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Abstract
Psoriasis is one of the most common inflammatory skin diseases with a chronic, relapsing-remitting course. The last decades of 
intense research uncovered a pathological network of interactions between immune cells and other types of cells in the patho-
genesis of psoriasis. Emerging evidence indicates that dendritic cells,  TH17 cells, and keratinocytes constitute a pathogenic 
triad in psoriasis. Dendritic cells produce TNF-α and IL-23 to promote T cell differentiation toward  TH17 cells that produce key 
psoriatic cytokines IL-17, IFN-γ, and IL-22. Their activity results in skin inflammation and activation and hyperproliferation of 
keratinocytes. In addition, other cells and signaling pathways are implicated in the pathogenesis of psoriasis, including  TH9 cells, 
 TH22 cells,  CD8+ cytotoxic cells, neutrophils, γδ T cells, and cytokines and chemokines secreted by them. New insights from 
high-throughput analysis of lesional skin identified novel signaling pathways and cell populations involved in the pathogenesis. 
These studies not only expanded our knowledge about the mechanisms of immune response and the pathogenesis of psoriasis 
but also resulted in a revolution in the clinical management of patients with psoriasis. Thus, understanding the mechanisms 
of immune response in psoriatic inflammation is crucial for further studies, the development of novel therapeutic strategies, 
and the clinical management of psoriasis patients. The aim of the review was to comprehensively present the dysregulation of 
immune response in psoriasis with an emphasis on recent findings. Here, we described the role of immune cells, including T 
cells, B cells, dendritic cells, neutrophils, monocytes, mast cells, and innate lymphoid cells (ILCs), as well as non-immune cells, 
including keratinocytes, fibroblasts, endothelial cells, and platelets in the initiation, development, and progression of psoriasis.
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Introduction

Psoriasis is a chronic inflammatory skin disease whose prev-
alence varies from 0.1 to 8% depending on the geographical 
region and affects more than 125 million people worldwide 
[1–3]. The clinical features of psoriasis are heterogeneous 

and include cutaneous as well as systemic manifestations 
[3]. The most common variant of psoriasis is plaque psoria-
sis (psoriasis vulgaris) which accounts for more than 80% of 
cases [1]. Common symptoms include skin itching, burning, 
and soreness [3]. Moreover, several comorbidities have been 
associated with psoriasis including psoriatic arthritis, car-
diovascular disease, metabolic syndrome, obesity, inflam-
matory bowel disease, and psychiatric disorders that are 
associated with systemic inflammation [3, 4].

The etiology of psoriasis is very complex and involves 
multiple intrinsic and extrinsic factors. Several genetic 
risk factors, including genes involved in antigen presenta-
tion (HLA-Cw6), cytokine signaling (IL12B, IL23R), inter-
feron signaling, and NF-κB signaling (TNFAIP3, NFKBIA, 
NFKBIZ, TNIP1, and RELA) have been identified [3, 5–7]. 
Psoriasis is characterized by the activation of inflammatory 
pathways in both the innate and adaptive immune cells lead-
ing to the uncontrolled proliferation of keratinocytes (KCs), 
acanthosis, neovascularization, and potent skin infiltration 
by immune cells [8]. Over 80% of upregulated genes in 
psoriatic lesions are associated with activation of KCs and 
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skin infiltration by T cells and macrophages [9]. Moreover, 
most significantly enriched transcripts are associated with 
immune response, defense response, and response to wound-
ing [10].

Immune Response in Psoriasis

Skin is a complex immune organ that protects the organ-
ism from infection, enables wound healing, and interacts 
with the skin microbiome [11–14]. Moreover, it constitutes 
an important reservoir of immune cells and contains nearly 
twice the T cells present in the circulation [15]. Thus, dis-
ruption of the immune homeostasis may have detrimental 
effects on the human body and result in a variety of inflam-
matory diseases.

Psoriasis is characterized by the dysregulation of the 
cytokine network with multiple self-amplifying feeds accel-
erating pathogenic circuits. Psoriatic inflammation can be 
triggered in predisposed individuals by mechanical stress 
(Koebner phenomenon), air pollutants, sun exposure, drugs, 
infections, or vaccination [16]. It seems that pattern recogni-
tion receptors (PRRs), especially Toll-like receptors (TLRs), 
are crucial mediators of the response to these triggering 
factors [17]. Skin injury triggers the release of damage-
associated molecular patterns (DAMPs) including dsRNA, 
ssRNA, and DNA from damaged cells which activate TLRs 
signaling in different types of cells, including KCs and den-
dritic cells (DCs) [18, 19]. Activation of TLRs by DAMPs 
or pathogen-associated molecular patterns (PAMPs) triggers 
the production of multiple cytokines and initiation of the 
psoriatic inflammation [19–22].

The first studies suggested that psoriasis is a classical 
 TH1 inflammatory disease with IFN-γ as a key mediator of 
psoriatic inflammation [23]. Further intense studies revealed 
that it is associated with not only overactivated  TH1 response 
but also  TH17 and  TH22 responses [24]. In general, proin-
flammatory cytokines and factors stimulating proliferation 
in psoriasis are produced mainly by T cells (IL-17, IL-21, 
IL-22, IFN-γ), DCs (TNF-α, IL-6, IL-20, IL-23, NO), and 
KCs (antimicrobial peptides (AMPs), IL-20, chemokines). 
These cells form a key pathogenic loop in psoriasis that 
involves a triad of IL-23-producing DCs, IL-17-producing 
 TH17, and activated KCs (Fig. 1).

Dysregulation of Cytokine Network Underlies 
Psoriasis Pathogenesis

Psoriasis has been recognized as a disease of dysregu-
lated cytokine profile for over three decades [26]. Novel 
methods that enable the assessment of multiple cytokines 
[27] and transcriptomic genome-wide expression analysis 

[9, 28] uncovered a profoundly disrupted cytokine expres-
sion profile in psoriatic skin as well as a complex network 
between cells in psoriatic skin (Table 1).

Dysregulation of the cytokine profile is associated with 
overactivation of type 1, type 17, and type 22 pathways 
as well as innate inflammatory pathways (Fig. 2). TNF-α 
is the founder cytokine that initiates downstream inflam-
matory signaling in psoriasis. There are multiple triggers 
of TNF-α secretion, including skin injury, environmental 
stimuli, autoantigens, and TLRs agonists [105, 106]. In 
psoriatic skin, it is produced predominantly by activated T 
cells and antigen-presenting cells (APCs), including dermal 
DCs [102–104]. TNF-α synergizes with IFN-γ to induce the 
expression of chemokines and inflammatory adhesion mol-
ecules by endothelial cells which promote the infiltration of 
immune cells, especially T cells, into the skin [95]. Moreo-
ver, TNF-α triggers KCs and DCs to secrete IL-23 [53, 107].

IL-23 is a heterodimer of p19 and p40 subunits. It  
is a key regulator of the type 17 pathway activating a  
variety of cells, including  TH17, Tc17, γδ T cells, and  
innate lymphoid cells type 3 (ILC3) to produce IL-17  
[108]. Moreover, IL-23 is a key cytokine that regulates  
the survival and pathogenic potential of  TH17 cells 
[109–112].

TH17 cells orchestrate inflammation via multiple 
cytokines, especially IL-17. This cytokine regulates 
immune response to different pathogens and tissue repair 
processes. However, IL-17 is also implicated in a vari-
ety of  TH17-mediated inflammatory autoimmune dis-
eases [113, 114]. In lesional skin, the level of IL-17 fam-
ily members, especially IL-17A, IL-17C, and IL-17F, is 
potently upregulated [25, 40, 80, 115–118]. It is caused by 
the potent infiltration, activation, and expansion of  TH17 
cells and positive feedback loops amplifying the produc-
tion of IL-17 [119]. IL-17 exerts a variety of effects in 
inflamed psoriatic skin, including activation of KCs to 
produce AMPs, upregulation of ICAM-1 in endothelial 
cells to promote tissue inflammation and promotion of the 
infiltration of immune cells. Moreover, IL-17 potentiates 
inflammation by the induction of multiple pro-inflamma-
tory cytokines and chemokines (Fig. 2) [40, 80, 115–118]. 
IL-17 synergizes with TNF-α to induce hyperprolifera-
tion of KCs,  TH17-polarized inflammation, and upregu-
late psoriasis-related genes [61, 118, 120–122]. IL-17 also 
upregulates the level of psoriasis autoantigens which is 
potentiated by the vitamin D3 and IL-22 [123].

