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Abstract: The skin barrier is broadly composed of two elements—a physical barrier mostly localised
in the epidermis, and an immune barrier localised in both the dermis and epidermis. These two
systems interact cooperatively to maintain skin homeostasis and overall human health. However, if
dysregulated, several skin diseases may arise. Psoriasis is one of the most prevalent skin diseases
associated with disrupted barrier function. It is characterised by the formation of psoriatic lesions,
the aberrant differentiation and proliferation of keratinocytes, and excessive inflammation. In this
review, we summarize recent discoveries in disease pathogenesis, including the contribution of
keratinocytes, immune cells, genetic and environmental factors, and how they advance current and
future treatments.

Keywords: skin barrier; psoriasis; keratinocyte; immune cells; genetic aberration; environmental
factors; treatment

1. Introduction

The skin is the largest organ of the human body, and consists of three layers—the
epidermis, dermis, and hypodermis. The epidermis, the most superficial structure, is com-
prised of specialized cells called keratinocytes that form four distinct epidermal layers—the
stratum basale, stratum spinosum, stratum granulosum and stratum corneum. The dermis
resides below the epidermis and largely consists of a fibrous extracellular matrix (ECM)
generated by local fibroblasts with interspersed resident immune cells. The hypodermis
is the deepest layer and is mostly fatty tissue. These structures combine to form an effec-
tive barrier (Figure 1) that protects the body from external environmental insults through
physical and immune system functions [1].

The skin’s physical barrier function is mainly carried out by the epidermis. The
stratum corneum prevents structural damage and the passage of moisture and pathogens
due to its dense composition of differentiated keratinocytes (corneocytes) surrounded
by a lipidrich ECM [2]. The tight junctions (TJs) that connect keratinocytes in the stra-
tum granulosum also facilitate barrier function by preventing the paracellular passage
of water, nutrients, pathogens, and harmful chemicals. TJ proteins consist of a complex
network of intra and extracellular proteins, including occludin, cingulin, zonula occludens
(ZO), claudins and junctional adhesion molecule-A [3]. They can become dysregulated in
response to radiation, infection, and inflammatory processes [4].

The functions of the immune barrier are predominantly carried out by specialised
immune cells in the skin (Figure 1). The most superficial immune cells are Langerhans
cells (LCs), a subtype of dendritic cells (DCs), which reside in the epidermis and have
antigen-presenting functions [5]. Other DC subtypes are found in the dermis. Conventional
(c)DCs are present in the steady state and also infiltrate during inflammation, whereas
plasmacytoid (p)DCs are rarely found in healthy skin, and only migrate into the dermis
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after receiving inflammatory signals [6]. Neutrophils, monocytes and T cells, additionally,
migrate into the dermis following inflammatory signalling [7]. In the steady state, skin T
cells are largely resident memory T cells (TRM), which include epidermal TRM CD8+ cells
and dermal TRM CD4+ cells [8]. Other skin resident immune cells include innate lymphoid
cells (ILCs), mast cells, and γδ T cells [8], which are crucial in initiating inflammatory
cytokine responses. Traditional CD4+ regulatory T cells and the newly studied tissue
resident memory regulatory T cells also both localise in the skin and resolve immune
responses [9]. Keratinocytes, additionally, facilitate the immune barrier by releasing an-
timicrobial molecules (notably, β-defensins and cathelicidins) and cytokines that activate
dermal leucocytes [7].

Figure 1. Physical and immune skin barrier in normal conditions. Densely packed corneocytes, surrounded by a lipidrich
extracellular matrix (ECM) in the stratum corneum (SC), prevent passage of water and pathogens. Tight junctions between
keratinocytes in the stratum granulosum (SG) prevent paracellular molecular passage. The stratum spinosum (SS) and
stratum basale (SB) are deeper and are the initiation site of programmed keratinocyte proliferation and differentiation.
Langerhans cells and some T resident memory (Trm) cells are located in the epidermis, while macrophages, conventional
dendritic cells (cDCs), mast cells, innate lymphoid cells, γδ T cells and regulatory T cells (Tregs) are located in the uninflamed
dermis. In response to pathogens, injury or allergens, these cells are activated. A number of different cytokines and
chemokines may be released to compel the infiltration of inflammatory cells, such as neutrophils, monocytes, plasmacytoid
dendritic cells (pDCs) and effector T cells (effT) from blood vessels. Collectively, they remove the invaded pathogens and
clear cell debris. Regulatory cells resolve inflammation, and the skin barrier is maintained.

The physical and immune skin barriers form a cooperative network to maintain skin
homeostasis. However, dysregulation can contribute to many inflammatory skin disorders,
including psoriasis.

2. Psoriasis

Psoriasis is a skin disease that develops following chronic inflammatory signalling
and keratinocyte hyperproliferation [10,11]. It is associated with substantial physical and
psychological disability that stems from the pain of the skin lesions, poor body image
and extensive comorbidities [12,13]. Recent estimates of global psoriasis prevalence range
between 30–65 million people [14,15], with substantial variation between nationalities [16].

Psoriasis is commonly classified by several factors, including age of onset, severity,
and anatomical site (e.g., nail, scalp, genital) [17]. The disease can also be categorised into
several clinical variants, including plaque, guttate, erythrodermic and pustular psoria-
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sis [11]. Plaque psoriasis is characterised by scaly plaques which concentrate in the elbows,
knees, and scalp. Guttate psoriasis typically features smaller lesions on the trunk, and
often follows streptococcal infections. Erythrodermic psoriasis is a variant that occurs
when psoriatic skin lesions cover the majority of the body, which can be life threatening if
untreated. Finally, pustular psoriasis features painful and purulent skin lesions, which can
be general or localised [17]. Chronic plaque psoriasis is the most studied phenotype, as it
accounts for 90% of cases [17,18]. Unless otherwise specified, chronic plaque psoriasis will
be the focus of this review.

Psoriasis was initially believed to be a primary disorder of excessive keratinocyte
proliferation. However, successful immunomodulatory treatments and insights into the
pathological mechanisms of psoriasis have shown that psoriasis is primarily initiated by
immune signalling characterised by T-cell hyperactivity [19]. In this review, we detail how
the breach of physical and immune skin barriers contributes to psoriasis pathogenesis and
explain how these processes relate to current and future treatments.

3. Barrier Aberration in Psoriasis
3.1. Physical Barrier Disruption

In psoriasis, the epidermal physical barrier becomes dysregulated. The hyperprolifer-
ation and abnormal differentiation of keratinocytes lead to the development of skin lesions,
which results in epidermal structural damage and barrier dysfunction.

3.1.1. Disruption of Keratinocyte Proliferation and Differentiation

Psoriatic plaques feature hyperkeratosis (the thickening of the stratum corneum) and
acanthosis (the thickening of other epidermal layers), resulting from uninhibited prolifer-
ation and the abnormal differentiation of keratinocytes [19]. Specifically, plaques have a
cell density that is 2–5 times higher and a transit time through programmed differentiation
that is 5–7 times faster than normal skin [20]. Correspondingly, epidermal proliferation
markers—including Ki-67, cyclin D1 and cyclin E, retinoblastoma protein, proliferating
cell nuclear antigen and p63—are highly expressed in lesions, and are reduced following
effective treatment [21,22].

Markers of keratinocyte differentiation are also aberrantly expressed in psoriatic
lesions. Keratins are the primary intermediate filaments that support keratinocyte structure,
and their expression reflects the differentiation state of keratinocytes. Keratin 14-5 and
10-1 pairs mediate typical keratinocyte expansion and terminal differentiation, and have
tightly regulated expressions in the basal and suprabasal epidermal layers, respectively [23].
However, in psoriatic lesions, keratin 14 is expressed throughout the epidermis, and is
atypically coexpressed with keratin 10 in some suprabasal keratinocytes [24]. Similarly, a
hallmark of psoriasis is keratinocyte expression of keratin 6, 16 and 17, which are normally
not expressed in the epidermis [23]. This may be particularly important as therapies
targeting keratin 17 mediated signalling have achieved promising outcomes in psoriasislike
mouse models [25]. Mutations in keratins 10, 14, 16 and 17 are associated with psoriasis [26].
The epidermal differentiation markers loricrin and filaggrin also have reduced expressions
in psoriatic lesions [27,28]. The corresponding disruption of programmed keratinocyte
differentiation, additionally, leads to a markedly thin or absent stratum granulosum and
nucleated corneocytes in skin lesions [29].

Keratinocytes primarily proliferate excessively in response to psoriatic inflammatory
signalling from the skin immune system. Interleukin (IL)-17 is the main contributor [30].
IL-17 may promote proliferation by activating the nuclear factor-κB activator 1 protein
downstream of the IL-17 receptor, or by activating the epidermal growth factor recep-
tor [31,32]. IL-22 is also noteworthy, because it compels keratinocytes to replicate a tu-
mourlike phenotype, featuring enhanced mitogen activated protein kinase signalling, the
inhibition of apoptosis, and increased markers of stemness [33–35].

Interestingly, not all signalling from keratinocytes in psoriasis is proproliferative. Skin
lesions have high expressions of transglutaminase (TG) 1 and 3 [36], which facilitate pro-
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grammed keratinocyte differentiation and prevent the development of aberrant epidermal
thickness [36,37]. This substantial expression of TGs may be a compensatory mechanism in
response to proliferative signalling [36].

3.1.2. Disruption of Intercellular Connections

Skin barrier dysfunction in psoriasis also stems from the disruption of epidermal tight,
gap and adherens junction proteins. These proteins connect adjacent cells, differentiate the
apical and basal aspects of the cell membrane, and regulate paracellular molecular passage.
In the epidermis, TJ proteins are typically expressed exclusively in the stratum granulo-
sum and upper stratum spinosum. However, in psoriatic lesions, the TJ proteins ZO-1,
occludin and claudin-4 are highly expressed outside of the stratum granulosum [38,39]. TJ
proteins also have reduced expression throughout skin lesions, which points to the global
disturbance of TJ function [33,40]. This disturbance likely contributes to the heightened
transepidermal water loss and reduced hydration found in psoriatic lesions [41]. The induc-
tion of keratinocytes with IL-17 or IL-1β down-regulates keratinocyte adhesion proteins, so
inflammatory signalling may be the cause of dysregulated TJ function [42,43]. Furthermore,
TJ dysregulation is found in the early stages of psoriatic lesion development, which points
to the possibility that barrier dysregulation contributes to the onset of psoriasis [39].

E-cadherin is a crucial part of adherens junctions. Immunohistochemical studies
have revealed that the expression of E-cadherin is reduced in epidermal basal and the
upper granular layers of skin lesions [44]. Furthermore, epidermal E-cadherin is also
damaged in psoriatic lesions, which feature an increased presence of truncated e-cadherin,
and a decreased presence of the functional form of the protein [44]. Corneodesmosin, a
protein that facilitates corneocyte adhesion, is, additionally, dysregulated in skin lesions
of psoriasis. It is observed deeper than in healthy skin, with expression beginning in the
stratum spinosum instead of the upper stratum granulosum [45]. Further, corneodesmosin
in the stratum corneum of healthy skin is typically degraded, but it is intact in the lesional
skin of psoriasis [46].

