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Abstract: Psoriatic arthritis (PsA) is characterized by delays in diagnosis and modest effect of treatment
in terms of joint response. An understanding of molecular pathomechanisms may aid in developing
diagnostic and prognostic models. Genetic susceptibility (e.g., HLA class I genes, IL-23-related genes)
can be responsible for the pattern of psoriatic manifestations and affinity for tissue involvement. Gene
expression analysis indicates an inflammatory profile that is distinct for PsA, but disparate across tissues.
This has clinical implications, as for example, dual blockade of IL-17A and IL-17F can lead to superior
clinical effects if there is differential expression of IL-17 receptors in tissues. Structural and functional
impairment of barrier tissue, including host-microbiome interactions, may be the source of immune
activation. Interplay between different cell populations of innate and adaptive immunity is emerging,
potentially providing a link between the transition of skin-to-joint disease. Th17 subsets, IL-17A, IL-17F
and IL-23 are crucial in PsA pathogenesis, with both clinical and experimental evidence suggesting a
differential molecular landscape in cutaneous and articular compartments.
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1. Introduction: Burden of Psoriatic Arthritis and Importance of Early Diagnosis

Psoriatic arthritis (PsA) is a complex, multi-system disease that includes both articular
and extra-articular features. Of the musculoskeletal manifestations, enthesitis, dactylitis,
peripheral arthritis and axial joint involvement are common [1]. The burden of PsA is shaped
by frequent hospitalizations and comorbidity, which contribute to a chronic and progressive
natural history that often impairs daily life [2–4]. The economic burden of psoriatic arthritis is
more substantial than that of psoriasis (PsO), with PsA associated with increased healthcare
expenditures, necessity for more frequent sick leave and increase in physical disability [5].

The diagnosis of PsO usually precedes a diagnosis of PsA. Average age of onset is
approximately 30 to 50 years [6]. Prevalence shows no apparent sex predilection and
increases with the time since diagnosis, with some studies reporting rates of 5% at 20 years,
while others have observed prevalence of over 20% at 30 years [2,6]. The pooled prevalence
and incidence rate have recently been estimated as 133 per 100,000 persons and 83 per
100,0000 person years, respectively [7].

A cohort comparison of PsA patients presenting with early and established disease
suggests that delayed diagnosis leads to greater clinical progression [8]. The importance of
prompt diagnosis is illustrated by studies that have shown that a several month delay from
symptoms onset leads to poor physical function and progressive joint erosion [9]. It should be
noted that the lag time from actual disease onset is difficult to pinpoint and accurately describe.
The stage at which a patient experiences skin and joint problems does not necessarily imply
early PsA, as such findings can be otherwise explained and noncontributory. Two-thirds of
PsO patients that report musculoskeletal pain have never seen a rheumatologist and delays
in treatment are common [10,11]. Cautious assessment and follow-up by an experienced
rheumatologist / dermatologist are warranted; however, there is a real need for reliable
biomarkers that could aid in diagnostic and prognostic prediction of psoriatic disease.
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2. Wide Scope: A Broad Overview on the Pathobiology of Psoriatic Arthritis

Numerous immune cells regulating innate and adaptive responses are increasingly
recognized as potential players in the pathogenesis of PsA. Although the interleukin (IL)
23-T helper 17 (Th 17) axis is essential in the development of PsA, there is considerable
interface with TNFα and downstream inflammatory signaling. Persistent activation and
synergistic interplay between these cytokine pathways could exert effects not only on the
skin and joint, but also extend to vasculature and other organs. This may contribute to
enhanced progression of atherosclerosis and/or metabolic disease.

It is well established that cardiovascular (CV) and endocrine co-morbidity is a common
presentation of psoriatic disease, also present in the spectrum of spondyloarthropathy and
systemic inflammatory joint diseases. However, not all inflammation is the same. Different
cytokine hubs (e.g., TNFα and the IL-23 – IL-17 axis in psoriatic disease versus IL-6 and
TNFα as a central cytokine network in rheumatoid arthritis (RA)) and index condition specific
features (e.g., adipocytokines in obesity, inflammaging in elderly, and uremia in chronic kidney
disease) may alter the affinity for organ injury, impairment and thus clinical presentation.
Studies have shown that gene expression is similar in synovium and skin of PsA patients,
but distinct from other rheumatic diseases. Interestingly, the presence of an autoantibody
that cross-reacts with an epitope shared by skin and articular antigens has recently been
shown to be detectable in 85% of PsA cases (while rare in rheumatoid arthritis (RA) and not
present in healthy controls [12]. However, a single, unified molecular pathomechanism for
PsA and PsO seems unlikely. Firstly, numerous genes are differentially expressed in paired
skin and synovium, even after adjustment for tissue-specific genes [13]. Furthermore, the
clinical phenotype and treatment-related response is highly heterogeneous.

Increasing data from experimental studies suggests that the skin, joint and mucosal
surfaces are barrier tissues, which can become the origin point of inflammatory disease
in the context of favorable genetic susceptibility and environmental triggers (e.g., trauma,
infection and dysbiosis), which lead to immune priming and dysregulation. A theoretical
rationale can be drawn from observations that immune barriers (e.g., tight junctions,
antimicrobial peptides, immunoglobulin A translocation and immune cell infiltration) in
intestinal epithelium are modulated by cytokine signaling, which is thought to prevent
pathogen or microbial-byproduct translocation (which in turn would activate immune
cells). Leukocyte subpopulations, including neutrophils, macrophages, T effector cell
subtypes and other subsets could be the driving populations of inflammation in vascular
bed, articular tissue and cutaneous lesions [14–16].

The gut microbiota is described as the largest endocrine organ, but it is also a modu-
lator of lymphoid tissue. Its function has been tied to a variety of chronic diseases (e.g.,
obesity, insulin resistance and atherosclerosis) and can be explained as being related to
structural and/or functional impairment of the intestinal barrier, alteration of microbiome
composition, promotion of pro-inflammatory signaling pathways or generation of harmful
metabolites [16–18]. Innate immune cells that are sentinels in barrier tissues can be acti-
vated in response to injury or pathogens, which can lead to production of factors, such
as IL-17, that are responsible for intestinal integrity, secretion of epithelial proteins with
antimicrobial activity, and chemokines that recruit neutrophils into endangered tissues [19].
Murine models of psoriasis indicate that the alterations in the microbiome can enable the
development of skin disease, while certain commensals could be the source of autoantigens
due to molecular mimicry, and thus promote autoreactive T cell activation [18].

