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Cutaneous lesions feature prominently in lupus erythematosus (LE). Yet lupus and its

cutaneousmanifestations exhibit extraordinary clinical heterogeneity, making it imperative

to stratify patients with varying organ involvement based on molecular criteria that

may be of clinical value. We conducted several in silico bioinformatics-based analyses

integrating chronic cutaneous lupus erythematosus (CCLE)-skin and blood expression

profiles to provide novel insights into disease mechanisms and potential future therapy.

In addition to substantiating well-known prominent apoptosis and interferon related

response in both tissue environments, the overrepresentation of GO categories in the

datasets, in the context of existing literature, led us to model a “disease road-map”

demonstrating a coordinated orchestration of the autoimmune response in CCLE

reflected in three phases: (1) initiation, (2) amplification, and (3) target damage in skin.

Within this framework, we undertook in silico interactome analyses to identify significantly

“over-connected” genes that are potential key functional players in the metabolic

reprogramming associated with skin pathology in CCLE. Furthermore, overlapping and

distinct transcriptional “hot spots” within CCLE skin and blood expression profiles

mapping to specified chromosomal locations offer selected targets for identifying

disease-risk genes. Lastly, we used a novel in silico approach to prioritize the receptor

protein CCR2, whose expression level in CCLE tissues was validated by qPCR analysis,

and suggest it as a drug target for use in future potential CCLE therapy.

Keywords: CCLE, cutaneous lupus, skin, autoimmune, therapeutic, bioinformatics, expression profiles

INTRODUCTION

Lupus erythematosus (LE) is a complex (1) autoimmune disease that spans a tremendous variety
of forms, degrees, and phenotype expressions ranging from relatively well-defined cutaneous
manifestations to a rapidly progressive, lethal, multi-organ involvement in the systemic disease
(SLE) (2, 3). Cutaneous features represent a major and medically significant component of LE
and are evidenced as a wide range of clinical manifestations, some of which are disfiguring and
debilitating. CCLE, which encompasses discoid lupus erythematosus (DLE), represents the most
common category of cutaneous lupus erythematosus (CLE). While it is clear that CLE pathogenesis
is multifactorial, with distinct roles for genetic, environmental, immunologic as well as epigenetic
factors, large gaps in knowledge remain regarding the exact causes, mechanisms and biological
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interactions leading to the development of autoimmune attack
on the skin. A number of trigger factors have been reported to
influence the course and prognosis of cutaneous lupus including,
UV light, medication, and smoking. Additional factors such as
race, sex, age of onset and genetic predisposition, among others
also impact disease manifestation (4–9). Although susceptibility
to CCLE has been linked to genes within the HLA (HLA-DQ
and/or DR), as well as outside the HLA region (HSP70-1, TNF–
α/β, C4 null, C2, IL-1, and IL10) (10–19) the molecular and
genetic basis of disease initiation, progression, and response to
treatment is poorly understood.

In large part due to the gap in knowledge regarding disease
susceptibility and pathomechanisms, the current therapeutic
armamentum in cutaneous LE does not include any approved
systemic drugs (20) and needs to be empirically determined for
individual patients. Thus, an enhanced understanding of the
molecular and genetic basis of disease is a requisite to advance
the search for novel therapeutic targets, particularly those that are
more targeted and even personalized.

In the present study, gene enrichment analyses of the CCLE
skin and blood transcriptional datasets were conducted to
illuminate shared, over-represented, disease-related pathways
and processes across both tissue environments. Our findings
corroborate the involvement of a generalized immune
dysregulation and altered apoptosis as central drivers of the
cutaneous lupus phenotypes (21, 22). Through our integrative
analytical approach we propose a detailed “disease road-map”
tethered upon functional enrichments that illuminate a potential
orchestration from initiation, amplification to tissue targeting in
skin as linked steps in the autoimmune response of CCLE. This
framework allowed us to assign existing and emerging therapies
within the “disease road-map” based on mechanism of action
of specific medications. In silico based interactome analysis
identified 3 “over-connected” genes as potential key functional
players in the metabolic reprogramming associated with skin
pathology in CCLE. Subsequently, drug target analyses allowed
us to narrow the search and prioritize CCR2 as the druggable
target receptor that needs further research to test viability in
potential future disease therapy.

MATERIALS AND METHODS

Recruitment of CCLE/CLE (more specifically the most common
subtype, discoid LE DLE), age- and sex-matched patients, and
healthy control individuals, tissue procurement and handling
has been described in detail along with IRB approval number,
consent, demographic data and raw data in our earlier reports
(21–24). None of the patients were positive for ANA or met any
criteria for SLE. No systemic or topical medications had been

Abbreviations: C/C/LE, chronic/cutaneous/lupus erythematosus; SLE, systemic

lupus erythematosus; DLE, Discoid lupus erythematosus; HLA, human leukocyte

antigen; DEGs, differentially expressed genes; DAVID, Database for Annotation,

Visualization and Integrated Discovery; MHC, major histocompatibility complex;

DC, dendritic cells; IFN, interferon; CTL, cytotoxic T-lymphocytes; IC, immune

complex, GO, gene ontology; FC, fold change, NF-kB, nuclear factor kappa-

light-chain-enhancer of activated B cells; qPCR/RT-qPCR, quantitative polymerase

chain reaction/ real-time quantitative polymerase chain reaction.

used by any of the patients for 2 months prior to sampling.
The procedures for blood and tissue handling, peripheral blood
mononuclear cell extractions, total RNA preparation, cDNA
synthesis and microarray processing have also been described
previously (21, 22, 25, 26). The transcriptional data analyzed
was from skin of 6 lesional and 4 non-lesional biopsies from
patients with CCLE and blood from 3 CCLE patients and 3
healthy controls. There was an overlap of 2 patients (1008 and
1009) between blood and skin analysis. The range of sample size
reflects the limited human samples that were available for the rare
autoimmune disorder CCLE/DLE.

Differentially Expressed Genes (DEGs)
For the present study, we re-analyzed the CCLE-blood expression
dataset to define a new DEGs list based on statistical criteria
identical to our previously published CCLE-skin (21) thus
allowing a more direct comparison. Briefly, we controlled the p-
value at ≤ 0.05 and fold change (FC) ≥ ±1.1 and identified 783
non-redundant CCLE- peripheral blood DEGs (337 UP and 446
DOWN), that distinguished patients from healthy controls. The
low FC cut off was chosen for this study because: (1) minimal
expression differences may be biologically significant (27) and (2)
it allowed us to start with a larger pool of significant genes from
both transcriptional profiles with which to perform downstream
statistical analyses with high stringencies, in order to streamline
our search to only “over-connected” DEGs.