Chemokines and Homing Receptors Regulate 
Immune Cell Trafficking in Psoriasis

Profound infiltration of immune cells into psoriatic skin 
is caused by, among others, dysregulated chemokine sign-
aling (Table 2). The expression of chemokines and their 
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receptors are regulated by psoriasis-associated cytokines, 
including IL-17 which upregulates CCL2, CCL7, CCL20, 
and CXCL1, or IFN-γ which upregulates CXCL9 and 
CXCL10 [113, 124]. Notably, some of them, includ-
ing CXCL9 and CXCL10, are upregulated even in non-
lesional skin of psoriasis patients which may contribute 
to the initiation of novel skin lesions [125].

In psoriasis, T cells infiltrating lesional skin have substan-
tially upregulated expression of chemokine receptors, includ-
ing a skin-homing receptor, CCR4, and CCR6 [127]. Moreo-
ver, there is an increased fraction of  CCR4+ and  CCR6+ T 
cells in peripheral blood [70]. Due to increased expression 
of chemokine receptors, skin-homing T cells of psoriasis 
patients respond to lower concentrations of chemokines, 

Fig. 1  Dysregulation of immune response in psoriasis. Psoriasis may 
be triggered by different factors, including skin injury (Koebner phe-
nomenon), infection, drugs, and autoantigens in predisposed indi-
viduals. In the early phase of psoriasis, neutrophils infiltrate the skin 
and release neutrophils extracellular traps (NETs), exosomes, metal-
loproteinase 9 (MMP9), and IL-17. Activated keratinocytes (KCs) 
have increased proliferative capacity and produce a variety of pro-
inflammatory factors, including chemokines, antimicrobial peptides 
(AMPs), and alarmins. Dendritic cells (DCs) are activated by toll-like 
receptors (TLRs) ligands and AMPs which initiate T cell immune 
response. DCs activate a variety of T cells, including IL-17-produc-

ing  TH17 and Tc17 cells, IL-9-producing  TH9 cells, IFN-γ-producing 
 TH1 cells, and IL-22-producing  TH22 cells. Moreover, DCs and 
Langerhans cells (LCs) can present autoantigens stimulating autore-
active T cells. The impaired skin microbiome activates γδ T cells that 
produce IL-17 and IL-1β. In the late phase of inflammation, psori-
atic lesions are characterized by the profound infiltration of immune 
cells, increased concentrations of multiple cytokines and chemokines, 
and hyperproliferation of KCs. Moreover, increased angiogenesis and 
endothelial cells activated by psoriatic cytokines facilitate the infiltra-
tion of immune cells into inflamed skin. Created with Biore nder. com

https://www.biorender.com/
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Table 1  The role of cytokines and chemokines in psoriasis

Cytokine Cellular source Level in psoriasis Biological effects in psoriasis Ref.

IL-1β Activated macrophages, DCs, KCs, 
and T cells

↑ lesional skin - Activates the pro-inflammatory 
response of KCs

[29–33]

- Promotes the formation of 
perivascular DCs clusters

- Triggers  TH17 cells differentiation
- Induces proliferation of dermal γδ 

T cells
IL-2 DCs, activated T cells, mac-

rophages
↑ lesional skin - T cells survival factor [34]

- Promotes T cells differentiation into 
effector T cells or memory T cells

IL-4 Activated  TH2 cells, basophils, mast 
cells, ILC2

↓ in psoriatic epidermal T cells - Promotes  TH2 immune response [35–37]

- Suppresses  TH1 and  TH17 
responses

- Suppresses IL-1β and IL-6 
production by KCs

- Suppresses IL-23 production by 
DCs and promotes p35 production

IL-6 DCs, endothelial cells, KCs, T cells ↑ lesional skin - Promotes  TH17 cells differentiation [38–41]
↑ serum of psoriasis patients - Inhibits suppressive functions of 

Tregs
- Induces angiogenesis by 

upregulating VEGF production
IL-7 Hair follicle KCs ↑ lesional skin - Maintains  CD4+ and  CD8+ skin-

resident memory T cells in the 
epidermis

[42–44]

↑ serum of psoriasis patients
IL-8 (CXCL8) Neutrophils, KCs ↑ lesional skin - Stimulates neutrophil infiltration [41, 45–47]

↑ serum of psoriasis patients - Induces KCs hyperproliferation
- Stimulates angiogenesis

IL-9 TH9 cells and  TH22 cells ↑ lesional skin - Induces IL-17A production by 
 CD4+ T cells

[48, 49]

↑ plasma of psoriasis patients - Stimulates angiogenesis
IL-10 TH cells, monocytes, macrophages, 

and DCs
↓ lesional skin - Suppresses type 1 inflammation [50]

↑ serum of psoriasis patients - Downregulates IL-8/CXCR2 
pathway in epidermal cells

- Reduces KCs proliferation
IL-11 Fibroblasts, epithelial cells ↑ lesional skin - Reduces T cells infiltration [51]

- Polarizes immune response towards 
type 2 response

- Reduces KCs proliferation
IL-12 Activated DCs, macrophages, 

monocytes, and B cells
↑ IL-12p40 and IL-12p70 in 

lesional skin
- Inhibits the invasion of γδT17 cells [27, 33, 41, 52, 53]

↑ serum of psoriasis patients - Induces protective transcriptional 
program in KCs limiting skin 
inflammation

- No changes or decreased level of 
IL-12p35

- Induces IFN-γ production by NK 
cells and T cells

- Promotes differentiation of  TH1 
cells

IL-13 Activated  TH2 cells, mast cells, and 
basophils

↑ lesional skin - Functional role in psoriasis is 
unclear

[50, 54]
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Table 1  (continued)

Cytokine Cellular source Level in psoriasis Biological effects in psoriasis Ref.

↑ serum of psoriasis patients
IL-15 Hair follicle KCs ⟷ serum of psoriasis patients - Synergizes with IL-23 to induce 

IL-17F, IL-17A, and IFN-γ 
production by T cells

[44, 50, 55]

- Induces T cells infiltration

- Stimulates angiogenesis
IL-16 KCs ↑ serum of psoriasis patients - Promotes recruitment of  CD4+ T 

cells to psoriatic lesions
[56]

IL-17 TH17 cells, Tc17 cells, NK cells, γδ 
T cells, mast cells, neutrophils

↑ IL-17A, IL-17C, and IL-17F in 
lesional skin

- Increases the level of LL37 [25, 27, 40, 49, 57–61]

- Promotes secretion of multiple 
proinflammatory cytokines, 
including IL-1β, IL-6, GM-CSF, 
and TNF

- Upregulates production of 
chemokines

- Impairs Tregs suppressive functions
IL-18 KCs ↑ lesional skin - Promotes infiltration of immune 

cells in psoriasiform inflammation
[27, 41, 62, 63]

↑ serum of psoriasis patients - Upregulates the expression of IL-17 
and suppresses the expression of 
IL-4 in psoriatic skin

IL-19 KCs ↑ lesional skin - Upregulates the expression of 
inflammatory mediators in KCs

[33, 60, 64]

↑ serum of psoriasis patients - Synergizes with IL-17A to 
induce production of β-defensin, 
IL-23p19, and  TH17- and 
neutrophil-attracting chemokines

IL-20 KCs, leukocytes ↑ lesional skin - Promotes angiogenesis and 
chemotaxis

[33, 60]

↑ serum of psoriasis patients - Promotes keratinocyte 
differentiation and activation

- Stimulates production of pro-
inflammatory cytokines

IL-21 CD4+ T cells, especially  TH17 cells ↑ lesional skin - Promotes KCs hyperproliferation [33, 65–68]
↑ serum of psoriasis patients - Promotes and sustains  TH17 cells 

differentiation
- Inhibits Tregs differentiation

IL-22 Mast cells,  TH22 cells,  TH17 cells, 
Tc cells, NK-T cells, γδ T cells, 
DCs, macrophages

↑ lesional skin - Stimulates KCs hyperproliferation, 
differentiation, and migration

[33, 58, 60, 69–73]

↑ serum of psoriasis patients - Induces the secretion of pro-
inflammatory cytokines

IL-23 Inflammatory monocytes, mature 
DCs, KCs

↑ lesional skin - Promotes  TH17 activation, survival, 
and pathogenic potential

[53, 74–77]

- Activates dermal γδ T cells and 
promotes their expansion

- Stimulates antigen presentation 
by DCs

- Triggers IFN-γ production
- Promotes immune cells infiltration 

to the skin
- Triggers hyperplasia of KCs

IL-24 KCs, monocytes ↑ lesional skin - Induces psoriasis-like inflammation [60, 78, 79]
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including CCL20, and exhibit stronger chemotactic responses 
compared to T cells of healthy individuals [132].