Connexins are the structural building blocks of gap junctions. Connexin 26 (CX26),
one of the smallest connexins, is almost entirely absent in healthy epidermis but is one of
the most highly upregulated proteins in psoriatic plaques [47]. GJB2, which encodes CX26,
is the 98th most upregulated gene detected, and its overexpression is used as a marker of
genetic predisposition in psoriasis [48,49]. The inhibition of CX26 expression diminishes
inflammatory pathways and may be therapeutically useful in psoriasis [50].

3.1.3. Dysregulation of the Lipid-Rich ECM of the Stratum Corneum

Barrier disturbance is not only from dysfunction in keratinocyte adhesion, but also
from the dysregulation of the stratum corneum ECM. The most common lipid in the stratum
corneum, ceramide, has multiple subtypes. The prevalence of ceramide subtypes differ
in psoriatic lesions, in a manner which is correlated with transepidermal water loss [51].
The total amount of ceramide in keratinocytes and fibroblasts is not reduced in psoriatic
lesions, suggesting that this effect is from the dysregulation of the ceramide subtype,
rather than a reduction of the lipid [52]. Ceramide dysregulation may also potentiate
psoriatic inflammation, as mice with aberrant ceramide metabolism spontaneously develop
IL-17-mediated inflammation and a psoriatic phenotype [53].

Other lipids are also dysregulated in the stratum corneum of those with psoriasis.
Skin lesions have reduced the levels of short chain fatty acids and increased the levels
of cholesterol, compared to healthy skin [54]. Cholesterol accumulates in keratinocytes
following IL-17 signalling, so its dysregulation is likely secondary to the chronic psoriatic
inflammatory response [55]. Interestingly, cholesterol accumulation in keratinocytes also
facilitates the inflammatory response by potentiating the expression of IL-17 induced
genes [55]. Overall, psoriatic lesions have elevated lipid levels [54]. These findings differ
from the stratum corneum lipid dysregulation in atopic dermatitis lesions, which feature
reduced levels of total skin lipid and ceramide [56]. However, the relative proportions of
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lipids in uninvolved skin in those with psoriasis, atopic dermatitis and no skin disease are
comparable [57].

3.1.4. Other Contributing Factors

Aquaporin-3 (AQP3) is an epidermal water/glycogen channel protein that facilitates
skin hydration [58]. Several studies have found AQP3 expression is down-regulated in
psoriatic lesions and is abnormally localised to the keratinocyte cytoplasm, which may
contribute to skin barrier disruption and dehydration in psoriasis [59–61].

The role of fibroblasts in the dermis is mainly to produce the fibrous ECM. Their
signalling also promotes keratinocyte proliferation and differentiation and is dysregulated
in psoriasis [62]. Fibroblasts from psoriatic lesions release reactive oxygen species that are
internalised by keratinocytes in vitro and induce proliferation [63]. Further, fibroblasts
treated with psoriatic cytokines in vitro produce epiregulin, a ligand for the epidermal
growth factor receptor that compels keratinocyte proliferation [64]. Fibroblasts in skin
lesions also down-regulate proteins involved in cellular adhesion, providing another means
by which fibroblasts may contribute to physical barrier disruption [65].

The physical skin barrier is, therefore, a complex system enacted by the epidermis,
which acts to protect the body from environmental insults. Psoriatic states compel both
structural and functional changes that drive the development of skin lesions.

3.2. Immune Barrier Dysregulation

Psoriasis is primarily mediated by the dysregulation of the immune skin barrier
(Figure 2). Innate immune cells respond to inflammatory triggers by releasing proinflam-
matory cytokines and activating adaptive immune responses. After activation, the adaptive
immune system generates a substantial inflammatory response, also largely mediated by
cytokine release, which drives keratinocyte hyperproliferation. In response, keratinocytes
produce autoantigens and cytokines, further promoting inflammation. Immune responses
are potentiated by autoantigens, but it remains unclear whether they trigger psoriatic
inflammation, or whether autoimmunity is secondary to other inflammatory mechanisms.
Additionally, inhibitory immune pathways in psoriasis are impeded, which enables the
inflammatory response to be maintained, and develop into a chronic state.

3.2.1. Keratinocytes Promote Inflammation

Keratinocytes trigger psoriatic inflammation by producing autoantigens—including
cathelicidin (LL-37), a disintegrin and metalloprotease domain containing thrombospondin
type 1 motif-like 5, the neolipids associated with phospholipase A2 group IVD (PLA2G4D),
and Keratin 17 [66]. Keratinocytes, additionally, facilitate DC autoantigen recognition by
producing polyamines which prevent degradation of autoantigenic RNA [67]. A list of all
known and potential autoantigens is found in Table 1.
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Figure 2. Physical and immune barrier disruption in psoriasis. Hyperproliferation of keratinocytes contributes to a thicker
epidermis. This process is highlighted by increased expression of proliferation markers. Physical barrier function is
compromised by decreased tight junction protein expression, and expression of tight junctions outside of their typical
place in the stratum granulosum. Ceramide production is dysregulated in the lipidrich ECM of the stratum corneum,
which also adds to physical barrier disruption. Aberrant epidermal differentiation is marked by the abnormal presence of
nuclei in some corneocytes. Keratinocytes proliferate strongly in response to inflammatory cytokines, including interleukin
(IL)-17 and IL-22. IL-17 is mostly produced by type 3 innate lymphoid cells (ILC3s), T helper 17 (Th17) cells, γδ T cells
and the cytotoxic T cell (Tc) subtype Tc17 cells. IL-22 is produced largely by Th17 and γδ T cells. Th17 cells differentiate
in response to IL-23 signals from dendritic cells (DCs), which can also compel the differentiation of Th1 cells by releasing
IL-12. Plasmacytoid (p)DCs and conventional (c)DCs are activated by cathelicidin (LL-37) produced by keratinocytes.
Cytokines released by keratinocytes, the aforementioned immune cells, neutrophils, macrophages (Mϕ), and mast cells
create an inflammatory environment that compels infiltration of T cells, neutrophils, and monocytes from blood vessels.
Inflammatory mediators also inhibit regulatory T (Treg), regulatory B (Breg) cells, and myeloid derived suppressor cells
(MDSCs). These dysregulated physical and immune responses lead to disrupted skin barrier function and, finally, psoriasis.
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Table 1. Autoantigens found in the pathogenesis of psoriasis.

Autoantigen Traditional Function Autoantigenic Function in Psoriasis

Cathelicidin (LL-37)
Antimicrobial peptide that

induces innate immune
cell response [68].

Activates DCs to release IFN-α [69,70].
Stimulates keratinocytes to produce IFN-α
and IFN-β [71]. Activates CD4+ and CD8+

T cells [72].

ADAMTSL5 Regulates extracellular
matrix microfibrils [73].

Activates CD8+ T cells, compelling IFN-γ
and IL-17 production [74].

Lipids produced by
PLA2G4D

PLA2G4D metabolizes
lipids, producing linoleic

acid [75].

Stimulate T cells to produce IL-17 and
IL-22 [76].

Keratin-17
Plays roles in wound

healing and tissue
development [77].

Induces CD8+ T cells from psoriasis
patients to release IFN-γ [78].

Ezrin, Maspin,
HSP27, PRDX2
(keratinocyte

produced proteins)

Modulate cytoskeleton
regulation, inhibit
proteases, promote

chaperoning and enhance
antioxidation, respectively

[79].

Autoantibodies against these proteins have
been identified. Maspin and PRDX2 induce

psoriatic T cell IFN-γ release.
Autoantigenic function may stem from
sequence homology with streptococcal

peptides [79].

hnRNP-A1
Regulates mRNA
transcription and
processing [80].

Provokes an autoantibody response [81].
Facilitates immunogenic RNA–amine

complex entry into DCs [67].

Lysozyme,
β-Defensins 2/3 Antimicrobial agents [82]. Bind self-DNA and activate pDCs to

produce IFN-α [83].
Abbreviations— ADAMTSL5: a disintegrin and metalloprotease domain containing thrombospondin type 1
motif-like 5; cathelicidin: LL-37; DC: dendritic cell; hnRNP: heterogeneous nuclear ribonucleoprotein; HSP:
heat shock protein; IFN: interferon; IL: interleukin; PLA2G4D: phospholipase A2 (PLA2) group IVD; PRDX2:
peroxiredoxin-2.

Keratinocytes further promote psoriatic inflammation by producing proinflammatory
cytokines, including IL-6, IL-8, IL-25, IL-36, tumour necrosis factor (TNF)-α, C-X-C motif
chemokine ligand 10 and chemokine ligand 2 (CCL2) [84,85]. Keratinocytes in psoriasis
also substantially produce IL-1β, which activates γδT cells and also acts in an autocrine
fashion, compelling other keratinocytes to produce chemokines that induce the immune
cell infiltration of the dermis [86]. Keratinocytes treated with a psoriatic cytokine profile,
additionally, produce proinflammatory exosomes that are endocytosed by neutrophils and
induce them to produce neutrophil extracellular traps (NETs), IL-6, IL-8 and TNF-α. Mice
with keratinocytes that cannot release these exosomes have less of a psoriatic phenotype
than controls, highlighting the importance of this process in vivo [87].

Keratinocytes may also potentiate psoriatic inflammation by direct cell–cell contact
with T cells. Keratinocytes treated with interferon (IFN)-γ can induce the differentiation of
naïve T cells into T helper (Th) 1 and Th17 subtypes, in the absence of professional antigen
presenting cells [88]. This effect is reliant on cell–cell contact mediated by interactions
between CD58/CD2 and between intercellular adhesion molecule 1 and lymphocyte
function associated antigen 1. Although T cells typically exist in separate compartments to
epidermal keratinocytes, it is possible that they infiltrate the epidermis given the fact that
the physical skin barrier is dysregulated in psoriasis.

3.2.2. Inflammatory Immune Cells
Altered Innate Immune Cell Function

Innate immune cells initiate psoriatic inflammation by producing cytokines like IL-17
and IL-22 that directly trigger keratinocyte proliferation and create a powerful proinflam-
matory milieu. We will detail the pathogenic roles of these cells in psoriasis (including
dendritic cells, neutrophils, macrophages, and mast cells), highlighting recent findings, and
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suggesting explanations for contradictory evidence in the field. We will also discuss innate
immune cells with critical roles in psoriasis that are still being characterised (including LCs,
ILCs and γδ T cells).

