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Abstract

Psoriasis is a common multifactorial autoimmune disease of the skin, and in a large percentage of
patients, immune responses involve nail and joint pathology, which develop psoriatic arthritis
(PsA). Historically, T helper 1 (Th1)-derived-1FN-y was abundantly detected in psoriatic skin and
its correlation with development and severity of PsO, led to an early classification of psoriasis as a
Th1l-mediated disease. Investigations of the cellular and molecular mechanisms of PsO
pathogenesis in recent years, together with impressive results of biologics against interleukin 17 A
(IL-17) have shifted focus on IL-17A. However, the contributions of IFN-vy in IL-17 induced
pathology and its involvement in the development of PSA have been largely overshadowed. This
review summarizes the current knowledge on IFN-y and provides new insights on the contribution
of IFN-y to PsO and PsA disease pathogenesis and development.
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1. Introduction

Psoriasis (PsO) is a common skin disease affecting 2-3% of the population worldwide [1, 2].
It can be fairly diagnosed as characteristic red colored plaques with well-defined borders and
silvery-white dry scale, located on elbows, knees, scalp, and in the lumbosacral area [1, 3].
Approximate 20-30% of PsO patients develop psoriatic arthritis (PsA), a chronic, immune-
mediated, inflammatory arthropathy that is characterized by inflammation of the joints and
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entheses, including those of the axial skeleton [4-6]. The pathogenic features of PsA in the
skin and joints include neutrophil infiltration of the dermis and epidermis with keratinocyte
hyperplasia and synovio-entheseal inflammation which is characterized by increased
angiogenesis and immune cell infiltration respectively.

IFN-7y is a member of a family of proteins originally identified by their capacity to non-
specifically protect cells from viral infection [7]. This protein family is divided into three
classes on the basis of structural and functional criteria as well as the ir ability to bind
receptor complexes on the cell surface. Type | IFNs are primarily induced in response to
viral infection of cells and have been further subdivided into groups (IFN-a./p/w) based on
their cellular origin [8]. Type I, now known as IFN-vy, is produced predominantly by T
lymphocytes, NKT cells and natural killer (NK) cells following activation by immune and
inflammatory stimuli rather than viral infection[7]. Type Il interferon is also an important
regulator of innate antifungal immunity [9]. In this review we will focus on IFN-y because
although Type I and Il interferons are induced in viral immunity type I, IFN-vy is induced
by IL-12 family of cytokines which are known to play a role in autoimmune diseases. In
fact, the role of IFN-y in autoimmunity has been noted since the early 1990’s by clinical
observations whereby a single intradermal injection of IFN-v in the skin of PsO patients was
sufficient to induce psoriatic lesions [10, 11]. As T helper 1 (Th1)-derived-IFN-y are
abundant in PsO lesionsand non-lesional psoriatic skin (NLP) a positive correlation with
development and severity of PsO led to PsO early classification as Th1-mediated disease
[12-15]. Despite the initial enthusiasm the recent success of biologics targeting the I1L-23/
IL-17 axis has diverted attention from IFN-vy, however its contribution to disease
amplification should not be underestimated. In recent years, accumulating research has
demonstrated a major role of IFN-vy in disease development which encourages a
reassessment of the contribution of IFN-y to PsO and PsA pathogenesis. Herein we present
some detailed analysis of the critical cellular and molecular pathways that can induced
specialized cells in skin and joint tissues which are paramount for the pathogenesis and
clinical manifestations as commonly observed in PsO and PsA patients.

2. IFN-y and IL-17A signaling working separately in gene regulation

Members of the IL-12 family of cytokines induce IFN-y expression, with IL-12 being the
main inducer of IFN-y producing Th1 cells. IL-12 is composed of the 1L-12p40 subunit and
the 1L-12p35 subunit, and the heterodimer signals through the 1L-12 receptor (IL-12R),
which comprises the IL-12RB1 and I1L-12RB2 subunits. IL-12 stimulates Janus kinase 2
(JAK2) and tyrosine kinase 2 (TYK2) activity, leading to phosphorylation of signal
transducer and activator of transcription (STAT) family members STAT1, STAT3, STAT5
and, in particular, STAT4 homodimers [16]. Although IL-12 shares the p40 subunit with
IL-23 and both signal via the IL-12RB2 subunit, the competitive signaling does not diminish
IFN-B production as IL-23 signaling induces the expression of IFN-p in other cell types
including Tregs, CD56PM9Nt NK cells, Th17 cells and non-conventional T cells such as y8 T
cells [17], [18], [19].