Bioinformatics tools in DAVID (28), (https://david.ncifcrf.
gov/) and MetaCoreTM v6.21 (Thomson Reuters, St Joseph, MI)
were used (http://www.genego.com) to analyze and compare the
two gene expression profiles (29). Unique gene symbols from
the DEGs lists were mapped to “network objects” and used to
probe the MetaCore database (metabase) (30). Using the disease
terms “lupus” or “cutaneous lupus” we were able to generate
and analyze several disease–associated canonical pathway maps
followed by similar investigations in the Gene Ontology (GO)
and KEGG databases. This allowed us to dissect each known
overlapping disease-related biological pathway/process between
the two tissue environments.

We compiled lists of interferon (IFN) inducible genes and
those linked to apoptosis related pathways as described earlier
(22). We also consolidated one hundred and five potential
SLE susceptibility loci from genome–wide association studies
(GWAS) recorded (31–44) in the National Human Genome
Research Institute (NHGRI-EBI) catalog (http://www.ebi.ac.uk/
gwas/search?query=lupus) and the SLEGEN study as well as
susceptibility loci for CLE in a recent GWAS study (16)
for comparison.

The DEG lists were analyzed for their chromosomal
enrichment by leveraging the gene expression data to detect
regions of the chromosomes with a statistically significant
proportion of DEGs (called transcriptional “hot spots”) (45–49).
We used DNA–Chip Analyzer (dCHIP) (www.dchip.org) for the
purpose of gene mapping using the “genome” tool with masked
duplicate probe sets. P-value ≤ 0.001 was calculated for all
stretches of chromosomes (“hot spots”) that contained≥ 5 DEGs
(CCLE-blood DEGs used for this analysis) (50). We overlaid a
similar map generated from our previous site-matched lesional
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vs. non-lesional skin analysis (from CCLE patients) (21) on the
CCLE –blood chromosomal map. We explored the overlapping
and unique genes that were significantly associated or not with
systemic or cutaneous disease in previous gene expression and
GWAS studies.

Quantifying Gene Expression
Using RT-qPCR
Total RNA was isolated as described previously (22, 26)
using TRIzol reagent (Invitrogen, San Diego, CA, USA) per
manufacturer’s protocol and treated with DNase, purified
and quantified by Nanodrop ND-1000. We used reverse
transcription quantitative real-time PCR (RT-qPCR) to quantify
gene expression from peripheral blood of an entirely different
set of 5 CCLE patients (LE 1013, 1014, 1016, 1017, and
1018) and 5 healthy controls (CR, 221, 220, 231, 1042,
and 1032). cDNA was synthesized from 400 ng total RNA
using Promega Kit (Promega Corp., Madison, WI, USA) and
quantitative real-time PCR was subsequently carried out using
the FastStart Universal SYBR Green Master (ROX) from Roche
(Roche Diagnostics,Mannheim, Germany) according to carefully
standardized protocols. Intron-spanning primers were designed
using Primer3 v. 4.0.0 (http://bioinfo.ut.ee/primer3/) for the
following selected DEGs: CCR2, IFI30, OAS1, OAS2, STAT1
TNFAIP3, ERBB3, and FGFR2, based on published human
gene sequences in the Ensemble Genome Browser (http://useast.
ensembl.org/index.html). Primers were checked with a BLAT
search (http://genome.ucsc.edu/cgi-bin/hgBlat). Amplicons were
designed to be <150 bp in most cases (Table 1). Duplicate
experiments were run for the 5 biological replicates in each of the
patient and control group. The resulting qPCR cycle times (Ct)
were normalized against the β-actin (ACTB) housekeeping gene
to obtain 1Ct. Fold changes in expression were calculated using
the 2−11Ct method (51) relative to one control sample taken as
unity (Figure 6). The fold changes in gene expression obtained by
qPCR were compared to those observed by microarray analysis.

Interactome and Drug Target Analysis
We started out with the broadest pool of statistically significant
genes, and subsequently employ downstream bioinformatics-
based statistical tools with high stringency to assign disease
relevance. To go beyond simply cataloging disease-related
molecules we subjected our DEGs from CCLE skin and blood
to an interactome analysis by protein function” (52). The
relative connectivity of a gene (encoded protein) mirrors its
functional significance to the disease under investigation (53)
and is calculated by the number of interactions between the
experimental gene with the genes on the experimental list
normalized to the number of interactions it has with all genes in
the human database (in MetaCore). The ranking of importance
is related to the “knowledge based” analysis that takes into
consideration experimental DEGs in the context of their known
interactions in complex gene/protein and molecular networks.
The localization of receptors in membranes that allows the
extracellular domains to be targeted by specific ligands and
drugs was key to narrowing the search to the “over-connected”
3 receptors that were shared between the skin and blood

transcriptional profiles. Finally, we were able to prioritize one
DEG CCR2 based on several analytical criteria discussed above.
Network generating algorithms inMetaCore were based on auto-
expand by one interaction including both up- and downstream
reactions. We further categorized the genes by their association
with SLE-genes (either expressed or as susceptibility loci). A
“drug target analysis” was performed via MetaCore along with a
literature search on all three receptor proteins, to discover novel
drug/target combinations that offer the best potential to be used
in the treatment of CLE.

RESULTS

Differentially Expressed Genes (DEGs) and
Ontology Enrichment Analysis
We generated a blood gene expression profile of 783
non-redundant DEGs (Supplementary Table 1) for comparison
with the skin profile (776 DEGs) described previously (21). Both

FIGURE 1 | Gene expression analysis in CCLE blood and lesional skin. (A)

Differentially expressed genes (DEGs) were generated from blood (CCLE vs.

healthy control) and skin (lesional vs. non-lesional) of CCLE patients and

healthy controls that were able to distinguish between compared phenotypes

via hierarchical clustering. (B) An overlap of 11% (87 DEGs) between the two

lists is shown by the Venn diagram. The majority of genes in both lists are

distinct to the respective environment (skin and blood) from which they are

generated.
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lists were generated using the same fold change and p-value
cut off (Figure 1A). Of the 87 DEGs (Figure 1B) common
between the blood and skin transcriptional profiles, 65 were
dysregulated in the same direction in both tissues (upregulated
=UP or down-regulated=DOWN) and 22 were in the opposite
direction (Supplementary Table 2).