Dysbiosis is tied to chronic activation of dendritic cells (DCs), which secrete IL-23, acti-
vating innate lymphoid cells (ILC) 3s, γδ T cells and natural killer (NK) T cells. Protective
effects of IL-17 and IL-22 are imbalanced by proinflammatory TNFα, IL-1 and IL-6 [17]. Dys-
biosis characterized by reduction in butyrate-producing bacteria is a feature of inflammatory
diseases, including PsA and PsO, which can weaken the physiologic properties of the intesti-
nal barrier and promote antigen stimulation [18]. The process of intestinal inflammation is
often linked with increased permeability and translocation of pathogen-associated molecular
patterns. It is suspected that extended crosstalk between microbiota and immune subsets
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occurs. Bacterial DNA can be found in vascular or psoriatic lesions, and distinct microbial
presence can be tied to PsO or CV risk [16–18]. Certain characteristics of innate immunity
(e.g., antimicrobial peptides) are indeed distinct across skin and articular compartments in
PsA and PsO [20]. Studies on murine models indicate that environmental triggers, such as
dietary intake, may promote IL-17A-producing γδ T cell proliferation and Th17 cytokine
expression. IL-23 minicircle delivery was shown to promote lower microbial diversity and
dysbiosis. However, following a switch to standard diet, partial regression of these changes
was noted [21]. Similarly, the use of antibiotics can suppress gut microbiota and reverse diet
induced arterial stiffness and endothelial dysfunction [22].

A conceptual framework for the pathobiology of PsA and specific disease phenotypes
has recently been reviewed [23,24]. In brief, the articular-dominant disease has been tied to
HLA-B*08:01:01, C*07:01:01, which is linked with CD4+ Th1 cell and IL-17+ CD8+ T cell
activity, and susceptibility to TNF alpha inhibition. Skin phenotype of PsA was in turn
associated with HLA-B*57:01 and HLA-C*06:02, with a driving subset of Th17 cells and
potentially greater response to IL-17/23 inhibition. Finally, entheseal (with or without axial
involvement) disease can be related to HLA-B*27:05:02, with mixed interactions between
CD4+ Th1 cells, IL17+CD8+ T cells and CD4+ Th17 cells [23,24].

Parallels may be drawn between dysfunctional innate and adaptive immune response
in PsA and PsO. A combination of genetic susceptibility (e.g., genes for major histocompat-
ibility complex (MHC) class I system, IL-23 and IL-12 beta signaling) and environmental
factors (e.g., infection with introduction of specific pathogen associated molecular patterns
or trauma with aberrant processes of microinjury and repair) are suspected to incite an
aberrant immune cascade [25–30].

Despite overlapping features, clinical observation shows that skin disease often, but
not always, predisposes to arthritic manifestations [28,31–33]. Several HLA-B and HLA-C
alleles, but also non-HLA genes tied to immune responses (e.g., tied to IL-23 or IL-17
pathways) have been shown to be associated with PsA-specific characteristics. Further,
certain similarities to non-psoriatic spondyloarthropathy are apparent in genetic and histo-
logical studies (e.g., vascularity, peripheral mononuclear cell presence, lack of intracellular
citrullinated protein), thus emphasizing the complexity of PsA etiology [28,34–38].

3. Genetic Profile May Shape Disease Phenotype

Preference of HLA molecules to bind the positively charged amino acid at position
2 and 3 has been tied to PsA susceptibility, while conversely, B*40:01 and B*44:01 (associated
with preference for the negatively charged amino acid position) are considered to have a
protective effect. A relationship between HLA-C*06:02 and risk for dominant skin disease
with delayed joint involvement is described, while mild skin disease simultaneous with
musculoskeletal manifestations could be attributed to B*27:05:02. It appears that the specific
HLA genotype can also be tied to some patterns of disease, such as symmetric sacroiliitis, or
manifestations of enthesitis and dactylitis, both more common with B*27:05:0. In turn, B*08:01
is linked with asymmetric sacroiliitis [37,39,40]. Examining the genetic profile (e.g., HLA-
C*06:02) has also provided evidence that genotype can be tied to treatment response [41,42].
Insertion and deletion in the genome is also of significance for the development of skin disease,
and may yield additional explanation for the heterogeneity of manifestations [43]. Cautious
interpretation of findings is still necessary as certain confounding factors may be present. For
example, recent studies have demonstrated a lack of protective effect of HLA-C*06:02 for
PsA [31]. Moreover, studies have examined HLA genetic determinism of treatment response
with conflicting results regarding different types of cytokine-inhibiting agents [44].

4. The IL-23-Th17 Axis Shapes the Molecular Landscape of Skin and Joint Pathology
in Psoriatic Arthritis

Immune dysregulation with abnormal cytokine levels and various aberrant immune cell
phenotypes is considered to underlie PsA pathogenesis (details in Figure 1) with a central role
of the IL-23-Th17 axis [23,24,45]. Immune cell profiling has been shown to differentiate PsA
and PsO, which suggests that these conditions have distinct immune cell networks [46].
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Figure 1. A proposed schematic of psoriatic arthritis pathogenesis with associated points of origin and cellular interactions.
Panel A shows three main factors that interact with and shape the psoriatic sub-phenotype: (1) genetic susceptibility
(e.g. gene alterations involving T-cell activity, IL-23/Th17 signaling or TNF pathways), which could dysregulate an
immune response (also mechanisms akin to spondyloarthritis, in which HLA-B27 misfolding can enhance IL-23 production),
(2) infection or dysbiosis, which disturbs skin and gut microenvironment and can incite pro-inflammatory responses by
contact with pathogen- or damage- associated molecular patterns (PAMPs/DAMPs), (3) biomechanical stress that leads to
processes of injury and repair, which, if augmented due to genetic predisposition (e.g., entheseal disease susceptible to low
mechanical stress and MHC Class I or IL-23 receptor polymorphisms), could influence resident immune cell populations
towards production pro-inflammatory cytokines. Panel B and C depict pathological processes in gut and entheseal tissues
that could incite, uphold or alter the immune processes leading to PsA (e.g., certain strains can augment Th17 type
responses; IL-23 production following endoplasmic reticulum stress can be triggered by bacteria; for a detailed discussion
on pathobionts in spondyloarthropathy see [47]). In entheses and/or gut mucosa, triggers such as PAMPs/DAMPs engage
a variety of local cells, promote IL-23 production and stimulate immune cell infiltration and production of cytokines.
Depending on the tissue, IL-17 and IL-22 may have positive or negative effects on barrier integrity that are weighed
with respect to inflammatory TNF-alpha, IL-1 and IL-6 activity. Panel D complex interactions between immune cells and
microenvironment can lead to bone remodeling (based on [23], more detailed discussion on pathways is provided therein).
Antigen-presenting cells release a host of cytokines in response to stimulus (e.g., IL-1beta, IL-6, TNFα, PAMPs/DAMPs) and
can also present self-antigens. Th1 and Th17 cells respond and produce several cytokines and growth factors, as depicted,
that jointly interact to regulate ongoing processes of osteoblastogenesis/osteoclastogenesis. Bone resorption or new bone
formation can alternate depending on the shift between cellular interactions and respective signaling. For example, the
effects of cytokines could be stimulating or inhibiting depending on a number of additional factors (e.g., local cytokine
milieu or state of cell differentiation).
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The following references were the basis for the figure and interpretation [17,23,24,45,48].
Th17 cells are T cells characterized by expression of retinoid-related orphan receptor

