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Psoriasis vulgaris is a common inflammatory disease affecting 7.5 million adults

just in the US. Previously, psoriasis immunopathogenesis has been viewed as

the imbalance between CD4+ T-helper 17 (Th17) cells and regulatory T-cells

(Tregs). However, current paradigms are rapidly evolving as new technologies

to study immune cell subsets in the skin have been advanced. For example,

recently minted single-cell RNA sequencing technology has provided the

opportunity to compare highly differing transcriptomes of Type 17 T-cell (T17

cell) subsets depending on IL-17A vs. IL-17F expression. The expression of

regulatory cytokines in T17 cell subsets provided evidence of T-cell plasticity

between T17 cells and regulatory T-cells (Tregs) in humans. In addition to

Tregs, other types of regulatory cells in the skin have been elucidated, including

type 1 regulatory T-cells (Tr1 cells) and regulatory dendritic cells. More recently,

investigators are attempting to apply single-cell technologies to clinical trials of

biologics to test if monoclonal blockade of pathogenic T-cells will induce

expansion of regulatory immune cell subsets involved in skin homeostasis.
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psoriasis, type 17 T-cells, regulator T-cell, type 1 regulatory T-cell, regulatory
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Introduction

Psoriasis vulgaris is a debilitating chronic inflammatory disease affecting 7.5 million

adults just in the US (1). The pathogenic contribution of IL-17 producing T-cells (Type

17 T-cells; T17 cells) in psoriasis is substantiated by the high efficacy of psoriasis biologic

treatments targeting IL-17 or IL-23 which regulates T17 cells (Figure 1). However, the

estimated annual direct health care cost of psoriasis treatment is $63 billion, and it is

rapidly increasing with the cost driven by premium-priced biologics (2, 3). Although

highly effective, disease clearance of psoriasis biologics targeting the IL-23/T17 cell axis

ranges from 12% to 51% (4) and the biologics should be continuously injected at 2-to-12-
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week intervals to suppress recurrence (5). Psoriasis frequently

recurs 12 to 34 weeks after treatment withdrawal, and lifelong

therapy is often required to sustain disease remission (6, 7).

When moderate-to-severe psoriasis patients were treated with

IL-17A monoclonal antibody (secukinumab) for 52 weeks and

then stopped the medication, 84% of patients experienced

relapse of psoriasis within the next 52 weeks (8). To cure

psoriasis without recurrence, we need to further understand

how immune tolerance becomes dysfunctional in psoriasis

patients and how to restore skin homeostasis after

psoriasis treatment.

Previously, dysfunctional immune tolerance in psoriasis has

been viewed as the imbalance between T-helper 17 (Th17) cells

and regulatory T-cells (Tregs). Th17 cells have been considered

the primary pathogenic cells in psoriasis lesions and Tregs have

been considered the primary regulatory cells in the skin. It has

been reported that while psoriasis patients have normal numbers

of circulating Tregs, psoriatic Treg cells are less effective at

suppressing alloreactive T-cells compared to Treg cells from

normal individuals (9–11). In addition, a lower expression of

immune checkpoint molecules in psoriasis lesions than a

resolving cutaneous delayed-type hypersensitivity reaction

have been reported (12).

However, current paradigms of dysfunctional immune

tolerance in psoriasis are rapidly evolving as new technologies

to study immune cell subsets in the skin have been advanced. For

example, recently minted single-cell RNA sequencing

technology has provided the opportunity to compare the

transcriptomes of T-cell subsets that commonly produce IL-17

isoforms (T17 cells) or Tregs. Here, we review a broad spectrum

of pathogenic and regulatory immune cell subsets in psoriasis
Frontiers in Immunology 02
human skin beyond Th17 cells and Tregs (Figure 2 , Table 1).

