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Epidermal Th22 and Tcl17 Cells Form a Localized Disease
Memory in Clinically Healed Psoriasis

Stanley Cheuk,* Maria Wikén,* Lennart Blomqvist,* Susanne Nylén,]t Toomas Talme,*
Mona Stahle,* and Liv Eidsmo*

Psoriasis is a common and chronic inflammatory skin disease in which T cells play a key role. Effective treatment heals the skin
without scarring, but typically psoriasis recurs in previously affected areas. A pathogenic memory within the skin has been pro-
posed, but the nature of such site-specific disease memory is unknown. Tissue-resident memory T (Tgy) cells have been ascribed
a role in immunity after resolved viral skin infections. Because of their localization in the epidermal compartment of the skin, Try
may contribute to tissue pathology during psoriasis. In this study, we investigated whether resolved psoriasis lesions contain Tgyy
cells with the ability to maintain and potentially drive recurrent disease. Three common and effective therapies, narrowband-UVB
treatment and long-term biologic treatment systemically inhibiting TNF-« or IL-12/23 signaling were studied. Epidermal T cells
were highly activated in psoriasis and a high proportion of CD8 T cells expressed Try; markers. In resolved psoriasis, a population
of cutaneous lymphocyte-associated Ag, CCR6, CD103, and IL-23R expressing epidermal CD8 T cells was highly enriched.
Epidermal CD8 T cells expressing the Tgy; marker CD103 responded to ex vivo stimulation with IL-17A production and
epidermal CD4 T cells responded with IL-22 production after as long as 6 y of TNF-« inhibition. Our data suggest that epidermal
Tgrw cells are retained in resolved psoriasis and that these cells are capable of producing cytokines with a critical role in psoriasis

pathogenesis. We provide a potential mechanism for a site-specific T cell-driven disease memory in psoriasis. The Journal of

Immunology, 2014, 192: 3111-3120.

soriasis is an immune-mediated disorder primarily affecting

the skin. Plaque psoriasis is the most common disease

manifestation in which T cell infiltration into epidermis is
closely linked to disease development and maintenance of inflam-
mation (1, 2). In particular, Th17 cells and local production of IL-17
and IL-22 within the skin drives localized patches of chronic in-
flammation (3, 4). The powerful therapeutic effect of IL-12/23 in-
hibition (5) and promising results from clinical trials inhibiting IL-
17 signaling in plaque psoriasis strengthen the critical role of Th17
in maintaining the chronic inflammation (6-8). Although current
treatments induce clinical remission, psoriasis preferentially recurs
in previously inflamed sites upon withdrawal of treatment. This
indicates that a site-specific disease memory is formed during ac-
tive disease and that such disease memory is maintained within the
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skin during remission. T cell-associated genes (LCK and TRCBI)
and inflammatory genes (/LI7, IL22, and IFNG) remain upregu-
lated in clinically resolved lesions at least three months after ini-
tiation of systemic TNF-a inhibiting treatment (9) indicating that
activated T cells are retained at sites of previous skin inflammation
and that skin resident T cells may form the site-specific disease
memory within the skin.

Human skin is inhabited by and constantly patrolled by a vast
number of memory T cells (10). Tissue-resident memory T cells
(TrMm cells) lodged in the skin have the potential to confer both
tolerance and immunity depending on the local microenvironment
(11) and CD8 Try can be tracked by the phenotypic markers CD49a
and CD103 (12, 13). Circulating effector T cells infiltrate sites of
skin inflammation and have the potential to convert into long-lived
epidermal Tgy; cells as the skin inflammation resolves (14, 15). In
the context of viral skin infection, it has been shown that epidermal
Trym cells reside at sites of previous infection and confer local im-
munity. By analogy, it is plausible that Tgy; cells form a pathologic
site-specific disease memory in sites of recurrent psoriasis.

In this study, we performed a detailed analysis of gene ex-
pression and cytokine production in T cells within epidermis and
dermis after successful narrowband-UVB (nb-UVB) treatment and
during successful long-term anti-TNFo or anti-IL-12/23 treatment.
We found profound differences in the T cell populations at sites of
previous psoriasis inflammation as compared with healthy skin.
Our data show that a subpopulation of T cells infiltrating the
epidermis during active disease turn into Try cells and establish
a site-specific disease memory in psoriasis.

Materials and Methods

Patient material

Healthy control skin samples were obtained from reconstructive skin
surgery at AdVita Clinic (Stockholm, Sweden). Swedish patients diagnosed
with moderate to severe psoriasis (Table I) were recruited from the Pso-
riasis Association Clinic (Sundbyberg, Sweden) and Department of Der-
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matology at Karolinska University Hospital (Stockholm, Sweden). The
study was approved by the Stockholm Regional Committee of Ethics (ap-
proval numbers 2012/50-31/2 and 2006/02-258) and performed according to
the Declaration of Helsinki Principles. Signed consent forms were collected
from all sample donors. Photos taken at times of active disease, reliable
anamnestic information, or postinflammatory hyperpigmentation were used
to localize sites of resolved skin. Punch skin biopsies (4 mm diameter, one to
four per individual) were obtained from the trunk or thighs from plaque
psoriasis patients under local anesthesia. Nonlesional skin were collected >3
cm from psoriasis plaques. Skin biopsies from patients or healthy donors
were immediately frozen for histology or collected in PBS and freshly
prepared for flow cytometry, sorting, and RNA analysis.