As a pleiotropic cytokine, IFN-y regulates many cellular functions and plays a key role in
innate and adaptive immunity. IFN-vy exerts its downstream influence by binding to the IFN-
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v receptor (IFNGR) which results in recruitment and activation of the Janus kinases (JAK)/
signal transducer and activator of transcription (STAT) signaling pathway [20]. Specifically,
the IFNGR is a pre-assembled hetero tetramer made of two IFNGR1 and two IFNGR2
subunits, associated with JAK1 and JAK2 kinases, respectively [21]. JAK mediated IFNGR
phosphorylation allows binding and phosphorylation of cytoplasmic STAT1, which is then
translocated to the nucleus as a transcription factor and bind GAS (IFN-y-activated site)
elements present in the promoter of IFN-stimulated genes, such as interferon regulatory
factor 1 (IRF1), major histocompatibility complex (MHC) class I, and CD95, thereby
controlling their transcription [8] (Figure 1). Although IFN-y and IL-17A have no apparent
signaling similarities as far as the recruitment of downstream effectors and transducers is
concerned, signal convergence and gene regulation is much more discrete and both IFN-y
and IL-17A signatures are detected in lesional psoriatic skin [12, 22]. As IFN-y induces
myeloid dermal dendritic cells that expand IFN-y and IL-17A producing T cells, and more
importantly Th17 cells produce both IFN-y and IL-17A gene regulation of IFN-y is not
easily distinguishable from IL-17A in psoriasis [23, 24]. Moreover, in multiple studies the
transcriptomic analysis of IFN--y treated healthy and psoriatic skin shows a marked
upregulation of IL-23 which further amplifies the IL-17A signal [8] [11]. IFN-vy treatment
induced keratinocyte expression of approximately 800 genes most notably the chemokines
CXCL9, CXCL10 and CXCL11, which bind to CXCR3-bearing, activated T cells and are
thought to be involved in T-cell trafficking to psoriatic dermis and overlying epidermis [25].
In the same study side to side comparison of keratinocyte gene expression between IFN-y
and IL-17A stimulation also highlight the differences as well as the overlap in gene
regulation. Other studies using the Reconstructed Human Epidermis (RHE) model, a full
thickness epidermal skin structure, consisting of normal human-derived epidermal KCs
organized into basal, spinous, granular, and cornified layers, analogously to those found /n
vivo have also demonstrated differences as well as the overlap in gene regulation by IFN-y
and IL-17 [26]. However, the accuracy of the human /n vitro models are questionable.
Comparison of the psoriatic transcriptome to the transcriptomes of cytokine-stimulated
cultured keratinocytes with IL-17 and IFN-vy, revealed very little overlap, (below 6%) of the
lesional psoriatic dysregulated transcriptome, emphasizing the need for more complex yet
tractable experimental models of psoriasis [27].