We also reviewed recent clinical trials testing if monoclonal

blockade of pathogenic T-cells could induce expansion of

regulatory immune cell subsets or cytokines involved in

skin homeostasis.
T17 cell subsets beyond Th17
cells in psoriasis

T17 cell subsets

Unlike other inflammatory diseases where CD4+ Th17 cells

are the main IL-17 producing T-cell subset, CD8+ T-cells

are also an important source of IL-17 in psoriasis skin (Tc17

cells) (14). Tc17 cells are cytotoxic effector cells that secrete

Th17-related cytokines, and they are enriched in psoriasis skin

lesions and psoriatic arthritis joints (15, 16). In psoriasis skin,

Tc17 cells have been investigated in the context of tissue-

resident memory T-cells (TRM cells). Human skin contains

many tissue-resident memory T-cells (TRM cells) from

childhood, but these cells normally do not produce

inflammation due to immune tolerance. However, in the

epidermis of psoriasis skin, Tc17 cells expressing the TRM

marker CD103 maintain their inflammatory capacity even in

resolved psoriasis lesions after effective treatment (17). This

may partially explain why psoriasis tends to recur in previously

affected areas, rather than new lesions occurring in previously

unaffected areas. In psoriatic arthritis joints, the frequency of

Tc17 cells were correlated with disease activity and joint

damage progression (16).
FIGURE 1

Immune model of the imbalance between Type 17 T-cells (T17 cells) and regulatory immune cell subsets in psoriasis with biologic agents
targeting the IL-23/T17 cell axis.
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CD161 is another marker identifying T17 cell subsets in

psoriasis skin. CD161+ T-cells are present in greater numbers in

psoriasis lesional skin than in normal control skin or psoriasis

nonlesional skin (18, 19). The greater frequency of CD161+ T-

cells in the prepsoriatic skin compared to normal skin has been

reported, suggesting the role of CD161+ T-cells in the initial

development of psoriatic lesions (18, 20). Maggi et al. (21)

reported that CD161 is a marker of all human T-cell subsets

with the ability to produce IL-17, and IL-17-producing cells

exclusively originate from naïve CD161+ T-cell precursors.

Cosmi et al. (22) reported that the majority of CD161+ T-cells

also expressed CCR6, and the great majority of IL-17-producing

cells appeared to be included in the CCR6+ fraction (22).

However, human psoriasis skin single-cell RNA sequencing

(scRNA-seq) data implicated that CD161 may not be an

exclusive marker for T17 cells. When the percentages of T17

cells in T-cell subsets were directly compared using human
Frontiers in Immunology 03
psoriasis skin single-cell RNA sequencing (scRNA-seq) data,

T17 cells constituted 2.7% of the CD4+ T-cell cluster, 1.3% of the

CD8+ T-cell cluster, 2.4% of the CD161+ T-cell cluster and 0.5%

of the Treg cluster (13). In addition, the IL-17 expressing

CD161+ T-cell cluster included CD8+ T-cells in the scRNA-seq

data (13), while previous IL-17 producing CD161+ T-cells were

exclusively studied in CD4+ T-cells (21, 22).
IL-17A+ vs. IL-17F+ T17 cell subsets
and pathogenic vs. non-pathogenic
T17 cell subsets in psoriasis

T17 cells are T-cells that produce the IL-17 isoforms (IL-17A

and IL-17F). Previously, the general consensus was that IL-17A

and IL-17F were produced by common T17 cells. However,
FIGURE 2

Pathogenic Type 17 T-cell and regulatory immune cell subset network model of human psoriasis skin.
TABLE 1 Key publications reviewed.

Psoriasis T-cell and immune cell subset studies References

Single-cell transcriptome analyses of human psoriasis skin (13)

Type 17 T-cells Tc17 cells (14–17)

CD161+ T-cells (18–22)

Pathogenic versus non-pathogenic T17 cells (23–33)

Regulatory immune cell subset Tregs (9)

Tr1 cells (32, 34–37)

Regulatory DCs (38, 39)

Clinical trials with skin transcriptome analyses (40–44)
fr
ontiersin.org

https://doi.org/10.3389/fimmu.2022.1005115
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kim et al. 10.3389/fimmu.2022.1005115
recent scRNA-seq data showed the possibility that IL-17A

producing T17 cells and IL-17F producing T17 cells are

different T17 cell subsets in human psoriasis skin. Kim et al.