Dendritic cells are often considered the most important innate immune activator in
the pathogenesis of psoriasis. The initial activation of the inflammatory milieu is likely
mediated by pDCs, as they are found abundantly in early psoriatic skin lesions but are
absent in chronic ones [89]. Furthermore, pDCs recognise self nucleic acids stabilised by
antimicrobial peptides, and subsequently produce IFN-α [6]. IFN-α induces the maturation
of cDCs, sensitises keratinocytes to IL-22 by compelling the upregulation of IL-22R and
compels the conversion of naïve CD4+ cells into Th1 and Th17 cells [6,90]. Contrastingly,
cDCs are associated with antigen presentation and are found in lymph nodes and colo-
calised with T cells in the dermis, so they are likely involved in autoantigen presentation
in psoriasis [91,92]. In addition, cDCs can also release a myriad of cytokines, including
TNF-α, IL-6, IL-12, IL-20, and IL-23 [93].

Langerhans cells are a DC subtype that are critical in the skin barrier, but their role in
psoriasis remains unclear. There is no consensus on whether LCs are more or less prevalent
in the epidermis of psoriatic lesions [6]. Two mouse models with depleted LCs have shown
greater neutrophil infiltration in the late stages of pathology and more psoriatic symptoms,
pointing to the conclusion that LCs are anti-inflammatory in psoriasis [94,95]. However,
other studies in mice with an imiquimod induced psoriasis phenotype concluded that LC
function is necessary for psoriatic inflammation [96,97]. This tension may be accounted
for by the presence of LC subtypes—for instance, Singh et al. found that skin resident
LCs were dispensable for psoriatic inflammation in mice with IL-23 induced disease, but
myeloid-derived inflammatory associated LCs contributed to the inflammation [98]. More
analysis of LC subtypes is needed to clarify their role in psoriasis.

Neutrophils potentiate early psoriatic inflammation by releasing IL-1β, a cytokine
that is predominant in early skin lesions [99]. Neutrophils, additionally, facilitate ongoing
psoriatic inflammation by releasing proteases which activate the precursors of TNF-α and
IL-36 [100]. They also release IL-17, but it is debated whether neutrophils produce IL-17
themselves, or whether they endocytose and store IL-17 produced by other cells and release
it after inflammatory signalling [93]. The role of NETs in psoriasis has recently drawn focus
in the field because their prevalence correlates with psoriatic disease activity and they
compel inflammation in multiple other immune mediated diseases [100,101]. NETs can
induce Th17 differentiation [102] and act as a reservoir for LL-37–nucleic acid complexes
that activate several innate immune cells, including neutrophils themselves [103].

Macrophages primarily induce psoriatic inflammation by producing the cytokines TNF-
α, IL-1β, IL-12 and IL-23 [86,104–107]. In mice with IL-23 induced psoriatic phenotypes,
macrophages infiltrate into psoriatic lesions later than other leucocytes, suggesting they may
have particular roles in maintaining psoriatic inflammation [104]. There is debate over whether
macrophages in psoriatic lesions directly stimulate keratinocyte proliferation by producing
IL-17. Macrophages stimulated by IL-23 in vitro produce IL-17 [108], however, macrophages
in mice with IL-23 induced disease do not substantially release IL-17 [104]. Studies of ex vivo
macrophages from human psoriatic lesions will clarify this tension.

Mast cells help to initiate psoriatic responses by inducing the early recruitment of
pDCs into skin lesions [89] and by producing PLA2G4D—an enzyme which generates
lipid autoantigens [76]. Mast cells also propagate psoriasis by producing IL-17, and being
a primary producer of IL-22 in psoriatic lesions [109,110]. Despite these key roles in the
pathology of psoriasis, there is no significant correlation between mast cell accumulation
and pruritis (a major symptom of psoriasis), which limits the possibility of the success of a
mast cell based treatment [111].

Innate lymphoid cells are a recently studied class of immune cells, and their role in
mediating psoriasis pathology is still being explored. Their transplantation into mice with
human grafted skin contributes to the formation of psoriaticlike dermatitis [112]. ILCs may
be more important in IL-17 production than T cells because deleting T cells from two mouse
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models of psoriasis does not abolish skin hyperplasia, but deleting ILCs does [113]. The
ILC3 subclass are disproportionately abundant in the blood and skin lesions of psoriasis
patients and are classified by their production of IL-17 and IL-22, both cytokines that are
key in the induction of keratinocyte proliferation [114,115]. Further investigation into
means of targeting ILC3s may lead to novel psoriatic therapeutics.

γδ T cells are a subset of immune cells with innate and adaptive features. They have a
T cell receptor (TCR) (using γ and δ subunits instead of the classical α and β subunits) but
do not require TCR activation to proliferate or facilitate inflammation [116]. γδ T cells are
key producers of IL-17 in psoriatic lesions, but can also produce IL-22 and TNF-α [107,117].
There is a large variety of γδ T cell subtypes with different prevalences in psoriatic and
healthy individuals [118]. A future direction of the field is, therefore, to characterise the role
of the γδ T cell subtypes to better understand their contribution to psoriatic inflammation.
For instance, in mice with an imiquimod induced psoriasis phenotype, inflammation
induces IL-17-producing Vγ4+ γδ T cells that have memory functions, which may play
a role in the propagation or reactivation of psoriasis [119,120]. However, it is difficult to
assess the importance of γδ T cell subtypes because findings in mice are not necessarily
generalizable. All T cells in the healthy mouse epidermis, and approximately 54% of T cells
in the dermis, are γδ T cells [121], numbers which are much lower in human skin [122,123].

The innate immune system, therefore, initiates psoriatic inflammation through cy-
tokine release and the activation of adaptive immune responses. There is substantial redun-
dancy in the pathways—multiple cells produce similar cytokine profiles (notably TNF-α,
IL-17 and IL-22), and many cytokines induce similar inflammatory effects. Analysing these
common pathways is helpful, as they are often the most important in the development
of disease. However, the redundancy makes it difficult to target innate immune cells for
therapeutic purposes. Nevertheless, novel research is highlighting the unique contributions
of particular cells to psoriasis pathogenesis, which may be targets for future therapies.

Excessive Activation of Adaptive Immune Response

Adaptive immune cells in psoriasis are activated by aberrant innate immune cell
signalling, and subsequently release inflammatory mediators which potentiate psoriatic
inflammation. Th17 cells and specialised CD8+ cytotoxic T cells (Tc) are particularly
important because they substantially produce IL-17, thereby compelling keratinocyte
proliferation. Analysing the unique cell subtypes and signalling pathways of the adaptive
immune system may reveal novel therapeutic targets, specific to inflammatory disease.

Th 17 cells are one of three well characterised Th cell subtypes [124]. Th cells can be
classified by the major cytokines they produce—Th1 cells (IFN-γ), Th2 (IL-4) and Th17
(IL-17) [125]. Initially, Th1 cells were considered the crucial subtype in promoting psoriatic
lesions, particularly in their production of the proinflammatory cytokines TNF-α, IL-2,
and IFN-γ [126]. The importance of Th1 functions is also emphasised by the fact that
TNF-α inhibitors and methotrexate (both psoriasis treatments) reduce the expression of
Th1 cytokines and reduce Th1 prevalence in those with psoriasis [127–129].

It is now thought that Th17 cells are the critical adaptive responders in psoriatic
lesions, particularly due to their substantial production of IL-17. IL-17 is a crucial cy-
tokine in inducing keratinocyte proliferation and compelling keratinocyte production of
antimicrobial peptides, chemokines, and members of the IL-1 cytokine family [130,131].
Further, Th17 cells can produce the proinflammatory cytokines IL-22, IL-26 and IFN-γ,
and the chemokine CCL20 [132]. CCL20 compels the infiltration of Th17 cells, which
then produce more CCL20, ultimately creating an inflammatory positive feedback loop
that drives psoriasis pathology [133]. Th17 cells remain active in lesions even after the
resolution of symptoms post-treatment, so they may have a role in disease recurrence [134].
The importance of Th17 cells is highlighted by the success of anti-IL-23 psoriasis therapies,
a cytokine that induces the differentiation of Th17 cells [135].

Th17 cells also have noninflammatory, homeostatic functions, and so are separated
into pathogenic and beneficial subtypes [136]. Unsurprisingly, pathogenic type Th17
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cells are the subtype enriched in psoriatic lesions and peripheral blood [137]. Therapies
specifically targeting pathogenic Th17 cells may, therefore, remove a promoter of psoriatic
inflammation without removing homeostatic Th17 responses. The CRISPR mediated
targeting of pathogenic Th17 cells has already been successful in mice [138], and, so, is a
promising direction in the field.

CD8+ T cells in psoriatic lesions can release multiple proinflammatory cytokines,
including IL-17, IL-21, IL-22, TNF-α and IFN-γ [139,140]. The traditional cytotoxic role of
CD8+ T cells may also be associated with psoriasis pathology, as CD8+ T cells that produce
the cytotoxic mediator granulysin outnumber CD8+ T cells that do not in the blood and
skin of psoriasis patients [141]. There are 11 subtypes of CD8+ T cells in the skin when
analysed by RNA profile [142]. The two subclasses most uniquely found in psoriatic lesions
produce IL-17, named Tc17 cells [142]. The prevalence of Tc17 cells in psoriatic lesions
correlates with disease duration, further evidencing their importance [143]. Tc17 cells
from lesions are also more active ex vivo than their counterparts—they proliferate more
with Treg inhibition and have increased cytotoxic capacity [139]. Moreover, the memory
subtypes of Tc17 cells are enriched in the epidermis of psoriatic lesions, so their IL-17
production likely directly stimulates local keratinocytes to proliferate [144]. Put together,
this evidence suggests Tc17 cells contribute to psoriatic disease, and so could be a useful,
specific target in future treatments.

3.2.3. Immunosuppressing Cells

The pathology of psoriasis is associated with the activation of proinflammatory re-
sponses and also with the inactivation of anti-inflammatory responses. Regulatory T (Treg)
cells, regulatory B (Breg) cells and myeloid derived suppressor cells (MDSCs), in particular,
fail to enact their typical homeostatic roles in psoriasis.

Treg cells are the best characterised immunosuppressing cell. The deletion of Treg
cells in mice with imiquimod induced psoriasis phenotypes leads to increased infiltration
of γδ, CD4+ and CD8+ T cells, the increased presence of IL-17 and TNF-α, as well as
increased severity of skin lesions [145,146]. Further, several treatments of psoriasis operate
by stimulating the proliferation and action of Treg cells, highlighting their importance in
pathogenesis [147,148]. These findings raise the question: if Treg cells can prevent psoriatic
inflammation, why do they not prevent psoriasis in those who have the disease? Treg
cells are reported to have increased prevalence in psoriatic skin by most studies, so their
dysfunction is unlikely due to insufficient prevalence [149]. It is more likely that Treg cells
in skin lesions have impeded suppressive function.