3. IFN-y and PsO transition to PsA

IFN-y receptor complex is highly expressed in resident epidermal keratinocytes, which
makes keratinocytes a prime target of IFN-y signaling. Upon IFN-y exposure, psoriatic
keratinocytes show aberrant hyperproliferation and terminal differentiation and
neutralization via the RAS signaling pathway [28]. In these murine experiments,
neutralization of IFN-y but not IL-17A markedly reduced KC proliferation suggesting that
multiple pathways other than IL-17A could possibly be activated by IFN-y[28]. Indeed,
besides inducing keratinocyte hyperproliferation, IFN-y also favored the keratinocyte
expression of numbers of effector molecules, including adhesion molecules, cytokines, some
chemokines, and their receptors and MHC pathway molecules, to accelerate PsO
pathogenesis [29]. One such adhesion molecule that is induced in keratinocytes by IFN-y
but not IL-17 is CEACAML1 (Carcinoembryonic antigen-related cellular adhesion molecule
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1) which as cell-surface glycoprotein that contributes to the persistence of neutrophils and
thus to ongoing inflammation in psoriasis [30]. Oher groups in experiments utilizing IFN-y
and IL-17A deficient mice demonstrated that IFN--y, but not IL-17A, is necessary for IL-21-
induced epidermal hyperplasia [31]. Other variations in IFN-y and IL-17A signaling may be
critical for the initiation, development and severity of PsO as well as the transition to PSA.

IFN-y-producing T cells were also increased in peripheral blood of PSA patients and
frequencies of polyfunctional T-cells correlated significantly positively with Disease
Activity in PSoriatic Arthritis (DAPSA) [32]. The polyfunctional T cells were Thl and Th17
and interestingly, a significant proportion of synovial T-cell subsets were triple-positive for
GM-CSF, TNF, and either IL-17A or IFN-y [32]. Previous studies have also demonstrated a
correlation of PsA disease with IL-17A and IFN-y producing cells while inversely
correlated with 1L-10-producing B cells [33]. The frequency of circulating CD8*IL-17* and
CD8*IFNy™* T-cells are also raised in PsA and was shown to discriminate PsA patients from
psoriatic patients without joint involvement [34]. These data suggest that suggest that
increased circulating levels of IFN-y and IL-17A-producing CD8" T-cells are linked to joint
inflammation and damage in PsA. Interestingly these data have been corroborated by
independent reports demonstrating that the beneficial effects of Abatacept treatment on PSA
joint manifestations are accompanied by a significant reduction of the levels of circulating
IFN-y producing CD8* T-cells [35]. In keeping with T cell involvement the Interferon
gamma-induced protein 10 also known as CXCL10, which acts as a chemoattractant to T
cells and promotes T cell adhesion to endothelial cells, has been closely associated with PSA
that has been considered as a possible biomarker for the development of PsA among PsO
patients [36]. However, other IFN-y-inducible chemokines including CXCL9, CXCL11 and
CXCL12 that result in the recruitment of monocytes/macrophages, T cells, NK cells, and
dendritic cells, were also detected in PSA synovial fluid and serum [37].

