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Transcriptomic Profiling of Plaque Psoriasis and
Cutaneous T-Cell Subsets during Treatment with
Secukinumab

Jared Liu', Hsin-Wen Chang', Robby Grewal', Daniel D. Cummins', Audrey Bui', Kristen M. Beck?,
Sahil Sekhon’, Di Yan®, Zhi-Ming Huang', Timothy H. Schmidt', Eric J. Yang’, Isabelle M. Sanchez®,
Mio Nakamura’, Shrishti Bhattarai', Quinn Thibodeaux', Richard Ahn®, Mariela Pauli', Tina Bhutani’,
Michael D. Rosenblum' and Wilson Liao'

The IL-17A inhibitor secukinumab is efficacious for the treatment of psoriasis. To better understand its
mechanism of action, we investigated its impact on psoriatic lesions from 15 patients with moderate-to-severe
plaque psoriasis undergoing secukinumab treatment. We characterized the longitudinal transcriptomic
changes of whole lesional skin tissue as well as cutaneous CD4" and CD8" T effector cells and CD4" T reg-
ulatory cells across 12 weeks of treatment. Secukinumab was clinically effective and reduced disease-associated
overexpression of IL17A, IL17F, IL23A, IL23R, and IFNG in whole tissue as soon as 2 weeks after initiation of
treatment. IL17A overexpression in T-cell subsets, primarily CD8" T cells, was also reduced. Although secuki-
numab treatment resolved 89-97% of psoriasis-associated expression differences in bulk tissue and T-cell
subsets by week 12 of treatment, we observed expression differences involved in IFN signaling and metal-
lothionein synthesis that remained unresolved at this time point as well as potential treatment-associated
expression differences involved in IL-15 signaling. These changes were accompanied by shifts in broader im-
mune cell composition on the basis of deconvolution of RNA-sequencing data. In conclusion, our study reveals
several phenotypic and cellular changes within the lesion that underlie clinical improvement from

secukinumab.
JID Innovations (2022);2:100094 doi:10.1016/j.xjidi.2021.100094

INTRODUCTION

Psoriasis is a chronic inflammatory skin disease affecting
about 2% of the population (Lebwohl, 2003). This disease
primarily manifests as scaly, epidermal lesions formed by a
hyperproliferation of abnormally differentiating keratinocytes
and an infiltration of activated innate and adaptive immune
cells. These pathological changes are currently understood to
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result from an immune-mediated response to autoantigens
whose diversity and pathogenic origins are still largely
unknown.

The cytokine IL-17A has been found to drive much of the
cellular pathology of psoriasis. It is produced by a number of
infiltrating immune cell types, including T cells, neutrophils,
and mast cells, in psoriatic lesions (Brembilla et al., 2017;
Lowes et al., 2008; Reich et al., 2015), where it induces
proliferation, hinders differentiation, and upregulates the
expression of inflammatory cytokines in keratinocytes (Lai
et al., 2012; Teunissen et al., 1998), thereby promoting and
maintaining the characteristic physiopathology of psoriasis.

Supporting a central role for IL-17A in psoriasis is the
success of the IL-17A blocker secukinumab in the treatment
of this disease. Secukinumab was found to be efficacious in
the treatment of psoriasis in two major phase 3 clinical trials,
reducing PASI scores, a measure of disease severity, by 75%
in over 70% of patients with psoriasis, higher than the
response rate achieved by the TNF blocker etanercept
(Langley et al., 2014). At the transcriptomic level, clinical
improvement in response to secukinumab was found to
correlate with a resolution of disease-associated gene
expression (i.e., genes differentially expressed [DE] between
pretreatment psoriatic skin and healthy skin) in lesional tis-
sue, notably in genes involved in T helper (Th) 17 signaling
and development, such as IL17A, IL23A, and IFNG (Hueber
et al., 2010; Krueger et al., 2019).

Presently, it is still unclear how secukinumab affects spe-
cific resident cell types in the lesion, particularly T cells,
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Figure 1. Study design and clinical
results. (@) Study timeline. (b) Clinical
improvement in two representative
patients responding to secukinumab.
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which are currently understood to play an important initiating
role in psoriasis within the context of IL-17A signaling. Th17
cells and Tc17 cells occur at higher frequency in psoriatic
lesions than in healthy skin (Liu et al., 2021; Lowes et al.,
2008), and several identified psoriasis autoantigens, such as
LL37 (Lande et al., 2014) and the melanocyte protein
ADAMTSL5 (Arakawa et al., 2015), have been found to
activate T cells to produce IL-17A.

In this study, we used RNA sequencing (RNA-seq) to
characterize the longitudinal response of lesional CD4*
effector T cell (Teff), CD8™ effector T cell (CD8), and CD4™
regulatory T cell (Treg) subsets as well as whole tissue to
secukinumab treatment, focusing on alterations in genes,
pathways, and cellular composition under disease and
treatment conditions.

RESULTS

We characterized the clinical and molecular responses of 15
patients with psoriasis who received secukinumab (300 mg)
throughout the 52-week study interval (Figure Ta). The pa-
tient demographics are summarized in Table 1. The median
age of the participants was 37 years, 60% were male, and the
mean duration of psoriasis was approximately 15 years. The
mean PASI score was 20.8, and 80% of the patients had a
baseline Physician’s Global Assessment (PGA) score of 4 or 5.
A majority (87%) of participants had previously been treated
with either phototherapy, conventional systemic therapy, or
biologic therapy. Additional patient information is included
in Supplementary Table S1. Of the total 15 patients enrolled,
13 patients completed all the 52 weeks of the study because
one patient was lost to follow-up after week 36, and another
was discontinued from the study owing to a neurologic event
after week 24, which was thought to be unrelated to the study
treatment.

Clinical improvement in response to secukinumab

Clinical measures of psoriasis severity improved in response
to secukinumab. At week 12, plaques were substantially
reduced (Figure 1b), and 100% of patients achieved PASI75,
indicating a 75% or greater reduction in disease severity, with
38% achieving PASI90. In terms of the speed of response, the
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cumulative mean reduction in PASI at weeks 4, 8, and 12 was
65, 86, and 90%, respectively. The mean PGA of patients was
4.0 at week 0 and 1.3 at week 12 (Table 2). PASI and PGA
remained decreased until week 36 for most patients, with six
patients showing an increase in PASI and PGA at week 52
during the period where secukinumab administration was not
directly observed. Of the patients with reduced PASI at week
52, three were observed to respond rapidly to treatment,
achieving PASIT00 at week 8 and remaining at PASI100 for
all subsequent evaluations.

Whole skin and CD8* T-cell-specific downregulation of

IL17 and IL23 gene expression in response to secukinumab

To investigate the transcriptomic response to secukinumab,
we biopsied lesional skin from patients with psoriasis before
treatment and at weeks 2, 4, and 12 of treatment for com-
parison with skin biopsies from 13 healthy subjects. We
performed RNA-seq on bulk skin tissue as well as on CD8" T
cells, Teffs, and Tregs sorted from these biopsies, sequencing
each sample to an average depth of 41 million reads per
sample. Of the 271 collected samples, 241 (89%) passed
quality control, providing 9—14 samples per cell type per
time point for analysis.

Within lesional skin, psoriasis-associated inflammatory
gene expression was largely normalized during the course of
secukinumab treatment. ILT17A, IL17F, and IL23A, along with
the genes encoding their major receptors IL17RA, IL17RC,
IL23R, and IL12RB1, were upregulated in untreated lesional
skin relative to those in the healthy skin (Figure 2a). These
differences were either significant or trended toward signifi-
cance (e.g., false discovery rate [FDR]-adjusted P-values of
0.059 and 0.085 for IL17A and IL23R, respectively). By week
12 of treatment, the expression of these genes had decreased
to levels that were not significantly different from those of the
healthy samples. Disease-associated upregulation of IFNG
was also reversed with treatment, but no significant disease-
or treatment-related changes were observed in the expression
of TNF, consistent with the modest changes observed in a
previous study (Hueber et al., 2010).

Among lesional T-cell subsets, only CD8" T cells expressed
significantly elevated IL17A (Figure 2b), and by week 12 of
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Table 2. Average Clinical Response to Secukinumab

Characteristic Patients (n = 15) Week 0 4 8 12 16 24 36 52
Median age, y 37 PASI 204 71 29 20 22 20 20 49
Male sex, n (%) 9 (60) PGA 40 27 17 13 13 13 14 20
Race/ethnicity, n (%)’ Abbreviation: PGA, Physician’s Global Assessment.
Asian/Pacific Islander 4(27)
Black/African American 2 (13)
CaueEsan 5 (33) lesional samples (Figure 3b—d) but no consistent progression
Hispanic 427) during treatment.
Duration of psoriasis, y 15 (£10) . . . .
o Disease-resolving and treatment-associated expression
Sl score 20.8 £ 13.4 . .

E 0 changes in response to secukinumab

GA score, n (%) . . . . .
> 3 20) Most disease-associated gene expression differences in bulk
a 9 (60) tissue and sorted cells were resolved during secukinumab
5 3 20) treatment. We detected 11—3,096 DE genes among week O,
Psoriatic arthritis, n (%) 10) week 12, and healthy samples (Table 3 and Supplementary
Family history of psoriasis, n (%) 5 (33) Table S3). Of the 3,096 DE genes we found between
Previous treatment, n (%) healthy skin and untreated psoriatic lesions, 2,919 (94%) no
Topical therapy only 2 (13) longer showed significant differences between healthy skin
Phototherapy” 9 (60) and psoriatic lesions sampled at week 12 of treatment
Conventional systemic therapy® 5 (33) (Figure 4a). A similar resolution of disease-associated
Biologic agent 9 (60%) expression differences was found among the sorted T-cell

Abbreviation: PGA, Physician’s Global Assessment; y, year.

PASI scores range from 0 to 72, with higher scores indicative of more
severe disease. PGA evaluates psoriasis on a scale from 0 to 5, with

0 indicating cleared psoriasis, 1 indicating minimal psoriasis, 2
indicating mild psoriasis, 3 indicating moderate psoriasis, 4 indicating
marked psoriasis, and 5 indicating severe psoriasis. Plus—minus values
are the SDs from the mean.