γt (RORγT), regulation by IL-1 and IL-23 signaling and production of IL-17A, IL-17F, IL-21
and IL-22 [15,19,49–51]. Studies show IL-17 is a dimer cytokine produced by activated
T cells and CD4+CD45RO memory cells. Its production can be stimulated by microbes
or cytokines, such as IL-6 or IL-18 [52]. Signal transducer and activator of transcription
(STAT) 3 and RORγT signaling are critical in Th17 cell differentiation and production of
IL-17A, IL-17F, IL-21 and IL-22. T regulatory/Th17 balance can be suspected to play a role
in regulation of immune responses [49–51,53]. Several different cell types may produce
IL-17 and are often ascribed roles in barrier tissue surveillance. These subsets include NK
T cells, lymphoid tissue inducer (LTi) cells, γδ T cells, ILCs and myeloid cells. All may play
a role in PsA pathogenesis [19,24].

The local cytokine milieu and interactions with other immune cells (e.g., DCs) lead to
a naïve CD4+ T cell shift towards specific populations. IL-17 and IL-22 secreting T cells are
present in various tissues from PsA and PsO patients. CD4+ T cells are a likely source of
IL-17 and IL-22 in the peripheral blood. Significantly increased frequencies of IL-17+CD4+
T cells and IL-22+CD4+ T cells are observed in arthritic patients, and are associated with
IL-17 and IL-22 production [54,55]. Importantly, IL-22 is tied to transition of mesenchymal
stem cells into osteoblasts, and is produced by a variety of cell subsets (e.g., γδ T, Th17,
Th22) [23].

The levels of Th17 cells and IL-17 are strongly linked to disease activity at both early
and late stages of PsA (of note, patients with controlled disease have reduced levels). Th17
cells are enhanced in the PsA joint (not only synovial fluid, but also articular tissue and
cutaneous lesions in PsA [56]) and characterizing these cells suggests they preferentially mi-
grate to articular areas due to expression of e.g., CCR4 and CCR6 [55]. The Th17 phenotype
is important for joint disease in PsA [57,58]. Analyses of the transcriptome from synovium
and peripheral blood in PsA support an autoimmune etiology due to upregulation of Th17-
related genes, elevated levels of IL-17 producing CD4+ T cells, and higher concentrations
of IL-17 and IL-23 in synovium [59]. In the articular compartment, production of IL-17 is
reliant on both T cell receptor activation and mesenchymal cell interaction, which contrasts
with that of IL-6 or IL-1beta [60]. It has also been shown that synovial tissue is enhanced
with polyfunctional Th1, Th17 and exTh17 cells as compared with peripheral blood. These
subsets correlate with disease activity. However, the molecular landscape in specific tissues
is not clear cut [13,61,62]. Expression of IL-17 is significantly marked in the skin of PsA
patients, while the synovium is rather characterized by IL-6, and both sites of pathology
seem to be tied to TNFα activity [13].

The synovium in PsA is characterized by angiogenesis, fibroblast activation and
inflammatory infiltrates of mononuclear character [57,63]. Synovial gene expression is
indeed distinct from skin in matched PsA samples. While TNFα was demonstrated to be
homogenously expressed in both tissues, IL23A/IL12B/IL23R was expressed at higher
levels in lesional skin (as opposed to non-diseased areas or synovium). Synovial gene
expression is apparently highly heterogeneous, which could be a factor explaining clinical
differences in treatment response [62]. Moreover, synovial fluid and tissue have distinct
cytokine expression in PsA [61,64].

Recent studies show that synovial IL-17A+CD8+ T cells share phenotypic and molecu-
lar characteristics with Th17 cells in PsA, and have a strong tissue-resident memory T signa-
ture and polyfunctional characteristics. They can produce a plethora of pro-inflammatory
cytokines (TNF, IL17A, IL-21 and IL-22) [65]. In PsA synovium, CD8+ memory T cells
are also more common than in PsO, and their potential significance as a driving subset is
emerging [64,66]. Studies have shown that IL-17+ CD8+ T cells are increased in synovial
fluid of PsA patients, and may thus exert direct pro-inflammatory and pro-osteoclastogenic
effects. This is consistent with observations that frequencies of this subset are tied to clini-
cal, serological and imaging-related characteristics of PsA (including erosive status) [64].
Cutaneous and articular manifestations are postulated to be bridged by interactions of
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myeloid and lymphoid-derived cells. Synovial fluid of PsA subjects is enriched with toll-
like receptor ligands, which could mediate cross-talk of inflammation in skin and joints [67].
Elevated levels of skin derived CD8+CCR10+ T cells have been reported in PsA and are
suspected to contribute to PsA development [66].

Levels of IL-17 are high in synovial fluid and tissue of patients with inflammatory
arthritis [68–70]. In comparison with healthy controls, IL-17-producing cells in synovial
fluid are significantly enhanced and secretion is correlated with TNFα [71]. Early stud-
ies of arthritis models showed that IL-17 can promote inflammation and joint damage
both in an IL-1-dependent and independent mechanism [72–75]. In murine models with
IL-17 deficient mice and/or antibody inhibition of IL-17, observations imply an impor-
tant role for IL-17 in developing synovitis. IL-17 may even mediate the transition from
acute macrophage-mediated articular inflammation to T-cell-mediated, chronic arthri-
tis [73,74,76]. Moreover, IL-17 inhibition is effective in reducing joint swelling and cartilage
damage in experimental models that are refractory to TNFα inhibition [77].