Pathways and Processes Based
Enrichment Analyses
Ontology enrichment analysis was processed through two
different analytical platforms (DAVID and MetaCore) to identify
enriched disease-related biological functions, pathways and
processes. We uncovered prominent apoptotic and type I
interferon (IFN) signatures in both tissue environments. The
overall number of DEGs in the activated immune response
related pathways and processes are consistently higher in
lesional skin than in peripheral blood. However, processes
associated with lysome/proteasome related breakdown were
more pronounced in peripheral blood than in skin. The
differences and similarities in the two tissue environments forms
the basis of our present analysis aimed at elucidating specific local
and systemic disturbances linked to pathomechanisms related to
CCLE (Figure 2).

Integration and synthesis of CCLE blood and skin
transcriptional data in the context of existing literature
regarding SLE/CCLE-related processes suggests a coordinated
orchestration of the autoimmune response leading to organ-
specific tissue damage in the skin that can be viewed in 3 phases:
(1) initiation, (2) amplification of immune response, and (3)
target damage in skin (Figure 3).

Identification of Risk Loci
We leveraged the blood transcriptional profile to locate genomic
regions in which the 783 CCLE-DEGs cluster more frequently
than would be expected by chance.(47, 49) 16 transcriptional “hot
spots” were identified on chromosomes 1, 3, 5, 6, 11 (2), 12 (2), 14,
15, 16, 19, 20, 21, 22, and X, harboring 177 CCLE-blood DEGs.
We had previously described 13 CCLE-skin specific “hot spots”
on chromosomes (21). Seven transcriptionally active regions
(chromosome 1, 3, 6, 11, 19, 22, and X) overlapped between
skin and blood profiles (Figure 4A). Twelve dysregulated genes
including AIM2, ANP32E, CD48, EFNA1, CCR2, CAP2, PSMB8,
FEN1, ECH1, LGALS2, TST, and APOBEC3G were common to
skin and blood within the overlapping “hot spots” (Figure 4B).
See Supplementary Table 3 for details on the 177 DEGs
contained within the sixteen CCLE-blood “hot spots.”

Identification of a Novel Therapeutic Target
Using our transcriptional datasets, CCLE-specific gene regulation
was evaluated through enrichment by “protein function”
revealing a significantly high number of ligands, proteases,
receptors and other protein classes (Supplementary Table 4).
Overall interaction topology reveals a high level of incoming
and outgoing connections within the CCLE-experimental dataset
as well as to and from the CCLE-datasets to the metabase
(Supplementary Table 5).

We leveraged our expression dataset to search for key drivers
of mechanisms underlying CCLE pathogenesis. We reveal 44

DEGs shared between blood and skin that are statistically “over-
connected” to objects within the two CCLE datasets as well as the
larger human database in MetaCore (Supplementary Table 6).
Three (CCR2, ERBB3, and FGFR2) of the seven “over-connected”
shared DEGs coding for receptor proteins (localized at the cell
membrane) were selected for further investigations. All three
were found to be interactive hubs by interactome and network
analysis (Figure 5). A literature- and Metabase- search with the
term “discoid lupus erythematosus” allowed an investigation
into existing as well as emerging therapies in CLE/DLE. A drug
analysis on all three receptors revealed CCR2 to be targeted
by drugs that are currently in clinical trials for treatment of
other related diseases. see Supplementary Table 7 for a list
of existing, emerging, and experimental as well as the newly
proposed therapeutic agents, along with relevant literature and
source documentation.

Validation Studies
We further evaluated the expression of 8 genes shown to be
dysregulated by microarray analysis in CCLE/DLE by RT-qPCR
(qPCR) (Table 1 and Figure 6). Included among the 8 was CCR2,
which we propose as a potential drug target in CCLE therapy. The
qPCR experiments demonstrate a relative level of gene expression
consistent with our microarray data for all eight DEGs. Genes
such as CCR2, IFI30, OAS1, OAS2, and STAT1 and TNFAIP3 are
over-expressed in CCLE/DLE patients as compared to healthy
controls. While ERBB3 and FGFR2 exhibited overall low levels of
expression, the trend in downward expression (case vs. controls)
was also similar to our microarray analysis.

DISCUSSION

Development of a Disease “Roadmap”
Our new in silico analyses reveal a more enhanced composite of
disease pathomechanisms operative in CCLE. In the proposed
disease road-map schema (Figure 3), the three phases are
not necessarily mutually exclusive, with specific components
potentially operative in two, or all three phases across the
spectrum. Below, we break down the three broad phases: (1)
initiation, (2) amplification, (3) target damage, and dissect the
linked disease relevant biological pathway/process (Figure 2) to
discuss a model for pathobiology in the context of recognized
systemic (blood) and local (skin) disturbances.

Initiation
Several well-known trigger factors e.g., UV light, medications,
smoking are associated with cutaneous lupus (4, 9, 54–57),
all of which could contribute to enhanced autoantigen display
to the immune system. Theoretically, this could occur via
increased keratinocyte apoptosis, autoantigen translocation to
the keratinocyte cell surface, and/or a decreased clearance
of apoptotic debris as in SLE (58), causing self-antigens
(e.g., nucleosomes) to persist in the extracellular environment,
enabling recognition by autoreactive cells (59–65). The skin has
been speculated to be the site of autoimmune initiation for
both cutaneous and systemic disease in genetically susceptible
individuals (56, 57, 66).
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FIGURE 2 | Functional annotation and pathway analysis of the DEGs from CCLE-blood and lesional skin. The two transcriptional profiles reveal several enriched

disease-related Gene Ontology (GO) biological processes. We break down the number of DEGs (up- and down-regulated) included in some of the shared disease

related processes such as: apoptosis, oxidation: reduction, cytokine chemokine, leukocyte chemotaxis, TLR signaling, cell adhesion, dendritic cells, T cell, B cell, type

I interferon, NK cells and lysosome/proteasome. The most prominent signatures for interferon and apoptosis in both profiles are marked with a star (*).

Apoptosis
The potential significance of apoptosis in CLE is underscored by
several observations including an increase in the number of UV
induced apoptotic keratinocytes found in lesional skin (54, 67).
In our analysis, a larger number of dysregulated genes were
associated with apoptosis in lesional skin (117 with 75% UP) as
compared to peripheral blood (81 with 61% UP), emphasizing
enhanced apoptosis (particularly in the skin) as a prominent
signature of the disease. Both pro- and anti-apoptotic molecules
are dysregulated simultaneously in both environments (21, 22),
underscoring the complex and epistatic nature of the apoptotic
cascade. It might also indicate redundancies of contributors to
apoptosis, perhaps including involvement of diverse cell types
(e.g., keratinocytes and lymphocytes) relevant to lupus pathology.

