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Abstract

Background—Adalimumab is an anti-TNF biologic drug that is efficacious in the treatment of
psoriasis. However, the effect of adalimumab on genome-wide gene expression changes in skin
and peripheral blood is not well characterized.

Methods—Thirty adult subjects with > 10% body surface area of chronic plaque psoriasis were
recruited for the study. Lesional skin and peripheral blood mononuclear cell samples prior to and
one month following treatment with adalimumab were collected. The skin samples were analyzed
using genome-wide RNAseq, and the blood samples were analyzed using genome-wide
Affymetrix microarrays. Data preprocessing and analysis were conducted using the EdgeR and
Affy packages in R/Bioconductor.

Results—In the skin, paired analysis before and after treatment revealed changes in pathways
important to epidermal development and keratinocyte differentiation. Such important genes as
keratin 6A and 6B, tubulin B6, desmocollin and desmoglein 3 were among the top differentially
expressed genes. In peripheral blood, pathways involved in hematopoetic cell lineage and immune
response were found to be differentially expressed, including genes such as the Fc receptor-like A
and 5, as well as immunoglobulin heavy chains. Using a principal components approach, we show
that expression of genes in post-treatment skin more closely resembles that of healthy controls.

Conclusion—Treatment of psoriasis with adalimumab appears to be associated with modulation
of keratinocyte and epidermal proliferation in the skin and with immunologic changes in the
blood. We discuss the ramifications of these findings for the treatment for psoriasis.

Corresponding author: Wilson Liao MD, University of California, San Francisco, Department of Dermatology, 2340 Sutter Street, Box
0808, San Francisco, CA 94143, (415) 476-8364, wilson.liao@ucsf.edu.
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Introduction

Psoriasis is a chronic systemic inflammatory disease with cutaneous manifestations known
to have an immune-mediated etiology. It is characterized by hyperproliferative epidermis
and a mixed cutaneous lymphocytic infiltrate.! This disease can have severely negative
impact on patient quality of life.2>

Though traditional systemic therapies have been shown to be effective for psoriasis, they are
also associated with abundant side effects.? Because of the limitations of traditional systemic
therapies, newer biologic agents have shown promise in targeting specific cytokines in the
inflammatory cascade thought to precipitate psoriasis. Of these biologic agents, therapies
targeting tumor necrosis factor (TNF) have shown particular efficacy.® TNF is a cytokine
that plays multiple roles in the development and maintenance of psoriasis, include recruiting
T cells to the skin and increasing the proliferation of keratinocytes.’

Adalimumab is an 1gG1 isotype of a human monoclonal antibody that binds specifically
with high affinity to human TNF.8 Adalimumab blocks the interaction of TNF with the p55
and p75 cell surface TNF receptors, thereby neutralizing TNF-mediated pathways.? It has
been shown to be efficacious in treating moderate to severe psoriasis in randomized
controlled trials.810-12 Adalimumab may even be more effective than other systemic
therapies, such as etanercept.13-15

Recently, Bose et al. (2013) examined the effect of anti-TNF therapy in skin and blood by
cytokine assay and RTPCR. Surprisingly, they found that cytokines such as IL17, IL10 and
IFN-gamma increased their expression in the peripheral blood following therapy.
Additionally, the proliferative response of CD4+ T cells to TCR stimulation was enhanced.
In the skin, in contrast, the expression of Th17/Th1 cytokine and early inflammatory genes
were decreased in expression following treatment. The authors asserted that inhibition of the
CCR7/CCL19 axis in lesional skin is an important event for the efficacy of treating
psoriasis. These results have been replicated by other authors.18

In another study using RTPCR to investigate the effect of adalimumab on the key drivers in
the pathogenesis of psoriasis, markers for innate immunity and epidermal differentiation and
proliferation in psoriatic skin were rapidly restored to normal levels. In contrast, the genes of
the adaptive immune system normalized in a delayed fashion.1”

Genetic expression responses in patients with psoriasis to other immunologic agents have
also been investigated, with varying effects found on dendritic cell activation, regulation of
cytokine and chemokine expression, and innate and adaptive immunity.18.19 However, no
studies to date have examined the effect of adalimumab treatment in the skin in relation to
that in the blood using genome-wide expression analysis. Thus, we aimed to identify the
genetic pathways affected by adalimumab treatment in the skin, then to compare these
expression changes to those in blood mononuclear cells.
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Methods

Participants and samples

Thirty adult subjects with chronic plaque psoriasis were recruited from the University of
California San Francisco (UCSF) Dermatology Department. A board certified dermatologist
confirmed the diagnosis of psoriasis. The participants were required to have affected body
surface area > 10% and to not already be on systemic medications for their psoriasis. The
demographics and clinical response of the participants with psoriasis are outlined in Table 1.
All participants provided written informed consent for participating in the study. The study
was approved by the UCSF institutional review board.