(13) conducted scRNA-seq analyses of skin biopsy tissues from

13 psoriasis patients and 5 healthy volunteers and reported that

the majority of T17 cells expressed either IL-17A or IL-17F and

only 7.8% of T17 cells co-expressed IL-17A/IL-17F in human

psoriasis skin. Cutaneous T17 cells displayed highly differing

transcriptomes depending on IL-17A vs. IL-17F expression and

IFNg vs. IL-10 expression (13).

Data derived from murine models of pathogenic IL-17-

producing T-cells suggested that T17 cells may exist in two

alternative states - pathogenic T17 cells that produce high levels

of IL-17 after being stimulated by IL-23 and non-pathogenic

(quasi-regulatory) T17 cells that produce high levels of IL-10

(23–30, 45). Recent scRNA-seq data (13) showed that the T17

cell subset that most conforms to current concepts of pathogenic

Type 17 T-cells in human psoriasis skin (23, 25, 27, 31) was the

IL-17A+ IFNg+ T17 cell subset, synthesizing high levels of TNF,

IL-26 and IL-36G. These were found mostly within CD8+ T-cells

that co-express cytotoxic markers (Tc17 cells).

The IL-17F+ IL-10+ T17 cell subset best fits the description of

non-pathogenic T17 cells, however this population constituted

only 4% of the overall T17 cells (13). IL-17F+ IL10+ T17 cells

expressed low levels of FoxP3 and high levels of Aryl

hydrocarbon Receptor (AHR) and c-Maf. Since AHR interacts

with c-Maf to promote the differentiation of Tr1 cells (46), it was

suggested that this T17 cell subset may have plasticity to

differentiate into Tr1 cells rather than Tregs (13).

The IL-17F+ IL-10- T17 cell subset constituted 53% of T17

T-cells and was about 5-fold more frequent than the IL-17A+

IFNg+ T17 cell subset (13). This subset has the highest

expression of the IL-23 receptor, suggesting it might be the

most responsive to IL-23 stimulation and conversion to a

pathogenic population. This subset might also be the most

responsive to therapeutic IL-23 antagonists because of the

higher receptor expression. This subset displayed a different

array of pro-inflammatory gene transcripts compared to the IL-

17A+ IFNg+ T17 cell subset (13). For example, the IL-17F+ IL-

10- T17 cell subset showed the highest expression of GM-CSF,

LTA, IL-22, IL-24, and IL-1B among all of the identified T17 cell

subsets. In particular, the NFkB-activating cytokines (LTA, IL-

1B) are expected to synergize with IL-17A and IL-17F for the

induction of many typical “IL-17 pathway” products in

keratinocytes that initiate “feed forward” inflammation and

help to maintain pathogenic gene expression profiles in

psoriasis. In murine models, pathogenic Th17 cells have been

seen to trans-differentiate into other defined subsets such as

FoxP3+ Tregs (32). Since FoxP3 had the highest expression in

the IL-17F+ IL-10- T17 cell subset among all of the T17 cell

subsets, it was suggested that this subset may stem from

inflammatory conversion of Tregs (13). We believe that the

IL-17F+ IL-10- T17 cell subset is also pathogenic, at least in some
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patients, as dual inhibition of IL-17A and IL-17F produces

higher PASI (Psoriasis Area and Severity Index) 100 responses

(complete skin clearance) compared to results obtained with

antibodies that neutralize IL-17A only (33).
Dysfunctional Tregs and other
regulatory immune cell subsets
in psoriasis