In other organs, such as the lung epithelium, IL-17 can induce chemokines and
promote leukocyte infiltration, which points to its pro-inflammatory role in a variety of
tissues [51]. IL-17 stimulates epithelial, endothelial and fibroblastic cells towards produc-
tion of cytokines and chemokines, including IL-6 and IL-8. It can promote expression
and synthesis of IL-1beta and TNFα in macrophages, which are crucial cells that infiltrate
inflamed articular tissue. IL-17 has also been shown to induce IL-6 and IL-8 production
by synovial cells (particularly in initial stages of inflammation), while IL-1beta and IL-17
have synergistic effects of IL-6 production, which itself is another key mediator of joint
inflammation [68,78–81]. IL-17 can also be tied to processes shaping autoimmunity, as for
example, it is reported to promote formation and regulation of germinal center structures,
by influence of CXC chemokine signaling and Rgs13/16 gene expression in B cells, which
could be a mechanism promoting generation of autoreactive antibodies [82].

Although reports show that IL-17A levels are not always correlated with disease
severity in PsA, high concentrations can be present in synovial fluid, which suggests
the importance of a local rather than systemic milieu [54,56]. However, although IL-17A
expression is high in synovium, the expression pattern of IL-17A, IL-17F and respective
receptors is heterogeneous, which could explain the limited efficacy of IL-17 inhibition
in patients belonging to a subgroup with low IL-17 expression [83]. It has recently been
demonstrated that neutralizing IL-17A has exceptional clinical effects in the resolution of
skin and musculoskeletal (including enthesitis and dactylitis) disease [84,85].

Studies have shown that IL-17A and IL-17F have significant expression in lesional
psoriatic skin and in cases of synovitis. The induction of pro-inflammatory mediators
by IL-17A and IL-17F is best brought about with synergistic activity of TNF, which em-
phasizes the importance of interactions between cytokines. Dual neutralization of IL-17A
and IL-17F leads to significantly greater inhibition of synoviocytes and dermal fibroblast
activation, as opposed to singular inhibition, which is reflected in downregulation of the
pro-inflammatory IL-8 and IL-6. Finally, these preclinical observations are confirmed by
clinical data that show a rapid and sustained joint and skin response to bimekizumab in
active PsA [13,83,86].

Research proposes several key interactions between cells of innate and adaptive im-
munity, as well as regulators of connective tissue and bone turnover. IL-17 production
is considerable in synovium from patients with inflammatory arthritis, while it has also
been shown to promote gene expression in osteoblasts, which could favor osteoclast differ-
entiation and bone remodeling which are characteristic features of PsA. On a molecular
level, it is hypothesized that T cells in the synovium promote cyclooxygenase-2 regu-
lated prostaglandin E2 synthesis in bone resident osteoblast or stromal cells, which in
turn induces osteoclast differentiation factor expression and signal transduction for their
maturation [68,69]. Patients with PsO have elevated levels of cytokines (e.g., IL-17A and
IL-6) and significantly lower bone volume and bony trabeculae, as compared with healthy
subjects. Based on data from murine models, IL-17A derived from skin could lead to
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systemic effects with reduced bone formation. In vitro evidence also shows IL-17A may
affect osteoblast and osteocyte activity [87]. Th17 cells have been suspected to alter bone
remodeling, potentially via the regulation of osteoclast progenitors and stromal expression
of receptor activator for nuclear factor κ B ligand (RANKL). An indirect regulatory effect is
suspected to be mediated via IL-17 activity, via stimulation of mesenchymal populations
of osteoblasts and fibroblasts, which in turn upregulates RANKL and promotes osteoclas-
togenesis. IL-17 and other Th-17 related cytokines could also exert inhibitory effects on
osteoblast and osteocyte differentiation [87,88]. Notably, IL-17A and IL-17F are potent
regulators of osteogenic differentiation and in vitro bone formation based on experimen-
tal studies on human periosteal cells [89]. More recent studies have shown that in PsA
synovial fluid, IL-17+CD4- T cells are mainly CD8+ T cells. Frequencies of these cells are
associated with indices of disease activity and erosive status, though their significance is
still unclear [64].

Tissue resident memory cells are another cell population of interest, which can persist
as a trace element of inflammation when psoriatic skin lesions regress, or could recirculate
across tissue via lymphatics. Their potential pathogenicity is underlined by ability to
produce IL-17 and IL-22. They could be responsible for initiation or relapse of psoriatic
lesions. However, their specific role in PsA is still emerging [66,90].

4.1. Moving beyond Singular Cytokine Effects—Synergistic Relationship between TNF Alpha
and IL-17

Synergistic effects of IL-17 and TNFα have been shown to affect hepatocyte production
of cytokines. However, IL-17 action needs to be antecedent to TNFα activity. Compound
activity of TNFα-IL-17 on regulation of keratinocyte genes is also reported [91]. Further, in
keratinocytes, IL-23 is induced by synergistic signaling of TNFα, IL-17A and epidermal
growth factor [92]. Synergistic induction of pro-inflammatory genes has also been demon-
strated in pre-osteoblastic cell lines [93]. Joint IL-17 and TNFα activity is more profound in
induction of chemokines such as macrophage inflammatory protein-3 alpha, which can
recruit CD4+ memory T cells and facilitate T cell responses [94]. IL-17 and TNFα may thus
promote systemic inflammation via IL-6 induction, and IL-6-independent immune cell
recruitment (e.g., IL-8-related neutrophil recruitment, chemokine production and DC/Th17
cell recruitment). It has been demonstrated that IL-17 and TNFα lead to expression of
TNF type II receptors, which in turn could enhance the response to TNFα and promote
production of downstream cytokines such as IL-6 and IL-8 [95]. TNFα, which is considered
a master cytokine of innate immunity, also plays an indirect role in the modulation of
psoriatic disease. It has been observed that clinical response to TNFα inhibiting agents is
reliant on inactivation of myeloid dendritic cell genes and suppression of the Th17 immune
pathway [91,96–98]. In PsA, TNFα blockade leads to reduction in parameters of systemic
inflammation, though IL-17 or IL-23 levels are not reduced, which suggests its role as a
component, rather than as a central mediator of cytokine cascades [99].