Five millimeter punch biopsies were taken from the edge of a psoriatic plaque of each
patient. Two peripheral blood samples and 2 skin biopsies were taken from each participant,
the first prior to the initiation of adalimumab and the second one month after starting
treatment. In total, there were 30 psoriasis patients who provided blood samples, and of
these patients 18 also provided skin samples. Sixteen normal skin samples were obtained
from healthy control surgical discard specimens.

Skin sample RNA-seq analysis

The collected skin samples were stored in RNALater at —80°C. The Bio-Gen Pro 200
homogenizer was used to homogenize the samples. The Qiagen RNeasy mini kit was used to
extract whole RNA. The Agilent 2100 Bioanalyzer was used to assess RNA quality.

The Ribo-Zero Gold rRNA removal kit was used to remove ribosomal RNA. cDNA
synthesis and library preparation was completed using ScriptSeq Complete kits (Human/
Mouse/Rat) from Epicentre. The Agilent 2100 Bioanalyzer was again used to assess the
quality and quantity of the library.

An Illumina HiSeq 2500 machine was used for RNA sequencing, using four samples per
flow cell. An average of 52.3 million 101 bp paired end reads per sample were obtained, and
FastQC was used to validate data quality. Trimmomatic (version 0.3) was applied for quality
and adapter trimming. Tophat2 (version 2.0.9) was used to align reads to the human genome
(hg19). Each library had an average of 34.8 million aligned paired ends (minimum of 25.3
million, maximum of 61.4 million).

Count data was generated by HTSeg-Count (v0.6.0) and analyzed in EdgeR for differential
expression. Genes were filtered by count number >100 in at least 2 samples. A paired
analysis design was applied in the linear model, and the genes showing a main effect of
treatment were identified. Genes with an FDR < 0.05 were considered differentially
expressed.

Blood sample microarray analysis

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood samples. Total
RNA was extracted using the Qiagen RNeasy mini kit. The Agilent 2100 Bioanalyzer was
used to assess the quality of the RNA. cDNA synthesis and array hybridization were
performed as previously described.20
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The resulting Affymetrix CEL files were preprocessed using the Affy package in
Bioconductor. Cluster dendrograms, boxplots and density plots were used for quality
control. One sample, 31, was a clear outlier and was removed from the analysis. Background
removal was accomplished using the RMA method. Quantile normalization and PM
correction with the Pmonly function was performed. Summarization was completed using
the Median Polish technique.2% The microarray data also showed batch effects despite
normalization, and so batch adjustment was conducted using the ComBat bioconductor
package.?!

Differential expression analysis was performed using the Limma package. A paired analysis
design was applied in the linear model, and the main effect of treatment was queried. Genes
with an adjusted p-value < 0.05 were considered differentially expressed.

Pathway analysis

The differential expression gene lists were submitted to DAVID bioinformatics Resources?2
for analysis. Pathways, functional annotations, gene ontology results were considered to be
significant if FDR < 0.05 and p < 0.05.

Principal components analysis

Results

To gain a better overall picture of gene cluster expression changes, principal components
analysis was conducted using the genes differentially expressed in the skin between controls
and cases prior to treatment. After performing quality control to remove two outlier samples
and any genes with no variance, EdgeR was applied to identify the main effect of disease,
comparing patients prior to treatment and controls. Principal components analysis was
performed. All analyses were done using R 3.2.0 (http://www.r-project.org).

Skin RNAseq analysis reveals modulation of genes important in epidermal growth and
differentiation following treatment with adalimumab

1138 genes were differentially expressed between the pre-treatment and post-treatment
groups in a paired analysis (Figure 1). Among the most highly differentially expressed genes
were KRT6C (logFC=-2.9, FDR=1.6E-11), KRT6B (logFC=-2.3, FDR=3.0E-11), KRT15
(logFC=1.6, FDR=1.0E-9), SLC6A14 (logFC=-2.2, FDR=7.5E-10), and LONRF1 (logFC=
-0.71, FDR=7.5E-10). Prior analyses have also identified KRT (keratin) family and
LONRF1 expression differences in psoriatic skin.23.24

Many gene ontology terms associated with epidermal growth and differentiation were
enriched. They included ectoderm development (FDR=5.5E-9), epidermis development
(FDR=2.9E-9), keratinocyte differentiation (FDR=2.9E-9), epidermal cell differentiation
(FDR=1.9E-8), regulation of cellular protein metabolic process (FDR=1.5E-8), and
epithelial cell differentiation (FDR=1.6E-5). These observations compliment the observation
that active psoriatic lesions have increased numbers of EGF / TGF alpha receptors, which
are thought to regulate the formation of lesions.25 In addition, the proteasomal pathway was
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enriched within this gene set (FDR=1.4E-5). Increased proteasomal activity, regulated post-
transcriptionally, has previously been associated with psoriasis severity.2