Confocal microscopy

Cryopreserved skin biopsies were processed and stained as described
previously (16). Primary Abs used for immunofluorescence are shown in
Supplemental Table 1. Images were acquired with a laser scanning con-
focal microscopy (LSM700) with Zen 2011 software (Zeiss) and analyzed
with ImagelJ (http://imagej.nih.gov/ij/).

Preparation of skin cell suspensions

Whole-skin biopsies were incubated in 5 U dispase (Life Technologies)
overnight at 4°C and epidermis was separated from dermis. Epidermis was
cut and incubated in trypsin (0.025%)/EDTA (0.01%) (Life Technologies)
for 15 min, and single-cell suspension was prepared by pipetting. Dermis
was incubated in collagenase III (3 mg/ml; Worthington) for 90 min with
DNAse (5 pg/ml) in 10% FBS RPMI 1640 medium and further processed
by Medicon tissue disruptor (BD Biosciences) as described previously
(17). For cytokine stimulation and CD103, CCR6 and IL-23R staining
epidermis was treated with collagenase, and for IL-23R staining, the
samples were incubated 18 h prior to staining.

Ex vivo stimulation

Cell suspensions were stimulated with PMA (50 ng/ml) and ionomycin
(1 wg/ml) for 5 hin the presence of brefeldin A (BD Biosciences) in the
last 4 h of stimulation following the manufacturer’s protocols.

Flow cytometry and cell sorting

Cell suspensions were stained with Live/Dead Yellow Kit (Invitrogen)
followed by conjugated Abs (Supplemental Table I) at 4°C. Intracellular
cytokine staining was performed following the manufacturer’s protocol
(BD Cytofix/Cytoperm). The entire sample was acquired using CyAn ADP
analyzer (Beckman Coulter) or LSR-II (BD Biosciences) and analyzed
using Flowjo (Tree Star). The number of T cells were divided by surface
area of skin sample and presented as “number of cells/mm~.” Cell sorting
into QIAzol Lysis Reagent (Qiagen) was performed at the FACS facility
at Department of Microbiology, Tumor and Cell Biology in Karolinska
Institutet using MoFlo XDP (Beckman Coulter) cell sorter.

RNA purification and quantitative RT-PCR

RNA was purified from cell-giazol lysate using miRNeasy Mini Kit (Qiagen)
and reverse transcribed by High Capacity cDNA Reverse Transcription Kits
(Applied Biosystems), and quantitative RT-PCR was performed using
TagMan PreAmp Master Mix Kit (Applied Bioscience) and the TagMan
Gene Expression Master Mix (Applied Bioscience) following the man-
ufacturers’ protocols. Gene expression was normalized to the house-
keeping gene ,-microglobulin (B2M). The following TagMan Gene
Expression Assays were used and were all ordered from Applied Biosystems:
B2M-Hs00984230_m1, CD207-Hs00210451_m1, CD3E-Hs01062241_ml,
CD4-Hs00181217_m1, CD68-Hs00154355_m1, CD8A-Hs00233520_ml,
CTLA4-Hs03044418_m1, FOXP3-Hs01085834_m1, GZMA-Hs00989184_m],
GZMB-Hs01554355_m1, IFNG-Hs00989291_m1, IL10-Hs00961622_ml,
IL17A-Hs00174383_ml, 1L22-Hs01574154_m1, IL4-Hs00174122_m], IL5-
Hs00174200_m1, IL13-Hs00174379_ml, ITGAE-Hs01025372_ml, PRF1-
Hs00169473_m1, RORC-Hs01076122_m1, and TBX21-Hs00203436_ml1.

Statistical analysis

Statistics were calculated using the PRISM (GraphPad) software. Two-
tailed Mann—Whitney U test and two-tailed Wilcoxon matched-pairs signed
rank test were used for testing independent or paired data, respectively. For
comparisons involving multiple groups, the Holm-Bonferroni method was
used to correct for multiple testing. Annotation of significance level, after
correction of multiple testing, if applicable, was depicted as *p = 0.05;
**p = 0.01; and ***p = 0.001. Medians were depicted by horizontal bars
in scatter dot plots.

Results
Massive infiltration of epidermal CD8 T cells expressing Ty
markers occurs in active psoriasis

A small but distinct population of epidermal T cells interspersed with
Langerhans cells was detected in epidermal sheets from healthy skin
(Fig. 1A). The epidermal T cells are located just above the epi-
dermal-dermal junction (Fig. 1B), whereas the vast majority of
T cells in healthy skin are located in the dermis around vessels as
shown in cross-sectional projections in Fig. 1B. In untreated (active)
psoriasis, there is massive infiltration of T cells into both epidermis
and dermis, and epidermal T cells relocate higher up into the epi-
dermis as compared with their strict confinement on the basal
membrane in healthy skin (Fig. 1B). To further characterize the
epidermal and dermal T cell infiltrate, rapid processing of the skin
was performed to avoid potential alterations of the T cell pop-
ulations through prolonged ex vivo cultures. Epidermal and dermal
single-cell suspensions were analyzed by flow cytometry within
30 h of sampling as shown in Fig. 1C and Supplemental Fig. 1.
Compared with normal skin (Fig. 1D) or nonlesional psoriasis skin
(data not shown), the epidermal T cell population was ~100-fold
increased in active psoriasis with a dominance of CD8 T cells (Fig.
1E), whereas the dermal T cell population showed a more modest
10-fold increase with a dominance of CD4 T cells in both active
psoriasis and healthy skin (Fig. 1D, 1E). In healthy skin, 20-30%
of epidermal CD8 T cells coexpressed the integrins CD103 and
CD49a, phenotypic markers for Try cells (Fig. 1F). In active
psoriasis, approximately one-half of the epidermal CD8 T cells
coexpressed these Tryy phenotypic markers (Fig. 1F). Taken the
100-fold increase in epidermal T cells in active psoriasis com-
pared with healthy skin (Fig. 1D) and 50-fold compared with
nonlesional skin (Supplemental Fig. 2A), this corresponds to an
impressive expansion of Try; in psoriasis lesions.

Activated T cells preferentially accumulate in epidermis in
active psoriasis

The inflammatory cytokines IL-17, IFN-y, and IL-22 are highly
produced by both CD4 and CDS8 T cells in active psoriasis lesions (2,
18), and histological assessment further demonstrates that other cell
types such as neutrophils and mast cells also express IL-17 in active
psoriasis (2). Thus, analysis of full skin biopsies will not reveal the
different expression profiles of CD4 and CD8 T cells or discriminate
between epidermal and dermal T cells. To analyze the activation
profiles of CD4 and CD8 T cells in the different skin compartments,
T cells were sorted from active psoriasis and healthy skin, and RNA
expression analysis was performed by real-time PCR. The purity of
the sorted populations was confirmed by their gene expression profile
as shown in Supplemental Fig. 1. We found that epidermal T cells in
psoriasis exhibit high expression of genes related to T cell activation
and inflammation (Fig. 2). ILI7A, IL22, and IFNG showed striking
upregulation in both epidermal CD4 and CD8 T cells in lesional
psoriasis but not in dermal T cells (Fig. 2A). The cytotoxicity effector
molecules granzyme A and B were upregulated in epidermal and
dermal CD8 T cells and in epidermal CD4 T cells, whereas perforin
was upregulated only in epidermal CD8 T cells (Fig. 2B). The
coinhibitory molecule CTLA-4, the regulatory T cells transcriptional
factor Forkheadbox (Fox)-P3, and the regulatory cytokine IL-10
showed increased gene expression in epidermal CD4 and CD8
(CTLA4) or CD4 (FOXP3 and IL10) T cells from active psoriasis as
compared with healthy skin (Fig. 2C). CTLA4 and FOXP3 were
upregulated in dermal CD4 T cells, and CTLA4 was upregulated in
dermal CD8 T cells. Taken together, these data show that epidermis
in active psoriasis contained highly activated CD4 and CDS8 T cells,
whereas their dermal counterparts were less activated.
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FIGURE 1.

CD8 and CD4 T cells infiltrate both epidermis and dermis in psoriasis. (A and B) Confocal microscopy of healthy epidermal sheet (A) and

cross-sectional projection of healthy and active psoriasis skin (B). CD3 was pseudocolored in red, Collagen IV in yellow, Langerin in green and nuclei in
blue. Representative pictures of three to six donors are shown. (C) Representative FACS plots of epidermal and dermal cell suspensions. (D and E) Number
of T cells per mm? skin surface area (D) and CD4:CD8 ratio (E) of FACS analyzed samples, each dot corresponds to one individual. (F) CD103 and CD49a
expression of T cells from healthy or active psoriasis skin, representative FACS contour plots gated on live, CD45", and CD3* T cells. Two-tailed Mann—
Whitney U test used in (D), two-tailed Wilcoxon matched-pairs signed rank test used in (E). *#:#p < 0.001.

CDA49a expressing epidermal CDS8 T cells are enriched in
resolved psoriasis lesions

Highly activated and proinflammatory T cells were particularly
enriched in epidermis in active psoriasis. We next examined how
three disparate and commonly used therapies, nb-UVB and bio-
logic therapy (ustekinumab and infliximab), affected the inflam-
matory profile of T cells in clinically healed psoriasis skin. nb-UVB
treatment effectively clears psoriasis in responders after 20-30

treatments (19). Biologic treatment with systemic administration
of Abs directed against TNF-a (infliximab) or IL-12/23 (usteki-
numab) induces disease remission in responders, but continuous
treatment is necessary to maintain the effect (5, 20). Regardless of
treatment, flare-ups of psoriasis at sites of previous inflammation
are common within a few months of withdrawal of treatment (5,
19, 20). To investigate whether pathogenic Tgry; cells reside at
sites of previous psoriasis lesions, biopsies were collected after
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FIGURE 2. RNA expression profiles reveal highly activated epidermal T cells in lesional psoriasis. Relative gene expression of ILI7A, IL22, IFNG (R),
GZMA, GZMB, PRFI (B), CTLA4, FOXP3, and ILI0 (C) in epidermal and dermal CD8 or CD4 T cells from active psoriasis lesions (A, n = 9) and healthy
skin (C, n = 10). Relative gene expression was calculated against the housekeeping gene B,-microglobulin (B2M) as 2~ (CT(Target Gene)-CTB2M) 6 tajled
Mann—Whitney U test corrected for multiple testing by using the Holm—Bonferroni method. *p < 0.05, ##p < 0.01, #*xp < 0.001.

effective nb-UVB treatment (z = 11, minimum of 25 times UVB
treatments) and during systemic treatment with biologics, infliximab
(n = 7; median treatment time, 4.5 y), and ustekinumab (n = 5;
median treatment time, 1.4 y). Patients responding to treatment and
where sites of previous inflammation could be identified by pa-
tient’s history or by photos taken before and after treatment as
shown in Fig. 3A and 3B were included. The overall disease burden
was low after treatment as shown in Table I.

During successful treatment with biologics or nb-UVB, the
number of epidermal CD4 T cells was normalized whereas in-
creased numbers of dermal CD4 and CD8 T cells was noted
(Supplemental Fig. 2B, 2C). In active psoriasis, CD49a expressing
CD8 cells dominated the epidermal compartment (Fig. 1F). In
successfully treated skin, these cells were dramatically reduced.
However, despite normalization of the total number of epidermal
CD8 T cells (Fig. 3C), the number of such cells expressing CD49a
was 5-fold increased in nb-UVB-treated samples and 16-fold in-
creased in samples collected from patients undergoing biological
treatment compared with healthy skin (Fig. 3D). The majority of
nb-UVB patients could identify areas of skin that had never been
affected by psoriasis (nonlesional skin). Nonlesional epidermis
contained a similar density of CD49a expressing CD8 T cells

compared with healthy skin and 10 times lower number of such
cells in comparison with resolved lesions. Patients treated with
biologics had undergone several different systemic treatments
before initiation of the current treatment. Few of these patients
could point out areas that had never been affected by psoriasis.
Thus, only five nonlesional samples could be identified and ana-
lyzed in the biologics group. There was a clear trend toward more
CD49a expressing CD8 T cells in resolved as compared with
nonlesional epidermis, but this difference did not reach statistical
significance. Although both nb-UVB and targeted inhibition of
TNF-a or IL-12/23 dramatically reduced the number of epidermal
T cells, the increase in CD8 T cells expressing the Tgryy cell-as-
sociated marker CD49a suggested expansion or selective retention
of site-specific and potentially pathogenic Try, in resolved lesions.

Cytotoxicity and regulatory gene expression is normalized in
epidermal T cells in resolved lesions after UVB and biologic
treatments

Epidermal T cells displayed profound changes in gene expression
in active psoriasis (Fig. 2). To determine whether altered gene
expression persisted in epidermal T cells in resolved lesions, we
sorted CD4 and CD8 T cells from nb-UVB- or biologics-treated
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FIGURE 3. CD49a expressing
CDS8 T cells are retained in epider-
mis at sites of successfully resolved
psoriasis. (A and B) Representative
clinical photos of resolved psoriasis.
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lesions and examined their RNA expression profiles. Epidermal
CD8 T cells in resolved lesions downregulated cytotoxic effector
genes (GRZA, GRZB, and PRF1I) regardless of treatment (Fig. 4A).
In contrast, expression of CTLA4 (Fig. 4B) was not normalized in
epidermal CD8 T cells from nb-UVB-treated lesions, whereas it
was normalized to the level of healthy skin in lesions from patients
treated with biologics. The expression of FOXP3, CTLA4, and IL10
in epidermal CD4 T cells was significantly reduced in resolved skin
in comparison with active psoriasis and were within the range
detected in healthy skin (Fig. 4C, 4D).

The Thil7 axis gene expression is elevated in epidermal T cells
in resolved psoriasis lesions

The Th2-associated transcriptional factor GATA3 was downregu-
lated in active psoriasis and normalized in CD4 T cells from
nb-UVB—treated epidermis (Supplemental Fig. 2E). /L4 and IL5
could not be detected in epidermal CD4 T cells. ILI3 was
downregulated in active psoriasis and biologics-treated skin in
comparison with healthy skin and nb-UVB—treated resolved skin
(Supplemental Fig. 2F). TBX21 expression (Thl-associated tran-
scriptional factor) was elevated in epidermal CD4 T cells in
lesional psoriasis and remained elevated in nb-UVB-treated skin.

The Th17-associated transcriptional factor RORC expression re-
mained elevated in epidermal CD4 T cells from both nb-UVB—
and biologics-treated resolved skin compared with healthy skin,
although this increase did not reach statistical significance, and
IL17A expression remained high in nb-UVB—treated epidermis
(Fig. 4E). As shown in Fig. 2A, IL22 gene expression was up-
regulated in epidermal T cells from active psoriasis as compared
with healthy skin. In resolved lesion, gene expression of /L22
was not normalized and showed high variability in T cells derived
from both nb-UVB- and biologics-treated lesions (Fig. 4F). In
some of the donors, IL22 expression by epidermal CD4 T cells
was even higher in resolved as compared with the active lesion
(Fig. 4F).

Ex vivo stimulation revealed that epidermal Th22 cells in
resolved skin were still functional after several years of disease
remission

Our phenotypic analysis suggested an epidermal population of Try;
after several years of biologic treatment at sites of previous pso-
riasis plaques and gene expression analysis indicated a potential
retention of IL-17 and IL-22 production in epidermal T cells. To
investigate whether skin-derived T cells in resolved lesions have

Table I. Clinical characteristics of patients included
No. of Total Samples Included in the
Analysis Performed
No. of FACS Gene Cytokine PASI” Time of Treatment (y) Years of Disease (y) Age (y) Mean
Patients Expression Analysis Mean SD Mean * SD Mean = SD *= SD
Lesional psoriasis 21 17 9 9 9.0 =59 — 21 =18 53+ 14
nb-UVB 12 11 5 6 27*+19 (>25 times) 20 = 17 50 = 22
Anti-TNF-a 10 10 5 7 2418 45 *+ 1.8 24 = 13 42 = 19
(infliximab)
Anti-IL-12/23 12 7 5 9 23 % 1.7 1.8 £ 1.0 33 £ 21 49 = 23
(ustekinumab
Healthy controls 15 10 7 — — — 42 = 13

Three infliximab and two ustekinumab patients donated biopsies at two occasions with at least 6-mo intervals. The PASI score and time of treatment is included for both

occasions whereas the time of disease and age is only included once for these donors.
“PASI, psoriasis area and severity index.
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FIGURE 4. Gene expression profiles in resolved
psoriasis revealed retained /L/7 and IL22 expression in
epidermal T cells. (A—F) Gene expression in epidermal
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the potential to drive recurrent skin inflammation, we next assessed
IL-22 and IL-17A production in skin T cells after short ex vivo
stimulation with PMA/ionomycin. In active psoriasis, the pro-
portion of IL-22— and/or IL-17A—producing T cells was increased
4-fold as compared with healthy skin, and half the cytokine-
producing epidermal CD4 T cells coexpressed IL-22 and IL-17A as
shown in Fig. 5A and 5B. The production of IFN-y was signifi-
cantly increased in epidermal CD4 T cells in active psoriasis
but not to the same extent as IL-17A and IL-22 (Supplemental Fig,
2H). Dermal T cells from resolved skin showed similar cytokine
production as compared with healthy skin (Fig. 5B), and the pro-
portion of IL-17A—expressing CD4 T cells was decreased as com-
pared with lesional skin. In resolved epidermis, the number of
IL-17A (Fig. 5B)- and IFN-y (Supplemental Fig. 2H)—producing
CD4 T cells was comparable to healthy skin. Interestingly, [L-22—
producing epidermal CD4 T cells in resolved lesions remained on
the same level or even higher as compared with active psoriasis
(Fig. 5A, 5B). The percentage of IL-22—producing epidermal CD4
T cells did not correlate with the number of treatment years
(Supplemental Fig. 2D), indicating a retained effector function in
resolved lesions as long as after 6 y of treatment.

Epidermal Tcl7 cells maintain their inflammatory capacity in
resolved lesions

Epidermal CD8 T cells play a critical role in psoriasis inflam-
mation, and in agreement with previous reports (2, 18), we found
that the majority of epidermal CD8 T cells in active psoriasis
lesions expressed IL-17A, IL-22, and/or IFN-y. A higher pro-
portion of CD8 T cells produced IL-17A and IFN-y as compared
with CD4 T cells (Fig. 5C, 5D, Supplemental Fig. 2H). In resolved
lesions, a higher frequency of cytokine-producing CD8 T cells
was detected after nb-UVB than during biological treatment (Fig.
5C, 5D). This is in agreement with the CD4 T cell cytokine profile

(Fig. 5A, 5B) and our gene expression analysis (Fig. 4) and indi-
cates that epidermal T cells lesions display an activated phenotype
despite the normalization of the size of the population in nb-UVB—
treated lesions. Interestingly, and contrary to our gene expression
data, epidermal CD8 T cells from anti-TNF-a and anti—IL-12/23—
treated skin showed increased IL-17A production compared with
healthy skin upon PMA/ionomycin stimulation (Fig. 5C, 5D). No
significant difference in IFN-y production among healthy skin,
active, and resolved psoriasis samples was noted following PMA/
ionomycin stimulation (Supplemental Fig. 2H). A population of
IL-17-producing epidermal CD8 T cells was maintained for as
long as 6 y after initiation of treatment (Supplemental Fig. 2D),
indicating that epidermal T cells are capable of exerting effector
functions after long-term biologic treatment.

IL-17 production is maintained by Ty, in resolved psoriasis

IL-17 has a critical role in maintaining psoriasis inflammation in
skin. Thus, the IL-17—producing epithelial T cells are of particular
interest when it comes to creating a disease memory in resolved
psoriasis lesions. As shown in Fig. 6A and 6B, epidermal IL-17-
producing cells in healthy skin, active, and resolved psoriasis
expressed the Try marker CD103. Likewise, IL-22 production was
almost exclusively found in CD103 expressing CD8 T cells in ac-
tive psoriasis, whereas IL-22—expressing CD8 T cells were absent in
healthy skin and resolved lesions (data not shown). The proportion
of CD103 expressing cytokine-producing cells showed a large vari-
ation in epidermal CD4 T cells as shown in Supplemental Fig. 3.
To further characterize the Try cells in resolved psoriasis, the
expression of the skin homing marker cutaneous lymphocyte—as-
sociated Ag (CLA) and the phenotypic Th17 markers CCR6 and IL-
23R were assessed in epidermal T cells as shown in Fig. 6 C and 6D
and Supplemental Fig. 3. It is noteworthy that ~40% of the epi-
dermal CD8 and CD4 cells in resolved psoriasis and healthy skin
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FIGURE 5. Epidermal Th22 and Tc17 were revealed in resolved lesions after several years of treatment upon ex vivo stimulation. (A and C) Repre-
sentative contour plots of intracellular IL-22 and IL-17A expression in epidermal CD4 T (A) and CD8 T (C) cells after stimulation with PMA and ion-
omycin in the presence of brefeldin A. (B and D) Pie charts depicting the median proportion of IL-22*IL-17" (blue), IL-22"IL-17* (red), and IL-22 " 1L-17*
(gray) production of epidermal and dermal CD4 T (B) and CD8 T (D) cells. Two-tailed Mann—Whitney U test was used in testing between the corre-
sponding groups against healthy CD4 T or CD8 T cells. Significance levels were corrected for multiple testing by using the Holm—Bonferroni method and

shown in the corresponding color. #p < 0.05, *xp < 0.01.

express IL-23R, which indicated that they are susceptible to IL-23
signaling (Fig. 6C, Supplemental Fig 3). Interestingly, a distinct
population of epidermal CD8 T cells coexpressing CD103, CCR6,
and IL-23R was highly enriched in resolved psoriasis (Fig. 6C, 6D).
This suggests that Tc17 cells, with the capacity to respond to IL-23,
are retained in the resolved skin lesions.

Discussion
A major therapeutic challenge in treating psoriasis is relapse in
previously affected sites when treatment is withdrawn, indicating
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FIGURE 6. IL-17 production is
maintained by Tgry in resolved

Biologics
Epi CD8

the formation of a site-specific disease memory (5, 19, 21). Pso-
riasis is an immune-mediated T cell driven disease with genetic
and pathogenic similarities to other chronic and relapsing in-
flammatory diseases such as Crohn’s disease, multiple sclerosis
and rheumatoid arthritis (22, 23). The cellular architecture and
mechanisms underlying site-specificity of recurrent inflammatory
diseases are not understood and the skin represents an ideal model
system to study mechanisms of localized immune memory in
peripheral tissues as it allows sampling from the same area during
different phases of the inflammatory process. Thus, identification
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of mechanisms of tissue pathology in psoriasis may have great
impact in development of novel therapeutic strategies for chronic
tissue inflammation in different organ systems.

Suarez-Farinas et al. (9) showed that T cell-associated genes
remained upregulated in full skin biopsies collected from resolved
psoriasis undergoing anti-TNF-a treatment, but the precise lo-
calization or identity of disease-driving T cells within the skin was
not determined. Vollmar et al. (24) reported that stable oligoclonal
populations of epidermal CD8 T cells were found in relapsing dis-
ease after periods of complete remission, indicating that a subset of
epidermal T cells were retained and enriched in lesional epidermis
over time. Oligoclonal expansion of CD8 T cells was confined to the
epidermis in active psoriasis lesions and was not detected in lesional
dermis, nonlesional skin or peripheral blood, which further strength-
ens the concept of a T cell-driven disease memory localized in the
epidermis (25).

In agreement with previous reports (1, 2, 26-28), our results
highlight that CD4 and CD8 T cells infiltrate both epidermis and
dermis in psoriasis. In active psoriasis, we show increased expres-
sion of IL17A, IL22, and IFNG in epidermal CD4 and CD8 T cells
in the immediate vicinity of keratinocytes, whereas dermal T cells
show less upregulation of these genes. It should be noted that the
area of the dermal vasculature is expanded in psoriasis, and it is
possible that an increased proportion of circulating nonpathogenic
T cells are included in our analysis and thus dilute the pathogenic
signature from dermal T cells entering the tissue. Although we, like
other investigators (9, 29), found more dermal T cells in resolved
lesions, our data show that these T cells did not respond with higher
IL-17A and IL-22 production upon ex vivo stimulation compared
with T cells from healthy skin. In contrast, the few remaining
epidermal T cells in resolved lesions were highly responsive to ex
vivo stimulation.

Epidermal CD4 T cells derived from resolved lesions mainly
produced IL-22 after ex vivo stimulation. IL-22 has been linked to
keratinocyte activation and the formation of epidermal acanthosis,
a prominent morphologic feature in psoriasis (4, 30, 31). In con-
trast, epidermal CD8 T cells in resolved lesions mainly produced
IL-17A, which drives the production of proinflammatory cytokines
and chemokines by keratinocytes. IL-17A is proposed to be a key
mediator of psoriatic inflammation through recruitment and acti-
vation of leukocytes into the skin (3). Our data show that epider-
mal CD4 and CD8 T cells produce different cytokines in resolved
lesions during disease remission. A scenario could be envisaged
where skin residing CD4 T cells through IL-22 production would

Healthy skin

have a direct role on keratinocyte pathology and CD8 T cells
would drive inflammation and recruitment of circulating leuko-
cytes into the tissue through IL-17A production. Thus, epidermal
T cells would be perfectly placed to drive recurrent episodes of
inflammation in previous sites of inflammation. Our data show
that epidermal T cells prone to produce the psoriasis pathogenic
cytokines IL-17 and IL-22, but not IFN-v, are specifically retained
in resolved lesions, which strengthens the concept of disease driving
epidermal Try.

Elegant ex vivo studies of blood derived T cells showed that
circulating T cells have the ability to produce either IL-22 ex-
clusively or together with IL-17 (32). Epidermal T cells producing
both IL-22 and IL-17 were detected in active lesions and nb-
UVB-treated skin. These double-producing T cells were virtually
absent in skin from patients treated with biologics. It is possible
that double-producing T cells represent stronger disease driving
cells than single producers through the simultaneous induction
of IL-22 mediated epidermal hyperplasia and IL-17 mediated re-
cruitment of neutrophils in epidermis within the immediate mi-
croenvironment. Data from a murine model of psoriasis indicated
that IL-22 production was essential to induce Th17-driven skin
inflammation (4) whereas inhibition of IL-17 alone has a promising
and impressive effect on disease activity in man (6-8). In resolved
epidermis, single-producing IL-17 CD8 T cells and IL-22—pro-
ducing CD4 T cells were detected, which could strengthen the
notion that the IL-17/ IL-22 double-producers found during active
disease are more pathogenic.

Tissue-resident, long-lived memory T cells are detected in
epidermis in murine models of resolved viral infection whereas
dermal T cells continuously circulate between the resolved skin and
the blood (12, 14, 15). Tissue-resident T cells have been shown in
human skin after viral infection (12, 13), in cutaneous lymphomas
(33) and in fixed drug eruption (34). At sites of recurrent HSV-2
infection in man, Zhu et al. showed persisting oligoclonal CDS8
T cells at the epidermal-dermal border. In contrast to our data,
these T cells expressed of GRZA, GRZB, and PRF1I in clinically
healed lesions 8 wk after active viral infection. The retained cy-
totoxic activity may reflect a low but continuous Ag stimulation
through asymptomatic viral shedding and indeed HSV DNA was
detected in two of four investigated tissue samples (35). In fixed
drug eruption, resting epidermal CD8 T cells were shown to reside
at sites of previous Ag-driven inflammation and respond within
hours to oral ingestion of the causative hapten through IFN-vy
production and mobilization toward dermis (34). In an in vivo
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FIGURE 7. Proposed mechanism of Tgry cell-driven
recurrent inflammation in psoriasis. The healthy skin is
populated by epidermal and dermal CD4 and CD8
T cells. In lesional psoriasis, a massive infiltration of
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IL-17A- and IL-22—producing CD8 and CD4 T cells
occurs in both epidermis and dermis. In resolved lesion,
epidermal CD4 T cells retain elevated gene expression
of IL22. Upon stimulation, epidermal CD4 T cells
respond with IL-22 production and epidermal CD8
T cells with IL-17A production. We propose that IL-
17A leads to recruitment of inflammatory T cells from
the blood and that IL-22 participates in the keratinocyte
activation and development of acantosis leading to re-
current and site-specific psoriasis inflammation.
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model of viral mucosal infection, in situ Ag stimulation of Tgrp
cells initiated IFN-y production, which resulted in rapid recruit-
ment of circulating memory T cells into the skin and initiation of
skin inflammation (36). In the context of psoriasis, we here show
that although the epidermal T cell population contracted in re-
solved lesions, epidermal CDS8 T cells expressing the Tgry; marker
CD49a were enriched as compared with healthy and nonlesional
skin, suggesting the formation of a stable and resting population of
Trm cells in resolved psoriasis. Epidermal T cells in healed skin
readily responded to ex vivo stimulation by production of cyto-
kines known to drive psoriasis. We propose that Tgy; potentially
drive recruitment of circulating leukocytes and recurrent inflam-
mation, and thereby lead to recurrent psoriasis in the previously
inflamed skin as shown in schematic Fig. 7.

One of the objectives of the current study was to investigate
functional properties of skin resident T cells present in successfully
resolved lesions induced by three disparate and common thera-
peutic strategies—nb-UVB treatment and long-term systemic in-
hibition of TNF-a or IL-12/23 signaling. The number of epidermal
T cells was normalized with all therapeutic strategies investigated.
Our combined gene expression, phenotypic and cytokine analyses
showed that the remaining population of epidermal T cells in nb-
UVB treated lesions resembles activated effector T cells skewed
toward constant production of psoriasis driving cytokines. In con-
trast, RNA expression profiles suggested a less active Try; phe-
notype in biologics treated skin. There are several potential
explanations for the different activation profile of epithelial T cells
after nb-UVB and biologics treatment. nb-UVB samples were
collected after 2-3 mo of treatment whereas the biologics
treated patients had been treated from 1 to 6 y. The development
of a stable and resting epithelial T cell population may develop
over time after inflammation is resolved. Clinical disease remis-
sion is often short after nb-UVB treatment and typically healed
lesion display active inflammation within 12—15 wk after finaliz-
ing the UVB course (19, 37). Effective nb-UVB treatment induces
T cell apoptosis within the skin (38). Highly activated epidermal
T may survive the nb-UVB treatment and may have the po-
tential to drive recurrent disease. Alternatively, activated T cells
may continuously be recruited from circulation in patients after
nb-UVB but not after biologics treatment. Taken the available
data on circulating T cells during biologics (39, 40) and nb-
UVB treatment (41, 42) it is not possible to predict whether
replenishment of skin T cells occur in the different treatments.
The inflammatory profiles in epidermal T cells may seem con-
tradictory to previous publications where expression analysis
of full skin biopsies 6 wk after nb-UVB treatment suggested
normalization of ILI/7A and IL22 gene expression (43, 44) and
highlights the importance of dissecting different T cell pop-
ulations present within the different anatomical compartments
of the skin.

Surprisingly few studies have investigated the effect of sys-
temic inhibition on skin immunity exceeding 3—4 mo of treatment
and to our knowledge this is the first report investigating skin
T cells after several years of biologic treatment. Infliximab may
induce apoptosis of TNFa expressing cells, whereas ustekinu-
mab does not eradicate IL-12/23—expressing cells. In this study,
we show that a stable population of Try promptly produce IL-22
or IL-17 upon restimulation after years of treatment with both
infliximab and ustekinumab. A distinct population of epidermal
CDS8 T cells coexpressing CD103, CCR6, and IL-23R was highly
enriched in resolved psoriasis. The expression of the IL-23R in
this population indicated that these cells responds to IL-23
stimulation, although we do not formally show this through IL-
23 signaling experiments due to ethical constraints in the amount
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of human skin that can be collected from psoriasis patients. We
speculate that the majority of these epidermal T cells are “resting”
TrM that upon the right trigger drive recurrent inflammation in
fixed spots of the skin (Fig. 7). Future treatment strategies aimed
at long term remission of psoriasis might comprise two phases, the
first inhibiting signaling molecules known to maintain chronic
inflammation such as anti—IL-12/23 and anti-TNF-«, followed
by direct targeting of Ty at sites of previous disease. Clark et al.
(33) recently presented proof that T cell eradication through anti-
CD52, although effectively depleting circulating T cells, do not
eradicate skin Tgy in the context of cutaneous lymphomas.
Whether systemically administered Abs penetrate into the epidermal
compartment in psoriasis, where we clearly detect highly acti-
vated T cells in resolved skin, remains unclear. Topical eradi-
cation of Tgry could be an attractive future therapeutic strategy
to avoid relapse of psoriasis in previously affected areas of the
skin.
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