4.2. IL-23 Signaling Leads to Psoriatic Skin and Joint Disease

IL-23 is a heterodimer cytokine, which belongs to the IL-12 family and is composed of
an IL-12 shared p40 and unique p19 subunit. IL-23 production is ascribed to all antigen-
presenting cells, but also neutrophils, epithelial cells and secretory cells. It is an important
player in autoimmunity, which promotes Th17 differentiation [17,49,100,101]. IL-23 re-
ceptor (IL-23R) activation leads to phosphorylation of protein kinases Jak2 and Tyk2,
transcription of STAT3 and RORγ, and finally differentiation of Th17 cells that release
IL-17 [17,45]. Studies have examined T cell signal transduction pathway mapping and
demonstrated Jak1, STAT3 and STAT1 activation, which appears to mirror an inflammatory
process with expansion of T CD4+IL-17+ and T CD4+IL-23R+ Th17 effector cells in synovial
fluid of active PsA subjects [102]. Data from murine models also supports the importance of
persistent STAT3 activation and development of PsA specific features [88,103]. The clinical
relevance is exemplified in successful use of tofacitinib, a Jak inhibitor, for suppression of
IL-17 and IFN-gamma production in blood and synovium [45].
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IL-17 release by memory T cells is promoted by IL-23, which may lead to induction
of chemokines and recruitment of monocyte and neutrophil populations, but also to
promotion of co-stimulation and T-cell responses [104]. Both genetic and experimental
evidence suggest a role of IL-23, including downstream IL-17 and IL-22 activity, in psoriatic
skin disease [105–112]. It is also reported that greater frequencies of T cells expressing IL-23
receptor are present in skin as opposed to peripheral blood of matched PsA samples [54].
Human entheses are also described with a CD14+ myeloid subset, from which IL-23,
IL-1beta and TNFα are derived [113]. IL-23 and IL-1beta have been shown to promote
the shift from naïve CD4+ T cells towards Th17, in turn leading to production of IL-17A,
IL-17F and IL-22, which is viewed as a link between dysregulation of innate and adaptive
immunity [49,114–116]. The importance of IL-23 in PsA is emphasized by experimental
models showing that IL-23 activity alone can lead to the development of phenotypic
characteristics like enthesitis and bone remodeling [48]. However, in contrast to IL-22,
IL-23 is viewed to have little impact on osteoblastogenesis [23].

It is becoming apparent that IL-23 responding subsets are not limited to Th17 cells,
but involve several innate-like T cells (e.g., γδ T cells, MAIT, NKTs) that are found on
mucosal, skin and articular surfaces. IL-17 is thus produced by direct innate stimulus
or via T cell receptor activation [17]. IL-23 activation of γδ T cells, a major subset of the
intraepithelial mucosal and epithelial lymphocyte populations, contributes a refractory
profile to Treg suppressive activity, which may enable antigen-specific effector T cell
responses [117]. IL-23 can promote expansion, pro-migratory and inflammatory properties
of γδT and MAIT cells [17]. Synovial fluid is also enriched with CD8+ MAITs that respond
to IL-23, which may in turn lead to joint injury via IL-17 release [118]. Stimulation by IL-23
also leads to increased release of IL-17 and IFN-gamma by Thy1+ innate lymphoid cells
(ILCs), which accumulate and promote tissue inflammation. It can be hypothesized that
consistent with a diverse range of tissues (e.g., keratinocytes, fibroblasts, epithelium and
synovium) expressing IL-22, IL-17, and TNF receptors, Th-17 related cytokines may have
deleterious multi-organ effect [50,119]. Notably, ILCs type 3, MAIT cells and γδ T cells have
previously been reported as producers of IL-17F and IL-17A, in a manner independent of
IL-23 activity [120]. Recent studies also point to the importance of CXCR3+ CD8+ T cells as
mediators of joint inflammation. Other reports describe joint enrichment in IL-17+ CD8+ T
cells, which is associated with disease activity measures and bone destruction [64,121,122].

Table 1 outlines several clinical questions, for which theoretical justification may be
suspected based on the evidence discussed in this paper.

Table 1. Theoretical explanations to clinical questions of interest based on the studies discussed in this review.

Clinical Questions of Interest Potential Justification

Are clinical manifestations in
PsA consistent with the
theorized point of origin?

- Although the entheses are viewed as the origin point of psoriatic disease, clinical manifestations may
begin with e.g., dactylitis or axial disease. Typical manifestations are rarely uniform in patient
populations, just as arthritis is not always preceded by cutaneous disease. Recent data suggest that PsA
that we diagnose clinically is a disease that has been ongoing subclinically for months to years and as
such, the characteristic features that we tie to PsA rather represent tissue involvement at a chronic,
established phase of disease.

Why is considerable
heterogeneity present across
spondyloarthritis and even
psoriatic arthritis itself?

- Propensity for specific disease phenotype (i.e., the extent and time course of manifestations) seems to be
based on genetic susceptibility (e.g., HLA-B and C-alleles; for instance, due to the autoimmune
mechanisms associated with misfolding of MHC class complex) and the specifics of the maladaptive
immune response (e.g., predominance of cytokine pathways in specific tissue, interactions between
affected organs, immune priming). Environmental triggers or genetic changes may alter the antigen
presenting cell state, promote inflammatory signaling and result in an autoimmune response to
self-peptides. Each individual differs in their repertoire of peptide recognition, and thus heterogeneity in
HLA class genes contributes to differential adaptive immune responses, which are further altered by
stimulus from the local microenvironment. Interactions between susceptibility alleles may also
compound to affect the risk and/or presentation of disease.
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Table 1. Cont.

Clinical Questions of Interest Potential Justification

What can be responsible for
variability in treatment response
in PsA?

Clinical problem: Despite several biologic and small molecule drugs being extensively tested in PsA, the
response rates remain suboptimal. Even drug changes with respect to cytokine-targets do not always alleviate
refractory disease.

- It can be suspected that immune pathways in PsA are driven by different combinations of infiltrating and
resident cells, with numerous interactions between cells of the microenvironment (e.g., fibroblasts,
synoviocytes and mesenchymal cells). Innate responses can trigger the adaptive arm of immunity, which
underlies the importance of barrier tissues and the skin and gut microbiome. Synergism between
cytokines can augment inflammatory processes. T-cell cytokine functionality should be considered as a
potential explanation. Moreover, IL-17-producing cell subsets do not always require IL-23 stimulation,
while IL-17A/F receptor expression and cytokine production differ considerably across cells and tissue,
which can explain the difficulties with different biologics. An individual’s genotype may also alter
interactions between immune subsets and promote signaling through certain pathways. The complex
web of immune cell interactions is likely to significantly shift under the effects of targeting a single
cytokine, and the change towards other pathways does not simply imply a resolution of disease.

Responses are based on the studies discussed in this review and particularly [1,17,23,24,32,40,48,57,90].

5. Inflammation Is Co-Morbidity, but Not all Inflammation Is the Same

A variety of inflammatory mediators and immune cells are ascribed central roles
in initiation and resolution of the perpetual cycle of atherosclerosis. IL-1beta, IL-6 and
TNF-alpha are considered pro-inflammatory drivers of vascular disease, existing in a
perpetual cycle of inflammatory resolution and tissue repair [14–16]. Interplay regarding
the genetic and immune mechanisms has been reviewed in detail with regard to psoriatic
and cardiovascular disease [123]. Aside from lipid disorders, there is a role for immune
dysfunction in atherogenesis. Imbalance between Th17 and Treg has been proposed as
one of the offending mechanisms. The balance between these cells provides maintenance
of self-tolerance and suppresses the development of autoimmunity. The observation of
a shift towards elevated Th17 counts and related cytokines (e.g., IL-17, IL-6 and IL-23)
can lead to vessel remodeling. In vascular wall lesions, as opposed to healthy vessels,
simultaneous secretion of IL-17 and IFN-gamma has been reported, and these cytokine
levels are markedly higher than in healthy vessels. Furthermore, synergistic activity of
IL-17 and IFN-gamma may be present, with pro-inflammatory stimulation of vascular
smooth muscle cells [124]. In endothelial cells, gene expression shows that IL-17 synergism
with TNF alpha leads to exceptional enhancement of pro-inflammatory genes for cytokines
and chemokines. IL-17 may also lead to endothelial cell changes that promote coagulation
and platelet activation [125]. IL-23 is another potential offender with reports indicating
mediation of susceptibility to apoptosis in mononuclear cells and promotion of vascular
disease progression [126]. It has been hypothesized that mediators of adaptive immunity,
such as IFN-gamma, can lead to sensitization of tissue to innate immune activators, which
in turn creates a unique inflammatory environment for atherosclerosis [15,127–129].

Our previous research indicates that in ankylosing spondylitis (AS), another type
of inflammatory arthritis, TNFα inhibition leads to some, but not uniform improvement
in specific parameters of microvascular function, which is an early, inciting event in the
process of vascular disease [130]. Epidemiologic and experimental data suggests that
TNFα inhibition could exert positive effects in terms of vascular outcomes. We previously
showed that TNFα suppression in inflammatory arthritis may lead to reduced recruitment
of inflammatory monocyte subpopulations [131,132]. However, although TNFα inhibition
has been shown to reduce endothelial activation, leakage and monocyte adhesion, more
recent reports demonstrated reduction in circulating markers of systemic inflammation
simultaneously with enhanced signs of atherosclerosis due to a pro-atherogenic lipid profile
(increase in vascular markers of inflammation, plaque load in vasculature, decrease in
plaque stability) [133,134]. These observations suggest that although circulating parameters
of systemic inflammation provide some overview on the burden of systemic inflammation,
they do not adequately correspond to disease-specific pathways of inflammation, nor
are they reflective of the inflammatory activity in points of origin of inflammation (e.g.,
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immune activation and cytokine levels in synovial fluid can be enhanced in inflamed joints,
despite normalization in parameters of systemic inflammation).

In cohorts with atherosclerotic disease, it has been shown that indirect indices of
systemic inflammatory processes (e.g., downstream markers such as C-reactive protein
or interleukin-6) are tied to risk of cardiovascular (CV) events. High levels of IL-6 after
discharge from hospital are associated with heart failure and reduced left ventricular func-
tion [135]. Further reports from clinical trials show that in subjects with prior myocardial
infarction, IL-1beta antagonism by canakinumab leads to reduction in CRP and IL-6. More-
over, a potential preventive role for recurrent CV incidents is observed, as compared with
placebo [136].

More recent attempts have examined the potential efficacy of low-dose methotrexate,
which is a staple disease-modifying antirheumatic drug. The molecular mechanism of
methotrexate activity is likely based on suppression of inflammatory signaling via elevation
in extracellular adenosine in inflammatory exudate, which leads to occupation of adenosine
A2 receptors [137]. However, no reduction in interleukin-1beta, interleukin-6 or CRP was
observed, nor was a reduced risk of CV reported. These reports suggest that modulation of
the interleukin 1 beta-interleukin 6 pathway is of high interest in prevention of atheroscle-
rosis [138,139]. Indeed, very recent reports from a randomized trial to assess the utility
of tocilizumab, an anti-IL-6 agent, have shown that myocardial salvage is significantly
improved by cytokine suppression in acute ST elevation myocardial infarction (microvas-
cular obstruction was also lower in the drug arm versus comparator) [140]. Together,
these studies emphasize the importance of understanding the mechanistic inflammatory
signaling that is characteristic and predominant in a specific condition. This is further illus-
trated by the high efficacy of methotrexate in rheumatoid arthritis (RA), another systemic
inflammatory disease, and the modest benefit of e.g., additional canakinumab treatment.

6. Summary

Environmental triggers, genetic susceptibility and immune dysfunction with a central
IL-23 – Th17 axis shape the current understanding of PsA pathobiology. Genetic suscepti-
bility is not only tied to risk of disease development but may also predict the pattern of
psoriatic disease progression and organ involvement. Alterations in barrier tissue such
as the mucosal surfaces can become sites of immune activation. Dysbiosis can be one
of the factors causing predisposition to immune priming and a dysregulated immune
response. Inflammatory signature is different across different tissue compartments in PsA.
Numerous cell populations are postulated to mediate crosstalk between skin and joints,
but the activation of inflammatory cascades can also extend beyond these compartments.
On a molecular level, IL-17 can exert pro-inflammatory effects with induction of cytokines
and chemokines, but its synergistic interaction with other cytokines, including TNFα, is
likely to be a major driver of inflammatory destruction in PsA. IL-17 is elevated in syn-
ovial tissue and fluid of inflamed joints. In PsA, the synovium itself is characterized by
neovascularization and mononuclear inflammatory infiltrate. Preclinical studies show
IL-17 associated inflammation and joint destruction can occur via IL-1-dependent and
independent mechanisms. IL-17 inhibition can alleviate arthritis in murine models of
arthritis refractory to TNF inhibition. Recent studies point to the importance of IL-17A and
IL-17F receptors in synovium as their expression pattern is heterogeneous, which implies
certain patients benefit from dual inhibition. IL-23 is a heterodimer cytokine produced by
antigen-presenting cells with a key role in autoimmunity and Th17 differentiation. Animal
models show that IL-23 is sufficient to induce a PsA-like phenotype and signaling via
IL-23R can promote a pro-inflammatory T cell shift. Innate immune responders and the
significance of barrier tissue are consistently being explored in PsA pathogenesis, as it
becomes apparent that modulating IL-23 and IL-17-related responses extends beyond the
conventional cell populations (a detailed summary of experimental studies is provided
in Table 2).
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Table 2. Case-by-case summary of selected experimental studies discussed in this review.