Tregs

Sugiyama et al. (9) reported the dysfunction of psoriatic

Tregs by showing the decreased inhibitory capacity of psoriatic

Tregs in proliferation assays. Supporting the dysfunction of

psoriatic Tregs with single-cell transcriptomics, Kim et al. (13)

showed that Treg cluster cells, characterized by their high

expression of CD25, FoxP3 and CTLA4, expressed high levels

of proinflammatory cytokines such as LTA, IL-24, IL-33 and a

T-cell exhaustion marker of TIGIT (47) in psoriasis skin. In

addition, IL-17A or IL-17F producing T-cells (T17 cells) were

present within the Treg cluster (13). T17 cells within the Treg

cluster expressed more IL-17F than IL-17A, and were

characterized by high expression of EBI3 and IL-24 (13). In

contrast, the expression of IL-10 was low in the Treg cluster.

When the FoxP3High and FoxP3Low subsets within the Treg

cluster were compared, the FoxP3High Treg subset expressed

high levels of EBI3, a subunit of the new IL-12 family cytokine

IL-39 (IL-23p19/EBI3) (48). EBI3 together with IL-12 have been

reported to negatively regulate T17 cell-mediated immunity

(49). On the other hand, the FoxP3Low Treg subset expressed

high levels of IL-33 (13). IL-33 has been reported to change

Tregs to T17 cells through a dendritic cell-mediated

pathway (50).
Tr1 cells

Immune checkpoints can be delivered by Foxp3+ Treg cells

as well as Foxp3- cells, including type 1 regulatory T-cells (Tr1

cells) (32, 34, 35). Tr1 cells secrete large amounts of IL-10 with

strong IL-10-dependent suppressive activity, while FoxP3 is

expressed at low levels (34, 36). It has been demonstrated that

surface expressions of CD49b and LAG-3 are sufficient to

identify Tr1 cells (34). The proportion of Tr1 (CD49b+ LAG-3+)

cells in CD3+ CD4+ T-cells in the blood of psoriasis patients

was decreased in psoriasis patients compared with healthy

individuals, and the proportion of Tr1 cells decreased as PASI

increased (37). It was suggested that decreased proportion of Tr1

cells in the blood of psoriasis patients may allow for excess

expansion of psoriasis disease-related T-cells in either lymph

nodes or cutaneous compartments (37). Tr1 cells were identified
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in psoriasis nonlesional skin but not in lesional skin, despite the

large increase of T-cells in active lesions (37).
Regulatory dendritic cells

Human skin contains three main populations of dendritic

antigen-presenting cells: Langerhans cells, BDCA-1+ DCs, and

BDCA-3+ DCs, with prior work suggesting the BDCA-3+ cells

have important regulatory functions (51). Recent scRNA-seq

analyses of human psoriasis skin identified a distinct cluster of

DCs as ‘semimature DC’. This cluster was characterized by

intermediate expression of MHC class II molecules and high

expression of IL-10 (13). Among all IL-10 expressing cells in

psoriasis skin, 53.5% of IL-10 expressing cells were semimature

DCs, and 46.5% of IL-10 expressing semimature DCs in psoriasis

skin co-expressed BDCA-3. Overall, the single-cell transcriptome of

semimature DCs was consistent with the gene expression profiles of

previously described human skin resident BDCA3+ regulatory DCs

(38). BDCA3+ regulatory DCs are a subset of myeloid DCs in

normal skin characterized by their BDCA-3 expression, IL-10

production, and expression of negative immune regulators. This

population is considered regulatory and contributes to immune

tolerance under non-inflammatory conditions (38).

IL-12 producing DC is another candidate for the regulatory

DC subset in the context of IL-17-driven inflammation. IL-12 is

a heterodimeric protein consisting of p35 (IL-12A) and p40 (IL-

12B), and it is mainly expressed by activated dendritic cells and

macrophages. Unlike the structurally related pathogenic

cytokine IL-23 p19 (IL-23A)/p40 (IL-12B), IL-12 was shown

to have a regulatory function by restraining the invasion of IL-

17-committed gd T (gd T17) cells in an imiquimod-induced

psoriasis mouse model (39). However, a different study showed

that human CD1c+ DCs but not BDCA-3+ DCs or other antigen-

presenting cells secrete high levels of IL-12 and potently prime

cytotoxic T-cell responses (52). In lesional skin of patients with

psoriasis, p35 (IL-12A) transcripts were not increased, whereas

p40 (IL-12B) and p19 (IL-23A) transcripts were increased (53).
Therapeutic implications in psoriasis

Today, psoriasis is the most effectively treated T-cell mediated

inflammatory disease, as the IL-23/T17 cell axis is the main

pathogenic pathway in this disease and numerous biologic agents

target this axis (Figure 1). Treatments include monoclonal

antibodies that neutralize IL-17A/A and IL-17A/F isoforms

(secukinumab, ixekizumab), monoclonal antibodies that extend

IL-17 blockade to include IL-17F/F (brodalumab, bimekizumab),

and monocloncal antibodies that neutralize IL-23, either by

binding to the p40 subunit (ustekinumab), or by binding to the

p19 subunit (tildrakizumab, guselkumab, risankizumab) (5).

Typically, moderate-to-severe disease is treated with monoclonal
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antibody therapy and 80-90% can be expected to have high-grade

improvements in disease (5). Molecular profiling of psoriasis tissue,

including the scRNA-seq findings discussed above, has led to new

research that seeks the emerging information on the potential

plasticity of T17 cells for pathogenic vs. regulatory programs:
IL-17A blockade

When gene-expression profiles of human psoriasis skin were

compared between mild versus severe psoriasis, the spectrum of

mild to severe psoriasis was defined by a common activation of

IL-17 pathway genes, but with key differences in regulatory

immune genes (40, 41). Since the expression of immune

regulatory genes is high in mild psoriasis, it was hypothesized

that treatment response and disease remission in mild psoriasis

after IL-17A inhibition might differ from those with severe

psoriasis. To test the hypothesis, Kim et al. (42) conducted an

exploratory phase II randomized clinical trial (RCT) to test

secukinumab (IL-17A inhibitor) for mild-to-moderate psoriasis

(NCT03131570). The study showed that the impact of systemic

IL-17A inhibition on psoriasis patients’ skin immunity was not

confined to only blocking the major cytokine of pathogenic T-

cells (IL-17A). This study found that it extended to blocking the

entire feed-forward amplification loop of psoriasis inflammation

between dendritic cells, T-cells, and keratinocytes. Of note, the

gene expression of a keratinocyte stem cell marker [KRT15 (54)]

and cytokines that may promote skin homeostasis [IL-34 (55,

56) and IL-37 (57)] were increased in psoriasis skin after

systemic IL-17A inhibition (42).
IL-23 blockade

T17 cells are regulated by inflammatory CD11c+ dendritic

antigen-presenting cells (APCs) that over-produce IL-23. The IL-

23 expression in inflammatory CD11c+ dendritic APCs in

psoriasis lesional skin is ~20-fold higher than in APCs in non-

lesional psoriatic skin (53). The first observation suggesting that

IL-23 blockade may contribute to the restoration of skin

homeostasis came from a phase I clinical trial with

risankizumab (anti-IL-23p19 monoclonal antibody) (43). In the

clinical trial, the administration of single dose of an anti-IL-23p19

antibody resulted in disease clearance for up to 66 weeks in 46% of

moderate-to-severe psoriasis patients. A subset of patients

attained full disease resolution for up to 16.5 months. In the

posttreatment biopsy specimens of those patients, FoxP3 mRNA

levels remained high in the resolved psoriasis skin. In a separate

study (44), BLIMP-1 (B lymphocyte-induced maturation protein-

1) and IL-10 expression within T-cells were found to be increased

in resolved psoriasis skin after IL-23 blockade. Since the

expression of FoxP3 and IL-10 are high in Tregs, and the

expression of BLIMP-1 is essential for the production of IL-10 (58),
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it was suggested that IL-23p19 inhibition increased either the

amount of Treg or their function in resolved psoriatic skin.

These high-grade responses for unexpectedly long periods

were achieved by just a single injection of an anti-IL-23p19

monoclonal antibody. Furthermore, structured drug wash-out

studies during phase II and III clinical trials of anti-IL-23p19

monoclonal antibodies identified that the majority of patients

maintained PASI75 and PASI90 responses for long periods of

time after receiving a final dose and stopping further injections

(59, 60). In an effort to further understand the immune tolerance

mechanism behind the short-term IL-23 blockade associated

with long-term disease remission, moderate-to-severe psoriasis

clinical trials with scRNA-seq analyses of human skin are

currently taking place in the US (NCT04630652).
Conclusions

Conventional methods of studying the imbalance between

T17 cells and regulatory immune cell subsets in human psoriasis

skin, requires you to decide which immune cell subsets to target

with predetermined markers and then investigate their gene

expression profiles and functions in different conditions.

However, recent scRNA-seq technology provided the

opportunity to compare the gene expression profiles of

heterogenous immune cells in the skin without the need to

predetermine markers for various cell subsets. For example, in

the scRNA-seq dataset, T17 cells can be first defined as IL-17A

or IL-17F expressing cells in T-cell clusters, Tregs can be first

defined as CD25+ FoxP3+ CD4+ cells, and regulatory immune

cells can be first defined as IL-10+ expressing immune cell subset

clusters. Then, various markers of T17 cells, Treg or regulatory

immune cell subsets can be explored in subclusters comparing

their differential expressions in different conditions. This new

approach enabled us to broaden the category of T17 cells and

regulatory immune cell subsets in human psoriasis skin and

made it more feasible to understand T-cell plasticity between

different T-cell subsets (Figure 2, Table 1). Thus, we suggest that

the complex interplay between T17 cells and regulatory immune

cells in the psoriasis immune tolerance network is not confined

to just Th17 cells and Tregs. It should be approached with a

broad spectrum of immune cell subsets, including Tc17 cells,

CD161+ T-cells, IL-17A+ IFNg+ T17 cell subset, IL17F+ IL-10-

T17 cell subset, IL17F+ IL-10+ T17 cell subset, Tregs, Tr1 cells,

semimature/BDCA-3+ regulatory DCs and cytokines involved in

skin homeostasis such as IL-34 and IL-37.

Although the new approach is enabled by the recent scRNA-

seq technology, the limitations of the new technology should be

carefully considered for translating the results into biologic

understandings (61). Current single-cell technologies offer

limited number of cells that can be processed at a time and a

limited number of mRNA molecules can be captured per cell

(62, 63). High variability of gene expression between similar cell
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types is easily misinterpreted into novel cell subsets (64).

Particularly for human skin, technical artifacts of sample

processing and computational correction of the artifacts may

hinder the reproducibility of key gene detections (65).

Recent clinical trials with gene expression profiling of

psoriasis skin revealed promising data supporting the

hypothesis that a monoclonal blockade of pathogenic T-cells,

such as an IL-17A blockade or an IL-23p19 blockade, may

induce expansion of regulatory immune cells subsets or

expression of cytokines involved in skin homeostasis (42–44).

To test the hypothesis, there are ongoing psoriasis clinical trials

of short-term monoclonal antibody treatments to induce long-

term disease remission that incorporate scRNA-seq analyses of

human skin before/after treatments (NCT04630652). We are

hoping to better understand the imbalance between T17 cells

and regulatory immune cell subsets through these studies and

develop personalized medicine approaches to cure psoriasis

without recurrence.
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