Oxidation: Reduction
Increased upregulation (71% of the 28 DEGs) in oxidative and
nitrosative stress related processes in CCLE peripheral blood
demonstrated in our dataset is similar to past observations in
both SLE and CLE (68–71), underscoring the possibility of post-
translational modification of auto-proteins/peptides, rendering
them altered and able to provoke the autoimmune reaction.

Cytokines, Chemokine, and
Leukocyte Chemotaxis
UV radiation is known to induce the production of numerous
pro-inflammatory cytokines in the skin and contributes to the
marked photosensitivity observed in CCLE (56, 72). These
cytokines can promote translocation of intracellular autoantigens
to the surface of epidermal keratinocytes (13, 73). We find higher

numbers of upregulated DEGs (93%) associated with cytokine-
chemokine related processes in lesional skin as opposed to blood
(70%DOWN), perhaps reflecting an influx of cytokine producing
cells at the local site of pathology. This may be particularly
important as these mediators are short lived and local effects
could be tissue specific and different from systemic effects (74).

Pattern Recognition Receptor
(PRR) Signaling
We discovered 19 genes (100%UP) related to PRR to be activated
in lesional skin, as opposed to 7 (71% UP) in peripheral blood.
Upregulation of TLR-4 expression was previously demonstrated
in affected tissue of CLE patients (75). PRRs participate in the
recognition of both extrinsic and endogenous danger-associated
conserved molecular patterns, and thus bridge innate and
adaptive immune responses.

Amplification of Immune Response
CCLE is characterized by an increase in local mediators
of inflammation in the skin. These effects in turn induce
changes which include induction of adhesion molecules that
are needed for the migration and sequestration of activated
lymphocytes and leukocytes to the skin (76). Accumulating
apoptotic debris may also bolster autoantigen presentation
by Langerhans cells (LCs) to T cells (77). Binding of
autoantibodies to keratinocytes could then further expose
self-antigens and promote cytokine release to continue
and amplify the autoimmune response. T cell reactivity
may in turn promote B cell activation and production
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FIGURE 3 | Disease Road Map. Enriched disease-related pathways and processes found in skin and blood profiles underlie three distinct phases in the autoimmune

response in CCLE: (i) initiation, (ii) amplification of the immune response, and (iii) target damage in the skin, that are not mutually exclusive. The shared disease-related

processes over-represented in skin and blood are as follows: apoptosis, oxidation reduction, cell adhesion, cytokine chemokine activity, leukocyte chemotaxis, NK

cell, TLR signaling, dendritic cells, T cell, B cell activation, Interferon signature, lysosome and proteasome, antigen processing and presentation, complement cascade

among others (see also Figure 2). Potential molecular targets of some of the existing and emerging drugs R (n) have been identified in the schematic according to

mechanism of action presently used for CLE/DLE treatment. Some experimental drugs have also been included (see inserted box). Drugs used in CLE/DLE treatment

R(n) (teal hexagons): Topical agents: R1 = corticosteroids fluocinonide, R-salbutamol sulfate (anti-inflammatory, acting upon cytokines and leukocytes) Systemic

agents: R1 = glucocorticoids, R2 = hydroxychloroquine (antimalarial) (acting upon MHC presentation and lysosome pH, anti-inflammatory), R3 = thalidomide,

lenalidomide, CC 11050 (TNF-α inhibitors, apoptosis), R4 = methotrexate MTX (acts on T cell proliferation), R5 = pimecrolimus (calcineurin inhibitor, down-regulating

T cell activity) TRX-1, AMG 557 (humanized mAbs act as T cell regulators), R6 = humanized mAbs AMG 811 (anti-IFNα) and sirukumab (acts on pro-inflammatory

cytokines such as IL-6). Ds, double stranded; UV, ultraviolet; PAMP, pathogen–associated molecular pattern; HMGB1, high mobility group protein B1; ICs, nucleic

acid containing immune complexes; NMDAR, N-methyl-D-aspartate receptor; C1q, complement component 1; q subcomponent; C2, complement component 2; C4,

complement component 4; DC, dendritic cells; pDC, plasmacytoid DC; LC, Langerhans cells; T, T cells; B, B cells; Th, T helper cells; Th0, T helper cells 0; CTL,

cytotoxic T lymphocytes; IgG, immunoglobulin G; NK, natural killer cells; IFN, interferon; TLR, toll-like receptor; PDE4, phosphodiesterase-4; TNF, tumor necrosis

factor.

of autoantibodies specific to previously sequestered or
altered molecules.

Cell Adhesion
Progression of lupus is facilitated by the local generation
of adhesion molecules and expression of their ligands
in inflammatory cells (78, 79). In the present study, we
demonstrate nearly equal numbers of dysregulated genes
linked to cell adhesion in both skin and blood, but observe
59% UP in lesional skin as compared to 76% DOWN in
peripheral blood.

Dendritic Cells (DC)
Antigen presentation by immatureDCs may lead to T cell anergy
due to lack of co-stimulation, a mechanism by which certain
(self) antigens may evade immune responsiveness (80, 81). We
observe much higher numbers of activated genes associated with
skin-dendritic cells (94% UP of 63 DEGs), as compared to only 8

DEGs (63% DOWN) in the peripheral blood, underscoring clear
patho-mechanistic differences in the two environments.

HLA Region
CLE susceptibility (in patients positive for anti-Ro) is linked to
the major histocompatibility complex (MHC) on chromosome
6, including genes for human leukocyte antigens (HLA),
complement components, and tumor necrosis factor (TNF)
(12, 21, 82–84). We found the top enriched KEGG pathway
associated with the 87 DEGs overlapping between CCLE-skin
and blood profiles to be antigen processing and presentation
(Supplementary Table 8) skewed toward activation in both skin
(92% UP) and blood (79% UP). Of the twelve DEGs mapping
to chromosome 6, CSNK2B, and CDKN1A are reported as
potential CLE-associated susceptibility locus (16) and associated
with SLE (85), respectively (Supplementary Table 3). The precise
influence of the HLA region on CCLE is not clear as of yet, but is
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FIGURE 4 | Chromosomal locations of transcriptional “hot spots” found in CCLE-associated blood and lesional skin signatures. (A) CCLE blood gene expression data

is leveraged to identify transcriptional “hot-spots” in chromosomes where DEGs map with statistically increased frequency. Each horizontal line corresponds to one

chromosome. Chromosomal locations of CCLE blood molecular signature are colored in bold black vertical bars vs. the non-differentially expressed genes which are

gray. The vertical bars above and below the horizontal lines represent genes either on the forward or reverse strand. Sixteen significant stretches at p-value ≤ 0.001

are considered to be transcriptionally active “hot spots” using the CCLE blood profile (red boxes). Thirteen “hot spots” associated with CCLE lesional skin signature

(blue boxes) from our previous study, have been overlaid on the blood chromosomal map revealing seven regions of overlap (bold). (B) Twelve genes in the

overlapping “hot spots” (including CCR2) were shared between the skin and blood profiles. The seven overlapping “hot spots” also include 14 DEGs from skin (blue),

blood (red) and both milieus (purple), which have been previously reported as potential disease loci in SLE. TNF is a skin-DEG that is previously described as a

putative disease locus for both SLE as well as CLE. CSNK2B is a blood-DEG that has been described as a disease locus in CLE.

likely related to its well-defined role in antigen presentation and
activation/selection of T cells in the pathogenesis of LE (86–91).