Psoriatic Treg cells have limited capacity to inhibit CD4+ T cell proliferation, proliferate
less in response to CD3/CD28 TCR stimulation, and express higher levels of TNF-α
and IFN-γ ex vivo [150,151]. Tregs are likely suppressed in psoriasis because of the
pro-inflammatory cytokine milieu, particularly IL-6 [152] and IL-21 [153], which operate
through the adaptor molecule signal transducer and activator of transcription 3 (STAT3).
Inhibiting STAT3 partially restores the suppressive function of psoriatic Treg cells [154].
Treg dysfunction in psoriasis is relatively uncharacterised compared to other immune cells,
so more analysis into disrupted regulatory signalling mechanisms is needed.

Breg cells are the key B cell subtype studied in the pathogenesis of psoriasis. These
cells inhibit immune responses particularly by producing the anti-inflammatory cytokine
IL-10 [155]. They have a reduced prevalence in the circulation of psoriasis patients, and their
progenitor cell has an increased prevalence, suggesting psoriatic states could prevent their
differentiation [156]. In two mouse models, Breg presence is associated with a reduction in
skin lesion severity, less production of IFN-γ and IL-17, decreased Th17 differentiation, and
increased Treg differentiation [157,158]. These findings suggest psoriasis pathogenesis may
involve Breg cell dysregulation, and that future therapies may involve their reconstitution.

Myeloid derived suppressor cells are more prevalent in skin lesions and circulation in
those with psoriasis compared to controls [159]. Psoriatic MDSCs inhibit T cell proliferation
and cytokine secretion ex vivo, pointing to a role in inhibiting inflammation [160,161],
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however, this ability is reduced when compared to normal MDSCs [161]. Mice with
imiquimod induced psoriasis phenotype show the conflicting roles of MDSCs. Kim et al.
found that the administration of MDSCs into mice with imiquimod induced disease
reduced skin lesion severity and proinflammatory cytokine load [162]. However, Chen
et al. found that depleting mouse MDSCs in the same model suppressed psoriatic lesion
thickness and severity, implying MDSCs induce psoriasis [159]. These opposing actions
of MDSCs might be explained by the existence of multiple MDSC subtypes with different
roles and heterogeneous suppressive mechanisms among psoriatic patients [161]. More
analysis is needed to investigate MDSC classes and, importantly, why they fail to inhibit
psoriatic inflammation.

Psoriasis features a complex set of interactions between keratinocytes and immune
cells, which each play a role in potentiating inflammation. Particularly, the activation
of inflammatory immune responses and the inhibition of regulatory adaptive immune
responses are crucial. The analysis of innate and adaptive immune cell subtypes has iden-
tified unique pathways that potentiate psoriatic inflammation, and also provide specific
targets for potential future psoriasis therapy. The current understanding of psoriasis pathol-
ogy is mostly from ex vivo studies using skin lesions, in vitro studies using keratinocytes
and in vivo studies using mouse models with psoriasislike inflammation. Mouse models
are useful as they replicate skin lesion histology and mimic psoriatic inflammation [163],
but are imperfect as mouse skin is thinner and has different structural layers, base stress
levels and mechanical properties when compared to human skin [163,164]. An awareness
of these dissimilarities is critical to correctly analyze and translate preclinical results to
human applications.

4. Contributors to Barrier Dysregulation in Psoriasis

Psoriasis only develops in some susceptible individuals, and results from the inter-
action between genetic and environmental factors. Twin studies have established that
approximately 2/3 of psoriasis susceptibility is genetic [165,166]. An extensive series of
environmental contributors to psoriasis has also been described, but the pathological links
to psoriasis of these contributors are often poorly defined. Here, we describe key genetic,
epigenetic, and environmental risk factors for psoriasis.

4.1. Genetic Aberrations
4.1.1. Susceptible Genes

Genomewide association studies have revealed psoriasis occurs in people with partic-
ular susceptibility alleles. Over 80 genetic loci associated with the onset of psoriasis have
been identified [167]. They largely map to keratinocyte and immune signalling pathways
(Table 2). Human leukocyte antigen (HLA) genes are the most substantial contributors to
psoriasis genetic susceptibility, particularly the HLA-C*06:02 allele [167]. HLA-C*06:02
presence in psoriasis patients is associated with greater plaque severity (measured by
the extent of inflammation and body area covered) and earlier disease onset [168,169].
HLA-C corresponds to the major histocompatibility complex class I, and so is involved in
antigen presentation to CD8+ T cells [74,170]. It is likely that HLA-C*06:02 alleles impart
an atypical capacity to present autoantigen to CD8+ T cells, which could initiate psoriatic
inflammation. [171,172].

Some psoriatic genetic susceptible loci regulate the physical skin barrier, which sug-
gests barrier disruption may be a predisposing factor for psoriasis. Krüppel-like factor 4
(KLF4) is a transcription factor associated with psoriasis [173]. KLF4 is required to develop
cornified envelopes that help to structure the lipidrich physical skin barrier [174]. The
gene cluster that encodes the late cornified envelope proteins is also a susceptible locus in
psoriasis [175].
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Table 2. Key pathways to which psoriasis genetic susceptibility factors localize.

Biological
Pathway

Representative
Susceptibility

Genes
Possible Role/s in Psoriasis Target Drugs

HLA mediated
antigen

presentation

HLA-C*06:02,
HLA-A, HLA-B and
HLA-DQ [176,177].

Facilitates presentation of
autoantigens [171,172].

No targeted drug
currently. HLA-C*06:02+

individuals respond
better to the

anti-IL-12/IL-23 biologic
ustekinumab [178].

NF-kB signalling

FASLG, IKBKE,
NFKBIA, REL,

SLC44A2, TNFAIP3,
TNIP1, TRAF3IP2
[179] and CARD14

[180].

Elevates innate immune responses,
activates T helper cells and reduces

keratinocyte death [181].

Fumarate and
apremilast inhibit NF-kB

activation [182].

Th17 cell
activation

IL23R, IL23A, IL12B
[183].

Compels keratinocyte proliferation
and promote psoriatic

inflammation [132].

Biologics targeting IL-23
(tildrakizumab,

guselkumab,
risankizumab, and

ustekinumab), novel
RORγ inhibitors and

JAK inhibitors [184,185].

Skin structure
proteins

The LCE3 gene
cluster, KLF4,
COL6A5 and

COL8A1
[173,175,186].

LCE3 and KLF4 genes facilitate
cornified envelope production, and
their variants contribute to barrier

dysfunction [187]. COL6A5
regulates cell adhesion and
proliferation and COL8A1

mediates vascularisation [186].

Topical calcitriol may
operate by upregulating

LCE genes [188].

Keratinocyte
proliferation and

differentiation

Keratins 6, 10, 14, 16
and 17 [26,189].

PDCD5, PTEN and
CHUK [179,190].

Keratin 10, 14, 16 and 17 variants,
reduced keratin 1 and 10 levels and
elevated keratin 6, 16 and 17 levels

associate with keratinocyte
hyperproliferation and aberrant

differentiation [23,26,189].
PDCD5 is hypermethylated,
reducing its expression and

capacity to facilitate apoptosis
[190]. IKKa (the protein CHUK
encodes) and PTEN typically
regulate differentiation and
proliferation, respectively

[191,192].

Topical calcineurin
inhibitors and vitamin D
receptor agonists, such

as calcitriol and
retinoids, prevent

atypical keratinocyte
proliferation and

differentiation [193].

Type 1 IFN
signalling

DDX58, IFIH1 and
RNF114 variants

[180,194].

Sensitises keratinocytes to IL-22,
induces the maturation of cDCs

and facilitates the differentiation of
naïve CD4+ cells [6,90].

UVB phototherapy
downregulates IFN
signalling pathways
[195]. Novel IL-36

inhibitors may modulate
IFN responses [196].

Abbreviations—CARD14: caspase recruitment domain family member 14; CCL: chemokine ligand; CHUK:
component of inhibitor of nuclear factor kappa B kinase complex; DDX58: DExD/H-Box helicase 58; FASLG:
fas ligand gamma; HLA: human leukocyte antigen; IFIH1: interferon induced with helicase C domain 1; IKK:
IκB kinase; IKBKE: inhibitor of NF-kB kinase subunit epsilon; IL23R: interleukin-23 receptor; JAK: Janus kinase;
KLF4: Krüppel-like factor 4; LCE: late cornified envelope; NF-kB: nuclear factor-κB; NFKBIA: NF-kB inhibitor
alpha; PTEN: phosphatase and tensin homolog; PDCD5: programmed cell death 5; RNF114: ring finger protein
114; RORγ: retinoic acid receptor-related orphan receptor gamma; SLC44A2: solute carrier family 44 member 2;
TNFAIP3: TNF alpha induced protein 3; TNIP1: TNFAIP3 interacting protein 1; TRAF3IP2: TRAF3 interacting
protein 2; UVB: ultraviolet-B.

4.1.2. Epigenetic Modifications

Epigenetic modifications have also been found to be associated with psoriasis. For ex-
ample, DNA methylation is centred in gene loci associated with psoriatic states, including
caspase recruitment domain family member 14 and HLA-C [197,198]. DNA methyla-
tion profiles can be used to stratify psoriasis patients by clinical features, including age
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of disease onset and IL-22 copy number variation, allowing the potential future use of
epigenomics in classifying psoriasis patients for diagnostic or treatment purposes [199].
Keratinocyte stem cell dysregulation and proliferation has also been associated with DNA
hydroxymethylation [200]. Moreover, psoriatic epigenetics encompasses modifications
other than DNA methylation—several histone modifications and noncoding RNA changes
have been described [201]. However, it is difficult to establish whether epigenetic modifica-
tions in diseased states initiate pathology or are a result of pathology, so their importance
is unclear. The discussed findings are a few of the studied epigenetic modifications, which
are thoroughly reviewed here [201,202].

There are several key gaps in our knowledge concerning psoriasis genetic susceptibil-
ity, with meta-analyses on the genetic contribution to psoriasis failing to account for 70% of
cases [179]. This may be related to the role of undiscovered and/or rare psoriasis-associated
alleles. Further, there has been a lack of genotyping of psoriasis patients outside of Europe
and East Asia [167]. This is particularly important as psoriatic susceptibility alleles are
different between European and East Asian populations, so they will likely be different in
other populations too [176].

4.2. Environmental Factors
4.2.1. Imbalances in the Gut/Skin Microbiome

Gut microbiome alterations at the phylum, family, genus, and species levels are
strongly associated with psoriasis. Despite inconsistencies in some results, an index using
microbiome data has been created that can predict whether patients have psoriasis. This
index has a sensitivity of 0.78 and a specificity of 0.79 [203], although this requires further
validation for use of diagnosis [203]. It will be challenging for microbiome profiles to
exceed the accuracy of current clinical psoriasis diagnosis. However, similar approaches
may be useful in identifying susceptible individuals before they develop skin lesions, and
flag them for early treatment.