"Race was self-reported.

2Phototherapy included UVB therapy and psoralen plus UVA therapy.
3Conventional systemic therapies include methotrexate, acitretin, and
cyclosporine.

secukinumab treatment, the expression of this gene was
again reduced to levels not statistically different from those of
the healthy samples. In contrast, psoriatic Teffs and Tregs did
not display abnormal differences in IL17A, IL17F, TNF, or
IFNG levels (Figure 2c and d), and expression of these genes
in these subsets was not significantly altered by secukinumab.

Global transcriptional profile of secukinumab-treated

lesions and T-cell subsets

A more general comparison of expression profiles revealed a
broad shift in lesional gene expression over the course of
secukinumab treatment. A principal component analysis
(PCA) of 25,608 genes detected among the 66 bulk tissue
samples showed a marked separation between 14 lesional
samples biopsied before treatment and 11 healthy skin
samples along the first and second principal components
(Figure 3a). Lesional skin biopsied at subsequent weeks of
treatment mark a progression toward the 11 healthy samples
along principal component 1 but remain largely separate
from the healthy samples, even by week 12 of treatment,
when most patients had achieved PASI75.

In contrast to the consistent shift in the gene expression
seen in bulk lesional tissue, we found more variability among
sorted T-cell populations in terms of their transcriptomic
profiles and their response to secukinumab. In PCA plots of
gene expression profiles from sorted CD8" T cells, Teffs, and
Tregs, we found some separation between healthy and

samples, with an average of 94% of DE genes in each subset
restored at week 12. The general magnitude of expression
differences in these DE genes was also progressively reduced
throughout the first 12 weeks of treatment (Figure 4b), indi-
cating reduced disease severity in response to secukinumab
that is consistent with the observed clinical improvement
mentioned earlier.

At the same time, secukinumab treatment was also asso-
ciated, to varying extents, with gene expression changes in
bulk tissue and T-cell subsets that we had not identified as DE
between untreated psoriatic lesions and healthy skin. For
instance, within psoriatic lesions at week 12 of treatment,
such treatment-associated expression differences were found
in 105 genes from bulk tissue, 19 genes in CD8" T cells,
1,651 in Teffs, and 200 genes in Tregs (Figure 4c and d and
Supplementary Table S3). A closer examination of the largest
group of treatment-associated DE genes from week 12 in Teffs
revealed that it is largely driven by samples from two subjects
(Supplementary Figure S1). This could indicate that many of
these treatment-associated genes may be due to technical
noise or interindividual variation. Excluding the two samples
from the analysis of week 12 Teffs produced a much shorter
list of 58 treatment-associated expression changes
(Supplementary Table S4) that included downregulation of
IL15. IL15 and its receptor IL15RA similarly showed
treatment-associated downregulation in week-2 Treg samples
and week-4 Teff samples, respectively (Supplementary
Table S3), raising the possibility that IL-15 signaling may be
another pathway affected by primary IL-17 signaling
blockade from secukinumab.

Disease-associated pathways resolved and unresolved by
secukinumab treatment

The DE genes found between untreated psoriasis bulk skin
and healthy bulk skin (week 0 vs. healthy) (Figure 5a and c
and Supplementary Table S5) represent many pathways
important for psoriasis pathogenesis. Psoriatic skin showed
higher expression of genes involved in keratinocyte
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Figure 2. Expression of psoriasis-associated inflammatory genes is reduced in whole tissue and CD8* T cells during secukinumab treatment. DESeq2-

normalized and variance-stabilized expression of inflammatory genes in healthy, treated, and untreated samples for (a) bulk tissue, (b) CD8* T cells, (c) Teffs,
and (d) Tregs. Significance of differences based on Wald tests from separate DESeq2 models calculated between healthy samples and the samples of each time
point. Asterisk (*) shows the FDR-adjusted P < 0.05. Sample sizes are shown in Supplementary Table S2. FDR, false discovery rate; Teff, effector T cell; Treg,

regulatory T cell.

differentiation (FDR = 0.01), epidermis development (FDR =
0.008), and the mitotic cell cycle process (FDR < 10'9),
consistent with a hyperproliferation of keratinocytes that are
characteristic of psoriasis. Granulocyte activation genes
(FDR = 0.0003), specifically of neutrophils (FDR = 0.0003),
are also overrepresented, supporting the current un-
derstandings of the pathogenic role this immune cell type
plays in psoriatic skin (Chiang et al., 2019). Finally, IFN-y
(FDR = 0.03), IL-17 (FDR = 0.003), and IL-23 (FDR = 0.02)
signaling pathways are also enriched among the DE genes
upregulated in psoriasis skin.

Conversely, the genes that are downregulated in psoriasis
skin compared with those in healthy skin (Figure 5b and c
and Supplementary Table S5) contain an overrepresentation
of genes involved in negative regulation of locomotion
(FDR = 0.01), MAPK signaling (FDR = 0.01), and extracel-
lular signal-regulated kinase signaling (FDR = 0.007),

JID Innovations (2022), Volume 2

consistent with increased migration and activation of T cells
commonly observed in psoriatic skin. Downregulated genes
were also involved in negative regulation of fat cell differ-
entiation (FDR = 0.02) and zinc ion homeostasis (FDR =
0.04), the last category including genes such as MTIA,
MT2A, MTIE, MTIM, and MTIX that encode metal-
lothioneins, which are small, ubiquitous, cysteine-rich pro-
teins with antioxidant properties that have been implicated in
mediating anti-inflammatory effects in various mouse models
(Inoue et al., 2009).

Within T-cell subsets, DE genes between psoriatic and
healthy skin generally reflected the differences in immune
signaling and activation. The top 10 most overrepresented
pathways in CD8s largely consisted of genes within the
chemokine-mediated signaling pathway (FDR = 0.02), such
as CXCL1, CXCL2, and CXCLS, as well as genes involved in
inflammatory responses (FDR = 0.005), endothelium
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development (FDR = 0.03), and cell migration (FDR =
0.03), such as GJA1, STCI, CLIC4, and CAVI
(Supplementary Table S3 and S5). These genes in particular
were also DE by Teffs in psoriatic compared with those in
healthy skin and appear in many of the top 10 most over-
represented pathways in this subset as well. In both CD8s
and Teffs, most DE genes involved in inflammatory
signaling, including the common genes mentioned earlier,
were downregulated in psoriatic skin with notable excep-
tions, namely IL17A in CD8s and the cytolytic gene GNLY
and chemokine CXCL13 in Teffs. Although no over-
represented biological processes or pathways were found
among DE genes from psoriatic Tregs compared with those
from their healthy counterparts, a similar downregulation of
inflammatory signaling genes such as CXCL2, CXCL3, and
CCL22 was observed in this subset.

Some of the major biological processes identified among
the disease-associated DE genes from bulk tissue and T-cell
subsets are also represented in the small set of genes that
remain unresolved after 12 weeks of secukinumab treatment.

In bulk tissue, the downregulation of metallothionein genes
along with upregulation of several IFN-induced genes (such
as OAS1, OAS2, OAS3, IFI2, and IFI3) persisted as unre-
solved disease perturbations at or through week 12 of secu-
kinumab treatment (Supplementary Table S3 and S5),
representing the pathogenic processes that potentially occur
independently of or distantly from IL-17 blockade. Unre-
solved week-12 expression changes in T-cell subsets included
the downregulation of the cytokines /L2 and CXCL8 along
with the metallothionein MT1A in CD8s and upregulation of
GNLY in Teffs (Supplementary Table S3).

Psoriasis-associated increases in lesional Treg population are
reduced by secukinumab

To investigate whether the gene expression changes within
T-cell subsets reported earlier are accompanied by changes
in T-cell subset composition and inflammatory potential, we
performed flow cytometric analysis on the same samples
used for RNA-seq. Healthy skin and untreated lesions
showed comparable proportions of CD8s and Teffs;

Table 3. Differentially Expressed Genes between Healthy, Untreated, and Treated Samples

Sample Type Week 0 Versus Healthy Up/Down Week 0 Versus Week 12 Up/Down Week 12 Versus Healthy Up/Down
Bulk 1289/1807 900/1165 96/186

CD8" T cell 40/89 2/26 7/18

Teff 9/28 3/11 1556/99

Treg 13/62 22/17 76/126

Abbreviations: Teff, effector T cell; Treg, regulatory T cell.
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however, psoriasis lesions contained a significantly higher
proportion of Tregs among both CD4™ cells and total CD3 ™"
cells (Figure 6a), consistent with previous work (Sanchez
Rodriguez et al., 2014).

JID Innovations (2022), Volume 2

Although Th17-skewed Tregs have been documented to
occur in psoriasis lesions (Sanchez Rodriguez et al., 2014),
cytokine profiling of stimulated Treg samples in our cohort
did not reveal differences in the proportions of Tregs
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expressing the Th1/Th17 cytokines IFN-y, IL-17A, or TNF-a.
However, within stimulated CD8s and Teffs, we observed
significant increases in cells expressing either IFN-y, IL-17A,
or both within the lesion as well as reduced expression of the
Th2 cytokine IL-13 in Teffs (Figure 6b), suggesting a Th1-/
Th17-skewed inflammatory potential within these subsets,
consistent with findings of previous studies (Cheuk et al.,
2014). Although secukinumab treatment did not signifi-
cantly alter the proportions of cytokine-producing cells in any
subset (Supplementary Figure S2), we observed a gradual
decrease in Treg proportion that reached significance at week
12 of treatment (Figure 6c).

We expanded our investigation of cell population shifts to
the broader immune infiltrate within the lesions before and
after treatment by performing deconvolution of RNA-seq
expression data from each time point using gene signatures

for 22 immune cell types. The relative abundances of each
immune cell type estimated by this analysis were again
mostly comparable between healthy skin and psoriatic le-
sions except for activated memory Teffs, which were
increased in psoriatic lesions (Figure 6d). However, secuki-
numab treatment led to a significant reduction in the pro-
portion of activated memory Teffs by weeks 4 and 12, along
with a slight but significant increase in the proportion of Tregs
(Figure 6e). Transient increases in M2 macrophages, activated
gamma-delta T cells, and plasma cells were also observed at
week 4 (Figure 6e).

TCR clonotype analysis identifies TCR sharing between
subjects with psoriasis and between T-cell subsets

Finally, we investigated whether secukinumab affects the
clonal composition of each T-cell subset using the reads
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Figure 6. T-cell composition and phenotypic differences before and during secukinumab treatment. (a) Percentage of FOXP3™ cells within sorted CD4" (left)
and CD3™ (right) populations. (b) Percentage of stimulated Teffs (left) and CD8s (right) expressing various inflammatory cytokines. Horizontal bars denote
means, and vertical bars denote SEM. (c) Percentage of FOXP3™ cells in sorted CD3™" population from samples taken at weeks 0, 2, 4, and 12 of secukinumab
treatment. (d) The predicted proportion of immune cell types within the RNA-seq data of healthy and untreated PSO samples. (e) Changes in predicted
proportions of specific immune cell types during secukinumab treatment compared with those in the healthy skin; *P < 0.05 and **P < 0.005. CD8, CD8™"
effector T cell; PSO, psoriatic; RNA-seq, RNA sequencing; Teff, effector T cell; Treg, regulatory T cell.

within each RNA-seq dataset that span the TCR genes TRA,
TRB, TRD, and TRG to survey the clonotype repertoire of
psoriatic samples at weeks O through 12 of treatment. We
detected a median of 125 TRA, 187 TRB, 125 TRG, and 7
TRD unique clonotypes within each sample. Both sorted and
bulk samples contained similar numbers of TRA and TRB
clonotypes (Figure 7a) despite fewer TCR-spanning reads
recovered from bulk samples (Figure 7b), and TRD and TRG
clonotypes were most prominently detected within sorted
CD8™" T-cell samples (Figure 7a). Clonal diversity, measured
by the number of clonotypes (Figure 7c) as well as the Inverse
Simpson Index (Figure 7d), did not significantly change over
secukinumab treatment for any TCR locus in either bulk tis-
sue or sorted T cells.

JID Innovations (2022), Volume 2

The comparison of TCR repertoires among subjects with
psoriasis also identified 1,716 clonotypes shared between at
least two subjects with psoriasis but not among healthy
subjects (Supplementary Table S6). Most of these psoriasis-
specific shared clonotypes consisted of TRA sequences
(Figure 7e), and comparison of the subject-shared clonotypes
with those previously reported to be enriched in psoriasis
(Matos et al., 2017) revealed only one common clonotype,
TRBV18_CASSPQETQYF_TRBJ2-5. In addition, of the 1,716
clonotypes shared by subjects with psoriasis, 99 were also
detected among more than one T-cell subset within the same
individual (Supplementary Table S6), supporting the idea that
T-cell activity in the lesion involves responses to a common
set of antigens by multiple subsets.



J Liu et al.
RNA-Seq of Psoriatic Skin during Secukinumab Treatment

e
Macrophages M2 Plasma cells T cells CD 4 momory activated

c 015

5 010 . 0.3 0.20 . *

t 0. *

s 02 - 0.15 .

2 0.05 1—/—!\/]\[ 0.10

a 0.1 1\},,,,_{/1\1 0.05

000 T T T T T T T T T T T T T T
Healthy 0 2 4 12 Healthy 0 2 4 12 Healthy 0 2 4 12
n=11 n=14 n=14 n=14 n=13 n=11 n=14 n=14 n=14 n=13 n=11 n=14 n=14 n=14 n=13
T cells gamma delta Tregs
0.2 N 0.03 .
0.02
0.1 0.01
T T T T T 0.00 T T T T
Healthy 0 2 4 12 Healthy 0 2 4 12
n=11 n=14 n=14 n=14 n=13 n=11 n=14 n=14 n=14 n=13
Figure 6. Continued.
DISCUSSION to Teffs on the basis of our RNA-seq deconvolution results. In

In our study, secukinumab treatment was associated with
clinical improvement as well as a general resolution of
disease-associated gene expression and pathways in lesional
skin, consistent with findings of previous studies (Hueber
et al., 2010; Krueger et al., 2019). Although the number of
patients in our study was too limited to compare treatment
outcomes, our data nevertheless yielded several observations
of the lesional response to secukinumab treatment.

First, although secukinumab treatment largely resolved
most gene expression differences between healthy and pso-
riatic skin, a small set of genes involved in cytokine signaling
and inflammatory responses outside of IL-17 signaling (e.g.,
CXCL1, CXCL2, and CXCL8) remained persistently under-
expressed in psoriatic CD8s and Teffs after 12 weeks of
secukinumab treatment. These unresolved expression differ-
ences could represent durable priming of lesional Teffs and
CD8s toward a Th17/Tc17 phenotype, which is supported by
the unresolved increase in lesional T cells with IL-17A—pro-
ducing potential that we observed in our flow cytometry re-
sults up to 12 weeks of treatment and is consistent with
findings of previous studies showing residual IL-17 and IL-22
production in the T cells of the skin from individuals whose
psoriasis was resolved with phototherapy or anti-TNF treat-
ment with etanercept (Matos et al., 2017) as well as anti—IL-
12/23 treatment with ustekinumab (Cheuk et al., 2014).
Further investigation of these lasting phenotypic T-cell
changes, along with the perturbations in IFN signaling and
metallothionein expression in lesional skin that we observed
to remain unresolved by secukinumab, may yield further
strategies for improving the efficacy of this biologic.

Second, although it is generally understood that both
CD4" and CD8" T cells can produce IL-17 in psoriatic le-
sions (Lowes et al., 2008; Ortega et al., 2009) and respond to
autoantigens (Lande et al., 2014), our study found IL17A
overexpression and suppression by secukinumab to be more
prominent in psoriatic CD8"% T cells rather than in CD4" T
cells. This raises the possibility that CD8" T cells may
contribute to lesional IL-17 signaling more through increased
cytokine production in activated cells than through increased
numbers of activated cells, the latter possibly applying more

contrast, the upregulation of GNLY in Teffs may indicate the
involvement of cytotoxic CD4" T cells in psoriasis. Although
rare in healthy individuals, this subset has been found to
occur in certain viral infections (Chemin et al., 2019) and
autoimmune conditions such as systemic sclerosis (Maehara
et al, 2020) and rheumatoid arthritis (Broadley et al.,
2017). The upregulation of CXCL13 in this subset also sug-
gests that Teffs may be a significant source of this chemokine,
which we found in previous work to be characteristic of
IL17A-expressing CD8s (Liu et al., 2021). These findings
warrant further investigation to validate these properties of
lesional T cells, especially within the context of other infil-
trating, IL-17A—expressing immune cell types.

Third, both bulk tissue and T-cell subsets exhibited secu-
kinumab treatment—associated expression changes, including
the downregulation of IL-15 signaling in Teffs and Tregs.
Because IL-15 may act upstream of IL-17 signaling (Colpitts
et al., 2015; Halvorsen et al., 2011) and has been found to
be involved in psoriasis (Villadsen et al., 2003; Zhang et al.,
2007), our result potentially suggests an indirect modulation
of this pathway in T cells by secukinumab. These and other
treatment-associated expression differences may also repre-
sent the activation of additional genes and pathways involved
in lesion resolution. Additional studies validating and char-
acterizing the impact of IL-17 blockade on IL-15 signaling
may reveal further insights into the regulatory relationship
between these pathways.

Finally, although we found no clear evidence for whether
T-cell clonal diversity responds to treatment (possibly owing
to limited sampling of the TCR repertoire), deconvolution of
our RNA-seq data suggests that the abundance of specific
immune populations, including Teffs and Tregs, may change
between weeks 4 and 12 of treatment. We note that although
the RNA-seq deconvolution results suggest an increasing
relative abundance of Tregs over the course of secukinumab
treatment, flow cytometric estimates of Treg proportions
suggest a decrease. This may well reflect inherent challenges
in interpreting compositional data as well as a lack of cor-
relation between RNA- and protein-level expression of
markers used to define Tregs, but whether this subset is
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generally increased or decreased in lesions is also thought to
depend on psoriasis subtypes and lesion sites under consid-
eration on the basis of various published studies (Nussbaum
et al.,, 2021). Nevertheless, because Tregs in psoriatic le-
sions have also been found to be dysfunctional in immuno-
suppression (Sugiyama et al., 2005) and to possibly
contribute to pathogenic IL-17 signaling (Nussbaum et al.,
2021; Sanchez Rodriguez et al., 2014), one possible expla-
nation for our results is that although the relative cellular
abundance of Tregs (measured through flow cytometry) de-
creases during secukinumab treatment, Treg immunosup-
pressive function (measured by RNA-seq) simultaneously
improves, as represented by the increased expression of
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genes and transcriptional programs that define the Treg
signature used in our deconvolution analysis. Because some
of the expression changes we observed in Tregs at week 12 of
secukinumab treatment involve genes encoding cytokine
receptors, such as IL18R1 and IL7R, which have been found
to play important roles in Treg development and function
(Bayer et al., 2008; Harrison et al., 2015; Waickman et al.,
2020), further investigation is needed to determine the rela-
tionship between the compositional and functional changes
that occur in Tregs within resolving psoriatic lesions.

In conclusion, our study provides additional insight into
the longitudinal transcriptomic and cellular changes induced
by secukinumab within the psoriatic lesion and its resident



T-cell population and highlights directions of further investi-
gation for better understanding the effects of this biologic as
well as the pathogenesis of psoriasis.

MATERIALS AND METHODS

Patients

The University of California San Francisco Institutional Review
Board (San Francisco, CA) approved this study. All patients provided
written informed consent before enrollment. This study was con-
ducted at a single academic center. Patients were at least aged 18
years with a diagnosis of moderate to severe plaque psoriasis for at
least 6 months or longer. Moderate-to-severe psoriasis was defined
as a PASI score of 12 or higher and as a PGA score of 3 or higher.
Patients could have received previous systemic treatment or photo-
therapy, including anti-TNF, anti—IL-12/-23, and anti—IL-17 biologic
agents; however, a washout period of 2 weeks for topicals and
phototherapy, 4 weeks for oral systemic medications, 3 months for
most biologics, and 6 months for ustekinumab was required. Study
subjects received secukinumab (300 mg, subcutaneously) at weeks
0,1, 2, 3, and 4, then every 4 weeks thereafter until week 48. Three
skin punch biopsies were obtained at each of weeks 0, 2, 4, and 12.
Pretreatment biopsies were taken from the edge of a psoriatic pla-
que, and subsequent biopsies in a given patient were taken from the
edge of the same plaque or an adjacent plaque. PASI and PGA as-
sessments were performed at weeks 0, 4, 8, 12, 16, 24, 36, and 52.

Biopsy processing

Skin punch biopsies were immediately stored at 4°C in a container
with sterile gauze and PBS until they were ready to be processed.
From the three biopsies obtained for a given subject and time point,
half of one biopsy was used for bulk RNA-seq (see the section on
sample preparation for RNA-seq). The rest of the biopsies were
prepared for sorted T-cell RNA-seq and flow cytometry by first
trimming hair and subcutaneous adipose before finely mincing and
mixing with digestion buffer composed of collagenase type IV
(LS04188; Worthington Biochemical, Lakewood, NJ), DNAse
(DN25-1G; Sigma-Aldrich, St. Louis, MO), 10% fetal bovine serum,
1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and 1%
penicillin/streptavidin in RPMI 1640. After overnight incubation in
5% carbon dioxide, cell suspensions were harvested by vigorously
shaking for 30 seconds, followed by centrifugation at 300 r.p.m. for
5 minutes at room temperature (Allegra X-14R Centrifuge, Beckman
Coulter, Brea, CA). Cell suspensions were then filtered through a
100-pm nylon mesh (catalog number 22363549; Fisher Scientific,
Hampton, NH), and the top layer and pellet were discarded. Cells
were centrifuged at 1,500 r.p.m. for 5 minutes at 4 °C (Allegra X-14R
Centrifuge, Beckman Coulter), the supernatant was discarded, and
cells were counted under a light microscope with trypan blue and
partitioned for RNA-seq sort and flow cytometry (~50,000 cells).

Cell sorting for flow cytometry analyses and RNA-seq

Cells aliquoted for flow cytometry were stimulated and incubated for
4 hours with Cell Stimulation Cocktail 500x (TNB-4975; Tonbo
Biosciences, San Diego, CA), followed by staining with surface
markers (viability dye Ghost Dye Violet 510, 130870; Tonbo Bio-
sciences) and the following antibodies: anti-hCD3 PerCP (SK7;
BioLegend, San Diego, CA), anti-hCD4 phycoerythrin-Texas Red
(S3.5; Invitrogen, Waltham, MA), anti-hCD45 allophycocyanin-
eFluor 780 (2D1; eBioscience, San Diego, CA), anti-hCD27 allo-
phycocyanin-eFluor 780 (47-0271-82" eBioscience), and anti-
hCD8a eVolve 605 (RPA-T8; eBioscience) for 30 minutes at 4 °C.

J Liu et al.
RNA-Seq of Psoriatic Skin during Secukinumab Treatment

Cells were fixed and permeabilized (catalog number 00-5521-00;
Invitrogen) and then stained with anti-hFOXP3 eFluor 450 (PCH101;
eBioscience) and the cytokine antibody mix (anti—hIL-13 FITC
[85BRD; eBioscience], anti-hTNF-a. phycoerythrin-Cy7 [MAb11;
BD Pharmigen, San Diego, CA], anti—hIL-22 phycoerythrin [142928;
R&D Systems, Minneapolis, MN], anti-hIFN-y Alexa Fluor 700
[4S.B3; BiolLegend], and anti—hIL-17A eFluor 660 [eBio64CAP17;
eBioscience]). We then performed multiparameter flow cytometry
using an LSR Fortessa (BD Biosciences, San Jose, CA) flow cytometer
and FlowJo (Tree Star, Ashland, OR) software to subset the leukocyte
population into defined T-cell populations (CD4* Teffs, CD8" T
cells, and CD4" Tregs) and quantify cytokine production. First, a
lymphocyte gate was taken, and then doublets were excluded in the
following gate. From there, live CD45™ cells were gated and then
CD45" CD3™" cells, and from here, CD4" and CD8™ cells could be
observed. From the CD4" gate, FOXP37CD27" cells were gated and
called Teffs, and FOXP3"CD27™" cells were called Tregs. Reported
post-sort purity was >90% for all populations.

Cells aliquoted for RNA-seq were processed as mentioned earlier
but without stimulation, fixation, permeabilization, or cytokine
staining. To distinguish Tregs from Teffs, anti-hCD25 phycoerythrin-
Cy7 (560920; BD Pharmigen) was substituted for anti-FOXP3. The
cells were sorted into 1x lysis buffer from the SMART-Seq, version 4,
Ultra Low Input RNA Kit (catalog number 634894; Takara Bio,
Shiga, Japan) and snap-frozen in liquid nitrogen for storage
at —80°C.

Sample preparation for RNA-seq

Bulk RNA was extracted from whole skin tissue using Qiagen
RNeasy fibrous tissue mini kit (catalog number 74704; Qiagen,
Hilden, Germany). Sequencing libraries were constructed for sorted
lymphocyte lysates and for purified RNA extracted from whole skin
tissue using the SMART-Seq, version 4, Ultra Low Input RNA Kit
(catalog number 634894; Takara Bio). Reverse transcription was
performed on poly-adenylated RNA from cell lysate for up to 1,000
cells, followed by second-strand synthesis to make full-length
cDNA. cDNA was then later amplified by PCR using cycle
numbers determined by cell numbers. Amplified cDNA was purified
by AMPure XP beads (Beckman Coulter) and followed by Qubit
(Invitrogen) quantification. Sequencing libraries were constructed
using the Nextera DNA kit (lllumina, Foster City, CA) with 0.4 ng of
amplified cDNA for sorted lymphocytes and 0.3 ng for cDNA syn-
thesized from bulk skin RNA. The sizes of constructed libraries were
evaluated by the lllumina Bioanalyzer High Sensitivity DNA Assay
to ensure that library sizes range between 300 and 500 bp. The li-
braries were quantified using NEBNext Library Quant Kit for lllu-
mina (catalog number E7630; New England Biolabs, Ipswich, MA) to
ensure that equal molar concentrations of sequenceable libraries
were pooled. Sequencing reactions were performed on an Illumina
Hiseq4000 with paired-end 150 bp reads. More than 30 million
reads were generated per sample.

RNA-seq quality control and data processing

Reads were mapped to the GRCh38 build of the human reference
genome provided by the Genome Analysis Toolkit (https://console.
cloud.google.com/storage/browser/genomics-public-data/resources/
broad/hg38/v0/Homo_sapiens_assembly38.fasta) that was anno-
tated by GENCODE 25 using STAR, version 2.4.2a (Dobin et al.,
2013). Picard-tools, version 1.139 (http://broadinstitute.github.io/
picard), was used to compile mapping statistics for the resulting
alignments, and a table of counts of each gene from each sample
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was generated with HTSeq, version 0.6.1p1 (Anders et al., 2015).
Samples with <1 million reads, 10,000 detected genes, or 60%
mappable reads were excluded. Genes expressed at <5 reads in
<20% of samples for each cell type were also excluded from further
analysis. We used DESeq2, version 1.18.1 (Love et al., 2014), to
normalize read counts for each gene between samples and to
generate linear models for differential expression analysis, ac-
counting for technical effects and biological variation using the
following formula:

~batch + number of genes detected
+ percent uniquely mapped reads + treatment time point

Genes DE between groups were calculated with DESeq2 using the
Wald test with a parametric fit, and P-values were adjusted with the
Benjamini—-Hochberg method. Genes with adjusted P < 0.05 and
>2-fold difference between compared groups were identified as
significantly different. PCA was performed using the DESeq2 func-
tion plotPCA on variance-stabilized expression data (using the
DEseq2 function varianceStabilizingTransformation) that was then
adjusted for batch, a number of genes detected, and percent
uniquely mapped reads for all sample types by subtracting out the
DESeq-modeled effects for these variables.

Pathway analysis

We used the PANTHER Gene List Analysis tool (Mi et al., 2019) at
http://pantherdb.org to identify overrepresented biological processes
within input lists of DE genes by running the statistical over-
representation test using the complete Gene Ontology Biological
Process database. Significantly overrepresented pathways were
identified on the basis of Fisher’s exact tests with P-values corrected
by FDR.

RNA-seq deconvolution analysis

We performed deconvolution of variance-stabilized, technical
variable-corrected expression data (as used for PCA discussed
earlier) on the basis of the LM22 immune cell gene signatures using
CIBERSORTx (Newman et al., 2019). Mann—Whitney U tests were
performed to determine significant differences in cell proportions
between baseline healthy and psoriatic samples. Two-sided Wilcox
rank-sum tests were performed to assess patient-matched changes in
cell proportions by weeks 2, 4, and 12 of treatment. All tests were
performed using the wilcox.test function in R.

Clonotype analysis

MiXCR 3.0.10 (Bolotin et al., 2015) was run on shotgun mode with
the —species, hs —starting-material rna, and —only-productive pa-
rameters to align raw fastq files for each sample to reference se-
quences for all TCRs from the international ImMunoGeneTics
database (Lefranc et al., 2003) and to further assemble and cluster
high-quality TCR-spanning reads into individual TCR sequence
clones. We defined a clonotype as a unique combination of V
segment, ] segment, and CDR3 amino acid sequence and calculated
the Inverse Simpson Index using the repDiversity function of the
immunarch 0.6.5 R package (ImmunoMind Team, 2019).
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