Immune Cells in Psoriasis

Multiple types of immune cells regulate the initiation, 
maintenance, and progression of psoriatic inflamma-
tion. T cells, especially  TH17 cells, together with DCs 

are the main players in the pathogenesis of psoriasis. 
Nonetheless, a variety of other types of immune cells, 
including neutrophils, monocytes, macrophages, mast 
cells, and ILCs participate in the pathogenesis of pso-
riasis (Fig. 3). In general, innate immune cells, espe-
cially neutrophils, are key cells in the early phases of 
psoriasis development while T cell-dominated adaptive 
inflammation is a feature of stable plaques in the later 
phases [144].

Table 1  (continued)

Cytokine Cellular source Level in psoriasis Biological effects in psoriasis Ref.

IL-25 (IL-17E) KCs ↑ lesional skin - Stimulates pro-inflammatory 
phenotype and proliferation of KCs

[33, 80]

- Stimulates infiltration of DCs, 
macrophages, and γδ T cells to 
the skin

IL-26 TH1 cells,  TH17 cells, NK cells ↑ lesional skin - Promotes infiltration of neutrophils 
and  CD4+ T cells into the skin

[58, 81, 82]

- Stimulates angiogenesis
IL-33 Epithelial cells, KCs, DCs ↑ lesional skin - Promotes pro-inflammatory 

phenotype of KCs
[83]

IL-36γ (IL-1FG) KCs, monocytes, DCs ↑ lesional skin - Induces the expression of AMPs 
and matrix metalloproteinases 
(MMPs) by KCs

[60, 84–86]

- Regulates the recruitment of 
inflammatory cells and the 
expansion IL-17–producing γδ T 
cells in the skin

IL-37 Macrophages, effector memory T 
cells

↓ lesional skin - Inhibits the production of 
inflammatory mediators by KCs

[28, 87, 88]

IL-38 KCs ↓ lesional skin - Suppresses psoriatic inflammation [89, 90]
↓ serum of psoriasis patients - Suppresses pro-inflammatory 

phenotype of KCs
- Suppresses IL-17A production by 

dermal γδ T cells
IFN-α pDCs ↑ lesional skin - Induces  TH1 and  TH17cells and 

their activation and proliferation
[50, 91–93]

↑ serum of psoriasis patients - Activates DCs and KCs
IFN-β KCs, pDCs ↑ lesional skin - Regulates KCs differentiation [18, 91, 94]

- Promotes DCs activation and 
differentiation

IFN-γ T cells, NK cells ↑ lesional skin - Activates KCs [27, 33, 41, 58, 95]
↑ serum of psoriasis patients - Promotes T cells infiltration

- Promotes DCs maturation
TGF-β Tregs ↑ lesional skin - Inhibits KCs proliferation [96–99]

↑ serum of psoriasis patients - Promotes T cell infiltration
TNF-α Activated T cells, DCs, mac-

rophages, KCs, fibroblasts
↑ lesional skin
↑ serum of psoriasis patients

- Activates T cells, macrophages 
and DCs

[33, 41, 70, 95, 100–104]

- Activates KCs triggering 
hyperproliferation

- Synergizes with IL-17A
- Promotes secretion of pro-

inflammatory cytokines
- Induces infiltration of immune cells 

to the lesional skin
- Promotes angiogenesis by inducing 

VEGF secretion
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The Role of Neutrophils

Neutrophils are a heterogeneous innate immune cell popula-
tion that can either suppress or enhance immune response 
[145]. In psoriasis, neutrophils participate in the initiation 
of the disease and early phases of progression of psoriatic 
inflammation [146, 147]. Early lesions and prepsoriatic skin 
adjacent to active lesions are characterized by the potent 
infiltration of  CD15+ neutrophils [148]. Chronic lesions are 
also infiltrated by neutrophils, especially  CD15posCD10pos 
and  CD15posCD10neg neutrophils [146] Neutrophils are also 
enriched in the peripheral blood of psoriatic patients and are 
in a pre-activated state [149]. They are chemoattracted to 
the inflamed psoriatic skin mainly by IL-17E and CXCL8 

[149]. Additionally, neutrophils release IL-17A and extra-
cellular vesicles that induce the expression of proinflam-
matory cytokines and chemokines in KCs which enhance 
their migratory phenotype and promote infiltration into the 
skin [150, 151]. Notably, infiltrating neutrophils overexpress 
matrix metallopeptidase (MMP)-9 that activates vascular 
endothelial cells, enhances vascular permeability, and pro-
motes  CD4+ T cells infiltration [152].

In psoriatic lesions, IL-17+ neutrophils together with 
IL-17+ mast cells (MCs) are found in higher densities 
than IL-17+ T cells [152]. It seems that neutrophils do not 
express IL-17A, but can accumulate it [61] and release 
it during the formation of neutrophil extracellular traps 
(NETs) [152]. Indeed, neutrophils in psoriasis frequently 

Fig. 2  Cytokine network and therapeutic targets in psoriasis. Immune 
response in psoriasis is associated with the activation of type 1, type 
17, and type 22 pathways and innate inflammatory pathways. These 
signaling pathways induce the expression of different genes involved 
in the regulation of psoriatic inflammation (orange boxes). Several 

biological drugs targeting key psoriatic cytokines (indicated in red) 
or small molecule inhibitors of downstream cytokine signaling were 
developed and approved by the FDA. PsA, psoriasis arthritis; PP, pus-
tular psoriasis. Created with Biore nder. com

https://www.biorender.com/
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Table 2  Chemokine and their receptors in psoriasis

Chemokine Receptor Biological effects in psoriasis Level in psoriasis Ref.

CCL2/MCP-1 CCR2, CCR4 - DCs and Langerhans cells chemotaxis to 
the skin

↑ CCR2 in lesional skin [27, 126, 127]

- CCR4 is a skin-homing receptor ↑ CCR4 in T cells in peripheral blood and 
psoriatic skin lesions

↑ CCL2 in lesional skin and serum
↑ CCL2 in KCs by TNF-α and IFN-γ

CCL3/MIP-1α CCR1, CCR5 -  TH1 cells, DCs, and monocytes chemotaxis 
to the skin

↑ CCL3 in lesional skin [27, 128]

- CCR5 regulates lymphocyte detention in 
the dermis

↑ CCR5 in lesional skin

↑  CCR5+ T cells and macrophages in the 
dermis of lesional skin

CCL4/MIP-1β CCR1, CCR5 -  TH1 cells, DCs, and monocytes chemotaxis 
to the skin

↑ CCL4 in lesional skin [27, 128, 129]

CCL5/RANTES CCR1, CCR3, CCR5 -  TH1 cells and monocytes chemotaxis to the 
skin

↑ CCL5 in lesional skin [27, 47, 128, 130]

↑ CCL5 in the KCs in lesional skin
↑CCL5 by IFN-α

CCL19/MIP-3 β CCR7 - T cells and DCs chemotaxis to the lymph 
nodes, regulation of dermal lymphoid-like 
tissue