Microbiota produce short and medium chain fatty acids which can regulate immune
responses, which may explain their link to psoriasis pathogenesis [204]. For example, alter-
ations in the gut microbiome correlate with increases in inflammatory markers, including
the IL-2 receptor and the complement 3 protein [205]. Additionally, the gut microbiome
from psoriasis patients has a lower gene expression of proteins which synthesise butyrate
(an anti-inflammatory short-chain fatty acid) than healthy controls [206,207].

The prevalence of some operational taxonomical units in the skin microbiome of
psoriatic lesions is also significantly altered compared to healthy skin [208–210]. The skin
microbiota can regulate immune responses by being directly immunogenic or by preventing
pathogenic growth [211]. S. aureus disproportionately colonises psoriatic lesions [212], and
is particularly notable as its superantigens can induce IL-17 and IFN-γ responses [213].

Despite these findings, studies analysing the prevalence of specific taxonomical units
in the gut and skin microbiome yield conflicting results [214]. There are also contradictory
findings concerning whether the gut microbiome is more or less diverse in those with
psoriasis, with more studies finding a reduction in biodiversity [215]. These variations
could be explained by a number of confounding factors, including variation in subjects’
disease activity, analyses of different gene regions, and standardising for obesity [216]. Fur-
thermore, relatively few studies incorporating longitudinal cohorts have been conducted,
reducing the power of conclusions made.

4.2.2. Infections

Infections also initiate and exacerbate psoriatic lesions. Streptococcal pharyngeal
infections are strongly associated with guttate psoriasis but can also exacerbate chronic
plaque psoriasis to such an extent that tonsillectomy is a viable management option for
some treatment resistant psoriasis [169,217,218]. Interestingly, streptococcal infections are
more common in those with the psoriasis susceptibility HLA-C*06:02 allele [219], which
may explain why psoriasis patients have an increased burden of streptococcal infections
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than healthy controls [169]. Individuals with psoriasis are also disproportionately likely
to develop H. pylori and oral C. albicans infections [220,221]. However, these findings may
be a result of confounders or from psoriasis patients being more susceptible to infection.
H. pylori may potentiate psoriasis by inducing CD4+ T cell responses [222], while C. Albicans
elicits antibody and Th17 responses [223]. Patients with treated H. pylori also have a lower
severity of psoriasis than untreated individuals, further highlighting their association [222].

4.2.3. Skin Damage

Skin injury in susceptible individuals often initiates psoriatic lesions. This finding,
known as the Koebner phenomenon, is recapitulated in other skin diseases [224] and
may be mediated by injury inducing the production of type 1 IFNs, TNF-α, IL-6 and
IL-36 in keratinocytes [225,226]. Moreover, mechanical stretch also contributes to psoriatic
inflammation [227]. Keratinocytes in vitro and in two mouse models exposed to stretching
produce more markers of cell proliferation, reduced markers of differentiation and more
soluble inflammatory mediators. This explains why psoriasis disproportionately forms in
areas of high tension, notably on extensor surfaces such as the elbow and knee.

Itch (or pruritis) is a common symptom of psoriasis, affecting between 62 and 97
percent of patients [228]. The pathophysiology of itch in psoriasis is complex and not fully
elucidated, but includes contributions from neuropeptides, neurotransmitters, cytokines,
hormones, and the vascular system [229]. Itching also exacerbates skin barrier dysregula-
tion in psoriatic lesions by compelling epidermal inflammation, exemplifying the Koebner
phenomenon [228]. Interestingly, pruritis is common in nonlesional skin of those with
psoriasis, and so can initiate the onset of psoriatic plaques [230]. Scratching also activates
sensory neurons and compels their release of proinflammatory neuropeptides, which may
aggravate skin barrier dysregulation in psoriasis [231].

In some cases, medications may exacerbate or initiate skin lesions, notably β-blockers,
antimalarials, lithium, nonsteroidal anti-inflammatories and tetracycline [232]. Rarely,
vaccinations can also contribute to psoriasis flares [233,234].

Psoriasis is a complex disease with multiple exacerbating factors, which combine
to trigger skin inflammation in those with genetic predispositions. More analysis of the
biochemical pathways underlying the predisposing factors discussed will uncover targets
for therapeutic options and biomarkers to facilitate diagnosis.

5. Psoriasis Current Treatment and Future Directions

A major goal of psoriasis treatment is to correct the dysregulation of skin barrier
structure and function in lesions. The current understanding of physical and immune
barrier aberrations in psoriasis has contributed to the advent of treatment options that
can effectively manage many individuals with the disease [11,184]. Broadly, there are
five classes of treatment—topical therapy, phototherapy, non-biologic systemic therapy,
small molecule inhibitors and biologics. The introduction of biologics has been particularly
important in improving outcomes and quality of life in those with severe psoriasis. We will
briefly detail the mechanisms behind current treatment options, and then look to future
directions of psoriasis therapy, which include finding novel targets and creating novel
treatment approaches to maximise the effectiveness of current drugs.

5.1. Current Treatments

Topical treatments, including corticosteroids, vitamin D analogues, calcineurin in-
hibitors and keratolytics, are less effective than other therapies but are convenient and have
few adverse effects, so are typically used to treat mild psoriasis [11]. Corticosteroids largely
act on the immune skin barrier and keratolytics act on the physical skin barrier. Vitamin
D analogues and calcineurin inhibitors modify both the physical and immune barriers of
skin. They both enhance differentiation and limit proliferation in keratinocytes [193,235].
Calcineurin inhibitors also supress the proliferation of T cells, whereas vitamin D analogues
inhibit the production of cytokines in macrophages and DCs [193,235].
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Phototherapy is used in mild or treatment resistant psoriasis and similarly modulates
the skin’s physical and immune barriers [11]. This therapy induces keratinocyte and T cell
apoptosis, biases naïve CD4+ T cells away from Th1 or Th17 responses and compels the
proliferation of Treg cells [236].

Nonbiologic systemic therapeutics (including methotrexate, cyclosporine and acitretin)
and small molecule inhibitors (including apremilast) are used for more substantial psoria-
sis [11,237]. Multiple small molecule inhibitors of Janus kinase (JAK) inhibitors are also
being developed, which block the intracellular signalling downstream of IL-23 and other
key psoriatic cytokines [238]. However, biologic therapies are more effective treatments for
moderate and severe psoriasis than nonbiologic or small molecule agents—including the
most characterised JAK inhibitor tofacitinib [237].

Currently approved biologics target IL-17, IL-23 and TNF-α—all key cytokines in the
pathogenesis of psoriasis [184]. The unique biologic ustekinumab also targets IL-12, as it
binds a shared subunit of IL-12 and IL-23 [11]. The effectiveness of psoriasis drugs is often
reported by the relative risk of achieving a 90% reduction in psoriasis lesion severity in
moderate–severe psoriasis patients, compared to controls. For biologics, the relative risk
ranges from 14-31, whereas this number is 3.3 in small molecule inhibitors, and 6.5 in non-
biologic systemic treatments [237]. Patients on biologics also report the highest treatment
satisfaction rates of the drug options [239]. Anti-IL-17 agents as a class outperform other
biologic classes, but there is no consensus on which specific drug is superior, or which has
fewer side effects [237].

Additionally, the use of emollients as an adjuvant treatment can benefit all individuals
with psoriasis [240]. Emollients restore physical barrier function by forming a lipid-rich
layer that prevents water loss from the skin, and by facilitating water binding in the stratum
corneum [241]. Their application to psoriatic plaques reduces transepidermal water loss,
plaque scaling and pruritis, and also normalises epidermal markers of differentiation and
proliferation [242,243]. Emollients are particularly used in conjunction with topical steroid
therapy, as they increase drug penetration [242].

5.2. Future Directions of Treatment

Despite the advent of new treatments, the majority of psoriasis patients are consis-
tently found to be dissatisfied with their management [239]. This is due to ineffectiveness
(particularly in those not on biologic therapy) and inconvenience (particularly in those
on biologic therapy). There is, therefore, scope to develop more convenient and effective
treatments, which may be achieved by finding new therapeutic targets or by using novel
approaches to improve current treatments.

Due to the relative improvement of biologic therapy, a natural next step in developing
new therapies for psoriasis is to target novel inflammatory mediators that function in
multiple psoriatic pathways.

Several therapeutics are being developed to target IL-36, a cytokine that impedes the
differentiation of keratinocytes and amplifies the effect of IL-17 on keratinocytes [244–246].
The most advanced is spesolimab, which induced an 80% improvement in lesion severity
with no serious side effects in a phase I trial in patients with generalised pustular psoriasis,
with a phase II trial being planned [247,248]. However, it remains unclear if targeting IL-36
is effective in chronic plaque psoriasis, particularly considering it failed to show significant
improvement in patients with pustular psoriasis in an initial phase II trial [249]. Other trials
have been conducted into biologics that target most of the cytokines previously described
in the pathogenesis of psoriasis—including IL-1, IL-6, IL-12, IL-20, IL-22 and IFN-γ— and
none substantially reduced psoriatic inflammation [250–252].

Novel biologics could also target chemokines and their receptors. Targeting chemokines
has been effective in reducing psoriatic inflammation in several mouse models [253], and
an anti-CCL20 antibody was effective at reducing chemokine receptor 6 positive cell in-
filtration into skin blisters in a human trial [254]. However, this antibody induced severe
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vascular and organ inflammation when used over 26 weeks in a monkey model, so novel
antichemokine biologics may be needed [255].

Another potential target in psoriasis therapeutics is angiogenesis. Angiogenesis
is an important step in the disruption of the epidermal barrier as it mediates oxygen
access for proliferating keratinocytes and immune cell infiltration [256]. Inhibition of
vascular endothelial growth factor (VEGF) A, a major regulator of physiological and
pathological angiogenesis, reduces psoriatic inflammation in several mouse models and
case reports [257]. However, there have also been multiple reports of the small molecule
inhibitors of the VEGF receptor exacerbating psoriasis [258–260], so clinical trials are
needed to assess the viability of this therapeutic strategy.

Other than creating new therapeutics, a different means of treating psoriasis is to
increase the efficacy of currently developed therapeutics. One key limitation of biologics at
present is their cost, which limits availability and their approval for subsidisation. However,
novel modified antibodies are being generated which could be cheaper to produce and
have improved efficacy [261]. One example is the nanobody sonelokimab, a trivalent
molecule that binds IL-17A, IL-17F and albumin. It is composed of a single antibody
variable domain, which makes it theoretically easier to produce, less degradable and better
at skin penetration. Initial studies have shown its effectiveness in treating psoriasis [262].