Reference Design Detailed Summary

Sherlock et al. [48] Murine model

IL-23 inhibition reduces entheseal inflammation, which is associated with downregulation of
cytokines (e.g., IL-6, IL-1beta), chemokines (Cxcl1 and Cxcl2) and factors involved in bone
remodeling (Rankl, Ctsk, MMPs).
In both axial and peripheral articular surfaces, IL-23R+ resident cells are present in entheses.
This population is characterized by “innate-like” responsiveness, which may confer
responsiveness to IL-23 in entheses, as seen in the gut.Early on enthesitis is present without
synovitis, late in the disease, destructive synovitis and florid enthesitis are present.
IL-23 leads to joint inflammation (early changes in entheses and periosteum) and follows a
dose-related relationship, though no disease in other organs develops (kidney, liver, gut).
IL-23 leads to enthesitis in axial skeleton and sacroiliitis.
IL-23 leads to expansion of periosteal osteoblasts, and new entheseal and periosteal cartilage
and bone formation.
IL-23-driven models do not fully respond to TNF, IL-6 or RANKL inhibition.Th17 is not
necessary for IL-23-related inflammatory disease to develop (but rather local IL-23R+
resident cells).
IL-23 stimulates IL-17 and IL-22. Inhibition of IL-17 and IL-22 reduces joint swelling, more so
in combination. Of note, IL-17 overexpression does not lead to pathology.
IL-22 has osteoproliferative effects. Joint swelling with phosphorylation of STAT3 in bone is
associated with IL-22. In comparison to IL-23, induction of genes regulating bone formation
(Wnt, bone morphogenic proteins, alkaline phosphatase) is more pronounced for IL-22.

Zayyadi et al. [141] In vitro experiment based
on human tissue

Inflammatory stimulus (IFN-gamma and TNF) enhances IL-22 receptor expression in
mesenchymal stem cells (MSCs).
MSC proliferation and migration are enhanced by concerted activity of IL-22 and
inflammatory stimuli.
IL-22 upregulates osteogenic markers. When IFN-gamma, TNF and IL-22 act together,
chondrogenic and adipogenic transcription factor expression remains largely unaltered,
except for reduced elevation of pro-osteogenic RUNX2.
IL-22 related osteogenesis is reduced in the presence of inflammatory stimulus (i.e., TNF and
IFN-gamma).

Baarsen et al. [83] In vitro experiment based
on human tissue

IL-17A is significantly elevated in synovium of inflammatory arthritis patients, but there is
high heterogeneity across individuals.
Receptor expression for IL-17A, IL-17F and respective receptors is highly variable in
inflammatory synovium.
IL-17 producing cells are widespread in synovium, with the majority being CD3+ T cells.
CD4+ and CD8+ as well as CD68+ and CD163+ macrophages may be sources of IL-17.

Benham et al. [54] In vitro experiment based
on human tissue

IL-17+ and IL-22+ CD4+ T cells are elevated in peripheral blood mononuclear cells (PBMCs)
of both PsA and PsO subjects, as compared with healthy subjects.
IL-17 production is enhanced in both PsA and PsO, but IL-22 secretion is greater by PBMCs
from PsA subjects (despite similar frequencies of IL-22+ cells).
In PsA, increased frequency of CD4+ IL-17+ cells, and reduced CD4+ IL-22+ T cells are
observed in synovial fluid. CD4+ IL-17+ T cells in synovial fluid mesenchymal cells were
elevated, while CD4+ IL-22+ T cells were reduced (as compared with blood). In synovial
tissue, IL-17 is not uniform, while IL-22 expression is absent.

Wade et al. [57] In vitro experiment based
on human tissue

T-cell polyfunctionality with regard to cytokine expression is enhanced in synovial tissue
and associated with disease activity, in contrast to monofunctional T cells.
PDE4 inhibition leads to suppression of polyfunctional cells.

Menon et al. [64] In vitro experiment based
on human tissue

PsA joints, but not those of RA patients, have enhanced levels of IL-17+ CD4- (CD8+) and
IL-17+CD4+T cells. T cell subsets are associated with disease activity and erosive disease
status.
IL-17+ CD3+ T cells (with increased frequency of CD3+CD4- T cells and CD3+ CD4+ T cells)
are elevated in synovial fluid of PsA, as compared to peripheral blood.
The majority of IL-17+CD4- T cells are CD8+ or CD161+ T subsets, and a small proportion
expressed characteristic markers of MAIT cells or γ/δ cells.
Significant differences are observed in cytokine expression of T cells in matched peripheral
blood and synovium in PsA.
Synovial fluid IL-17+ CD4- T cells, but not CD4+ counterparts, are positively correlated with
active synovitis scores. Moreover, IL-22+ CD4- T cells show a similar association.
IL-17+CD4- T cells are elevated in synovial fluid from PsA subjects and the proportion of
IL-17+ is increased in CD4- and CD4+ T cell populations when erosive disease is present, but
not in nonerosive cases.
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Table 2. Cont.

Reference Design Detailed Summary

Baricza et al. [58] In vitro experiment based
on human tissue

Naive CD4+CD45RO− T lymphocytes are shown to be predisposed to shift to Th17 and
produce IL-17A and IL-22.
Increased RoR γ expression is present in naïve T cells of PsA patients.
Cytokine combinations result in specific changes of transcription factors and IL-17A and
IL-22 production in PsA.
Chemokine receptor patterns suggest naïve T cells are likely to be prematurely engaged in
PsA.

Uluckan et al. [87] Murine model

Increase in Th17 cells is concurrent with reduction in other T helper and regulatory cells (i.e.,
Th1, Th2 and Treg cells, which may prevent osteoclastogenesis). Osteoclast progenitor cells
are likely to accumulate and RANKL may be enhanced due to augmentation of Th17
responses (In the experimental model of R26STAT3Cstopfl/fl CD4Cre mice). Conversely,
osteoblasts are characterized by failure to develop.
Neutralization of IL-17 or genetic ablation of IL-22 alleviates the psoriasis phenotype.
Abrogation of IL-22 and IL-17 (Th17 cytokines) prevents osteopenia.