↑ CCL19 in lesional skin [131]

↑ CCR7 in lesional skin
CCL20/MIP-3α CCR6 -  TH17 cells, γδ T cells, DCs, and LCs chemo-

taxis to the skin
↑ CCL20 in lesional skin [127, 132–134]

↑ CCL20 in KCs by IFN-γ, IL-17A, and 
IL-22

↑ CCL20 in KCs, melanocytes, and dermal 
endothelial cells by TNF-α and IL-1β

↑  CCR6+ T cells in lesional skin
↑ CCR6 by  TH17 cytokines

CCL21/SLC CCR7 - T cells and DCs chemotaxis to the lymph 
nodes

↓  CCL21+ vessels in psoriatic skin [135]

CCL18/PARC CCR8 -  CD4+ and  CD8+

T cells chemotaxis
↑ CCL18 in lesional skin [136]

CCL27/CTACK CCR10 -  CLA+ T cells chemotaxis ↓ CCL27 in lesional skin [129, 137, 138]
↑ CCL27 in serum of psoriasis patients
↑ CCR10 in T cells in psoriatic lesions
↑ CCL27 in KCs by TNF-α and IL-1β

CXCL1/GRO-α CXCR2 - Neutrophils chemotaxis to the skin ↑ CXCR2 in psoriatic KCs [139]
CXCL5/ENA78 CXCR2 - Neutrophils chemotaxis to the skin ↑CXCL5 in the serum of psoriasis patients [139, 140]

↑ CXCR2 in psoriatic KCs
CXCL9/MIG CXCR3 - T cells chemotaxis ↑ CXCL9 in lesional skin [95, 125, 141]

↑ CXCR3 in lesional skin
↑ CXCR3 in epidermal T cells, macrophages, 

and pDCs in lesional skin
CXCL10/IP-10 CXCR3 - T cells chemotaxis ↑ CXCL10 in lesional skin, especially in KCs [27, 47, 95, 125]
CXCL11/I-TAC CXCR3 - T cells chemotaxis ↑ CXCL11 in lesional skin [125, 130]

↑ CXCL11 by IFN-α
CXCL12/SDF-1 CXCR4, CXCR7 - Neutrophils, monocytes, T cells, and DCs 

chemotaxis
↑ SDF-1 in lesional skin [142]

↑ CXCR4 in lesional skin
CX3CL1 CX3CR1 - Migration and adhesion of leukocytes ↑ CX3CL1 in endothelial cells and KCs in 

lesional skin
[143]

↑ CX3CL1 by TNF-α and IFN-γ
↑ CX3CR1 in T cells in lesional skin
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undergo NETosis, even without any stimulation [152]. 
Moreover, they can be triggered and activated in psoriatic 
skin by different types of cells, especially by KCs [151, 
153]. DNA- and RNA-containing NETs are highly abun-
dant in the psoriatic skin as well as peripheral blood of 
psoriasis patients [152, 154]. Notably, NETosis in periph-
eral blood correlates with the clinical severity of psoriasis 
patients [154]. Moreover, low density granulocytes circu-
lating in psoriasis patients blood seems to be more sensi-
tive to cutaneus stimuli cousing their release of NETs then 
conventional neutrophils, leading to skin pathology [155]. 
Released nucleic acids form complexes with LL37 which 
triggers NETs and cytokine release by neutrophils in TLR8/
TLR13- or TLR4/IL-36R-mediated mechanisms [156, 157]. 
Moreover, the release of NETs and complexes of LL37 with 
DNA/RNA activates other types of immune cells, promotes 
an inflammatory response in KCs, and induces IL-17 secre-
tion by T cells [146, 154, 157].

The Role of Monocytes and Macrophages

In murine models, psoriatic inflammation is associated with 
the expansion of activated monocytes and macrophages in 
lesional skin and draining lymph nodes [158, 159]. These 
activated macrophages are a key source of TNF-α [76, 158]. 
Likewise, the lesional skin of psoriasis patients is character-
ized by the accumulation of activated macrophages in both 
the epidermis and dermis, especially in the late phase of 
psoriatic inflammation [76, 160].

Macrophages in psoriasis are “classically activated” 
by IFN-γ and produce IL-23p19, IL-12/23p40, iNOS, and 
TNF-α [161]. Moreover, IL-17 activates the pro-inflam-
matory phenotype of monocytes/macrophages and sensi-
tizes them toward pathogen-derived TLR4 ligands [162]. 
Monocytes are attracted to inflamed psoriatic skin by dif-
ferent chemokines and cytokines [76]. Moreover, there is 
an expansion of immunomodulatory immature myeloid  

Fig. 3  The role of immune cells in psoriasis. The key populations of immune cells and their functions in the regulation of psoriatic inflamma-
tion. Created with Biore nder. com

https://www.biorender.com/
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cells called myeloid-derived suppressor cells (MDSCs), 
especially monocytic MDSCs (M-MDSCs), in the periph-
eral blood and skin lesions of psoriatic patients that correlate 
with the clinical severity of psoriasis [165]. However, the 
role of MDSCs in the pathogenesis of psoriasis is unknown.

The Role of Mast Cells

Mast cells are key effector cells in acute allergic reactions 
and inflammatory diseases [166, 167]. Moreover, their 
expansion and activation contribute to psoriatic inflam-
mation [168]. In psoriasis, mast cells express and release 
IL-17 and IL-22 [152]. Notably, analysis of psoriatic skin 
biopsies revealed that mast cells constitute most of the IL-
17-containing and IL-22-containing cells in psoriatic lesions 
[152]. Psoriatic mast cells degranulate and form mast cell-
extracellular traps (MCETosis) after stimulation with IL-1β 
and IL-23 which trigger the release of IL-17 [72, 152]. Nota-
bly, mechanical injury induces a pro-inflammatory response 
of mast cells which secrete tryptase, IL-6, IL-17, IL-18, and 
IL-36γ and activate KCs initiating psoriatic inflammation in 
the Koebner phenomenon [169].

The Role of Innate Lymphoid Cells

NK cells and NK-T cells are rare in lesional psoriasis skin 
[170]. However, their numbers significantly increase in 
the late-phase lesions [171]. In peripheral blood of psoria-
sis patients, the frequency of NK cells and NK-T cells is 
decreased, however, with a relative increase in NK-T17 cells 
[173, 174]. Despite their low numbers in psoriatic skin, NK 
cells produce high amounts of IFN-γ, TNF-α, IL-17A, and 
IL-22 [170, 172, 175]. Moreover, NK cells upregulate the 
expression of MHC class II proteins, ICAM-1, CXCL10, 
and CCL5 in psoriatic KCs [172]. It was suggested that also 
other innate lymphoid cells (ILC), including ILC2 and ILC3 
participate in the pathogenesis of psoriasis [164, 176, 177]. 
However, the exact role of ILC in psoriasis patients remains 
to be determined.

The Role of Dendritic Cells

DCs are a major type of leukocytes in psoriatic lesions 
with numbers exceeding the number of T cells [104]. The 
main role of DCs in psoriasis is to orchestrate the immune 
response of T cells. Psoriatic DCs strongly induce both 
 TH17 and  TH1 T cells [178]. Notably, some of the T cells 
activated by psoriatic DCs simultaneously produce both 
IFN-γ and IL-17, which is not the case for healthy skin 
dermal DCs [178].

DCs in psoriatic lesions are divided into two main 
groups—CD11c+ BDCA-1+ resident DCs that are found 
also in healthy skin, and  CD11c+ BDCA-1− inflammatory 

DCs that are more common in psoriasis lesional skin and are 
immature DCs that produce inflammatory cytokines [178]. 
These inflammatory DCs also include TNF-inducible NO 
synthase (iNOS)-producing DCs (TipDCs) [53, 179]. Tip-
DCs are greatly increased in the lesional psoriatic skin [104, 
180]. A similar population of DCs, that express IL-23p19, 
TNF-a, and iNOS, is called slan (6-sulfo LacNAc) DCs 
(slanDCs) and contributes to psoriasis by producing IL-17 
and IL-22 [180, 181]. SlanDCs are enriched in lesional skin 
and are highly responsive to the TLR7 and TLR8 agonists 
as well as to complexes of self-RNA and LL37 [180, 181].