Additionally, since current therapeutics are useful in some patients but not others,
a means of knowing which drug will likely help which patient would improve their
effectiveness. Such personalised medicine approaches have mostly stratified patients by
genetic polymorphisms [263], particularly by the HLA-C*06:02 allele. For example, patients
with the HLA-C*06:02 allele respond better to ustekinumab [178] and patients without HLA-
C*06:02 respond better to the anti-TNF-α biologic adalimumab [264]. Novel approaches
will involve separating by nongenetic biomarkers such as IL-19 levels, which correlates
with disease severity and treatment response, so may be able to stratify patients and
guide their treatment approaches [265]. Analyzing lesion and blood samples with machine
learning or multiomics techniques are also a promising means of predicting response before
and shortly after treatment initiation, in order to optimise choice of therapy [266].

The treatment of psoriasis has been relatively successful, as characterisation of disease
pathology has allowed for the development of effective therapeutics for all spectra of
psoriasis. However, there is scope to improve the convenience, cost, and efficacy of
treatments. Further characterisation of barrier dysfunction in psoriasis will help to develop
more effective therapeutic targets and approaches.
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Skewing of Circulating MR1-Restricted and γδ T Cells in Human Psoriasis Vulgaris. Front. Immunol. 2020, 11, 572924. [CrossRef]

119. Ramírez-Valle, F.; Gray, E.E.; Cyster, J.G. Inflammation Induces Dermal Vγ4+ γδT17 Memory-Like Cells that Travel to Distant
Skin and Accelerate Secondary IL-17-Driven Responses. Proc. Natl. Acad. Sci. USA 2015, 112, 8046–8051. [CrossRef] [PubMed]

120. Hartwig, T.; Pantelyushin, S.; Croxford, A.L.; Kulig, P.; Becher, B. Dermal IL-17-Producing γδ T Cells Establish Long-Lived
Memory in the Skin. Eur. J. Immunol. 2015, 45, 3022–3033. [CrossRef]

121. Sumaria, N.; Roediger, B.; Ng, L.G.; Qin, J.; Pinto, R.; Cavanagh, L.L.; Shklovskaya, E.; Fazekas de St Groth, B.; Triccas, J.A.;
Weninger, W. Cutaneous Immunosurveillance by Self-Renewing Dermal Gammadelta T Cells. J. Exp. Med. 2011, 208, 505–518.
[CrossRef]

122. Bos, J.D.; Teunissen, M.B.M.; Cairo, I.; Krieg, S.R.; Kapsenberg, M.L.; Das, P.K.; Borst, J. T-Cell Receptor γδ Bearing Cells in
Normal Human Skin. J. Investig. Dermatol. 1990, 94, 37–42. [CrossRef] [PubMed]

123. Ebert, L.M.; Meuter, S.; Moser, B. Homing and Function of Human Skin γδ T Cells and NK Cells: Relevance for Tumor Surveillance.
J. Immunol. 2006, 176, 4331. [CrossRef] [PubMed]

124. Zhu, X.; Zhu, J. CD4 T Helper Cell Subsets and Related Human Immunological Disorders. Int. J. Mol. Sci. 2020, 21, 8011.
[CrossRef] [PubMed]

125. Raphael, I.; Nalawade, S.; Eagar, T.N.; Forsthuber, T.G. T Cell Subsets and Their Signature Cytokines in Autoimmune and
Inflammatory Diseases. Cytokine 2015, 74, 5–17. [CrossRef] [PubMed]

126. Austin, L.M.; Ozawa, M.; Kikuchi, T.; Walters, I.B.; Krueger, J.G. The Majority of Epidermal T Cells in Psoriasis Vulgaris Lesions
can Produce Type 1 Cytokines, Interferon-γ, Interleukin-2, and Tumor Necrosis Factor-α, Defining TC1 (Cytotoxic T Lymphocyte)
and TH1 Effector Populations: A Type 1 Differentiation Bias is also Measured in Circulating Blood T Cells in Psoriatic Patients. J.
Investig. Dermatol. 1999, 113, 752–759. [CrossRef]

127. Furiati, S.C.; Catarino, J.S.; Silva, M.V.; Silva, R.F.; Estevam, R.B.; Teodoro, R.B.; Pereira, S.L.; Ataide, M.; Rodrigues, V., Jr.;
Rodrigues, D.B.R. Th1, Th17, and Treg Responses are Differently Modulated by TNF-α Inhibitors and Methotrexate in Psoriasis
Patients. Sci. Rep. 2019, 9, 7526. [CrossRef]

128. Reich, K.; Reich, J.L.K.; Falk, T.M.; Blödorn-Schlicht, N.; Mrowietz, U.; von Kiedrowski, R.; Pfeiffer, C.; Niesmann, J.; Frambach, Y.;
Warren, R.B. Clinical Response of Psoriasis to Subcutaneous Methotrexate Correlates with Inhibition of Cutaneous T Helper 1
and 17 Inflammatory Pathways. Br. J. Dermatol. 2019, 181, 859–862. [CrossRef]

129. Priyadarssini, M.; Chandrashekar, L.; Rajappa, M. Effect of Methotrexate Monotherapy on T-Cell Subsets in the Peripheral
Circulation in Psoriasis. Clin. Exp. Dermatol. 2019, 44, 491–497. [CrossRef]

130. Chiricozzi, A.; Guttman-Yassky, E.; Suárez-Fariñas, M.; Nograles, K.E.; Tian, S.; Cardinale, I.; Chimenti, S.; Krueger, J.G. Integrative
Responses to IL-17 and TNF-α in Human Keratinocytes Account for Key Inflammatory Pathogenic Circuits in Psoriasis. J. Investig.
Dermatol. 2011, 131, 677–687. [CrossRef]

131. Nograles, K.E.; Zaba, L.C.; Guttman-Yassky, E.; Fuentes-Duculan, J.; Suárez-Fariñas, M.; Cardinale, I.; Khatcherian, A.; Gonzalez,
J.; Pierson, K.C.; White, T.R.; et al. Th17 Cytokines Interleukin (IL)-17 and IL-22 Modulate Distinct Inflammatory and Keratinocyte-
Response Pathways. Br. J. Dermatol. 2008, 159, 1092–1102. [CrossRef] [PubMed]

132. Wilson, N.J.; Boniface, K.; Chan, J.R.; McKenzie, B.S.; Blumenschein, W.M.; Mattson, J.D.; Basham, B.; Smith, K.; Chen, T.; Morel,
F.; et al. Development, Cytokine Profile and Function of Human Interleukin 17–Producing Helper T Cells. Nat. Immunol. 2007, 8,
950–957. [CrossRef]

http://doi.org/10.4049/jimmunol.1100123
http://www.ncbi.nlm.nih.gov/pubmed/21606249
http://doi.org/10.1016/j.jaci.2015.01.033
http://www.ncbi.nlm.nih.gov/pubmed/25792465
http://doi.org/10.1590/abd1806-4841.20186607
http://www.ncbi.nlm.nih.gov/pubmed/29924253
http://doi.org/10.1016/j.jaci.2018.02.015
http://doi.org/10.1038/s41586-021-03188-w
http://www.ncbi.nlm.nih.gov/pubmed/33536623
http://doi.org/10.1038/jid.2014.146
http://www.ncbi.nlm.nih.gov/pubmed/24658504
http://doi.org/10.3390/ijms21186604
http://www.ncbi.nlm.nih.gov/pubmed/32917058
http://doi.org/10.3389/fimmu.2020.00242
http://www.ncbi.nlm.nih.gov/pubmed/32153574
http://doi.org/10.4049/jimmunol.1100804
http://doi.org/10.3389/fimmu.2020.572924
http://doi.org/10.1073/pnas.1508990112
http://www.ncbi.nlm.nih.gov/pubmed/26080440
http://doi.org/10.1002/eji.201545883
http://doi.org/10.1084/jem.20101824
http://doi.org/10.1111/1523-1747.ep12873333
http://www.ncbi.nlm.nih.gov/pubmed/1688597
http://doi.org/10.4049/jimmunol.176.7.4331
http://www.ncbi.nlm.nih.gov/pubmed/16547270
http://doi.org/10.3390/ijms21218011
http://www.ncbi.nlm.nih.gov/pubmed/33126494
http://doi.org/10.1016/j.cyto.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25458968
http://doi.org/10.1046/j.1523-1747.1999.00749.x
http://doi.org/10.1038/s41598-019-43899-9
http://doi.org/10.1111/bjd.18001
http://doi.org/10.1111/ced.13795
http://doi.org/10.1038/jid.2010.340
http://doi.org/10.1111/j.1365-2133.2008.08769.x
http://www.ncbi.nlm.nih.gov/pubmed/18684158
http://doi.org/10.1038/ni1497


Int. J. Mol. Sci. 2021, 22, 10841 22 of 27

133. Harper, E.G.; Guo, C.; Rizzo, H.; Lillis, J.V.; Kurtz, S.E.; Skorcheva, I.; Purdy, D.; Fitch, E.; Iordanov, M.; Blauvelt, A. Th17
Cytokines Stimulate CCL20 Expression in Keratinocytes In Vitro and In Vivo: Implications for Psoriasis pathogenesis. J. Investig.
Dermatol. 2009, 129, 2175–2183. [CrossRef] [PubMed]

134. Matos, T.R.; O’Malley, J.T.; Lowry, E.L.; Hamm, D.; Kirsch, I.R.; Robins, H.S.; Kupper, T.S.; Krueger, J.G.; Clark, R.A. Clinically
Resolved Psoriatic Lesions Contain Psoriasis-Specific IL-17-Producing αβ T Cell Clones. J. Clin. Investig. 2017, 127, 4031–4041.
[CrossRef] [PubMed]

135. Hawkes, J.E.; Yan, B.Y.; Chan, T.C.; Krueger, J.G. Discovery of the IL-23/IL-17 Signaling Pathway and the Treatment of Psoriasis.
J. Immunol. 2018, 201, 1605–1613. [CrossRef] [PubMed]

136. Stockinger, B.; Omenetti, S. The Dichotomous Nature of T Helper 17 Cells. Nat. Rev. Immunol. 2017, 17, 535–544. [CrossRef]
[PubMed]

137. Aguilar-Flores, C.; Castro-Escamilla, O.; Ortega-Rocha, E.M.; Maldonado-García, C.; Jurado-Santa Cruz, F.; Pérez-Montesinos, G.;
Lemini-López, A.; Bonifaz, L.C. Association of Pathogenic Th17 Cells with the Disease Severity and Its Potential Implication for
Biological Treatment Selection in Psoriasis Patients. Mediat. Inflamm. 2020, 2020, 8065147. [CrossRef]

138. Wu, L.; Hollinshead, K.E.R.; Hao, Y.; Au, C.; Kroehling, L.; Ng, C.; Lin, W.-Y.; Li, D.; Silva, H.M.; Shin, J.; et al. Niche-Selective
Inhibition of Pathogenic Th17 Cells by Targeting Metabolic Redundancy. Cell 2020, 182, 641–654. [CrossRef]