Xu et al. [142] In vitro experiment based
on human tissue

CD4+ T cells are the major population in PsA synovial fluid and blood (as opposed to
CD8+T cells).
CD4+ T cells, but not CD8+ T cells are sources of IL-17A in synovial fluid of PsA patients
following TCR activation.
Anti-17A activity leads to more pronounced inhibition of inflammatory cytokines (e.g., IL-6
and IL-1beta), while TNF-alpha inhibition leads to stronger reduction in MMPs.

Mulder et al. [46] In vitro experiment based
on human tissue

Based on blood-based immune profiling, a reduction in CD4+ and CD8+ memory T-cell
subsets, Treg cells and CD196+ and CD197+ monocytes in concert with elevated levels of
differentiated CD4+ memory T-cells expressing CCR6 and CCR4 discriminates PsA from
PsO.
Memory T cells and CCR6+ monocytes are likely to migrate to articular and entheseal tissue,
which could explain the differences with PsO peripheral blood. The increase in CD196+
(CCR6) memory T cells is considered to reflect a compensatory proliferation stimulus in
response to their efflux to inflamed tissue.
CD197+ (CCR7) monocytes are reduced in circulation of PsA subjects, and this subset is
strongly associated with disease activity. This may reflect the recruitment of these
populations into inflamed tissue, which is also supported by studies that show CCR7
signaling is related to Th-17-driven bone loss.
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to Psoriatic Arthritis Care. J. Clin. Med. 2021, 10, 4106. [CrossRef] [PubMed]

5. Orbai, A.M.; Reddy, S.M.; Dennis, N.; Villacorta, R.; Peterson, S.; Mesana, L.; Chakravarty, S.D.; Lin, I.; Karyekar, C.S.;
Wang, Y.; et al. Work absenteeism and disability associated with psoriasis and psoriatic arthritis in the USA—A retrospective
study of claims data from 2009 to 2020. Clin. Rheumatol. 2021, 40, 4933–4942. [CrossRef] [PubMed]

6. Wilson, F.C.; Icen, M.; Crowson, C.S.; McEvoy, M.T.; Gabriel, S.E.; Kremers, H.M. Incidence and clinical predictors of psoriatic
arthritis in patients with psoriasis: A population-based study. Arthritis Rheum. 2009, 61, 233–239. [CrossRef]

7. Scotti, L.; Franchi, M.; Marchesoni, A.; Corrao, G. Prevalence and incidence of psoriatic arthritis: A systematic review and
meta-analysis. Semin. Arthritis Rheum. 2018, 48, 28–34. [CrossRef] [PubMed]

8. Gladman, D.D.; Thavaneswaran, A.; Chandran, V.; Cook, R.J. Do patients with psoriatic arthritis who present early fare better
than those presenting later in the disease? Ann. Rheum. Dis. 2011, 70, 2152–2154. [CrossRef] [PubMed]

9. Haroon, M.; Gallagher, P.; FitzGerald, O. Diagnostic delay of more than 6 months contributes to poor radiographic and functional
outcome in psoriatic arthritis. Ann. Rheum. Dis. 2014, 74, 1045–1050. [CrossRef] [PubMed]

http://doi.org/10.1093/rheumatology/keg384
http://doi.org/10.1111/j.1468-3083.2009.03463.x
http://www.ncbi.nlm.nih.gov/pubmed/19874432
http://doi.org/10.3390/jcm9103103
http://www.ncbi.nlm.nih.gov/pubmed/32992983
http://doi.org/10.3390/jcm10184106
http://www.ncbi.nlm.nih.gov/pubmed/34575217
http://doi.org/10.1007/s10067-021-05839-9
http://www.ncbi.nlm.nih.gov/pubmed/34287723
http://doi.org/10.1002/art.24172
http://doi.org/10.1016/j.semarthrit.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29398124
http://doi.org/10.1136/ard.2011.150938
http://www.ncbi.nlm.nih.gov/pubmed/21914627
http://doi.org/10.1136/annrheumdis-2013-204858
http://www.ncbi.nlm.nih.gov/pubmed/24525911


J. Clin. Med. 2021, 10, 5926 13 of 18

10. Felbo, S.; Terslev, L.; Sørensen, I.; Skov, L.; Zachariae, C.; Østergaard, M. Musculoskeletal Pain in Patients with Psoriasis and
its Influence on Health-related Quality of Life: Results from a Danish Population-based Survey. Acta Derm. Venereol. 2021,
101, adv00553. [CrossRef] [PubMed]

11. Ingrasciotta, Y.; Isgrò, V.; Ientile, V.; Tari, M.; Trifirò, G.; Guarneri, C. Are Patients with Psoriasis and Psoriatic Arthritis
Undertreated? A Population-Based Study from Southern Italy. J. Clin. Med. 2021, 10, 3431. [CrossRef]

12. Dolcino, M.; Lunardi, C.; Ottria, A.; Tinazzi, E.; Patuzzo, G.; Puccetti, A. Crossreactive Autoantibodies Directed against Cutaneous
and Joint Antigens Are Present in Psoriatic Arthritis. PLoS ONE 2014, 9, e115424. [CrossRef]

13. Belasco, J.; Louie, J.S.; Gulati, N.; Wei, N.; Nograles, K.; Fuentes-Duculan, J.; Mitsui, H.; Suárez-Fariñas, M.; Krueger, J.G.
Comparative Genomic Profiling of Synovium Versus Skin Lesions in Psoriatic Arthritis. Arthritis Rheumatol. 2014, 67, 934–944.
[CrossRef]

14. Kurilenko, N.; Fatkhullina, A.; Mazitova, A.; Koltsova, E. Act Locally, Act Globally—Microbiota, Barriers, and Cytokines in
Atherosclerosis. Cells 2021, 10, 348. [CrossRef]

15. Marchini, T.; Hansen, S.; Wolf, D. ApoB-Specific CD4+ T Cells in Mouse and Human Atherosclerosis. Cells 2021, 10, 446. [CrossRef]
[PubMed]

16. Yeh, C.-F.; Chen, Y.-H.; Liu, S.-F.; Kao, H.-L.; Wu, M.-S.; Yang, K.-C.; Wu, W.-K. Mutual Interplay of Host Immune System and Gut
Microbiota in the Immunopathology of Atherosclerosis. Int. J. Mol. Sci. 2020, 21, 8729. [CrossRef]

17. Łukasik, Z.; Gracey, E.; Venken, K.; Ritchlin, C.; Elewaut, D. Crossing the boundaries: IL-23 and its role in linking inflammation of
the skin, gut and joints. Rheumatology 2021, 60, iv16–iv27. [CrossRef]
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