T Cell Response
Our analysis uncovered 60 DEGs (95% UP) in skin and 18
(56% UP) in blood (Figure 2) that are involved in T cell
related processes such as -activation, -differentiation, -selection,
-proliferation, -receptor signaling and -thymic selection, thus
implicating a similarly activated T cell mediated autoimmune
reaction in CCLE as well.

B Cells
Although B cell hyperactivity and the production of
autoantibodies in LE appears to be T cell driven (92, 93),
breaking of B cell tolerance without the support of T cells has
been reported as well (94). Given that 55–75 % of B cell receptors
on human immature B cells are self-reactive, maintenance
of B cell tolerance is vital for thwarting the production of
autoantibodies with potential disease causing specificities (95).
We observed 32 DEGs (100% UP) in lesional skin and 13 (62%
UP) in blood associated with B cell antigen receptor engagement.

Interferon
Cytokines play a crucial role in modulating the immune
response to foreign and self-antigens, both in the initiation and

amplification of the immune response in CCLE. A prominent
IFN-α signature in dermal lesions of SLE patients, suggests
that the skin acts as a reservoir for IFN producing cells with
the ability to promote autoimmunity (96–98). This appears to
be a central theme in cutaneous lupus as well (99). In this
analysis, we demonstrate a stronger IFN signature in CCLE skin
(that is predominantly upregulated) as compared to peripheral
blood. This may indicate a potential shift in the engagement of
this key cytokine pathway as a pathogenic mediator from the
blood to the skin in CCLE patients. Supplementary Figure 1

demonstrates one such over-represented and activated canonical
pathway linked to IFN signaling, with more upregulated genes
in the skin than from blood. A more comprehensive picture of
the role of various IFN family members in disease pathogenesis
will emerge as detailed demographics such as disease onset, age,
organs involved, and therapy are taken into consideration.

Target Damage
The pathology in CLE is one of inflammatory lichenoid reaction
in which basal keratinocytes that express surface self-antigens are
the chief center of damage (100). Global gene expression data
revealing dysregulated apoptosis, inflammation, complement
system as well as lysosome and proteasome associated breakdown
processes in skin and blood fromCCLE patients serves to support
the model for the creation, accumulation and presentation of
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FIGURE 5 | Interactive receptor proteins CCR2, ERBB3 and FGFR2. (A) We focused on three receptor proteins (CCR2, ERBB3, and FGFR2) that were considered

“over-connected” when the number of observed interactions (actual) was greater than the number of expected interactions accompanied by (significant) low p-values

(*) and high z-scores (B) Algorithms in MetaCore are used to generate networks using the expand by single interaction in both upstream and downstream directions.

Interactions within the network reveal all 3 receptors as central hubs connected to each other as well as with a large number of curated interactions with both positive

(green) and negative effect (red) to and from (arrow direction) several objects in the CCLE-skin profile as well the larger human proteome database. The individual

CCLE-DEGs and proteins in the metabase are representated as nodes of different shapes (see legend) with connections/interactions to one another. Drug target

analysis revealed 4 drugs (teal box) that target one of the receptor proteins CCR2, (yellow). All 4 drugs are currently being used in the clinic to treat other closely

related diseases (see Supplementary Table 7). Explanation of columns: Actual, number of network objects in the activated signatures which interact with the chosen

object; n, number of network objects in experimental datasets; R, number of network objects in the activated background list which interact with the chosen object;

N, total number of protein-based objects in the activated background list; Expected, mean of hypergeometric distribution; Ratio, connectivity ratio (Actual/Expected);

z-score, (Actual-Expected)/(standard deviation); p-value: probability to have the value of Actual by chance under null hypothesis of no over-connectivity. Star (*)

denotes significant p-values.

autoantigens to the immune system to be at the heart of
the disease (101–103). Dysregulated apoptosis and clearance
processes might be significant for both initiating the autoimmune
response as well as for the ultimate damage to the skin,
demonstrating how various phases of the disease might be
mutually non-exclusive.

Apoptosis/NK Cells and Inflammation
The role of defects in the apoptotic pathway has been discussed
previously in the context of disease initiation, but may be relevant
for ultimate target damage as well. Multiple apoptotic pathways
are involved in both CCLE skin and blood. We observed
upregulated markers from both the extrinsic (death receptor

related) and intrinsic pathway (stress related) in blood and skin.
An understanding of the molecular events that regulate cell death
at both the skin and systemic level is essential for clarification of
pathogenesis in the disease.

In addition to UV induction of apoptosis, cellular cytotoxic
mechanisms involving CTLs, and natural killer (NK) cells have
also been implicated in CLE (4, 104–107). Our analysis finds
several more NK cell associated genes (65 DEGs, mostly UP)
in the CCLE lesional skin than in the blood profile (14 DEGs,
mostly UP), with 7 DEGs shared between the two environments.
Inflammatory response also included more activated genes in
the skin (90% of 144 DEGs UP) than in the blood (78% of 14
DEGs UP).
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FIGURE 6 | Quantifying gene expression by RT-qPCR. Gene expression for the eight DEGs: CCR2, IFI30, OAS1, OAS2, STAT1, TNFAIP3, ERBB3, and FGFR2, within

both the CCLE skin and blood signatures were quantified using RT-qPCR. Data is normalized to the housekeeping gene β-actin (ACTB). Fold change in gene

expression in peripheral blood (presented as bar graphs with S.E.M) is calculated using the 2−11Ct method and represent duplicate runs of 5 biological replicates

each of CCLE (DLE)-patients and healthy control individuals. Fold change in expression (between case and controls) of CCR2 and STAT1 trended toward significant

(*p-value = 0.055 and 0.053, respectively). CCLE, chronic cutaneous lupus erythematosus/discoid lupus erythematosus; S.E.M., standard error of the mean.