139. Ortega, C.; Fernández, A.S.; Carrillo, J.M.; Romero, P.; Molina, I.J.; Moreno, J.C.; Santamaría, M. IL-17-Producing CD8+ T
Lymphocytes from Psoriasis Skin Plaques are Cytotoxic Effector Cells that Secrete Th17-Related Cytokines. J. Leukoc. Biol. 2009,
86, 435–443. [CrossRef]

140. Hijnen, D.; Knol, E.F.; Gent, Y.Y.; Giovannone, B.; Beijn, S.J.P.; Kupper, T.S.; Bruijnzeel-Koomen, C.A.F.M.; Clark, R.A. CD8(+) T
Cells in the Lesional Skin of Atopic Dermatitis and Psoriasis Patients Are an Important Source of IFN-γ, IL-13, IL-17, and IL-22. J.
Investig. Dermatol. 2013, 133, 973–979. [CrossRef]
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221. Pietrzak, A.; Grywalska, E.; Socha, M.; Roliński, J.; Franciszkiewicz-Pietrzak, K.; Rudnicka, L.; Rudzki, M.; Krasowska, D.
Prevalence and Possible Role of Candida Species in Patients with Psoriasis: A Systematic Review and Meta-Analysis. Mediat.
Inflamm. 2018, 2018. [CrossRef] [PubMed]

222. Ahmed, A.S.; Al-Najjar, A.H.; Alshalahi, H.; Altowayan, W.M.; Elgharabawy, R.M. Clinical Significance of Helicobacter Pylori
Infection on Psoriasis Severity. J. Interferon Cytokine Res. 2021, 41, 44–51. [CrossRef] [PubMed]

223. De Jesús-Gil, C.; Sans-de San Nicolàs, L.; Ruiz-Romeu, E.; Ferran, M.; Soria-Martínez, L.; García-Jiménez, I.; Chiriac, A.; Casanova-
Seuma, J.M.; Fernández-Armenteros, J.M.; Owens, S.; et al. Interplay between Humoral and CLA(+) T Cell Response against
Candida albicans in Psoriasis. Int. J. Mol. Sci. 2021, 22, 1519. [CrossRef] [PubMed]

224. Camargo, C.M.d.S.; Brotas, A.M.; Ramos-e-Silva, M.; Carneiro, S. Isomorphic Phenomenon of Koebner: Facts and Controversies.
Clin. Dermatol. 2013, 31, 741–749. [CrossRef] [PubMed]

225. Zhang, L.-J. Type1 Interferons Potential Initiating Factors Linking Skin Wounds with Psoriasis Pathogenesis. Front. Immunol.
2019, 10, 1440. [CrossRef]

226. Ni, X.; Lai, Y. Keratinocyte: A trigger or an Executor of Psoriasis? J. Leukoc. Biol. 2020, 108, 485–491. [CrossRef]
227. Qiao, P.; Guo, W.; Ke, Y.; Fang, H.; Zhuang, Y.; Jiang, M.; Zhang, J.; Shen, S.; Qiao, H.; Dang, E.; et al. Mechanical Stretch

Exacerbates Psoriasis by Stimulating Keratinocyte Proliferation and Cytokine Production. J. Investig. Dermatol. 2019, 139,
1470–1479. [CrossRef]

228. Elewski, B.; Alexis, A.F.; Lebwohl, M.; Stein Gold, L.; Pariser, D.; Del Rosso, J.; Yosipovitch, G. Itch: An Under-Recognized
Problem in Psoriasis. J. Eur. Acad. Dermatol. Venereol. 2019, 33, 1465–1476. [CrossRef]

229. Kamiya, K.; Kishimoto, M.; Sugai, J.; Komine, M.; Ohtsuki, M. Risk Factors for the Development of Psoriasis. Int. J. Mol. Sci. 2019,
20, 4347. [CrossRef] [PubMed]

230. Nosbaum, A.; Dahel, K.; Goujon, C.; Nicolas, J.-F.; Mengeaud, V.; Vocanson, M. Psoriasis is a Disease of the Entire Skin:
Non-Lesional Skin Displays a Prepsoriasis Phenotype. Eur. J. Dermatol. 2021, 31, 143–154. [CrossRef]

231. Mack, M.R.; Kim, B.S. The Itch–Scratch Cycle: A Neuroimmune Perspective. Trends Immunol. 2018, 39, 980–991. [CrossRef]
232. Dogra, S.; Kamat, D. Drug-Induced Psoriasis. Indian J. Rheumatol. 2019, 14, 37–43. [CrossRef]

http://doi.org/10.1186/s12866-021-02125-1
http://www.ncbi.nlm.nih.gov/pubmed/33685393
http://doi.org/10.1111/1346-8138.14933
http://www.ncbi.nlm.nih.gov/pubmed/31141234
http://doi.org/10.1016/j.jid.2020.04.031
http://www.ncbi.nlm.nih.gov/pubmed/32544478
http://doi.org/10.1186/s40168-018-0533-1
http://doi.org/10.1038/s41467-019-12253-y
http://www.ncbi.nlm.nih.gov/pubmed/31619666
http://doi.org/10.1016/j.jaad.2019.06.024
http://www.ncbi.nlm.nih.gov/pubmed/31228520
http://doi.org/10.3389/fmicb.2020.589726
http://www.ncbi.nlm.nih.gov/pubmed/33384669
http://doi.org/10.1111/bjd.15366
http://doi.org/10.3390/ijms22094529
http://doi.org/10.1016/j.berh.2020.101494
http://doi.org/10.1111/exd.13786
http://doi.org/10.1001/archderm.1992.01680110049004
http://doi.org/10.1016/j.jaad.2014.10.013
http://doi.org/10.1128/IAI.00304-18
http://doi.org/10.4103/ijd.IJD_531_17
http://www.ncbi.nlm.nih.gov/pubmed/29937554
http://doi.org/10.1155/2018/9602362
http://www.ncbi.nlm.nih.gov/pubmed/29853795
http://doi.org/10.1089/jir.2020.0144
http://www.ncbi.nlm.nih.gov/pubmed/33621131
http://doi.org/10.3390/ijms22041519
http://www.ncbi.nlm.nih.gov/pubmed/33546306
http://doi.org/10.1016/j.clindermatol.2013.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24160280
http://doi.org/10.3389/fimmu.2019.01440
http://doi.org/10.1002/JLB.5MR0120-439R
http://doi.org/10.1016/j.jid.2018.12.019
http://doi.org/10.1111/jdv.15450
http://doi.org/10.3390/ijms20184347
http://www.ncbi.nlm.nih.gov/pubmed/31491865
http://doi.org/10.1684/ejd.2021.4015
http://doi.org/10.1016/j.it.2018.10.001
http://doi.org/10.4103/0973-3698.272159


Int. J. Mol. Sci. 2021, 22, 10841 26 of 27

233. Shi, C.R.; Nambudiri, V.E. Widespread Psoriasis Flare Following Influenza Vaccination. Vaccine 2017, 35, 4785–4786. [CrossRef]
234. Choudhry, A.; Mathena, J.; Albano, J.D.; Yacovone, M.; Collins, L. Safety Evaluation of Adenovirus Type 4 and Type 7 Vaccine

Live, Oral in Military Recruits. Vaccine 2016, 34, 4558–4564. [CrossRef]
235. Barrea, L.; Savanelli, M.C.; Di Somma, C.; Napolitano, M.; Megna, M.; Colao, A.; Savastano, S. Vitamin D and Its Role in Psoriasis:

An Overview of the Dermatologist and Nutritionist. Rev. Endocr. Metab. Disord. 2017, 18, 195–205. [CrossRef]
236. Brownstone, N.; Mosca, M.; Hong, J.; Hadeler, E.; Bhutani, T. Phototherapy for Psoriasis: New Research and Insights. Curr.

Dermatol. Rep. 2021, 10, 16–20. [CrossRef]
237. Sbidian, E.; Chaimani, A.; Garcia-Doval, I.; Doney, L.; Dressler, C.; Hua, C.; Hughes, C.; Naldi, L.; Afach, S.; Le Cleach, L.

Systemic Pharmacological Treatments for Chronic Plaque Psoriasis: A Network Meta-Analysis. Cochrane Database Syst. Rev. 2021.
[CrossRef]

238. Nogueira, M.; Puig, L.; Torres, T. JAK Inhibitors for Treatment of Psoriasis: Focus on Selective TYK2 Inhibitors. Drugs 2020, 80,
341–352. [CrossRef]

239. Florek, A.G.; Wang, C.J.; Armstrong, A.W. Treatment Preferences and Treatment Satisfaction among Psoriasis Patients: A
Systematic Review. Arch. Dermatol. Res. 2018, 310, 271–319. [CrossRef] [PubMed]

240. Griffiths, C.E.M.; Armstrong, A.W.; Gudjonsson, J.E.; Barker, J.N.W.N. Psoriasis. Lancet 2021, 397, 1301–1315. [CrossRef]
241. Fluhr, J.W.; Cavallotti, C.; Berardesca, E. Emollients, Moisturizers, and Keratolytic Agents in Psoriasis. Clin. Dermatol. 2008, 26,

380–386. [CrossRef] [PubMed]
242. Jacobi, A.; Mayer, A.; Augustin, M. Keratolytics and Emollients and Their Role in the Therapy of Psoriasis: A Systematic Review.

Dermatol. Ther. 2015, 5, 1–18. [CrossRef] [PubMed]
243. Maroto-Morales, D.; Montero-Vilchez, T.; Arias-Santiago, S. Study of Skin Barrier Function in Psoriasis: The Impact of Emollients.