While in healthy skin DCs are restricted to the dermis, 
nearly half of DCs in psoriatic skin are located in the epi-
dermis [104, 160, 182]. The population of epidermal DCs 
(eDCs) differs from a dermal counterpart and includes pre-
viously defined TipDCs, slan-DCs, and other types of DCs 
[180]. In general, eDCs express multiple genes regulating 
the activation of KCs and T cells as well as the recruitment 
of neutrophils, including IL-1β, IL-6, IL-8, CXCL1, and 
CCL17 [180].

Plasmacytoid dendritic cells (pDCs) are a rare population 
of DCs responsible for innate antiviral immunity [183]. These 
DCs are absent in healthy skin but accumulate in the skin of 
psoriasis patients [91]. Notably, they were identified to initiate 
psoriatic inflammation [91]. pDCs are activated by self-RNA-
LL37 and self-DNA-LL37 complexes as well as other ligands 
via TLR signaling, especially TLR9 and TLR7. Complexes 
consisting of DNA or RNA and LL37 are abundant in lesional 
skin [19, 106]. In response to stimulation through TLR7 and 
TLR9, pDCs produce IFN-α that activates and induces expan-
sion of T cells [91]. In the murine xenograft model of human 
psoriasis, inhibition of IFN-α completely prevented the devel-
opment of T cell-dependent psoriasis [91].

pDCs are attracted to the early psoriatic lesions by 
chemerin, a chemotactic factor secreted by fibroblasts, mast 
cells, and endothelial cells [148]. Moreover, pDCs chemo-
taxis is promoted by VEGF-A-producing dermal IL-17A+ 
γδ T cells from the psoriatic skin [184]. Besides pDCs, 
conventional DCs (cDCs) participate in the induction and 
maintenance of psoriatic inflammation by the production 
of IL-23 [185, 186].

Another subset of DCs, Langerhans cells (LCs), which is 
a skin-resident population, contributes to the initial phase 
of psoriasis [186]. Activated psoriatic KCs produce bone 
morphogenetic protein 7 (BMP7) that promotes the differen-
tiation of progenitor cells into inflammatory LCs [187]. LCs 
produce IL-6 and IL-23 leading to the infiltration of γδ T 
cells and  CD4+ T cells into the skin [188, 189]. Notably, LCs 
migrate to the draining lymph nodes to induce expansion of 
IL-17A-producing γδ T cells [188]. In psoriasis, LCs have 
upregulated expression of S100A8 and S100A9 alarmins, 
increased production of IL-15, and produce IL-23 and IL-1β 
in response to TLR4 and TLR7/8 stimulation [180].
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The Role of T cells

T cells are a crucial element of skin immunity [12]. There 
are approximately 20 billion antigen-experienced memory T 
cells in the skin of healthy adults [190]. Notably, the number 
of T cells is even up to 100 times higher in active psoriatic 
lesions than in healthy skin [191]. In psoriasis, activated T 
cells preferentially accumulate and expand in the epidermis 
[191, 193]. Accordingly, the substantial upregulation of IL-
17A, IL-22, and IFN-γ is observed in epidermal T cells and 
to a lesser extent in their dermal counterparts [191]. Notably, 
while in healthy skin IL-17A is produced mainly by  CD4+ T 
cells and IFN-γ is produced predominantly by  CD8+ T cells, 
in psoriasis, both  CD4+ T cells and  CD8+ T cells co-produce 
both IL-17A and IFN-γ [164, 194].

TH Cells

CD4+ T helper  (TH) cells orchestrate skin inflammation in 
psoriasis [195]. Both skin-infiltrating and circulating  TH 
cells in psoriasis are predominantly  TH1,  TH9,  TH17, and 
 TH22 cells [70, 197].

TH1 Cells

Psoriasis was at first considered a typical  TH1 inflamma-
tory disease [23]. It was supported by the fact that epider-
mal T cells in psoriasis strongly produce type 1 cytokines, 
including IFN-γ, IL-2, and TNF-α [36].  TH1 cells and their 
main cytokine IFN-γ are increased in psoriatic lesions and 
peripheral blood of psoriasis patients [70]. Moreover, cir-
culating  CD4+ T cells in psoriasis are enriched in TNF-α+ 
cells compared to healthy controls [70].

TH17 Cells

The main factors regulating differentiation from naïve T cells 
toward  TH17 lineage are IL-6 and TGF-β which activate the 
orphan nuclear receptor RORγt inducing the  TH17 differen-
tiation program [198, 199]. Both cytokines are upregulated 
in psoriasis (Table 1). Indeed,  TH17 cells are substantially 
enriched in the circulation of psoriasis patients [70, 200]. 
Moreover,  TH17 cells infiltrate and accumulate in psoriasis 
skin lesions and are predominantly localized in the dermis 
[201, 202]. It was found that 3–15% of T cells infiltrating pso-
riatic skin lesions produce IL-17A [25]. Notably, infiltrating 
 TH17 cells accelerate further  TH17 cells infiltration and expan-
sion via the production of IL-6 in the dermis of psoriatic skin 
[39] as well as induction of CCL20 production by KCs [134]. 
Secreted IL-6 induces RORc, IL-17, and IL-23R expression 
supporting  TH17 differentiation [68, 74]. The polarization of 
psoriatic inflammation toward the  TH17 response is potenti-
ated by IFN-γ produced by  TH1 which reprograms APCs to 

produce IL-1, IL-23, and CCL20 [201, 203]. IL-23 produced 
by activated DCs supports T cell differentiation to  TH17 cells 
and their expansion and survival [68, 74]. Thus,  TH1 and  TH17 
colocalize in the pathological inflammatory environment of 
psoriasis and create a self-amplifying pathogenic loop. More-
over, cutaneous Staphylococcus aureus which is enriched in 
psoriatic and Streptococcal pyogenes that is associated with 
the onset of some types of psoriasis was identified to trigger 
a  TH17 polarization of  CD4+ T cells [204, 205].

TH17 cells are activated by factors that are upregulated in 
the psoriatic milieu, including IL-23, as well as IL-21 in an 
autocrine manner [68, 74].  TH17 cells express and secrete a 
variety of pro-inflammatory cytokines and chemokines that 
support psoriatic inflammation (Fig. 3) [198]. In lesional 
skin, IL-17F+ IFN-γ+ cells are the largest subset of T17 
T cells and have a high expression of IL-1β, CSF-2, LTA, 
IL-24, and IL-34 [206].

TH22 Cells

It was demonstrated that IL-17 and IL-22 can be co-
expressed by  TH17 cells and synergize in the induction of 
the expression of AMPs by KCs in vitro [208]. However, a 
meta-analysis of healthy and psoriatic lesional skin transcrip-
tome did not support the existence of dual-secreting IL-17A/
IL-22  TH17 cells [209]. Furthermore, analysis of circulating 
immune cells in psoriasis confirmed that most of the  TH17 
cells do not co-express IL-17 and IL-22 [70]. Indeed, fur-
ther studies revealed that a subpopulation of T cells produc-
ing IL-22 is distinct from  TH17 cells and was named  TH22 
[71, 210]. These cells are crucial in the maintenance of skin 
homeostasis and contribute to different pathologies, includ-
ing psoriasis [71, 196, 211]. The frequency of circulating 
 TH22 cells is increased in psoriasis and correlates with the 
clinical severity [70, 73]. Moreover,  TH22 cells infiltrate and 
accumulate in lesional psoriatic skin [202]. IL-22 produced 
by  TH22 cells mediates acanthosis and immune cell infiltra-
tion induced by IL-23 [69]. Notably,  TH22 cells are detected 
in the epidermis of resolved lesions after several years of 
treatment and form a disease memory in clinically healed 
psoriasis [191]. Thus, they are a promising therapeutic target.