Complement
The complement cascade is known to be involved in opsonization
of apoptotic cells for efficient clearance by phagocytosis, in the
absence of which apoptotic cells may remain longer in the system
to stimulate autoantibody production (108). This aberration in
the clearing mechanism could be associated with both initiation
as well as the target damage stage of the autoimmune reaction.
In the present study, we observe many more dysregulated
genes related to the complement cascade in lesional skin (such
as C2, C1R, C1QB, C3AR1, C4A /// C4B, CD59, CFB, CFD,
ERCC6 /// PGBD3, and ITGB2 among others; 89% UP) than
in blood (C4BPB, CFHR3, FANCC PLAU, IGHG1. and ITGB2;
83% DOWN). Another effect of complement activation can be
apoptosis through cellular events (109), and could be yet another
explanation of the increased apoptosis observed in lesional skin
over blood (described earlier).

Lysosome/Proteasome
Ubiquitin-mediated proteasomal proteolysis constitutes the
intracellular protein-degradation apparatus involved in several
cellular functions such as cell cycle, cell differentiation, immune
and inflammatory response, stress signaling and apoptosis among
others. Upregulated genes (CTSB, CTSC, CTSH, CTSZ, and
CTSL) from the cathepsin related protease family, as well as
15 other members of the proteasome family (all involved in
proteolysis), were skewed toward the blood than in skin. The
evidence supporting enhanced activation of proteolytic markers
in peripheral blood over skin of CCLE patients indicates effective
processing of peptides in the systemic milieu to enable MHC I
and II mediated autoantigen presentation in the disease, which

could lead back to amplification of the immune response and
serve as a feedback mechanism in the disease.

Overall, our investigations offer a global comprehensive
viewpoint of CCLE-associated transcriptional changes that may
be particularly relevant for understanding disease mechanisms
and identification of biomarkers relevant to disease progression.

Genetics
We have reported a significant, but not complete overlap
between our CCLE expression data and previously reported SLE
transcriptional data, indicating that while these two conditions
are related, they are also clearly distinct (110). Five of the twelve
shared DEGs (described above) in the overlapping CCLE skin
and blood “hot spot” regions (AIM2, CD48, CCR2, FEN1, and
LGALS2) also overlap with previously reported SLE associated
genes expression or GWAS studies. The remaining seven
common DEGs in the two profiles (ANP32E, EFNA1, CAP2,
PSMB8, ECH1, TST, and APOBEC3G) that do not overlap with
SLE may thus represent CCLE specific genes. CSNK2B (casein
kinase 2, beta polypeptide), in the CCLE-blood “hot spot” within
the MHC region of chromosome 6, and APOC1, mapping to the
“hot spot” on chromosome 19 in CCLE-skin have also previously
been reported as potential gene markers of CLE (16, 111).

Although the pathogenetic relationship between DLE and
SLE is still unclear, our comparative CCLE skin and blood
analyses supports the existence of both overlapping as well as
distinct genetic susceptibilities and mechanisms relevant to the
development of systemic as well as cutaneous LE as discussed
previously (4, 21, 22, 110, 112, 113). Furthermore, the DEGs
mapping to the “hot spots” which do not overlap with SLE and/or
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are previously identified as CLE susceptibility loci potentially
represent specific association to the cutaneous disease.

Therapeutic Considerations—Current
and Future
Currently, no consensus or evidence based therapeutic regimen
exists for CCLE. Moreover, very few well-controlled trials have
systematically evaluated commonly used treatments for CLE
(114–118). Disease management in CCLE begins with precise
diagnosis and a treatment plan that can only be decided upon
after comprehensive evaluation and recording of patient clinical
and laboratory data. This includes immunological, clinical
presentation, race, sex, age of onset, disease flares history, family
history, past therapy failures, and histopathology of a skin biopsy
among others.

Topical and systemic glucocorticoids, antimalarials,
methotrexate and thalidomide are the standard of care in
SLE, and are used in cutaneous disease as well. All treatments
must be accompanied by intermittent re-evaluation of the
patients to screen disease prognosis. The overall choices in
therapy are discussed very briefly.

Tacrolimus (calcineurin inhibitor), may be a good substitute
for those patients who respond poorly to topical corticosteroids
(119). Antimalarial drugs (oral) such as chloroquine and
quinacrine are also considered the first line of systemic CLE
therapy (120–122). In refractory CLE that does not respond
well to antimalarial therapy, the addition of medications that
generally suppress the immune system is required. These
include: methotrexate (123), mycophenolate mofetil (124), oral
retinoids such as acitretin (125, 126), dapsone (127), as well
as intravenous immunoglobulin (IVIG) (128, 129), Thalidomide
and its structural analogs have also been used to treat recalcitrant
CLE, with success in some cases (130). Trials assessing
monoclonal antibodies such as sifalimumab and belimumab in
CLE are on-going but mostly found to be effective in SLE with
mucocutaneous involvement (131, 132).

We have mapped many of the drugs that are currently
in clinical use for CCLE to their targets of influence in
the “disease road map” based on mechanism of action
(please refer to Figure 3). GO enrichment analyses of our
transcriptional profiles reveal enhanced and activated leukocyte
chemotaxis and B cell activation in skin more so than blood.
This might explain the observed efficacy of the preventive
topical corticosteroids (CS) treatments (114), since they bind
to specific cytoplasmic receptors resulting in the inhibition
of leukocyte infiltration at the site of inflammation. CS
are equally effective in both humoral- and T cell mediated
diseases (133). Over-represented disease-related processes such
as lysosome/proteasome degradation in blood, as well as NK
cells, and antigen processing and presentation in both skin
and blood are expected to be the target of antimalarials
(hydroxychloroquine or chloroquine), that are known to alter
pH in lysosomes (134), modify TLR activation (135) and
inhibit antigen presentation. We observe activated T cell related
processes in CLE skin and blood analyses which are the
predicted targets for several immunosuppressant medications
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such as methotrexate, a T cell proliferation inhibitor used
in the treatment of recalcitrant CLE (123). Thalidomide and
analog lenalidomide effectively target TNF-α in UV-induced
apoptosis, thus decreasing inflammation. Prominent apoptotic
signatures in both skin and blood presumably indicate effective
use of these drugs, but they are not the drug of choice
in cutaneous lupus due to potential serious side effects.
Experimental therapeutic agents include azathropine, (anti-
purine metabolite); apremilast, (phosphodiesterase-4 inhibitor);
R333 (topical JAK/spleen tyrosine kinase inhibitor acting
as an anti-inflammatory molecule), and etanercept (TNF-α
inhibitor). Many of these agents are linked to clinical trials
(Supplementary Table 7).