Life 2021, 11, 651. [CrossRef]
244. Pfaff, C.M.; Marquardt, Y.; Fietkau, K.; Baron, J.M.; Lüscher, B. The Psoriasis-Associated IL-17A Induces and Cooperates with

IL-36 Cytokines to Control Keratinocyte Differentiation and Function. Sci. Rep. 2017, 7, 15631. [CrossRef] [PubMed]
245. Wang, W.; Yu, X.; Wu, C.; Jin, H. IL-36γ Inhibits Differentiation and Induces Inflammation of Keratinocyte via Wnt Signaling

Pathway in Psoriasis. Int. J. Med. Sci. 2017, 14, 1002–1007. [CrossRef] [PubMed]
246. Miura, S.; Garcet, S.; Salud-Gnilo, C.; Gonzalez, J.; Li, X.; Murai-Yamamura, M.; Yamamura, K.; Rambhia, D.; Kunjravia,

N.; Guttman-Yassky, E.; et al. IL-36 and IL-17A Cooperatively Induce a Psoriasis-Like Gene Expression Response in Human
Keratinocytes. J. Investig. Dermatol. 2021, 141, 2086–2090. [CrossRef]

247. Bachelez, H.; Choon, S.-E.; Marrakchi, S.; Burden, A.D.; Tsai, T.-F.; Morita, A.; Turki, H.; Hall, D.B.; Shear, M.; Baum, P.; et al.
Inhibition of the Interleukin-36 Pathway for the Treatment of Generalized Pustular Psoriasis. N. Engl. J. Med. 2019, 380, 981–983.
[CrossRef] [PubMed]

248. Choon, S.E.; Lebwohl, M.G.; Marrakchi, S.; Burden, A.D.; Tsai, T.-F.; Morita, A.; Navarini, A.A.; Zheng, M.; Xu, J.; Turki, H.; et al.
Study Protocol of the Global Effisayil 1 Phase II, Multicentre, Randomised, Double-Blind, Placebo-Controlled Trial of Spesolimab
in Patients with Generalized Pustular Psoriasis Presenting with an Acute Flare. BMJ Open 2021, 11, e043666. [CrossRef] [PubMed]

249. Mrowietz, U.; Burden, A.D.; Pinter, A.; Reich, K.; Schäkel, K.; Baum, P.; Datsenko, Y.; Deng, H.; Padula, S.J.; Thoma, C.;
et al. Spesolimab, an Anti-Interleukin-36 Receptor Antibody, in Patients with Palmoplantar Pustulosis: Results of a Phase IIa,
Multicenter, Double-Blind, Randomized, Placebo-Controlled Pilot Study. Dermatol. Ther. 2021, 11, 571–585. [CrossRef]

250. Tsai, Y.-C.; Tsai, T.-F. Anti-Interleukin and Interleukin Therapies for Psoriasis: Current Evidence and Clinical Usefulness. Ther.
Adv. Musculoskelet. Dis. 2017, 9, 277–294. [CrossRef]

251. Harden, J.L.; Johnson-Huang, L.M.; Chamian, M.F.; Lee, E.; Pearce, T.; Leonardi, C.L.; Haider, A.; Lowes, M.A.; Krueger, J.G.
Humanized Anti-IFN-γ (HuZAF) in the Treatment of Psoriasis. J. Allergy Clin. Immunol. 2015, 135, 553–556. [CrossRef]

252. Mease, P.J.; Gottlieb, A.B.; Berman, A.; Drescher, E.; Xing, J.; Wong, R.; Banerjee, S. The Efficacy and Safety of Clazakizumab, an
Anti–Interleukin-6 Monoclonal Antibody, in a Phase IIb Study of Adults with Active Psoriatic Arthritis. Arthritis Rheumatol. 2016,
68, 2163–2173. [CrossRef]

253. Furue, K.; Ito, T.; Tsuji, G.; Nakahara, T.; Furue, M. The CCL20 and CCR6 Axis in Psoriasis. Scand. J. Immunol. 2020, 91, e12846.
[CrossRef]

254. Bouma, G.; Zamuner, S.; Hicks, K.; Want, A.; Oliveira, J.; Choudhury, A.; Brett, S.; Robertson, D.; Felton, L.; Norris, V.; et al.
CCL20 Neutralization by a Monoclonal Antibody in Healthy Subjects Selectively Inhibits Recruitment of CCR6(+) Cells in an
Experimental Suction Blister. Br. J. Clin. Pharmacol. 2017, 83, 1976–1990. [CrossRef]

255. Laffan, S.B.; Thomson, A.S.; Mai, S.; Fishman, C.; Kambara, T.; Nistala, K.; Raymond, J.T.; Chen, S.; Ramani, T.; Pageon, L.; et al.
Immune Complex Disease in a Chronic Monkey Study with a Humanised, Therapeutic Antibody against CCL20 is Associated
with Complement-Containing Drug Aggregates. PLoS ONE 2020, 15, e0231655. [CrossRef] [PubMed]

256. Heidenreich, R.; Röcken, M.; Ghoreschi, K. Angiogenesis Drives Psoriasis Pathogenesis. Int. J. Exp. Pathol. 2009, 90, 232–248.
[CrossRef] [PubMed]

257. Luengas-Martinez, A.; Hardman-Smart, J.; Paus, R.; Young, H.S. Vascular Endothelial Growth Factor-A as a Promising Therapeutic
Target for the Management of Psoriasis. Exp. Dermatol. 2020, 29, 687–698. [CrossRef] [PubMed]

258. Hsu, M.-C.; Chen, C.-C. Psoriasis Flare-Ups Following Sorafenib Therapy: A Rare Case. Dermatol. Sin. 2016, 34, 148–150.
[CrossRef]

http://doi.org/10.1016/j.vaccine.2017.06.067
http://doi.org/10.1016/j.vaccine.2016.07.033
http://doi.org/10.1007/s11154-017-9411-6
http://doi.org/10.1007/s13671-020-00324-z
http://doi.org/10.1002/14651858.CD011535.pub2
http://doi.org/10.1007/s40265-020-01261-8
http://doi.org/10.1007/s00403-018-1808-x
http://www.ncbi.nlm.nih.gov/pubmed/29442137
http://doi.org/10.1016/S0140-6736(20)32549-6
http://doi.org/10.1016/j.clindermatol.2008.01.015
http://www.ncbi.nlm.nih.gov/pubmed/18691519
http://doi.org/10.1007/s13555-015-0068-3
http://www.ncbi.nlm.nih.gov/pubmed/25604924
http://doi.org/10.3390/life11070651
http://doi.org/10.1038/s41598-017-15892-7
http://www.ncbi.nlm.nih.gov/pubmed/29142248
http://doi.org/10.7150/ijms.20809
http://www.ncbi.nlm.nih.gov/pubmed/28924372
http://doi.org/10.1016/j.jid.2021.01.019
http://doi.org/10.1056/NEJMc1811317
http://www.ncbi.nlm.nih.gov/pubmed/30855749
http://doi.org/10.1136/bmjopen-2020-043666
http://www.ncbi.nlm.nih.gov/pubmed/33785490
http://doi.org/10.1007/s13555-021-00504-0
http://doi.org/10.1177/1759720X17735756
http://doi.org/10.1016/j.jaci.2014.05.046
http://doi.org/10.1002/art.39700
http://doi.org/10.1111/sji.12846
http://doi.org/10.1111/bcp.13286
http://doi.org/10.1371/journal.pone.0231655
http://www.ncbi.nlm.nih.gov/pubmed/32325480
http://doi.org/10.1111/j.1365-2613.2009.00669.x
http://www.ncbi.nlm.nih.gov/pubmed/19563608
http://doi.org/10.1111/exd.14151
http://www.ncbi.nlm.nih.gov/pubmed/32654325
http://doi.org/10.1016/j.dsi.2016.01.004


Int. J. Mol. Sci. 2021, 22, 10841 27 of 27

259. Adachi, T.; Hiraoka, A.; Okazaki, H.; Nagamatsu, K.; Izumoto, H.; Yoshino, T.; Tsuruta, M.; Aibiki, T.; Okudaira, T.; Yamago,
H.; et al. Exacerbation of Psoriasis vulgaris by Sorafenib Treatment for Hepatocellular Carcinoma. Clin. J. Gastroenterol. 2020, 13,
891–895. [CrossRef]

260. Ohashi, T.; Yamamoto, T. Exacerbation of Psoriasis with Pustulation by Sorafenib in a Patient with Metastatic Hepatocellular
Carcinoma. Indian J. Dermatol. 2019, 64, 75–77. [CrossRef]

261. Dumet, C.; Pottier, J.; Gouilleux, V.; Watier, H. New Structural Formats of Therapeutic Antibodies for Rheumatology. Jt. Bone
Spine 2018, 85, 47–52. [CrossRef]

262. Papp, K.A.; Weinberg, M.A.; Morris, A.; Reich, K. IL17A/F Nanobody Sonelokimab in Patients with Plaque Psoriasis: A
Multicentre, Randomised, Placebo-Controlled, Phase 2b Study. Lancet 2021, 397, 1564–1575. [CrossRef]

263. Membrive Jiménez, C.; Pérez Ramírez, C.; Sánchez Martín, A.; Vieira Maroun, S.; Arias Santiago, S.A.; Ramírez Tortosa, M.D.C.;
Jiménez Morales, A. Influence of Genetic Polymorphisms on Response to Biologics in Moderate-to-Severe Psoriasis. J. Pers. Med.
2021, 11, 293. [CrossRef]

264. Dand, N.; Duckworth, M.; Baudry, D.; Russell, A.; Curtis, C.J.; Lee, S.H.; Evans, I.; Mason, K.J.; Alsharqi, A.; Becher, G.; et al.
HLA-C*06:02 Genotype is a Predictive Biomarker of Biologic Treatment Response in Psoriasis. J. Allergy Clin. Immunol. 2019, 143,
2120–2130. [CrossRef] [PubMed]

265. Konrad, R.J.; Higgs, R.E.; Rodgers, G.H.; Ming, W.; Qian, Y.-W.; Bivi, N.; Mack, J.K.; Siegel, R.W.; Nickoloff, B.J. Assessment and
Clinical Relevance of Serum IL-19 Levels in Psoriasis and Atopic Dermatitis Using a Sensitive and Specific Novel Immunoassay.
Sci. Rep. 2019, 9, 5211. [CrossRef] [PubMed]

266. Chan, S.; Reddy, V.; Myers, B.; Thibodeaux, Q.; Brownstone, N.; Liao, W. Machine Learning in Dermatology: Current Applications,
Opportunities, and Limitations. Dermatol. Ther. 2020, 10, 365–386. [CrossRef] [PubMed]

http://doi.org/10.1007/s12328-020-01134-3
http://doi.org/10.4103/ijd.IJD_16_17
http://doi.org/10.1016/j.jbspin.2017.04.007
http://doi.org/10.1016/S0140-6736(21)00440-2
http://doi.org/10.3390/jpm11040293
http://doi.org/10.1016/j.jaci.2018.11.038
http://www.ncbi.nlm.nih.gov/pubmed/30578879
http://doi.org/10.1038/s41598-019-41609-z
http://www.ncbi.nlm.nih.gov/pubmed/30914699
http://doi.org/10.1007/s13555-020-00372-0
http://www.ncbi.nlm.nih.gov/pubmed/32253623

	Introduction 
	Psoriasis 
	Barrier Aberration in Psoriasis 
	Physical Barrier Disruption 
	Disruption of Keratinocyte Proliferation and Differentiation 
	Disruption of Intercellular Connections 
	Dysregulation of the Lipid-Rich ECM of the Stratum Corneum 
	Other Contributing Factors 

	Immune Barrier Dysregulation 
	Keratinocytes Promote Inflammation 
	Inflammatory Immune Cells 
	Immunosuppressing Cells 


	Contributors to Barrier Dysregulation in Psoriasis 
	Genetic Aberrations 
	Susceptible Genes 
	Epigenetic Modifications 

	Environmental Factors 
	Imbalances in the Gut/Skin Microbiome 
	Infections 
	Skin Damage 


	Psoriasis Current Treatment and Future Directions 
	Current Treatments 
	Future Directions of Treatment 

	References