TH9 Cells

IL-9-secreting  TH9 cells are skin-tropic or skin-resident 
and produce TNF-α and granzyme B [212]. Moreover,  TH9 
cells induce the expression of multiple pro-inflammatory 
cytokines, including IFN-γ, IL-9, IL-13, and IL-17 [212]. 
Notably,  TH9 cells are enriched in psoriatic skin lesions 
over three times compared to healthy skin [212]. Their 
main role in psoriasis is associated with the stimulation of 
angiogenesis via IL-9 secretion and potentiation of  TH17 
inflammation [48].
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TH2 Cells

Unlike other populations of  TH cells, the frequency of  TH2 
cells and levels of type 2 cytokines (IL-4 and IL-10) are 
decreased in psoriasis [36]. IL-4 suppresses the produc-
tion of IL-23 by DCs while promoting the expression of 
IL-12p70 [213]. Thus, it impairs the induction and main-
tenance of pathogenic  TH17 cell-mediated inflammation. 
Moreover, it suppresses the secretion of IL-1β and IL-6 
and the expression of β-defensin 2 by psoriatic epidermal 
cells [214]. Due to its protective role in psoriatic inflamma-
tion, IL-4 therapy was proposed as a promising therapeutic 
strategy [35, 213].

TFH Cells

T follicular help  (TFH) cells regulate humoral response by 
enabling the formation of the germinal center with B cells 
and regulating their maturation [215]. Despite psoriasis 
is not directly associated with humoral autoimmunity, the 
frequency of circulating  TFH cells is increased in psoriatic 
patients [216]. Moreover,  TFH cells infiltrate and accumulate 
in psoriasis lesions [216]. Notably,  TFH cells in psoriasis 
are activated and have upregulated IL-21, IL-17, and IFN-γ 
production [216, 217]. Nonetheless, the mechanistic role of 
 TFH cells in the pathogenesis of psoriasis is unclear.

CD8+Tc Cells

CD8+ cytotoxic T (Tc) cells are key effectors of the immune 
response against infection or cancer. Moreover, they are impli-
cated in autoimmunity [219]. Tc cells, including Tc17 cells, 
are enriched in the circulation of psoriasis patients and potently 
infiltrate psoriatic lesions, especially the epidermis of lesional 
skin [194, 220].  CD8+ Tc cells are also a potent source of pro-
inflammatory cytokines, including IL-17, IL-22, and IFN-γ 
in psoriatic lesions [194, 220]. Moreover, epidermal psoriatic 
 CD8+ Tc cells have increased expression of granzyme A, gran-
zyme B, and perforin 1, key proteins responsible for the cyto-
toxic activity of  CD8+ T cells [194, 220]. The IL-17A-produc-
ing population of  CD8+ T cells contains not only conventional 
T cells but also innate  CD8+ mucosa-associated invariant T 
cell (MAIT cell) that contributes to psoriatic inflammation 
[221]. In mice, depletion of  CD8+ Tc cells completely pre-
vented the development of psoriasis [222]. Therefore, Tc cells 
together with  TH cells are critically involved in the induction 
and execution of psoriatic inflammation.

γδ T Cells

Γδ T cells are selectively enriched in peripheral tissues, 
including skin, and can produce large amounts of cytokines 
in a short time [223]. Dermal γδ T cells express IL-23R, 

IL-17R, RORγt, and a variety of chemokine receptors, 
including CCR1, CCR2, CCR4, CCR5, CCR6, CXCR3, 
and CXCR4 [75, 224].

Emerging evidence suggests the pathogenic role of γδ T 
cells in psoriasis [225]. The frequency of γδ T cells in the 
dermis is substantially increased in patients with psoriasis 
[75]. Expansion and activation of γδ T cells in psoriatic 
lesions are stimulated by IL-1β via IL-1R [31].

In psoriatic skin, γδ T cells robustly produce proinflam-
matory cytokines, including IL-17, as well as proinflamma-
tory chemokines CCL3, CCL4, CCL5, and CXCL8. Albeit, 
γδ T cells constitute about 1% of T cells in active psoriatic 
skin and are not observed in all resolved psoriatic lesions 
[226], their production of IL-17 is essential for psoriasis 
inflammation [31, 75, 119, 224]. Production of IL-17 by γδ 
T cells is induced by IL-1β and IL-23 and by IL-17-activated 
dermal fibroblast [31, 119]. Moreover, mediators secreted by 
γδ T cells activate KCs to produce multiple psoriasis-asso-
ciated mediators, including NF-α, IL-6, CXCL9, CXCL10, 
and AMPs [227].

T Regulatory Cells (Tregs)

The frequency of Tregs in peripheral blood or lesional pso-
riatic skin compared to healthy individuals varies depend-
ing on the study [228]. Nonetheless, it is well-established 
that the immunoregulatory functions of Tregs are severely 
impaired in psoriasis [229]. Tregs isolated from lesional 
skin or peripheral blood of psoriasis patients fail to suppress 
effector T cell proliferation, in contrast to Tregs isolated 
from healthy individuals [229, 230]. Notably, in psoriasis 
Tregs not only fail to suppress the immune response in pso-
riasis but also actively contribute to psoriatic inflammation 
by the production of IL-17 [200].

Interestingly, obesity, especially long-chain FFAs, 
causes Treg loss in the skin and simultaneously increases 
IL-17A+ γδ T cells by reducing PPARγ+ skin Treg cells 
and a corresponding loss of control over IL-17A+ γδ T cell-
mediated inflammation. Therefore, obesity plays a key role 
in the development of psoriasis [231].

Several factors impair the immunoregulatory functions of 
Tregs, including IL-6, IL-21, and IL-23 which are potently 
enriched in the psoriatic milieu [39, 59, 230]. Inhibition of 
STAT3, a downstream protein of these cytokines, partially 
restores suppressive properties of Tregs resulting in the 
inhibited production of pro-inflammatory cytokines, includ-
ing IFN-γ, TNF-α, and IL-17, by psoriatic T cells [230]. 
The mechanisms of impaired immunoregulatory Tregs func-
tions in psoriasis are associated with downregulated CD73/
AMPK signaling pathway [232] and an increased level of 
miR-210 that downregulates FOXP3, a key regulator of the 
Tregs transcriptional program [233]. However, this phenom-
enon is most probably much more complex and requires 
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further studies to identify pathways that may be modulated 
to restore Tregs functions in psoriasis.

Memory T Cells

Human skin contains four main populations of memory T 
cells,  CD69+CD103− and  CD69+CD103+ non-recirculating 
resident memory T cells  (TRM),  CCR7+/L-selectin+ central 
memory T cells  (TCM), and  CCR7+/L-selectin− migratory 
memory T cells  (TMM) [234].  TRM cells have increased 
expression of adhesion molecules and produce a variety of 
pro-inflammatory and regulatory cytokines [235]. Notably, 
skin  TRM cells are long-lived and, in mice, persist for over a 
year even in the absence of local antigen presentation [236].

In psoriasis, approximately half of epidermal  CD8+ 
Tc cells in the psoriatic skin co-express  TRM cell markers 
CD103 and CD49a and are profoundly enriched compared 
to healthy skin [191, 237, 238]. The density of infiltrating 
 CD8+  TRM cells in the dermis correlates with the thick-
ness of the psoriatic epidermis [239].  CD8+  TRM cells in 
psoriatic skin are an important source of IFN-γ, IL-17A, 
and IL-22 [191, 237, 238].  CD8+  TRM cells can be divided 
based on the expression of PD-1 into two groups. In psoria-
sis, PD-1+  CD8+  TRM cells preferentially expressed IL-23R 
and produce IL-17A, while PD-1−  CD8+  TRM cells are a 
source of IFN-γ [239]. Unlike  CD8+ Tc cells, only a small 
fraction of  CD4+  TH cells express CD103, a marker of  TRM 
cells [237].