Clearly, healthcare is moving toward tailoring
medicines/therapy targeting specific molecules in individual
patients whose expression profiles are known. Our genome-wide
transcriptome study is a representation of gene regulation in a
highly balanced system of networks and pathways underlying
CCLE. Disruption of any of the pathways by primary or
secondary drug targeting offers unique treatment opportunities
(136). Overall, our new in silico analyses identified a novel target,
CCR2 which is a key link to prominent disease related pathways
and processes that merits further investigation for potential use
in future therapy of CLE.

Chemokine (C-C motif) receptor2 (CCR2) encodes two
isoforms of a receptor for monocyte chemoattractant protein-1
(MCP-1), which specifically mediates monocyte chemotaxis
in inflammatory diseases such as rheumatoid arthritis. CCR2
maps to the overlapping CCLE skin (FC = 1.8) and blood (FC
= 1.6) “hot spot” on chromosome 3. Additionally, previous
reports have found a positive correlation with increased gene
expression in SLE (137, 138). This makes CCR2 (implicated
in the damaging inflammation underlying autoimmune and
inflammatory diseases) a good potential therapeutic target
candidate in cutaneous lupus as well. We discovered three
xenobiotics: CCX915, CCX140 (clinical trials- phase I and II),
and TAK779 (preclinical) that have been used to target the
extracellular region of CCR2. CCX915 is a highly selective
inhibitor of the CCR2 chemokine receptor in multiple sclerosis
and other autoimmune and inflammatory diseases. Preclinical
data show that CCX140 selectively inhibits CCR2-mediated
migration of monocytes and does not inhibit migration mediated
by other chemokine receptors, even when the compound
is given at high doses. This high degree of target specificity
is an important safety feature that may allow CCX140 to
be effective while avoiding unwanted side effects. We also
discovered one highly specific humanized monoclonal antibody
MLN1202 (clinical trial-Phase II) that interrupts MCP-1
binding to CCR2. These drugs (CCX915, CCX140-B, TAK779,
and MLN 1202) have been used in the past in treatment of
rheumatoid arthritis, diabetes mellitus, multiple sclerosis (139)
and cardiovascular diseases with a modicum of success (140, 141)
(Supplementary Table 7).

SUMMARY

Overall, the present study represents the first comparative
analyses of CCLE skin and blood transcriptional profile along

with “interactome-” “network-” “drug target-” analyses. The
data is integrated and synthesized within the milieu of current
literature on SLE/CCLE. We hypothesize a “disease road-map”
demonstrating a coordinated orchestration of the autoimmune
response in CCLE reflected in three phases: (1) initiation,
(2) amplification, and (3) target damage in skin. In -silico
interactome analyses was conducted to identify potential key
functional players associated with the skin disease. Our careful
and systematic downstream analyses of the CCLE skin and blood
transcriptional data not only allowed us to uncover potential
crucial contributors to the metabolic changes linked to the skin
disease, but to select the best potential target candidate for
future therapy.

Chemokine (C-C motif) receptor2 (CCR2) is the only molecule
within the scope of our bioinformatics-guided analyses that fits
all criteria we used to prioritize it as a potential drug target:
(a) included as CCLE-DEG (blood and skin) by microarray
analysis. The observed upregulation in case vs. control (blood)
and lesional vs. non-lesional (skin) were accompanied by
low e-values of ≤ 0.05, (b) overexpressed in disease vs.
control peripheral blood by RT-qPCR analysis, in a separate
set of samples as those used in the microarray analysis, (c)
enriched in lupus-related pathways and processes by ontology
enrichment analyses, (d) “over-connected” functional molecule
by interactome analysis, (e) a reaction hub by network analysis,
(f) mapped to chromosome 3 in an overlapping skin/blood
transcriptional “hot spot” by chromosome mapping analysis, and
(g) targeted by drugs that are currently being used to treat other
diseases such as inflammatory and immune diseases by drug
target analysis.

In summary, the present study, based on genome-wide gene
expression aims to integrate clinical, genetic and bioinformatics
data to bridge the gap between the laboratory and clinical
management of patients. Information and evidence garnered
from this report potentially impacts future clinical decision-
making through the definition of actionable diagnostic and
prognostic markers of the disease and the illumination of
disease related pathways relevant to therapeutic response.
Finally, we present the exciting possibility of designing
potential new clinical trials (with a shorter cycle time
due to pre-resolved regulatory issues) in the treatment of
CCLE using repurposed drugs that target the CCLE related
receptor, CCR2.

DATA AVAILABILITY

The raw data associated with this study can be accessed associated
with our two previous “Data in Brief” publications which are
from skin (doi: 10.1016/j.dib.2015.02.024; PMID: 26217761) and
blood (doi: 10.1016/j.dib.2014.11.006; PMID: 26217703).

ETHICS STATEMENT

We have followed ethical conduct of research according to the
Weill Cornell Medical College Institutional Review Board: WCM
IRB# 0998-398. Signed consent forms were obtained from all

Frontiers in Immunology | www.frontiersin.org 11 March 2019 | Volume 10 | Article 640

https://doi.org/10.1016/j.dib.2015.02.024
https://doi.org/10.1016/j.dib.2014.11.006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Dey-Rao and Sinha Interactome Analysis: Cutaneous Lupus

patient and healthy control individuals before obtaining punch
biopsies or performing blood draws.

AUTHOR CONTRIBUTIONS

RD-R contributed to experimentation, data analyses, research,
conceptualizing, and writing of the manuscript and editing.
AS contributed to design and procurement of samples for
microarray and editing of manuscript.

FUNDING

This work was supported in part by grants from the Mary
Kirkland Center for Lupus Research; Colleck Research Fund,

Weill-Cornell Medical College; and the Colgate-Palmolive, Co.
to AS.

ACKNOWLEDGMENTS

We thank Birendra Kumar Sinha, Asha Sinha, andMita Sinha for
continuous guidance and support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00640/full#supplementary-material

REFERENCES

1. Dey-Rao R, Seiffert-Sinha K, Sinha AA. Genome-wide expression

analysis suggests unique disease-promoting and disease-preventing

signatures in Pemphigus vulgaris. Genes Immunity. (2013) 14:487–99.

doi: 10.1038/gene.2013.44

2. McCarty DJ, Manzi S, Medsger TA, Jr, Ramsey-Goldman R,

LaPorte RE, Kwoh CK. Incidence of systemic lupus erythematosus.

Race and gender differences. Arthritis Rheum. (1995) 38:1260–70.

doi: 10.1002/art.1780380914

3. Young NA, Wu LC, Burd CJ, Friedman AK, Kaffenberger BH,

Rajaram MV, et al. Estrogen modulation of endosome-associated

toll-like receptor 8: an IFNalpha-independent mechanism of sex-bias

in systemic lupus erythematosus. Clin Immunol. (2014) 151:66–77.

doi: 10.1016/j.clim.2014.01.006

4. Werth VP. Cutaneous lupus: insights into pathogenesis and disease

classification. Bull NYU Hosp Joint Dis. (2007) 65:200–4.

5. Zahn S, Graef M, Patsinakidis N, Landmann A, Surber C, Wenzel J, et al.

Ultraviolet light protection by a sunscreen prevents interferon-driven skin

inflammation in cutaneous lupus erythematosus. Exp Dermatol. (2014)

23:516–8. doi: 10.1111/exd.12428

6. GallegoH, Crutchfield CE, 3rd, Lewis EJ, GallegoHJ. Report of an association

between discoid lupus erythematosus and smoking. Cutis. (1999) 63:231–4.

7. Walling HW, Sontheimer RD. Cutaneous lupus erythematosus: issues

in diagnosis and treatment. Am J Clin Dermatol. (2009) 10:365–81.

doi: 10.2165/11310780-000000000-00000

8. Kuhn A, Sontheimer RD. Cutaneous lupus erythematosus: molecular and

cellular basis of clinical findings. Curr Direct Autoimmunity. (2008) 10:119–

40. doi: 10.1159/000131451

9. Szczech J, Samotij D, Werth VP, Reich A. Trigger factors of cutaneous lupus

erythematosus: a review of current literature. Lupus. (2017) 26:791–807.

doi: 10.1177/0961203317691369

10. Suarez A, Lopez P, Mozo L, Gutierrez C. Differential effect of IL10

and TNF{alpha} genotypes on determining susceptibility to discoid

and systemic lupus erythematosus. Ann Rheum Dis. (2005) 64:1605–10.

doi: 10.1136/ard.2004.035048

11. Lopez-Tello A, Rodriguez-Carreon AA, Jurado F, Yamamoto-Furusho JK,

Castillo-Vazquez M, Chavez-Munoz C, et al. Association of HLA-DRB1∗16

with chronic discoid lupus erythematosus in Mexican mestizo patients. Clin

Exp Dermatol. (2007) 32:435–8. doi: 10.1111/j.1365-2230.2007.02391.x

12. Millard TP, McGregor JM. Molecular genetics of cutaneous

lupus erythematosus. Clin Exp Dermatol. (2001) 26:184–91.

doi: 10.1046/j.1365-2230.2001.00793.x

13. Lee HJ, Sinha AA. Cutaneous lupus erythematosus: understanding

of clinical features, genetic basis, and pathobiology of disease

guides therapeutic strategies. Autoimmunity. (2006) 39:433–44.

doi: 10.1080/08916930600886851

14. Fowler JF, Callen JP, Stelzer GT, Cotter PK. Human histocompatibility

antigen associations in patients with chronic cutaneous lupus

erythematosus. J Am Acad Dermatol. (1985) 12(1 Pt 1):73–7.

doi: 10.1016/S0190-9622(85)70012-6

15. Knop J, Bonsmann G, Kind P, Doxiadis I, Vogeler U, Doxiadis G,

et al. Antigens of the major histocompatibility complex in patients with

chronic discoid lupus erythematosus. Br J Dermatol. (1990) 122:723–8.

doi: 10.1111/j.1365-2133.1990.tb06258.x

16. KunzM, Konig IR, Schillert A, Kruppa J, Ziegler A, Grallert H, et al. Genome-

wide association study identifies new susceptibility loci for cutaneous lupus

erythematosus. Exp Dermatol. (2015) 24:510–5. doi: 10.1111/exd.12708

17. Millard TP, Ashton GH, Kondeatis E, Vaughan RW, Hughes GR, Khamashta

MA, et al. Human Ro60 (SSA2) genomic organization and sequence

alterations, examined in cutaneous lupus erythematosus. Br J Dermatol.

(2002) 146:210–5. doi: 10.1046/j.1365-2133.2002.04618.x

18. Meyer O, Hauptmann G, Tappeiner G, Ochs HD, Mascart-Lemone F.

Genetic deficiency of C4, C2 or C1q and lupus syndromes. Association with

anti-Ro (SS-A) antibodies. Clin Exp Immunol. (1985) 62:678–84.

19. Osmola A, Namysl J, Jagodzinski PP, Prokop J. Genetic background of

cutaneous forms of lupus erythematosus: update on current evidence. J Appl

Genet. (2004) 45:77–86.

20. ZiemerM,Milkova L, KunzM. Lupus erythematosus. Part II: clinical picture,

diagnosis and treatment. J Deutschen Dermatologischen Gesellschaft = J

German Soc Dermatol. (2014) 12:285–301; quiz 2. doi: 10.1111/ddg.12254

21. Dey-Rao R, Smith JR, Chow S, Sinha AA. Differential gene expression

analysis in CCLE lesions provides new insights regarding the genetics

basis of skin vs. systemic disease. Genomics. (2014) 104:144–55.

doi: 10.1016/j.ygeno.2014.06.003

22. Dey-Rao R, Sinha AA. Genome-wide transcriptional profiling of chronic

cutaneous lupus erythematosus (CCLE) peripheral blood identifies systemic

alterations relevant to the skin manifestation. Genomics. (2015) 105:90–100.

doi: 10.1016/j.ygeno.2014.11.004

23. Dey-Rao R, Sinha AA. Genome-wide transcriptional profiling data from

skin of chronic cutaneous lupus erythematosus (CCLE) patients. Data Brief.

(2015) 4:47–9. doi: 10.1016/j.dib.2015.02.024

24. Dey-Rao R, Sinha AA. Genome-wide transcriptional profiling data from

chronic cutaneous lupus erythematosus (CCLE) peripheral blood. Data

Brief. (2015) 2:39–41. doi: 10.1016/j.dib.2014.11.006

25. Coda AB, Icen M, Smith JR, Sinha AA. Global transcriptional analysis

of psoriatic skin and blood confirms known disease-associated

pathways and highlights novel genomic “hot spots” for differentially

expressed genes. Genomics. (2012) 100:18–26. doi: 10.1016/j.ygeno.2012.

05.004

26. Coda AB, