In contrast to mice, human
macrophages appear not to have the same inducible up-
regulation of NOS2 (despite the application of many different
conditions and stimuli, in the hands of one of us—CD). The
NOS2 genetic association appears solid and lies in a region
upstream of the gene likely to have regulatory functions BUT
(1) “Is this region actually regulating NOS2 or another gene?”, (2)
“Are the conditions necessary to induce NOS2 in human
macrophages highly specific and different from those that we
have tried so far?”, or (3) “Is the effect on NOS2 expression
manifest in a different cell type from those we have explored to
date?”. With regard to the latter, it is interesting that around two-
thirds of patients with AS have subclinical inflammation of the
terminal ileum so perhaps the gut mucosa might be a more
productive place to look (58).

A Strongly Associated Locus With
Relationship to Immune Cell

Development: RUNX3 (Runt-Related
Transcription Factor 3)

The challenge of identifying a mechanistic explanation for
genetic disease associations is hard enough when there is a

clear functional effect arising from a protein-coding change, as
in the case of rs30187 in ERAPI or rs11209026 in IL23R, or for
that matter HLA-B27. Far more often the lead SNP in such
associations lies outside the coding sequence, most likely in
regions concerned with the regulation of gene expression—
but “Which genes?” and “How are they regulated?” are
huge issues. Such cis-regulatory elements are most likely
to control the activity of neighbouring or nearby genes, but
their influence could extend even megabases down the
chromosome. These issues are well exemplified by the
RUNX3 association with AS.

RUNX3 is one of the family of multifunctional RUNX
transcription factors that play key roles in the development
and differentiation of many cell types, including many immune
phenotypes. It has been strongly associated with AS by GWAS
(20), and the lead SNP mapped more accurately in the
Immunochip study to a region with characteristics of an
enhancer upstream of the promoter (21, 59). Careful
examination of this region reveals that there are at least two
independent neighbouring AS-associated SNPs that affect the
binding of different transcription factors. Further, despite the fact
that they are only 500 base pairs apart, these two distinct SNPs
appear to exert their influence in different cell types—rs4648889
in CD8+ T-cells and rs4265380 in monocytes (60). The challenge
now is to translate this into a better understanding of the
regulatory framework of genes involved and how this affects
the pathogenesis of AS. Fortunately the science of “genomics”
now provides a wealth of publicly available data relating to the
regulation and expression of genes in specific cell types that
facilitate these investigations. These include (1) eQTL
(expression quantitative trait loci) mapping that relates gene
expression to particular SNPs in particular cell types, such as
monocytes (61), (2) areas of “open” chromatin (DNAse 1
hypersensitivity sites), (3) transcription factor binding-sites and
(4) other chromatin modifications, such as histone methylation
or acetylation, that indicate the activity status of genes and their
enhancers (62, 63). All of these can potentially be used to cross-
reference functional gene activity at the cellular level with
disease-associated SNPs to pursue the ultimate aim of
discovering relevant disease pathways and how they might be
therapeutically manipulated.

In our lab, we have so far demonstrated that the RUNX3 AS-
associated SNP rs4648889 (above) mediates differential allelic
binding of two regulatory factors/complexes to a putative
enhancer in the region upstream of the promoter: (1) the
transcription factor interferon regulatory factor (IRF) 5, which
binds preferentially to the AS-protective “G” allele; and (2)
components of the nucleosome remodeling and deacetylase
(NuRD) complex (one of the four major ATP-dependent
chromatin remodeling complexes that function as
transcriptional repressors) bind preferentially instead to the
AS-risk “A” allele at rs4648889 (64). Further work is necessary
to confirm the functional consequences of this SNP on gene
expression and the network of genes involved but preliminary
experiments suggest that IRF5 knockdown in CD8+ T-cells
reduces the expression of interferon gamma. Discovering new
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drug targets by this type of reverse genetics represents a daunting
challenge that will require many different approaches and
techniques. Identification of the disease-associated SNPs by
statistical techniques is hard enough but further progress
towards a mechanistic explanation for these GWAS
associations will undoubtedly require: (1) precise identification
of the primary functional genetic variants involved (within an
AS-associated LD block); (2) their effects on gene expression in
specific cell types (transcriptomics); (3) their effects on protein
translation (proteomics); and (4) how these vary in response to
different stimuli (metabolomics). The majority of AS-associated
loci exert only very small effects on predisposition to the disease,
most likely through quite subtle regulatory effects on gene
transcription. These will inevitably still need to be assessed in
more complex cellular systems and relevant animal models.
Nonetheless, even at this early stage of the investigation of
RUNXS3 there are already hints that both CD8+ T-cells and
monocytes might constitute plausible cellular targets for
intervention in AS (60). Credible molecular targets have yet
to emerge.

A Replicated GWAS Hit Without an
Obvious Explanation: ANTXR2

(Anthrax Toxin Receptor 2)

Among the numerous genetic associations with AS are many
that defy obvious explanation. The SNPs lying in an extended
linkage disequilibrium block including the entire ANTXR2 gene
is an excellent example. The initial positive association found
by the Triple A (Australo-Anglo-American) spondyloarthritis
consortium (TASC) has been amply replicated in independent
studies but it has been difficult to decide precisely which SNP is
most closely associated with the disease (19, 65). Our limited
knowledge of the biology of the protein does little to offer an
explanation for its genetic association with AS. In addition to its
role as a potential receptor for the anthrax toxin it appears to be
involved in capillary morphogenesis. ANTXR2 mutations also
cause the rare monogenic hyaline fibromatosis syndrome (On-
line Mendelian Inheritance in Man catalogue number—
228600), in which there are widespread subcutaneous nodules
and other internal organ involvement, but none of this gives
many clues as to whether or how it might be involved in AS. So
far it is not even clear whether these SNPs are actually involved
in the actions of ANTXR2 or another gene in the vicinity. This
is a common issue in providing mechanistic explanations for
many GWAS “hits”.

AS Genetics in Clinical Practice

Diagnostic Testing

A role for HLA-B27 in the diagnosis of AS is well established but
its use should be implemented with care; the sensitivity and
specificity of HLA-B27 testing is clearly related to the pre-test
probability that an individual might have AS. Used as a screening
test for AS on all individuals with low back pain in the
community it is quite unhelpful, but if limited to individuals
with clinical features suggestive of the condition it is very useful.
People in whom the condition is suspected can be placed in a

“suspicious” group according to their responses to a few simple
questions. These include: (1) Chronicity (low back pain > 3
months), (2) Alternating buttock pain (indicative of SI joint
inflammation), (3) Improvement with gentle exercise or anti-
inflammatory analgesics, (4) Back pain interfering with sleep in
the second half of the night, (5) Onset aged less than 40 years of
age, (6) Affected first-degree relative, (7) Presence of co-
morbidities known to be associated with AS, such as psoriasis,
IBD or uveitis. Individuals with positive responses to these
questions have a much higher pre-test probability of AS than
others with low back pain in the community, and in those with 4
or more positive responses an additional positive HLA-B27
result may increase the likelihood of AS to over 90%. This can
be further increased by the finding of SI joint inflammation on
MRI. However, even with the combination of clinical questions,
HLA-B27 testing and MRI the diagnosis is either missed or
incorrect in about 5% of cases (6). The diagnosis is accurately
made in only a third of patients in the first year of symptoms and
is frequently delayed by 6 years or more (5). Brown et al. (66)
have nicely reviewed the state of the art relating to biomarker
development in AS, including genetic testing. They highlight the
utility of HLA-B27 testing but suggest that polygenic risk scores
(PRS), which additionally use all the other SNPs associated with
AS, can give an even better positive predictive value (67). Using
this approach, they and others have convincingly demonstrated
that using 110 SNPs with reported genome-wide association to
AS (including HLA-B27) is significantly more discriminatory
than HLA-B27 alone in the diagnosis of AS. However, the
difference is relatively small and of unproven clinical value
(68). In contrast, a few well-chosen questions (see above)
designed to identify those with high likelihood of AS/axSpA
prior to implementing any sort of genetic testing are worth their
weight in gold.

Prognosis

Prediction of the prognosis and outcomes of treatment in AS
are long-term goals that could be facilitated by genetics since we
already know that the severity of the disease is highly heritable
and certainly not determined exclusively by HLA-B27 status
(69). There is some evidence that outcomes from biologic
therapies are better in HLA-B27 positive patients and that
positive responses to secukinumab may be influenced by the
ERAPI risk allele at rs30187 (37, 66). However, these
conclusions have been drawn from small studies and clearly
require replication. We have also investigated a SNP in
TNFRSFIA (encoding the p55 TNF Type 1 receptor) for its
potential to influence not only susceptibility to AS but also its
severity and responsiveness to anti-TNF biologics. The “G”
allele of rs1800693 is associated with susceptibility to multiple
sclerosis but protection against AS (20, 70, 71). It causes
skipping of exon 6 resulting in a truncated soluble form of
the protein with potential anti-inflammatory properties,
mimicking the action of the anti-TNF fusion protein
etanercept; this is particularly interesting given the possible
association between anti-TNF biologic therapy and central
nervous system demyelination (70, 72). However, the
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rs1800693 polymorphism in TNFRSFIA neither appears to
affect the severity of AS nor its response to anti-TNF
biologics (73). In order to characterize such genetic influences
on responses to therapy it may well be necessary to examine far
larger case series than has been done to date.

Longstanding Conundrums

Why Does Not Everyone With HLA-B27 Get AS?

The aetiology of AS clearly involves other genetic and/or
environmental factors than just HLA-B27. Twin studies
indicate its polygenic nature, which is one explanation for why
only around 5% of those with HLA-B27 develop AS. Estimates of
broad-sense heritability suggest that over 90% of the population
variance can be attributed to genetic factors (13) but this does not
preclude the involvement of common environmental influences,
such as infections, in its aetiology. It merely suggests that any
such extrinsic factors are likely to be so common (like certain
viral infections)? that they do not greatly influence the
population variance (at least in developed Western societies).
Whether this is always the case is a moot point. There are some
exceptions to the general rule that the prevalence of AS mirrors
that of HLA-B27 in the population. Thus, in The Gambia in
tropical west Africa AS is exceptionally rare (as it is in much of
sub-Saharan Africa) (3), but in contrast to many other African
countries the frequency of HLA-B27 in The Gambia is at least 6%
(not so very different from ~8% in the UK). The low Gambian
prevalence of AS was initially attributed to the existence of an
unusual HLA-B27 variant—HLA-B*2703—with potentially
different functional characteristics from the HLA-B*2705 allele,
which is predominant in European populations (74). However,
on closer inspection at least half of the B27-positive individuals
in The Gambia actually carry the “European” HLA-B*2705 allele,
making it far from rare in that population (75). Another
explanation for the rarity of the condition in this population is
therefore necessary: perhaps there is some other genetic factor in
this population or, more likely, something different about the
Gambian environment that affords protection against
the disease.

What About the Gut?

There has been much interest in the possibility of a link
between the gut and AS for many years. One of us
remembers the excitement at The Middlesex Hospital in
London after early reports that faecal carriage of Klebsiella sp.
was associated with active disease. However, these studies
provoked strong views on either side, particularly relating to
whether this could be explained on the basis of cross-reactive
“autoimmune” responses (76, 77). Nevertheless, many lines of
evidence point towards gut involvement in SpA and much
current research. For example, IBD is often complicated by
various forms of peripheral and axial arthritis, the onset of
which may be before, concurrent or afterwards. Curiously,
there are quite distinct clinical features to these various forms
of arthritis. The type 1 peripheral arthropathy of IBD (similar
to reactive arthritis in its asymmetric, pauciarticular,
predominantly lower limb distribution) is strongly associated

with HLA-B27 as is the axSpA associated with IBD, but the
former runs a course mirroring activity of the IBD in contrast
to the axSpA, which is independent of IBD activity (78, 79). In
the type 2 peripheral arthropathy of IBD (polyarticular, upper
and lower limb distribution), joint disease activity is also not
linked to activity of the IBD and it has a distinct
immunogenetic profile (not associated with HLA-B27 but
rather with HLA-B44 (80). In our sample of ~8,500 cases of
AS from the UK there is co-existent clinically overt IBD in ~10-
15%, which is at least partly due to their shared genetic
background (36). In other studies, two-thirds of those with
AS without overt IBD exhibit subclinical histological gut
inflammation (81). There is also some circumstantial
evidence from long-term observational studies that a
minority of individuals with reactive arthritis (usually a self-
limiting condition triggered by infection in the gut or
urogenital tract) may progress over time to axSpA/AS (82).
Attempts to identify specific causative agents in the gut, such as
Klebsiella sp., have largely proved unsuccessful but there is still
much interest in the potential role that the gut microbiome
might play in AS and its potential role in mediating local and
systemic inflammation in SpA [reviewed in (66, 83)]. Wholesale
sequencing of gut bacteria suggests that the gut microbiome in
AS can be distinguished from the normal population and may
have some correlation with disease activity (84-88). However,
whether these results are truly disease specific must also take
into account that the HLA alleles associated with AS (and also
those associated with rheumatoid arthritis) have a significant
impact on the host gut microbiome in healthy individuals
too (89).

What Is the Evidence for a Specific Antigenic
Stimulus in AS?

The strong HLA-B27 association with AS suggests that adaptive
immune responses are important in its pathogenesis but any
“arthritogenic peptide(s)” has so far proved elusive. Evidence for
antigen-driven specific immune responses in the HLA-B27
associated arthropathies, is not new (90, 91) but the
development of high throughput sequencing to assess the T-
cell receptor repertoire has seen a recent resurgence of interest.
Of particular interest, TCR binding motifs from some patients
with AS show similarities with those identified previously in
individuals with reactive arthritis (92-95). There is also evidence
of a significant increase in CD8+ T-cell clonotypes specific for
the Epstein-Barr and cytomegalovirus (92). In this regard it is
therefore interesting that recent studies have identified
conventional CD4+ and CD8+ T-cells resident at the entheses
in humans that have regulatory phenotypes and reactivity against
common viruses, including cytomegalovirus (particularly CD8+
T-cells) (96).

What Is the Role of HLA-B27 in AS?

Fifty years after it was first described the mechanism(s)
underlying the strong association of AS with HLA-B27 still
requires a truly convincing explanation. We have certainly
learned a lot about this molecule in the intervening years—
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crystal structure, the peptide repertoire it binds, its unusual
folding characteristics, and interactions with receptors on
innate immune cells—but where has this left us? Although
there is some evidence of specific antigen presentation (see
above) this is certainly inconclusive. Other theories have drawn
on some of the atypical features of HLA-B27 among MHC class I
molecules - in particular, its relatively slow folding and tendency
to form homodimers. For a more detailed description of these
theories the reader is referred elsewhere (97-99). Briefly, in
addition to its role in antigen presentation HLA-B27 is
unusual in its folding kinetics; unusual forms can accumulate
in the endoplasmic reticulum causing an unfolded protein stress
response, which can lead to IL23 production in dendritic cells.
Similar responses have been observed in macrophages in the
transgenic rat model of SpA (100). This theory provides a neat
explanation for the apparent lack of antigen specificity in animal
models of SpA (99) but is far from settled given the lack of
evidence of UPR in gut epithelial cells from individuals with AS
(100). HLA-B27 is also unusual in its ability to form homodimers
or free heavy chains that can be recognized by killer-
immunoglobulin-like receptors (KIR), which are mainly
expressed on NK cells but also on CD4+ T-cells (101, 102).
People with AS have a higher frequency of T-cells expressing this
receptor and these are also polarized towards the Thl7
phenotype that is associated with AS (97). Of interest, ERAP1
variants associated with protection against AS reduce HLA-B27
free heavy chain expression on monocytes and potentially reduce
Th17 activity (103).

Bone Modeling and HLA-B27

Only a few tentative genetic associations that have been reported
between AS and genes involved in bone modeling to date. Weak
associations have been described with RANK (receptor activator
of NF kappa B involved in osteoclast development) in Caucasians
and RANKL (RANK ligand) in Chinese (104, 105). However,
another recent paper suggests that HLA-B27 is involved in the
activation of TNAP (encoding the enzyme alkaline phosphatase)
in mesenchymal stem cells obtained from syndesmophytes of
patients with AS. This led in vitro to accelerated mineralisation in
a manner that was independent of the key osteoblast
transcription factor RUNX2. Further, in an animal model, this
process could be inhibited by bisphosphonates, a group of drugs
commonly used in the treatment of osteoporosis, thereby
holding considerable promise of a treatment that could retard
the abnormal ossification and ankylosis associated with AS (106).

CONCLUDING REMARKS

It may be argued that so far, we have actually learned more about
the treatment of common diseases from studying rare,
phenotypically severe, monogenic conditions than from the
genetics of common polygenic diseases like AS. There have
certainly been some spectacular successes. First, the
development of therapeutic RANKL (receptor activator of
NFkB-ligand) antibodies (denosumab) for the treatment of

osteoporosis, for which the insights came from very rare
osteolytic bone diseases (familial expansile osteolysis—OMIM
174810) affecting the RANK/RANKL axis of osteoclast
development (107). Second, anti-sclerostin antibodies
(romosozumab) have also been successfully developed for the
treatment of osteoporosis (108), based on the observation that
loss-of-function mutations in sclerostin (a bone morphogenetic
protein antagonist) were responsible for massive accumulation of
bone in the rare recessive disorder, sclerosteosis (OMIM
269500). It is unsurprising that polygenic diseases have proved
harder nuts to crack. Nevertheless, much progress has been made
in AS already thanks to a hugely collaborative global effort
(Figure 3).

If we have learnt anything about the study of complex
diseases in the past 20 years, it is that size matters when it
comes to genetic studies. With the assistance of various
international consortia, we can generate sample sizes that now
have the power reliably to detect loci increasing the risk of AS by
5% or less. Similar efforts will probably be essential to identify
any genetic influences on therapeutic outcomes. Novel strategies
for identifying susceptibility genes include increasing the power
of such studies by combining cohorts of genetically related
diseases, such as AS, psoriasis, IBD and sclerosing cholangitis.
Individual loci identified in this way can then be individually
tested in the specific disease subsets. The number of loci
incriminated in AS has been increased to more than 100 in
this way (36). Efforts to increase the number of cases for these
studies have continued, and it is hoped that the latest GWAS
from the IGAS consortium will present data from ~ 20,000 cases
in the next 12 months. Translating these results into therapeutic
targets will remain problematic but continuing advances in the
field of functional genomics hold much promise for progress in
this field (109). Detailed analysis and discussion of these issues is
beyond the scope of this review, so the interested reader is
referred to the 30™ July issue of Nature that contains no fewer
than 10 relevant articles on the subject [Nature 2020; vol 583:
issue 7818]. As an example of what can be achieved, many of the
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FIGURE 3 | Timelines of progress in translating the genetics of ankylosing
spondylitis towards therapeutics.
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associated genetic loci in another complex rheumatic disease—
rheumatoid arthritis—have recently been shown to have
complex chromatin interactions and effects on gene expression,
specifically in T-cells. Further, using a multiomic approach, new
genes not previously implicated by GWAS, such as MYC and
FOXOI have been identified in the pathogenesis of the disease
(110). In AS, even the original MHC association with HLA-B27
has been shown to be far more complex; there are numerous
associations with both Class I and II alleles, and additional
epistasis with ERAP1 (111). With a few exceptions (105-107,
112) most translational work in AS genetics has concentrated to
date on its immunological and inflammatory contributions but,
given that much of the pathology and the ensuing disability is
caused by abnormal bone deposition, there is a strong case for
investigating this aspect of the disease more intensively.
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Genome-wide association studies (GWAS) have identified 113 single nucleotide
polymorphisms (SNPs) affecting the risk of developing ankylosing spondylitis (AS), and
an on-going GWAS study will likely identify 100+ new risk loci. The translation of
genetic findings to novel disease biology and treatments has been difficult due to
the following challenges: (1) difficulties in determining the causal genes regulated by
disease-associated SNPs, (2) difficulties in determining the relevant cell-type(s) that
causal genes exhibit their function(s), (3) difficulties in determining appropriate cellular
contexts to interrogate the functional role of causal genes in disease biology. This
review will discuss recent progress and unanswered questions with a focus on these
challenges. Additionally, we will review the investigation of biology and the development
of drugs related to the IL-23/IL-17 pathway, which has been partially driven by the AS
genetics, and discuss what can be learned from these studies for the future functional
and translational study of AS-associated genes.

Keywords: ankylosing spondylitis, GWAS, functional genomics, IL-23/IL-17 axis, drug target, IL-1beta, genetics

INTRODUCTION

Ankylosing Spondylitis (AS) is a common form of immune-mediated arthritis that predominantly
affects the sacroiliac and spinal joints and can result in excessive ossification of the affected tissues.
Over the past decade the successful introduction of new treatments for AS (therapeutic monoclonal
antibodies targeting tumor necrosis factor (TNF)-a and interleukin (IL)-17A) has highlighted
some of the important pathological pathways involved. However, <50% of patients achieve good
response (ASAS40) to either TNF-o or IL-17A blockade (1, 2). More importantly, there is no cure
for AS and most patients require lifelong medication (with consequent potential adverse effects)
to control their symptoms. Therefore, identifying novel therapeutic targets could have important
benefits for patients with AS.

The value of genetics in drug discovery is increasingly appreciated (3, 4). The induction
of IL-17A blockade in AS was partially driven by genetic studies showing multiple disease
associations with genes involved in IL-23/IL-17A pathways (e.g., IL6R, IL23R, TYK2, IL1R1/2,
IL27, STAT3) (5). Genome-wide association studies (GWAS) have already identified 113 single
nucleotide polymorphisms (SNPs) affecting the risk of developing AS (6, 7). To date, there is a
plausible explanation for only a minority of these genetic associations, substantially impeding their
translation into therapeutic options.
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The functional investigation of genetics association currently
encountered a number of challenges: (1) difficulties in
determining the causal genes regulated by disease-associated
SNPs, (2) difficulties in determining the relevant cell-type(s)
that causal genes exhibit their function(s), (3) difficulties in
determining appropriate cellular contexts to interrogate the
functional role of causal genes in disease biology. This review
will discuss recent progress and remaining challenges. While
appreciating the importance of identifying causal SNPs, limited
by the length of this mini-review, we choose to refer readers to
recent review rather than discuss this topic here (8). Following
the identification of causal genes and related cellular contexts,
immunological research is vital for drug discovery. We will
use the IL-23/IL-17 pathway as an exemplar, in part driven by
the AS genetics, and discuss what can be learned from these
studies for the future functional and translational study of
AS-associated genes.

AS GENETICS

Genetic contribution to the development of AS was first known
following the discovery of HLA-B*27 as a strong genetic risk
factor in 1973 (9-11). In fact, the association was so strong
that HLA-B*27 was, for a long time, considered to be the sole
genetic factor predisposing individuals to AS. Till 2007, powered
by the technical development in SNP genotyping and statistical
analysis for GWAS, the first AS GWAS was competed (12).
Although with a relatively small sample size (1,000 patients and
1,500 controls), this study identified two key non-MHC genetic
risks: IL23R and ERAPI1. These findings were subsequently
confirmed in a study with a larger cohort, which reported
two additional associations with chromosome 2p15 and 21q22
(13). In the same year, a study focusing on 53 known genetic
risks in Crohn’s disease, a condition clinically related to AS,
identified two additional AS-associated loci: 1q32 and STAT3
(14). In 2011, the striking epistasis between ERAP1 and HLA-
B*27 was found, along with seven additional genetic loci with
strong associations with AS (15). The most recent findings were
reported from the Immunochip project with the strategy of high-
density genotyping of immune-related loci, which, in part using
“multi disease” methodology, has increased the number of SNPs
independently affecting the risk of developing AS to 113 (6, 7).

Overall, a significant body of knowledge of AS genetics
has been generated over the last decade. This rich and high-
quality source of genetic risk associations in AS will, after
appropriate decoding, provide critical sights in AS biology and
new drug targets.

TRANSLATING GENETICS TO NEW
BIOLOGY AND DRUG TARGET DISCOVERY

Recent Technical Advances and
Opportunities

In attempting to reveal the functional basis of genetic risks
associated with human diseases, various techniques have been
developed over the past few years. We believe that expression

quantitative trait loci (eQTL), promoter capture Hi-C (PCHi-C),
and HiChIP constitute key advances for the prediction of causal
genes through the annotation of genetic risks (Figure 1).

Expression quantitative trait loci (eQTL) identifies genomic
variants that contribute to altered expression levels of mRNAs.
eQTL have been carried out using various primary human
immune cells (monocyte, macrophage, dendritic cell, CD4, CD8,
Treg, Th1, Th2, Th17, Tfh, B-cell, NK and neutrophil) in different
cellular contexts (resting and activation) (16-21). These data
constitute a rich eQTL data resource which can be integrated
with summary data from AS GWAS studies for the prediction
of the causal genes (22, 23). Of note, eQTLs are only present in
a proportion of GWAS SNPs (24, 25), highlighting the need for
additional approaches to link SNP to gene.

The development of chromosome conformation capture (3C)
and its related techniques, such as Hi-C, has allowed the detection
of long-range regulatory DNA interactions (26, 27). To overcome
the nature of complexity and high-cost of Hi-C, promoter
capture Hi-C (PCHi-C) has been developed, combining Hi-C
with hybridization-based capture of targeted genomic regions
(28). PCHi-C has been carried out for various diseases using
relevant tissues/organs and/or cells (29-31), but not yet in AS.
One dataset, which we believe will be of particular value for AS
research, provides high-resolution maps of promoter interactions
at the genome-wide level in 17 human primary blood immune
cell types (32). HiChIP is another technique derived from Hi-
C which incorporates ChIP-seq—allowing the enrichment of
chromatin looping events based on histone modifications (33).
H3K27ac HiChIP has been applied to naive CD4, Th17, and
Treg cells to reveal T cell subtype-specific enhancer-promoter
interactions (34). These enhancers often contact genes beyond
their nearest neighbor gene-highlighting the importance of SNP
annotation using functional genomic datasets. Thus, we believe
that the integration of chromatin looping datasets and AS GWAS
findings provides a potent approach to predict the causal genes.

Determination of disease-relevant cell-types for functional
investigation is a key challenge impeding the translation of
genetic findings to new biology and therapeutic options.
Some causal genes identified by eQTL or chromatin looping
datasets will be limited in their action to specific cell-type(s),
guiding the selection of cells to be investigated (Figure1).
However, this information is not always available. In such
a scenario interrogation of chromatin accessibility (DNase
hypersensitivity assay or ATAC-seq), DNA methylation and
histone modifications will be of great use following mapping
with GWAS SNPs (Figure 1). The latter include enhancer (e.g.,
H3K4mel), promoter (H3K4me3), and active enhancer and
promoter marks (H3K27ac).

Precise functional testing of predicted causal genes requires
knowledge of cellular context(s). This is particularly important
for genes where existing knowledge of function is limited, a
common situation for GWAS hits. To this end, transcriptional
data from patient-derived cells and/or particular disease-related
cell-types, such as Th17 cells in AS, would be of great use.
For example, if a causal gene is elevated in Thl7 cells, one
would predict it to be a possible Th17 regulator and test its
function in a Th17 functional cellular assay. Single cell RNA
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FIGURE 1 | Strategies to translate genetic risk to novel biology.

sequencing (scRNA-seq) would excel here in the provision of
gene abundancy data for multiple cell subsets in patient blood or
synovium. However, a well-known drawback of scRNA-seq is its
inability to detect genes in low abundance. Antibody (CITE-seq)
or oligo (BD Rhapsody)-based tagging of genes of interest might
go some way to solve this problem. In addition, for genes with
available antibodies, mass cytometry or CyTOF is an alternative
approach to acquire the expression profile of a gene at the
protein level.

Remaining Challenges and Possible

Solutions

eQTLs are frequently different in different cell types. For
example, the eQTL link of GAB2 gene with rs2511162 is found
for naive B cells and T cells, but not monocytes (19). Even
within one cell-type, eQTLs can be highly context-specific.
For example the AA genotype at rs1179625 is associated
with higher basal mRNA HIP1 levels in naive monocytes,
but reduced HIP1 upregulation in lipopolysaccharides (LPS)-
stimulated monocytes (16). Of note, the difference in context
is not limited to resting vs. stimulation but may be highly
time dependent for a cell-type treated with the same stimuli.
For examples, the eQTL linking rs2275888 with IFNB1 gene

transcription is present in monocytes after 2h LPS-stimulation
but not in resting monocytes or those cultured with LPS
for 16h (16). As mentioned in the previous section, cell-type
and context specificity are also present in chromatin looping
datasets (PCHi-C and HiChIP). Thus, although current eQTL
and chromatin looping datasets have included various conditions
for an individual cell-type, they cannot possibly cover all the
complex and dynamic microenvironments present in human
diseases including AS. Given the high probability of the presence
of AS-specific genetic regulations, this knowledge will be crucial
in advancing our understanding of the impact of genetic risks on
AS biology and unraveling novel mechanisms and therapeutic
options. To this end, we propose that functional genomics
datasets should ideally be generated using cells from blood or
even joint of patients with AS for the provision of disease-
specific insights.

Evidence suggesting key roles for rare immune cell
populations in AS has recently emerged,. For example invariant
NK cells (iNKT) and y8 T cells have recently been reported to
be a major source of IL-17 in the inflamed joint (35). These
innate-like T cells are phenotypically and functionally different
from conventional T cells, thus would likely have distinct gene
expression mechanisms. Neither eQTL nor chromatin looping
datasets have been generated for these un-conventional cell
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types, and we propose that coordinated efforts to generate
functional genomic datasets for these cells should be made by the
scientific community.

Even within one cell-type, specific subsets might be highly
relevant to the pathogenesis of human diseases. For example,
using single cell RNA sequencing (scRNA-seq), MerTK+
synovial tissue macrophages have recently been shown to be
key for the remission of rheumatoid arthritis after treatment
cessation (36). Thus, scRNA-seq-based eQTL studies carried out
using patient blood and/or tissue derived cells will be of great
value. This approach was first reported in 2018 for a small
cohort of 45 healthy donors (37). More recently, the single-
cell eQTLGen consortium has been established and will provide
standardized pipelines and guidelines for single-cell population
genetics studies (38).

Most functional genomics data are at the DNA or RNA level.
This does not invariably relate to cellular and cell surface protein
expression. Advances in quantitative MS might allow QTL at
the protein level. Indeed, quantitative proteomics has been
utilized to advance knowledge in biology, such as the dynamic
protein landscape of human Th17 differentiation (39), and the
underlying mechanism of Myc controlling T cell proteomes and
metabolic pathways (40).

It will also be important to contextualize the anatomical
location of immune cells and their detailed functional
interactions. The human tissue atlas will provide a framework
and detailed spatial transcriptomic and protein expression
studies of diseased tissue including entheses will undoubtedly
enrich current knowledge. Without doubt the greatest knowledge
gains will flow from the study of cells from inflamed tissues. We
believe that obtaining these from human diseased tissues will be
more informative given the limitations of current animal models
and the rapid advances in single cell technology.

Moving from tissue level understanding to whole organism
will be a further challenge. Animal models of AS have proved
useful for studying specific pathogenic processes and offer
opportunities for intervention. The HLA-B27 transgenic rat
and the SKG mouse have both provided key insights, with
the former model confirming the role of HLA B27, myeloid
cells and gut flora in disease and the latter confirming the key
role for the IL-23-17 pathway (see below). Considering both
animal models and human studies it will also be important to
distinguish the relative roles of tissue-resident and tissue-specific
cells from those of circulating cells. We believe that using animal
models to label leucocytes present in the gut mucosa (e.g., with
photobleaching or fate mapping) and then follow their potential
movement to joints and other inflammatory sites is likely to
offer major insights into disease pathogenesis. Ultimately human
experimental medicine studies will prove the key arbiters of target
selection and will provide a rich source of data.

THE IL-23/IL-17 PATHWAY AND AS

IL-23/IL-17 Pathway

IL-23 is formed by P19 and P40 subunits with the later, along
with P35, also forming IL-12 (41). IL-23 signals through the
IL-23 receptor composed of IL-23R and IL-12RP1. IL-12 drives

the differentiation of Thl cells, whereas IL-23 is crucial for
the survival and expansion of Th17 cells and can induce IL-
17 production in memory T cells (42, 43). Additionally, IL-
23 also induces IL-17 production by y3 T, NKT and innate
lymphoid cells (44-46). In line with this, murine models support
the T cell-mediated pathogenic role of IL-23 in inflammation in
multiple organs, including joints, gut, brain (47-49). Of note,
both IL-23 and IL-17A are required for the development of
Spondyloarthritis-like pathology in SKG mice, a T-cell driven AS
model with inflammation in arthritis, enthesitis, and ileitis (50).

Relevance to AS Genetics

More than 90% of genetic risk SNPs are present in non-coding
regions. Thus, IL23R, where genetic risk loci reside both within
coding (the cytoplasmic tail) and non-coding regulatory regions,
represents the exception rather than the norm. The genetic
association of IL23R loci with AS was first reported in 2007
(12), the first elucidated being a coding change SNP, rs11209026,
associated with Arg or Gln at position 381 of IL-23R protein.
Interestingly, the same SNP also affects the risk of developing
inflammatory bowel disease (IBD) (51), a condition closely linked
to AS. Indeed, a subgroup of patients with AS develops IBD and
the sub-clinical gut inflammation has been reported in over 60%
of patients with AS (52). The same SNP is also associated with
psoriasis, another condition closely linked to AS. The protective
variant R381Q is associated with reduced function of IL-23R and
Th17 response in both CD4 and CD8 cells (53).

Pre-clinical/Clinical Development of
Inhibitors Targeting IL-23/IL-17 Pathway

Antibodies blocking cytokines or receptors related to this
pathway have been extensively tested in AS. IL-17A blockers have
demonstrated efficacy and been approved for the treatment of
AS (54, 55). In contrast, IL-23 inhibitors either targeting P40
or P19, have failed to show efficacy in clinical trials (56, 57).
These results were unexpected considering the efficacy of IL-
23 blockers for Crohn’s disease, Psoriasis and psoriatic arthritis,
conditions related to AS and with IL23R as a genetic risk (58-
61). Of note, IL-17 inhibition was ineffective in Crohn’s disease
(62), suggesting the IL-23 biology beyond the simple induction
of IL-17 cytokine secretion.

The success of IL-17A blocking and failure of IL-23 inhibition
in AS suggested that IL-23 might not be the main driver of IL-17A
production in AS. In human, IL-1f and IL-6 are required for the
differentiation of Th17 cells (63). Of interest, IL-1p was essential
in pathogen-induced Th17 differentiation to prime IL-174IFN-
v+ “pathogenic” Th17 cells (64). Additionally, along with IL-
23, IL-1P induces IL-17A production by y8 T and iNKT cells
(45, 65), the major source of IL-17A in synovial fluid of patient
with AS (35). The recruitment of IL-1B-producing myeloid cells
has been shown to be a key factor driving the IL-17 secretion
by y8 T and CD4 cells in the central nervous system (66). Two
pieces of evidence link IL-1f to AS pathology: (1) both IL1R1 and
IL1R2 are predicted genetic risks in AS (13), (2) monocytes in
blood from patients with AS spontaneously produce IL-1f (67).
Thus, we propose a model explaining the possible IL-13-driven
IL-17 biology in AS (Figure 2). Monocytes stimulated by bacteria
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FIGURE 2 | Cartoon model suggesting possible role of IL-1 beta contributing to IL-17 response in AS.

in the gut produce pro-inflammatory cytokines that prime
Th17 cells. Attracted by chemokines, IL-1B-secreting monocytes
travel to the joint(s), where they activate y8 T and iNKT
cells. Additionally, through a TNFR-Fas-caspase-8-dependent
pathway, activated T cells also induce monocyte IL-1f secretion
(68). However, IL-1p is unlikely to be the sole driver of IL-17 in
AS because IL-1p inhibition was only effective for a subgroup of
patients (69-71).

Lessons From IL-23/IL17

The therapeutic development of inhibitors targeting the IL-23/IL-
17 pathway in AS highlights the notion that genetic risk alone
is not necessarily the ideal guide to drug target identification
and that downstream protein(s) might be better therapeutic
options in some cases. Indeed the association of genetic risk with
drug success in trails is substantially enhanced when proteins
interacting with these risk-associated gene products are included
(72). Considering the diseases that share IL23R risk associations,
significant differences in therapeutic response to different agents
have already emerged. The reasons why IL-23 neutralization
proved highly beneficial in psoriasis but without efficacy (at
least in initial trials) in Ankylosing Spondylitis, whereas IL-17
neutralization proved therapeutic in Psoriasis, psoriatic arthritis
and ankylosing Spondylitis but not Crohn’s disease have been

discussed by Siebert and colleagues (73). Thus, it is increasingly
clear that, following the identification of the causal genes, detailed
understanding of the biological functions of the associated
proteins in the context of both tissue site and stage of disease
is crucial.

DISCUSSION

Exciting progress has been made in the genetics of AS, resulting
in identification of over one hundred genetic variants that
affect the risk of disease development. Entering the post-
GWAS era, we have encountered multiple challenges and
bottlenecks in the translation of GWAS findings to new
biology and drug targets. With the rapid development of
functional genomic techniques/methods and transcriptomic and
phenotypic profiling of primary cells at single cell resolution,
it is now possible to predict both causal genes and their
relevant cell-type. This will allow us to more rigorously
investigate the cellular contexts of disease pathogenesis
and to functionally validate therapeutic targets. However,
disease-specific functional genomic datasets and those for
rarer immune cells are currently not available, representing
opportunities for future research. The successful development
of drugs targeting the IL-23/IL-17 axis for conditions genetically
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associated with IL23R is a great example demonstrating
the value of genetics in drug development. We also learned
that causal genes are not always the best drug targets,
highlighting the importance of establishing downstream
pathways. Thus, an in-depth understanding of causal gene-
related biology is absolutely crucial for the development of novel
treatment options.
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Interleukin-23 (IL-23) is a pro-inflammatory cytokine composed of two subunits, [L-23A
(Pp19) and IL-12/23B (p40), the latter shared with Interleukin-12 (IL-12). IL-23 is mainly
produced by macrophages and dendritic cells, in response to exogenous or endogenous
signals, and drives the differentiation and activation of T helper 17 (Th17) cells with
subsequent production of IL-17A, IL-17F, IL-6, IL-22, and tumor necrosis factor
a (TNF-a). Although IL-23 plays a pivotal role in the protective immune response
to bacterial and fungal infections, its dysregulation has been shown to exacerbate
chronic immune-mediated inflammation. Well-established experimental data support
the concept that IL-23/IL-17 axis activation contributes to the development of several
inflammatory diseases, such as PsA, Psoriasis, Psoriatic Arthritis; AS, Ankylosing
Spondylitis; IBD, Inflammatory Bowel Disease; RA, Rheumatoid Arthritis; SS, Sjogren
Syndrome; MS, Multiple Sclerosis. As a result, emerging clinical studies have focused
on the blockade of this pathogenic axis as a promising therapeutic target in several
autoimmune disorders; nevertheless, a greater understanding of its contribution still
requires further investigation. This review aims to elucidate the most recent studies
and literature data on the pathogenetic role of IL-23 and Th17 cells in inflammatory
rheumatic diseases.

Keywords: IL-23, IL-17, IL-23/IL-17 axis, inflammatory diseases, autoimmune diseases

REVIEW

Interleukin-23

Interleukin-23 (IL-23) is a member of the IL-12 cytokine family composed of the IL-23p19
subunit and the IL-12/23p40 subunit, the latter shared with IL-12, encoded by genes located on
chromosomes 12q13.2 and 11q1.3, respectively (1-3).

IL- 23 is mainly secreted by activated macrophages and dendritic cells (DCs) located in
peripheral tissues, such as skin, intestinal mucosa, joints and lungs (4-6).

Despite the protective role played by the IL-23/IL-17 axis against bacterial and fungal
infections, extensive knowledge supports the contribution of its dysregulation in triggering chronic
inflammation and autoimmunity, providing a solid substrate for the development of several
autoimmune diseases like PsA, Psoriasis, Psoriatic Arthritis; AS, Ankylosing Spondylitis; IBD,
Inflammatory Bowel Disease; RA, Rheumatoid Arthritis; SS, Sjogren Syndrome; MS, Multiple
Sclerosis (3, 7-10) (Table 1).

The main role of IL-23 is to induce the differentiation of af T CD4™ naive cells (ThO cells) in T
helper type 17 (Th17 cells) (11, 12), which are considered pivotal players in autoimmunity (1, 9).
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TABLE 1 | Therapeutic agents in rheumatic diseases.

SpA PsA SS SLE RA Target
Secukinumab X X Ongoing trials Ongoing trials Ongoing trials IL-17a
Ixekizumab X X Ongoing trials IL-17a
Brodalumab Not approved Not approved IL-17R
Bimekizumab Ongoing trials Ongoing trials IL-17a, IL-17f
Netakimab Ongoing trials IL-17a
Ustekinumab Not approved X Ongoing trials IL-12, IL-23
Guselkumab Not approved X Not approved IL-23
Apremilast Not approved X PDE4
Tofacitinib Ongoing trials X X JAK1-JAKS (JAK2)
Baricitinib X JAKT-JAK2
Upatacitinib Ongoing trials X JAKA
Filgotinib Ongoing trials JAK1
Rituximab Off label Off label X CD-20
Tocilizumab Not approved X IL-6R

SpA, Spondyloarthritis; PsA, Psoriatic Arthritis; SS, Sjogren Syndrome, SLE, Systemic Lupus Erhytematosus; RA, Rheumatoid Arthritis.

Although IL-12 and IL-23 are both members of the IL-12
family and have a similar structure, the role of these two cytokines
in ThO differentiation is totally different (13, 14); indeed, unlike
IL-23, IL-12 induces differentiation of ThO cells into T helper
type 1 (Th1 cells) rather than into Th17 (Figure 1) (15-19). Both
cytokines are produced by DCs and the balance of IL-12 and IL-
23 production is controlled by prostaglandin E2 (PGE2), which
promotes inflammatory responses (20, 21).

IL-12 and IL-23 act as a bridge between the innate and
adaptive arms of the immune response (22). IL-12, produced
by antigen presenting cells (APCs), is essential for the optimal
proliferation and production of cytokines by Thl cells in
response to antigens. Overall, IL-12-induced IFN-vy is an effective
activator of the antimicrobial functions of phagocytes and plays a
critical role in resistance to many pathogenic bacteria, fungi and
intracellular parasites (23).

Regarding the IL-23/IL-17 axis, y3 T cells and innate lymphoid
cells (ILCs) constitutively express the IL-23 receptor (IL-23R),
suggesting their prompt first-line response to IL-23, followed
by cytokine secretion and subsequent activation of the adaptive
immune response. Moreover, since ThO cells do not express IL-
23R, they require prior stimulation with transforming growth
factor B (TGF-B), IL-6 and IL-21 to become responsive to IL-
23 (24-29).

In response to IL-23-mediated activation, aff T cells, Y8 T cells
and ILCs produce IL-17, IL-22, TNF-q, and interferon-gamma
(IFN-vy); in addition, IL-23-activated y3 T cells make af T cells
refractory to the suppressive activity of regulatory T cells (Treg)
and they also prevent the conversion of conventional T cells into
FOXP3+ Treg cells in vivo (30).

IL-23 Receptor

The IL-23 receptor (IL-23R) is a heterodimeric receptor
composed of 2 subunits: IL-12RB1, in common with the
IL-12 receptor (IL-12R) and IL-23Ra, specific to IL-23
signaling (31).

Therefore, T cells lacking IL-12RB1 cannot respond to IL-12
nor IL-23. Conversely, IL-23Ra-deficient T cells cannot respond
to IL-23, while maintaining IL-12 signaling capability (32). IL-
23Ra and IL-12RB1 chains are expressed on T cells, natural killer
(NK) T cells, monocytes/macrophage and DCs (33).

The intracellular pathways require different signaling
proteins: JAK2, Janus kinase 2; TYK?2, tyrosine kinase 2; STAT3,
STAT4, signal transducer and activator of transcription 3 and 4
(34, 35).

Specifically, IL-12Rf1 binds to TYK2 inducing STAT4
phosphorylation which is essential for increasing IFN-y
production and subsequent Thl cells differentiation. Instead,
IL-23Ra interacts with JAK2, inducing STAT3 phosphorylation
and leading to the upregulation of retinoid-related orphan
receptor gamma tau (RORyt), crucial for the development of
Th17 cells (19, 31, 36, 37).

Once activated, STATs homodimers translocate into the
nucleus, where they bind to DNA in the promoter region of target
genes, acting as downstream effectors in the IL-23/IL-12 signaling
pathway (38, 39).

Finally, the evaluation of IL-23 functions in vivo in different
mouse models supports the hypothesis that IL-23 may act in
both lymph nodes and peripheral tissues to drive terminal
differentiation of effector Th17 cells in vivo, promoting Th-17-
mediated inflammation. Confirming these observations, in the
absence of 11-23, Th17 cells experience “arrested development”
leading to impaired function (40).

Interleukin-17A

Interleukin-17A (IL-17A) is the first described member of the
IL-17 cytokine family, which includes six members, IL-17A to
IL-17F (41, 42).

Many IL-17A-producing cells have been reported, including T
CD8™ cells (43), y8 T cells (44), and NK T cells (45); however,
according to current knowledge, T CD4™ cells (Th17) are the
major source of IL-17.
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Although IL-23 has mainly been identified as the initiating
factor for IL-17 expression from T cells (9, 46), ThO cells do not
constitutively express IL-23R, but they are still sensitive to IL-
23 (47); in this context, it is reasonable to assume that IL-23R
expression on these cells can be induced in the presence of other
pro-inflammatory cytokines (48, 49).

Several findings clearly demonstrated that TGF-p and IL-6
are sufficient for Th17 differentiation in vitro and in vivo, in the
absence of IL-23 (50-53).

Therefore, TGF-p, IL-6, and IL-21 seem to activate T
lymphocytes and promote the initial differentiation of ThO into
Th17 cells, conferring responsiveness to IL-23 (50, 51, 54-
60), which is a crucial step for Th17 cells stabilization and
expansion (61).

Conversely, increased TGF-p levels coupled with the absence
of inflammatory cytokines inhibit Th17 differentiation (62), as
well as the common inhibitors of Th17 commitment (IFN-vy,
IL-4, IL-25, IL-27) (54-56, 63-67).

Finally, IL-17-producing cells have been shown to express a
wide range of heterogeneous cytokines such as IL-17A, IL-17F,
IL-26 (62), and other proinflammatory mediators including IL-
22, IL-21,IL-6, TNF-a, granulocyte colony-stimulating factors
(GM-CSF), and chemokines (e.g., CCL20, CXCL8, CXCLI1,
CXCL10) (9).

IL-17 Receptor

IL-17 receptor (IL-17R) is expressed on many cell types,
including epithelial cells, B and T cells, fibroblasts, monocytic
cells, and bone marrow stroma (68).

IL-17 signaling activates nuclear factor kB (NFkB) activator
adaptor protein (ACTI1), which in turn acts on mitogen-
activated protein kinases (MAPKs), including p38MAK (69),
c-jun N-terminal kinase (JNK), extracellular signal-regulated
kinase (ERK), Janus kinase (JAK), signal transducer and activator
of transcription (STAT), phosphoinositol 3 kinase (PI3K)
and induces several pro-inflammatory cytokines (IL-1f, IL-6,
TNF-a, CCL2), antimicrobial peptides (B-defensin), and matrix
metalloproteinases (69-71).

In health conditions, IL-17 is one of the main contributors
to the host defense against microbial infections (68, 72-74). Of
note, the IL-17 pathway regulates antifungal immunity, in human
and mice, inducing upregulation of proinflammatory cytokines,
antimicrobial peptides and neutrophil-recruiting chemokines,
which lead to limit fungal overgrowth (75).

Historically, CD4™ T cells have been involved in protecting
against Candida albicans infection were found in Human
Immunodeficiency Virus (HIV) positive patients (76, 77).

Subsequently, Th17 subset was identified as CD4" T cells with
reactivity to Candida albicans (37, 78).

Moreover, ex vivo studies on human T cells demonstrated
that Candida albicans triggers Th17 cells which produce IL-
17 and IEN-y, but not IL-10. On the contrary, Staphylococcus
aureus—activated Th17 cells produce IL-10, which can limit the
immune system responses. These different responses could derive
from the presence, in the priming phase, of different cytokine
environments induced by each microbe (79).

The specific role of IL-17 in protection against the fungus
Candida albicans was confirmed by evidence that IL-17RA
deficient mice or mice and humans with defects along the IL-17
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signaling pathway, were susceptible to systemic Candida albicans
infection (80-83).

Major roles of IL-17 include the promotion and initiation of
chemotaxis and the recruitment and activation of neutrophils
in inflamed tissues (71, 84, 85). Among its pleiotropic effects,
the enhancement of angiogenesis (86) and the tissue remodeling
through the production of angiogenic factors and matrix
metalloproteases are worthy of note (87). IL-17 works in synergy
with TNF-a causing release of the IL-6, TNF-a, and IL-1B, in
order to amplify the multifaceted and complex inflammatory
process (88).

Consistently, increased serum and tissue levels of IL-17 have
been widely reported in inflammatory condition such as IBD,
MS, and arthritis, compared to a non-pathological setting where
IL-17A levels are extremely low or undetectable in human sera
(Figure 2) (3, 10, 89-92).

Ankylosing Spondylitis (AS)

Ankylosing Spondylitis (AS) is the prototypical subset of
SpA characterized by a predominant axial involvement (93).
As a result, sacroiliitis is the clinical hallmark of disease
and its identification through the most sophisticated imaging
techniques, such as high-field magnetic resonance imaging
(MRI), is extremely important in order to achieve an early
diagnosis that can prompt a rapid treatment administration.
The new classification criteria published by the Assessment in
Spondylo-Arthritis international Society (ASAS) in 2009 have
included MRI as the gold standard technique to identify active
sacroiliitis, consisting in bone marrow oedema and osteitis, even
in patients that have not developed radiographical signs of disease
(94). According to these criteria, the presence of alterations (both
in standard radiography or MRI) coupled with clinical, genetic
and laboratory data, allow the classification of AS patients into

radiological axial SpA (r-axSpA) or non-radiological axial SpA
(nr-axSpA) (95).

New bone formation, determined by chronic inflammation
involving the spine, leads to vertebral ankylosis, severe chronic
pain and disability as major consequences of disease progression.

The beginning of the inflammatory process in AS relies on a
complex, multifactorial interplay between genetic, epigenetic and
environmental factors associated with a dysregulated immune
response. The current understanding of AS pathogenesis suggests
that the IL-23/IL-17 axis acts as the major driver in disease
development, even if type 17 response could not entirely elucidate
the mechanisms behind this rheumatic disease (96).

Genetics and epigenetics play a pivotal role in the pathogenesis
of AS; siblings of AS patients have a higher risk of developing
the disease and a high degree of concordance in twins is
observed, 50-63% in monozygotic and 13-20% in dizygotic
twins, respectively (97). The strongest genetic association is
with the allele human leukocyte antigen B27 (HLA-B27) of the
Major Histocompatibility Complex-I (MHC-I) gene, located on
chromosome 6 (98).

Several theories have emerged to explain the possible
pathomechanism related to HLA-B27, AS starting, and
subsequent dysregulated activation of the IL-23/IL-17 axis
via Th17 cells (99). Modifications in the shape of HLA-B27
affect the protein binding domain impairing both the antigen
presentation process and the correct folding of the HLA-B27
molecule (100). The altered binding domain may lead to the
presentation of self-peptides to cytotoxic CD8™ T cells that in
turn give rise to a pathological autoimmune response (101). On
the other hand, the unfolded protein response (UPR) theory
postulates that unconventional HLA-B27 variants homodimerize
instead of heterodimerize; the misfolded proteins accumulate
in the intracellular compartment triggering endoplasmic
reticulum stress and increasing IL-23 production (102). In
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fact, heterodimers expressed on APC surface directly interact
with cell receptors on a wide range of immune cells such as
NK, monocytes, B cells and promote a significant impact on
Th17 stimulation (103). In particular, the aberrant expression
of the allele of the HLA B 27 in spondylitis, could act by
binding cells that contain a natural killer receptor for HLA B
27 homodimer, named killer cell immunoglobulin-like receptor
3DL2 (KIR3DL2), determining IL-17 production (104).

HLA-B27 alone accounts for almost the 25% of AS heritability
and genetic-wide association studies (GWAS) have identified
multiple genetic loci linked to disease pathogenesis (105, 106).
In particular, single nucleotide polymorphisms (SNPs) in genes
coding for aminopeptidases expressed in the endoplasmic
reticulum (ER), such as ERAP1 and ERAP2, were identified
in the past decade. These proteins trim peptides in the ER so
that these molecules get to the right length, usually between
8 and 10 amino acids, to be presented by MHC-I molecules
(107). Mutations in ERAP enzymes are supposed to lead to the
formation of the so called “arthritogenic peptide” which, through
mechanisms related to molecular mimicry, triggers immune cells
to react against self-antigens located at joint and enthesal sites
(108). ERAP1 and HLA-B27 effects are linked in an epistatic
way, meaning that ERAP1 mutation effects are only observed in
HLA-B27 positive patients (109).

SNPs directly affecting the IL-23/IL-17 axis were described in
AS and further stress the importance of this pathway. The most
relevant are located in the genes coding for IL-23R and STAT3
and TYK2, which are downstream targets of IL-23 signaling
(110, 111).

However, it is not entirely clear how this polymorphism is
responsible for pathogenesis, but this probably alters the amino
acid sequence of the intracellular portion of IL-23R, and it could
have a secondary regulatory function; indeed, protective alleles
have also been identified in IL-23R, and some studies have
detected polymorphisms in the IL-23R as a strong protective
genetic factor (112).

The fundamental role played by the IL-23/IL-17 axis comes
from several lines of evidence depicting a clear increase in
IL-23 and IL-17 levels in the sera of AS patients (113). This
observation is coupled with the increased number of Th17 cells in
peripheral blood from AS patients (114). In this regard, the most
intriguing and recent theories suggest that the interface between
environment and immune system in AS can be represented by
the gut epithelial barrier, where IL-17A exerts its functions in
maintaining mucosal immunity and barrier functions (115). The
intimate relationship between the articular disease and the gut
is underlined by the detection of subclinical inflammation in
up to 70% of AS patients on endoscopic examination, as well
as on histological samples (116) and in about 10% of these
occurs a clinical IBD suggesting a pre-clinical stage of IBD (115).
Even bone marrow oedema in sacroiliac joints was correlated to
gut inflammation, as emerged from the analysis of the Ghent
cohort (117).

At gut level the huge number of adherent and invading
bacteria, known as human microbiota, may be perturbed leading
to both quantitative and qualitative alterations that affect the
integrity of the gut-epithelial and vascular barriers in accordance

with the “joint-gut axis theory” (118). The “leaky gut” allows the
translocation of bacteria-derived peptides and primed immune
cells to the interstitium and then to the bloodstream, eliciting a
systemic abnormal inflammatory response. The derangement of
the gut interface has been related to the alteration of the tight
junction system and an increase in zonulin level was retrieved
both in gut epithelium and peripheral blood (119). In AS patients
dysbiosis was evidenced in comparison to healthy individuals
and increased level of IL-23 are found in patients’ gut and in
particular in the terminal ileum (120). Several cell populations
involved in epithelial immunity and joint/enthesal inflammation,
such as Th17, ILC, y8 T cells, and mucosa-associate invariant T
(MAIT) cells, as well as cells involved in mucosal homeostasis,
such as Paneth cells, produce IL-23 at intestinal level. ILC3
are expanded in gut and differentiate upon IL-17 and TNF-a
stimulation becoming an important source of IL-23 and IL-17
(121). Among the intraepithelial lymphocyte (IEL) compartment
y8 T cells are the most represented population, accounting for
approximately the 50% of IEL; on the other hand, they represent
only the 3-5% of circulating T cells. Once activated with IL-
23 these cells produce IL-17 (44). Their number was found
increased in gut and y3 T cells obtained from AS patients show
hyper-responsiveness to IL-23, due to IL-23R hyper-expression,
with consequent discharge of higher amount of IL-17 when
stimulated (122).

According to the gut-joint axis theory the intestinal activation
of different immune cell subsets, among the ones above
described, followed by their recirculation in blood may lead
to their final localization in joint and enthesis where the
inflammatory process is carried out. Intestine seems to be the
major site of IL-23 production and is also the site where it
acts most. Even gut- derived IL-17 producing ILC3 were found
expanded at bone marrow, joint and peripheral blood level. ILC3
are also characterized by a significant expression of an integrin
that regulates intestinal T cells homing, called a4B7. Moreover,
the receptor of this integrin (named MADCAM1) was found
upregulated in the gut and in bone marrow of AS patients,
suggesting a chemoattraction process of ILC3 at inflammation
site (121). Cuthbert et al. described resident y8 T cells at spinal
enthesis where they contribute to IL-17 production in both IL-
23 dependent and independent ways. In fact, a subpopulation of
these cells lacking IL-23R was proven to produce IL-17 (123).
In addition, IL-17 producing MAIT cells were found elevated
in AS patients both in blood and synovial fluid (124, 125).
To add more pieces to the already complex puzzle of IL-17
producing cells, a new population of CD8" T cells able to
produce IL-17, named Tc17 cells, was described and was found
increased in both peripheral blood and synovial fluid of AS
patients (126). Other possible sources of IL-17 that deserve
deeper investigation are tissue-resident memory T cells (TRM),
mast cells and CD3~CD56TNK cells (127, 128). In axial tissues
IL-23 producing cells are macrophages and DC while IL-17
sources are myeloid cells as neutrophils (129, 130).

Animal models have supported the actual knowledge on the
role of the IL-23/IL-17 axis, even if human disease appears
far more complex and no animal model can comprehensively
elucidate it. Transgenic HLA-B27 rat model was used to
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demonstrate the importance of the HLA-B27, gut microbiota and
Th17 cells in the pathogenesis of SpA (131). These rats, grown
in germ free condition do not develop SpA (132). Several mice
models even exist and have contributed to the unraveling of the
pivotal role played by IL-23 and IL-17 in activating T cells and
driving disease development via type 17 immunity (133).

Taken together, the above resumed evidence underlines
the importance of this axis in inducing and sustaining the
multifaceted inflammatory process depicted in SpA, making it a
central therapeutic target.

Advances in understanding the pathogenesis of SpA have
prompted the development of biologic drugs designed to inhibit
the IL-23/IL-17 axis. In fact, for more than 15 years, TNF-a
inhibitors were the only biologic treatment available and, despite
an initial great success in SpA management, it came out clearly
that almost 40% of patients failed to reach a significative response.
The new therapeutic agents interfering with the IL-23/IL-17 axis
can be divided into monoclonal antibodies directly targeting
IL-17, IL-23 or their receptors and small molecules inhibiting the
intracellular pathways triggered by these cytokines (134).

Among monoclonal antibodies targeting IL-17, Secukinumab
and Ixekizumab, respectively a fully human monoclonal IgG1/k
antibody and a humanized IgG4 monoclonal antibody, are the
only two molecules already marketed for SpA.

The MEASURE trials demonstrated the superiority of
Secukinumab against placebo in providing sustained efficacy in
relieving signs and symptoms of AS as well as in granting a good
retention rate, as demonstrated in the 5-years extension study
(135, 136). In the 2-years follow up in the MEASURE 1 trial no
radiographic progression was evidenced in the 80% of patients
included (137).

Ixekizumab was licensed for r-axSpA treatment in 2019
and for nr-axSpA in 2020, the COAST-V trial demonstrated
a superior response rate in ASAS40 score at week 16 over
placebo (138).

Several trials aimed to assess the therapeutic value of other
IL-17 inhibitors, such as Netakimab and Bimekizumab, are
currently ongoing (139, 140). The randomized controlled trial
on Brodalumab, a humanized IgG2 monoclonal antibodies that
binds IL-17R was discontinued because of the occurrence of high
suicide ideation in the active group (141).

Up to date, no IL-23 targeting drug has been proven effective
for AS (142, 143).

New treatments for AS are small molecules inhibitors that
target intracellular proinflammatory pathways, as those triggered
by cytokine stimulation. Among targeted synthetic DMARDs
(tsDMARD:s), JAK-inhibitors stand out as the most promising
treatment (144). In particular, Tofacitinib, a pan-JAK inhibitor,
Filgotinib and Upadacitinib, both JAK1 inhibitors, were shown
to be superior to placebo in axSpA (145-147).

The inhibition of PDE4 through the small molecule
Apremilast failed to achieve the primary end-point in the
specifically designed phase 2 trial including 490 AS patients (148).

Future perspectives to implement the therapeutic
options for AS patients include broader anti-inflammatory
approaches with multi-cytokine blockade to overcome
the inhibition of a single pathway, for example targeting

simultaneously TNF-a and IL-17, as in an ongoing study in
PsA (149).

Psoriatic Arthritis

Psoriatic arthritis (PsA) is a chronic, immune-mediated,
inflammatory disease dominated by a heterogeneous phenotype
that mainly affects peripheral and axial joints, entheses, skin,
and nails, leading to juxta-articular new bone formation, bone
erosions and abnormal keratinocyte proliferation (31, 150).

Interactions between genes and environmental triggers,
including infections, trauma, stress, obesity and smoking are
recognized as crucial for the onset of the autoimmune process
in PsA. Furthermore, the disruption of the gut microbiota
composition in PsA patients is supported by consolidate evidence
(151, 152).

The main effector cells of the inflammatory cascade, both in
joints and in plaques of patients with PsA, are DCs, macrophages,
NK cells (153, 154), mast cells, neutrophils (155, 156), y3 T cells
(157), T CD4* and T CD8 T cells.

All the ones above described have a predominant IL-17
secretory phenotype (41, 158), defined by the production of
cytokines such us IL-17, IL-22, and TNFa; however, T CD47 cells,
as the major source of IL-17, are considered the cornerstone in
the pathogenesis of psoriasis (157, 159).

Specifically, DC-derived cytokines, IL-23 and IL-12, drive the
differentiation of distinct Th17 and Thl cells, which are known
to be implicated in the pathogenesis of PsA. Activated T cells
move from the circulation to the target organs, and chronic
inflammation occurs in the skin and joints.

Accordingly, increased numbers of Th17 cells were detected
in the blood and affected skin of patients with psoriasis and in
the blood and synovial fluid of patients with PsA. Furthermore,
the assessment of the expression of IL-23, IL-17, and their
related receptors in psoriatic skin lesions and inflamed synovium
supports the concept of IL-23/IL-17 axis as a driving force of
immune inflammation in psoriasis (160-164) PsA synovitis is
characterized by significant infiltration of mononuclear cells, T
and B cells, vascular proliferation and hyperplasia of synovial
lining cells, similar to the pathological changes observed in RA
(165). Additionally, ectopic lymphoid tissues were frequently
found in PsA synovial membrane with microanatomical features
for germinal center formation, capable of antibody production
(166). The role of B cells in PsA is still elusive; a recent study
reported that autoantibodies against a peptide sharing sequence
homology with skin and entheseal autoantigens were detected in
85% of patients with PsA (167).