TRM cells are a crucial population of immune cells from 
the clinical point of view since they are key cells that evoke 
the recurrence of psoriasis after therapy. Psoriatic lesions 
are often recurrent in the same sites [240], which is caused 
by the “lesional memory” phenomenon in which  TRM cells 
play a pivotal role [241]. Both IL-17A-producing  CD8+ T 
cells and IL-22-producing  CD4+ T cells form a psoriasis 
disease–localized memory in the skin even 6 years after the 
beginning of the successful anti-TNF-α therapy [191, 226]. 
The latest clinical trial with antibodies against IL-17A and 
IL-17F (bimekizumab) showed cessation of symptoms in 
patients with psoriatic arthritis and an inadequate response 
or intolerance to TNF-α inhibitors [242].

Similarly, a small number of T cells, including  TRM cells 
is also detected after 24 weeks of treatment with anti-IL-
17A therapeutics [243]. Further analysis revealed that the 
IL-17A-producing  CD8+  TRM cells are associated with 
early relapse of psoriasis after therapy [239]. In addition 
to memory αβ T cells, studies in mice identified a subset of 
IL-17-producing γδ T cells that are long-lived, persist in the 
skin after psoriasis resolution, and are capable of establish-
ing memory population in the psoriatic skin [244]. There-
fore, there is a great clinical interest in the development of 
therapies targeting T cells in psoriasis skin that constitute 
immunological memory to prevent disease relapse.

T Cells Autoantigens

Besides the initial activation of innate immunity, psoria-
sis may be also triggered by the initiation of the adaptive 
immune response. ADAMTS-like protein 5 (ADAMTSL5), 
a melanocyte protein, was identified as an autoantigen in 
psoriasis presented by HLA-C*06:02, the main psoriasis 
risk gene [105, 245]. Activation of autoreactive T cells by 
ADAMTSL5 triggers a  TH17 phenotype with strong IL-17A 
and IFN-γ production [105]. These autoreactive T cells are 
present in the peripheral blood of two-thirds of psoriasis 
patients [105].

The antimicrobial peptide cathelicidin (LL37) has been 
recognized as another autoantigen by T cells in peripheral 
blood in about half of psoriasis patients [246]. Circulating T 
cells in psoriasis patients triggered by LL37 produce IFN-γ, 
IL-17, IL-22, and CXCL8 as well as upregulate perforins 
and granzyme B [246]. These autoreactive T cells express 
skin-homing receptors and are detected in lesional psoriatic 
skin [246]. Notably, LL37 also regulates the fate of non-
autoreactive T cells. It suppresses  TH1 differentiation and 
promotes  TH17 differentiation and survival of non-LL37-
specific T cells [247]. To exert its effects, LL37 needs to be 
present during antigen presentation and the T cell activa-
tion process, which is indeed a case in vivo since LL37 can 
be released in the lymph nodes by neutrophils [247]. Both 
ADAMTSL5 and LL37 are enriched in psoriatic lesional 
skin, and their levels are upregulated by IL-17 and TNF-α 
[246, 248].

Another identified autoantigen in psoriasis is the neolipid 
antigen produced by phospholipase  A2  (PLA2) [249]. 
PLA2G4D, a cytosolic  PLA2 group IVD, is highly expressed 
in psoriatic lesions, especially by the mast cells in the der-
mis and KCs, while it is not detected in healthy skin [249]. 
PLA2G4D generates ligands for CD1a from phospholipids 
in plasma membranes [249, 250]. Notably, mast cells not 
only produce CD1a ligands but also secrete them in the 
extracellular vesicles delivering them to the APCs [249]. 
Several types of cells can present lipid antigens with CD1a; 
however, Langerhans cells in the skin are crucial in this 
process [251]. A subset of T cells recognizes lipid antigens 
presented by CD1a [252]. These CD1a autoreactive T cells 
are enriched in the peripheral blood and accumulate in the 
lesional skin of psoriasis patients [249]. In response to CD1a 
ligands, they produce high amounts of IFN-γ, IL-17A, and 
IL-22, contributing to psoriatic inflammation [249].

Additionally, T cell receptor (TCR) sequencing in psoria-
sis revealed that T cell clones that are expanded in psoriasis 
are detectable also in the non-skin-homing  (CLA−) popula-
tion [253]. Thus, they may recognize autoantigens that are 
not exclusively expressed or located in the skin [253]. How-
ever, sequencing of TCR revealed that T cell response in the 
psoriatic skin is highly polyclonal [254], which excludes one 
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potent autoantigen in psoriasis and suggests a more systemic 
character of inflammation.

The Role of B Cells

Despite the recent progress in the studies on the role of skin-
associated B cells in the maintenance of skin homeostasis 
and regulation of inflammatory response [255], the role of B 
cells in psoriasis has been neglected so far. Nonetheless, pso-
riasis patients have an increased fraction of B cells, includ-
ing activated B cells in peripheral blood which correlates 
with the clinical severity of psoriasis [217, 256]. Moreover, 
the frequency of B cells is also increased in psoriatic lesional 
skin [257]. Besides autoreactive T cells, several autoanti-
gens for antibodies were proposed, including heterogeneous 
nuclear ribonucleoprotein A1 (hnRNP-A1), keratin 13, and 
Rab coupling protein isoform 3 (FLJ00294) (RAB11FIP1) 
[258, 259]. Moreover, a group of psoriasis patients has IgG 
autoantibodies against LL-37 and ADAMTS-L5 [260]. How-
ever, the mechanistic role of B cells and autoantibodies in 
the regulation of psoriatic inflammation remains unknown.

Some evidence of the role of B cells in psoriasis was 
derived from murine models of psoriasis. Regulatory B cells 
(Bregs) that suppress the immune response by secretion of 
IL-10 were found to potently suppress psoriatic inflamma-
tion by promoting Tregs expansion while inhibiting  TH17 
cells differentiation [261]. In mice, splenic Bregs enter cir-
culation and migrate to lymph nodes suppressing the produc-
tion of IFN-γ and IL-17 by lymphocytes in draining lymph 
nodes and inflamed skin [262]. Nonetheless, studies in pso-
riasis patients are required to determine the role of Bregs in 
the pathogenesis of psoriasis.

Non‑Immune Cells Regulating Immunity 
in Psoriasis

Activation of immune cells in the psoriatic milieu affects 
all cells present in the skin. Importantly, these cells are not 
only victims but also actively participate in the amplification 
of psoriatic inflammation. Here, we described the role of 
KCs, key non-immune cells, as well as fibroblast, endothe-
lial cells, and platelets in psoriasis.

The Role of Keratinocytes

KCs constitute about 90% of epidermal cells and are cru-
cial non-immune cells that orchestrate psoriasis initiation 
and progression [263–265]. Activated KCs contribute to 
the pathogenesis of psoriasis via two main mechanisms. 
Firstly, psoriatic KCs have increased proliferative activity 
which results in epidermal hyperplasia, which is a hallmark 

of psoriatic plaques. Psoriatic skin is characterized by the 
dysregulated differentiation of KCs and enrichment of dif-
ferentiated KCs [164]. Secondly, KCs are a crucial source of 
multiple immune mediators, including AMPs, chemokines, 
cytokines, and S100 alarmins (S100A7, S100A8, S100A9) 
that potentiate inflammation [164, 182, 206]. One of the 
crucial chemokines produced in a large amount by psori-
atic KCs is CCL20 which chemoattracts IL-17-producing 
 CCR6+  TH17 cells and γδ T cells [132, 266–269].

KCs are crucial responders to psoriatic cytokines, 
including IL-17, IL-22, IL-36, and IFN-γ [28, 265, 
270–272]. In response to activation with these cytokines, 
KCs upregulate the expression of alarmins and AMPs 
[208]. Additionally, IL-17A induces the expression and 
release of IL-25 from KCs [80]. IL-25 in an autocrine 
manner induces a pro-inflammatory phenotype and hyper-
proliferation of KCs which is mediated by the activation 
of STAT3 [80]. Moreover, IFN-γ produced by activated 
immune cells primes KCs by rapid and long-lasting sup-
pression of miRNA-149, a suppressor of the inflamma-
tory response [273, 274]. In addition to cytokines, KCs 
are activated in psoriasis by DAMPs [18, 275]. dsRNA-
LL37 complexes trigger IFN-β production in KCs which 
promotes activation and maturation of DCs that in turn 
drive T cell response [18]. Moreover, enhanced production 
of highly charged polyamines by psoriatic KCs promotes 
self-RNA sensing by DCs via TLR signaling [276].

Psoriatic KCs have impaired several self-regulatory path-
ways. For instance, cholecystokinin (CCK), a peptide hor-
mone that suppresses KC inflammatory response, is potently 
decreased in lesional psoriatic skin [277]. Moreover, KCs in 
psoriasis exhibit increased reactivity to various cytokines. 
KCs from the psoriatic lesions more robustly respond to the 
TNF-α and IL-17 by the IL-23 production that KCs from 
healthy patients [120]. Moreover, some cytokines in the pso-
riatic milieu, including IL-25 and IL-29, increase the sen-
sitivity of KCs towards their action by upregulating STAT 
proteins [80, 207].

KCs in psoriasis have potently upregulated inflammatory 
NF-κB signaling [278]. This pathway is activated by mul-
tiple stimuli, including TNF-α, plasmin, and TLRs ligands 
that are increased in the psoriatic microenvironment [279, 
280]. Moreover, several KCs-associated mutations activat-
ing the NF-κB pathway were identified in psoriasis patients, 
including gain-of-function mutations in the CARD14 gene 
that encodes an activator of NF-κB signaling or loss-of-
function in the TNFAIP3 gene that encodes an inhibitor of 
NF-κB pathway [265].

In inflamed skin, KCs act as nonprofessional antigen-pre-
senting cells (APCs). KCs activated by IFN-γ co-stimulate 
naïve T cells via CD58/CD2 and to a lesser extent CD54/LFA-1 
[192]. Notably, epidermal T cells in psoriatic lesions express 
CD2 but not CD28, suggesting that interaction of CD58/CD2 
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may be crucial for T cell activation in the skin [192]. Naïve T 
cells activated by psoriatic KCs selectively differentiate into 
 TH1 and  TH17 cells [192]. T cells activated by KCs selectively 
express skin-homing factors, including CCR4 and CCR8 [192]. 
Moreover, KCs via TGF-β induce CD103 (integrin αE) expres-
sion by T cells which is required for immune cell entry into the 
epidermis [281]. This, together with the fact that activated KCs 
secrete chemokines that attract IL-17-producing cells, makes 
KCs key regulators of the maintenance and amplification of 
immune cells infiltration in psoriatic skin.

The Role of Fibroblasts

Fibroblasts in the skin create a microenvironment regulat-
ing KCs activity, proliferation, and differentiation. In pso-
riasis, fibroblasts contribute to the pathogenesis of the dis-
ease mainly by inducing hyperproliferation of KCs [282]. 
Insulin-like growth factor-I (IGF-I) is one of the growth 
factors secreted by fibroblasts promoting KCs proliferation 
[283]. Moreover, dermal fibroblast of psoriasis patients has 
increased expression of α5 integrin, fibronectin, keratinocyte 
growth factor, and fibroblast growth factor receptor 2 that 
regulate proliferation and differentiation of KCs [284].

Besides the regulation of KCs, fibroblasts also contrib-
ute to the regulation of psoriatic inflammation. Fibroblasts 
in psoriasis have increased expression of IL-6, CXCL2, 
CXCL12, and CCL19 [164, 285]. Moreover, they produce 
CXCL8 which is potentiated by TNF-α [286]. Notably, the 
expression of IL-6 and CXCL8 in activated psoriatic fibro-
blasts is much higher than in psoriatic KCs [285]. Moreover, 
fibroblasts triggered by IL-17 promote the production of 
IL-17 by skin-infiltrating γδ T cells amplifying psoriatic 
inflammation [119]. Thus, fibroblasts can modulate chemo-
taxis and activity of neutrophils, T cells, and other types of 
immune cells in psoriatic skin.

The Role of Endothelial Cells

One of the histological hallmarks of psoriatic skin is increased 
dermal vascularity [287]. It is caused by increased concen-
trations of VEGF, angiopoietin, and TNF-α and is regulated 
predominantly by psoriatic γδ T cells and  TH9 cells [48, 184]. 
Moreover, dermal endothelial cells are activated by psoria-
sis cytokines, including IL-36γ and IL-17A, which induce 
their proliferation, secretion of proinflammatory cytokines 
and chemokines, and upregulate ICAM-1 expression [288]. 
Transcriptional studies of psoriatic endothelial cells identi-
fied enrichment clusters relating to leukocyte adhesion, T cell 
activation, and IL-8 response in psoriatic lesional skin [164]. 
Increased angiogenesis and activation of endothelial cells 
facilitate diapedesis and infiltration of immune cells into the 
skin amplifying psoriatic inflammation.

Insights Into the Immune Network 
in Psoriasis from “Omics” Studies

Advances in research techniques enable more comprehen-
sive studies on multiple types of cells and their interactions 
contributing to the initiation and progression of psoriasis 
(Table 3). These global analyses not only confirmed obser-
vations described in murine psoriasis models [289] but also 
revealed a complex network of interaction between immune 
cells and between immune and non-immune cells and uncov-
ered novel mechanisms regulating psoriatic inflammation.

High-dimensional flow cytometry enables the iden-
tification of major immune cell types contributing to the 
pathogenesis of psoriasis as well as their dynamics during 
therapy. It identified specific myeloid cell populations that 
are the main producers of IL-23 while T cells are predomi-
nantly responsible for IL-17 production [163]. Moreover, 
it identified a novel population of  CD3–  CD4+ lymphoid 
tissue inducer cells abundant in psoriatic lesions [290]. 
Mass cytometry also uncovered the general sequence of the 
events during psoriasis initiation, progression, and mainte-
nance and the composition of the epidermal immune micro-
environment [186].

High-throughput analysis of psoriatic transcriptome con-
firmed a global character of inflammatory response in KCs, 
melanocytes, and immune cells [182] and the key role of 
the IL-17 signaling in inflamed skin [28]. Single-cell RNA 
sequencing identified subsets of T17 cells [206] and  CD8+ T 
cells [218], dysregulation of skin-resident T cells [301], the 
key population of DCs in psoriatic lesions producing IL-1β 
and IL-23A [297], and IL-10-expressing regulatory DCs 
[206]. Moreover, TCR sequencing of T cells of psoriasis 
patients revealed polyclonal character of immune response 
and suggested the existence of autoantigens outside the 
skin [253, 254]. Nonetheless, further mechanistic studies 
are required to confirm these observations and to dissect the 
role of newly identified cell populations in psoriasis.

Conclusions

Exact understanding the mechanisms of psoriasis develop-
ment and thus the use of effective treatment is important 
because psoriasis can be associated with distant complica-
tions and an even more frequent incidence of lymphohema-
tologic malignancies [302]. The last decades clarified the 
view of psoriasis as a  TH17 disease with the important com-
ponents of  TH1 and  TH22 response and revealed crucial dys-
regulated components leading to the development of the dis-
ease. Emerging evidence demonstrated a key role of IL-17, 
IL-23, and TNF-α and resulted in the development and 
approval of biological therapies that revolutionized psoriasis 
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management. It is well established that T cells orchestrate 
psoriatic inflammation with the help of multiple cells, 
including DCs, neutrophils, and KCs. Moreover, the role of 
several types of cells, including regulatory B and T cells, or 
autoantibodies in psoriasis remains largely unknown. More-
over, the role of the recently identified immunoregulatory 
population of cells named  CD71+ erythroid cells (CECs) in 
psoriasis remains unknown [303, 304]. Recently, there has 
been a growing awareness of the role of the microbiota in the 
regulation of immunity. Indeed, growing evidence suggests 
the role of impaired skin and gut microbiome composition in 
the pathogenesis of psoriasis [292, 305]. Our understanding 
of the dysregulation of immune response in psoriasis has 
improved significantly over the past decade which offers the 
potential for the further development of even more effective 
and durable therapeutic strategies.
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