4. IFN-y and innate immunity

Despite the evident presence of T cells, the importance of myeloid cells in PsA has been
documented by activation of antigen-presenting cells in PSA patients suggesting a
pathogenic role for innate immunity[38]. Similarly, earlier studies where the pattern of
cytokine production revealed a strong signature of TNF, IL-1f, and IL-10 in human PsA
synovium have confirmed the importance of innate immunity [39]. In fact, the role of innate
immune cells and especially dendritic cells which are professional antigen-presenting cells
that activate T cells could play critical roles in PsO to PsA transition as they are an important
source of pro-inflammatory cytokines and chemokines in PsO and PsA [40]. IFN-vy in the
psoriatic skin and synovium activate APC in the early disease stage to act as an upstream
cytokine in the IL-23/IL-17 axis [41]. IFN-vy is therefore responsible in programing myeloid
dendritic cell and macrophages to produce CCL20 (ligand of CCR6) and secrete 1L-23 and
IL-1, thus favoring IL-17-producing cell recruitment and activation to further promote the
cycle of inflammation [41]. Accordingly blockade of IFN-y using a neutralizing humanized
anti-IFN-y antibody, HUZAF resulted in the downregulation of DC-derived products,
including 1L-23p19, I1L12/23p40, CXCL9 and iNOS, further confirming IFN-y regulation on
DC activity [42].
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As multiple innate immune cells contribute to the production of systemic high levels of IFN-
«y which are present in psoriatic plaques and in the PsA patient synovial fluid the initial
source of IFN-y may vary. The principal source of IFN-y other than T cells is natural killer
(NK) cells, although activated macrophages and dendritic cells also secrete IFN-y [43]
(Figure 2). Elevated production of IFN-y was observed in NK and NKT cells isolated from
lesional psoriatic skin and the number of IFN-y* iNKT cells correlated with psoriasiform
hyperplasia and the Psoriasis Area and Severity Index (PASI) [44]. Mast cells are also
especially enriched in regions exposed to the external environment such as skin,
gastrointestinal tract, and airways, and their number has been reported to increase in PsO
[45] and inflammatory arthritis [46]. Increased production of IFN-y may also support the
activation of endothelial in dermal to allow the infiltration of immune cells from the
peripheral blood into the lesional psoriatic skin [47]. Therefore, the multiple cell types of
innate and lymphoid origin which serve as IFN-y sources may account for the
diversification of pathogenesis observed in PsO and the complexity of tracing the transition
to PsA (Figure 2). Although neutrophil and macrophages do not secrete IFN-vy, they express
cognate receptors that respond through the activation of transcriptional programs leading to
cell differentiation, and immune responses. For example, CD163" macrophages, were
identified as a subpopulation of classically activated macrophages in the presence of the
IFN-+y cytokine environment in PsO [48]. Further microarray analysis of /n vitro monocyte-
derived macrophages stimulated with IFN-y resulted in the upregulation of genes commonly
found in PsO or PsA, including STAT-1, CXCL9, HLA-DR and other inflammatory
mediators including I1L-23p19, IL-12/23p40, TNF, and inducible nitric oxide synthase
(iNOS) [48]. Therefore, the expression levels of IFN-y and the proximity (tissue
localization) to cellular targets within skin and joint tissue may also account for the variation
we observe in PsO to PsA transition.

5. IFN-y in synovitis and bone erosion

The majority of PsA patients develop bone erosions, leading to increased morbidity and
decreased quality of life [5]. As the only specialized bone-resorbing cell, the osteoclast and
the frequency of osteoclast precursors (OCPs) correlate with radiographic bone erosions and
are elevated in a subset of PsA patients [49]. IFN-y expression was shown to correlate with
psoriatic arthritis and tissue destruction especially in sites of osteolysis [50]. However, this
association could not be attributed to a direct effect of IFN-y in osteoclasts or osteoclast
precursors since IFN-vy is known to inhibit RANKL-mediated osteoclastogenesis by
inducing rapid degradation of TRAF6, the critical RANK adapter protein, resulting in strong
suppression of the RANKL-induced activation of NF-kB and JNK [51]. In keeping with the
inhibitory actions of IFN-y on RANKL-induced osteoclastogenesis long-term treatment
with recombinant IFN-y has also been shown to be efficacious in osteopetrosis treatment in
humans [52]. In the same study that demonstrated the effects of IFN-vy in inhibition of
osteoclast formation, surprisingly mice defective in IFN-y have a more rapid onset of
arthritis and bone resorption compared with wild-type mice [51]. This is because IFN-y
shifts monocyte precursor differentiation to macrophages rather than DC which in turn
produce pro-inflammatory mediators and pro-osteoclastogenic factors such as TNF [53].
The increased inflammatory infiltrate and cytokine milieu favors RANKL-independent
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pathways which allows osteoclastogenesis and bone resorption to occur regardless RANKL
inhibition [54]. The present results suggest that relative expression of RANKL and IFN-y
will dictate whether osteoclasts are induced or inhibited, which means that the balanced
expression of these two molecules by activated T cells may be a major mechanism by which
T cells control the fate of osteoclasts. Additionally, the timing of IFN-y encounter by the
osteoclasts and/or its precursors is an important determinant of its biological function during
in vivo osteoclastogenesis. In the case of peripheral osteoclast precursors that have not
encountered osteoclastogenic quantities of RANKL, IFN-y rapidly induces macrophage
activation and NO production for immune responses. The dominance of IFN-y over
RANKL allows macrophage activation even in the presence of RANKL expressed on
circulating activated T cells. In contrast, peripheral blood macrophages exposed to RANKL
may be less responsive to the IFN-y immunoregulatory effects on macrophage activation,
and may thus be better suited for bone resorbing functions. This notion is confirmed at least
in vitro, where pre-osteoclasts stimulated with RANKL for 2 days are rendered resistant to
the IFN-y- induced inhibition of osteoclastogenesis, NO production, and upregulation of
CD11b and RANK surface expression [55]. Despite the intriguing interplay between IFN-y
and RANKL it should be noted that the levels of RANKL increase significantly on synovial
cells and infiltrating T cells in PsA and other inflammatory bone diseases to induce
osteoclastogenesis despite the presence of exogenous or endogenous IFN-y [56].
Interestingly, this resistance is not mediated by JAK-STAT1 pathway inhibition, as STAT1
phosphorylation, is preserved in the late osteoclastogenesis, suggesting that RANKL
modifies downstream of STATL1 to influence IFN-vy effects [55]. Another important point is
that in vivo, the presence of IFN-vy is accompanied by other cytokines such as IL-17A which
also induces myelopoiesis and RANK expression therefore it is very likely to dampen the
inhibitory effects of IFN-y [57] [58]. Future studies designed to understand IFN-vy signaling
in mature osteoclasts /n7 vivo are needed to better understand inflammatory bone remodeling.

6. Concluding remarks

The interplay of cytokines with multiple cell types and the activation or inhibition of
immune responses largely regulates autoimmunity. The effects of IFN-y, on multiple cell
types in distant tissues keratinocytes in the skin and osteoclasts in the bone suggest that IFN-
¥, may regulate basic mechanisms related to PSA pathogenesis. However, elimination of Thl
cells or Thl cytokines did not prevent the development of autoimmunity. In fact, the loss of
IFN-vy, IL-12 p35, or IL-12Ry2, all of which induce Th1 cell responses, made mice more
susceptible to developing autoimmune diseases [59]. Therefore, this data suggests that IFN-
v signaling may control both activation and inhibition of immune responses that lead to
different functional outcomes.
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Highlights
. Levels of IFN-y in synovium and lesional skin correlate with disease severity
and therapy evaluation
. IFN-+y effects directly skin resident cells (keratinocytes) and bone resident

cells (osteoclasts) thereby playing critical roles in skin and joint pathology
commonly observed in psoriatic arthritis.

. IFN-+y is activating antigen-presenting cells early in the psoriatic cascade as
an upstream cytokine of the I1L-23/IL-17 axis.
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Figure 1. IFN-y and IL-17 signaling pathways working together, separately.
Upon binding of IFN-y, IFN-y receptor—associated (IFNGR-associated) JAKs

phosphorylate STAT1, leading to the formation of STAT1 homodimers. STAT dimers
translocate to the cell nucleus and activate gene expression by binding to another class of
IFN response elements, the GAS. Upon binding of IL-17A, heteromeric IL-17RA and
IL-17RC recruit TRAF6, TRAF2 and TRAF5 via Actl. Activation of TRAF6 results in the
triggering of NF-xB, C/EBP, and MAPK pathways. TRAF2 and TRAF5 transduce the
IL-17 signals to stabilize mRNA transcripts of chemokines and cytokines. TRAF: TNF
receptor associated factor, IKK: inhibitor of kappa B kinase.
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Figure 2. Cellular mechanisms of IFN-y function and functional outcomes in PsO and PsA
pathophysiology.

Schematic representation depicting IFN-y expression by multiple cell types including T
helper 1 cells (TH1), T helper 17 (Th17), CD8* T cells, y8T and NK/NKT, cells, the target
cells of IFN-vy including dendritic cells, macrophages, NK/NKT and mast cells,
keratinocytes and osteoclast precursors. Functional outcomes likely to influence the
pathophysiology of PsO and PsA by the interaction of IFN-vy producing and responding
cells are also depicted including release of cytokines and chemokines to increase Th17
recruitment and differentiation, aberrant hyperproliferation of keratinocytes and terminal
differentiation of osteoclasts likely to promote and/or inhibit skin and joint inflammation.
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