The functional categories of genes were enriched in phosphoproteins (FDR=8.5E-55),
acetylation (FDR= 5.0E-50), cytoplasm (FDR=9E-32), nucleotide-binding (FDR=3.9E-15)
and ATP-binding (FDR=3.9E-15). The protein domains identified included the Tailless
complex polypeptide 1 chaperone (FDR=5.0E-5), the Cpn60/TCP-1 Chaperonin
(FDR=3.9E-5), TCP-1 Chaperonin (FDR=2.0E-4). Chaperonin is a highly conserved protein
that regulates protein folding. Recombinant chaperonin has been found to improve severe
plaque psoriasis,2’ possibly through our identified pathways.

Blood microarray analysis reveals modulation of immunoglobulin-related immune

response

79 genes were differentially expressed in the paired analysis seeking to identify the main
effect of treatment on blood gene expression (Figure 2). Such immunologic genes as Fc
receptor-like A and Fc receptor-like 5 were differentially expressed. Fc receptors are
expressed in keratinocytes,28 and have been thought to mediate the epidermal immune
response in psoriasis.2? A number of immunoglobulin heavy chains were also differentially
expressed (IGHimmV3-30 (LogFC=-0.7, Adj p-value=6.6E-4), IGHV3-43 (LogFC=-1.0,
Adj p-value=2.2E-4), IGHV3-11 (LogFC=-1.0, Adj p-value=2.9E-3), IGHV3-53 (LogFC=
-0.8, Adj p-value=2.9E-3), IGHV4-61 (LogFC=-0.8, Adj p-value=5.7E-4), IGHV3-74
(LogFC=-0.8, Adj p-value=1.9E-3)). These expression differences may contribute to the
psoriasis phenotype, as immunoglobulin heavy chain polymorphisms have previously been
associated with psoriasis.3°

Important pathways associated with the differentially expressed genes included
hematopoetic cell lineage (FDR=6.7E-3). Many functional categories in the immune
response domain, including immunoglobulin (FDR=2.1E-6), immunoglobulin C region
(FDR=6.3E-5), immunoglobulin domain (FDR=2.5E-6), immune response (FDR=5.4E-3),
and B-cell (FDR=7.9E-3) could be used to classify the differentially expressed genes. These
pathways and functional categories have been well-documented to play a role in the
uncontrolled proliferation of keratinocytes and recruitment of T cells to the skin.3!

In the protein domain category, the differentially expressed genes showed strong enrichment
in the domains of immunoglobulin-like (FDR=1.6E-6), immunoglobulin V-set
(FDR=2.1E-6), immunoglobulin-like fold (FDR=1.6E-6), immunoglobulin V-set subgroup
(FDR=9.3E-5), immunoglobulin major histocompatibility complex (FDR=1.3E-4), and
immunoglobulin C1-set (FDR=4.8E-2). Intriguingly, prior studies have shown that
immunoglobulin-like proteins are expressed in unique and specific patterns in normal and
psoriatic skin, with altered protein expression patterns in psoriatic skin.32

Comparison of pre-treatment psoriatic skin, post-treatment psoriatic skin, and healthy
control skin by principal components analysis

There were 2207 genes found to be differentially expressed when comparing healthy control
skin and pre-treatment psoriatic skin. Among the top differentially expressed genes were
Sox9 (logFC=2.4, FDR=1.1E-64), TMEM56 (logFC=5.7, FDR=8.6E-56), FADS2
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(logFC=7.3, FDR=4.1E-58), FOXC1 (logFC=3.1, FDR=2.6E-54), and PLBD1 (logFC=
-2.6, FDR=3.3E-54). Sox 9 is expressed in the basal layer of normal human epidermis,
regulates epidermal keratinocyte proliferation and pro-survival and is known to be
overexpressed in psoriasis.33 TMEM56 and FADS2 have both been previously associated
with psoriasis.34:35

Overall, GO analysis of this gene list revealed genes important in epidermis development
(FDR=2.1E-19), ectoderm development (FDR=3.3E-19), keratinocyte differentiation
(2.8E-9), epidermal cell differentiation (FD=3.1E-8) and keratinization (FDR=7.2E-7).
Consistent with these findings, psoriasis has been shown to be mediated by
hyperproliferation with incomplete differentiation of keratinocytes.36

Results of the principal components analysis are shown in Figure 3. Principal component 1
explained 41.8% of the variance in the dataset, and principal component 2 explained 11.4%
of the variance in the dataset. Following treatment, the expression of the differentially
expressed genes in the psoriasis group deviated less from that of controls than prior to
treatment. Similar to other studies, clinical improvement in our sample is correlated with
normalization of aberrantly expressed genes.37

Discussion

In this study, we have shown that the effect of adalimumab treatment differs in its effect on
the gene expression profiles of the skin and PBMCs. In skin, pathways modulating the
differentiation and proliferation of epidermal keratinocytes were normalized following
treatment. In contrast, pathways modulating immunoglobulin-mediated immune pathways
were more prominently affected in the blood. Together, these results demonstrate that
adalimumab treatment modulates different pathways in skin compared to blood.

Our global RNAseq results in the skin offer the molecular basis of clinical improvement
with adalimumab therapy. We corroborate the results of Henriks et al. (2014), suggesting
that in the skin, markers of epidermal differentiation and proliferation as well as innate
immunity were normalized following treatment with adalimumab. Mechanistically,
inhibition of the CCR7/CCL19 axis by TNF blockade is an important early event that leads
to clinical remission.38 Other inflammatory markers, including other 1L17-responsive genes,
have also been shown to decrease with effective therapy.39-41 In the skin, IL17 induces
expression modulation through C/CAAT enhancer-binding (C/EBP)-beta, a transcription
factor that is preferentially expressed in differentiated keratinocytes.*2 Thus, it is possible
that modulation of these immunologic pathways ultimately normalizes the expression of
epidermal proliferation and differentiation factors, including those in the proteasomal
pathway.

Our PBMC array results further expand upon the results of prior studies. Using gPCR,
Balato et al. (2013) identified that adalimumab therapy normalized aberrantly expressed
markers of the Th17 pathway in both the blood and skin. Furthermore, Bose et al., (2011)
found that anti-TNF therapy actually increased the expression of such cytokines as I1L10,
IL17, IFN-gamma and TCR-mediated CD4 T-cell activation markers in the blood using

J Drugs Dermatol. Author manuscript; available in PMC 2018 June 11.
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RTPCR and cytokine assays. Generally, our results suggest that treatment downregulates and
normalizes immunoglobulin-mediated responses in the blood. Perhaps the final downstream

effect of these changes is modulation of the Th17 pathway that effects immunologic change

in the skin, or this B cell-mediated pathway is in fact a parallel process to the Th17 pathway,
leading to the epidermal changes outlined above.

To this point, it remains unknown whether humoral immunity is directly involved in the
pathogenesis of psoriasis, but multiple observations have linked aberrant humoral immunity
with psoriasis.#344 It is known that patients with psoriasis have increased serum IgG and
IgA levels as well as decreased B-cell response to PWM and PHA.4°

Conclusion

In sum, we have shown that the potent TNF inhibitor adalimumab has distinct biological
effects in psoriatic skin compared to blood. It will be important for future mechanistic
studies to examine whether modulation of the immune system in the blood contributes to the
decreased cell proliferation observed in the epidermis.
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GO Term P-value FDR
ectoderm development 1.70E-12 5.50E-09
epidermis development 1.80E-12 2.90E-09
keratinocyte differentiation 2.70E-12 2.90E-09
epidermal cell differentiation 2.30E-11 1.90E-08
regulation of cellular protein 2.30E-11 1.50E-08
metabolic process
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Differentially expressed skin genes and GO pathways after adalimumab treatment identified
by RNAseq. A) Log 2 fold change of top 25 differentially expressed genes in the skin is
listed. B) GO pathway term, p-value, false discovery rate (FDR) identified by DAVID

enrichment analysis based on gene list.

J Drugs Dermatol. Author manuscript; available in PMC 2018 June 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chow et al.

\\\\\\||||\\III\\||\\\\\\V

IGHV3-11

-1.5 -1

B

-0.5
LogFC

o

0.5

Term

P-Value

FDR

immunoglobulin

1.40E-08

2.10E-06

disulfide bond

7.00E-07

5.10E-05

immunoglobulin ¢ region

1.30E-06

6.30E-05

Immunoglobulin domain

2.50E-06

9.10E-05

heterotetramer

2.80E-05

8.30E-04

signal

6.40E-05

1.50E-03

immune response

2.60E-04

5.40E-03

glycoprotein

4.00E-04

7.30E-03

B-cell

4.90E-04

7.90E-03

Figure2.

Differentially expressed peripheral blood mononuclear cell (PBMC) genes and Protein

Page 12

information resource (PIR) enrichment after adalimumab treatment identified by expression
microarray. A) Log 2 fold change of top 25 differentially expressed genes in PBMCs is

listed. B) PIR terms, p-values and false discovery rate (FDR) identified by DAVID

enrichment analysis based on gene list.
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Figure 3.
PCA plot of differentially expressed genes comparing psoriasis patients prior to treatment

and control RNA-seq expression.
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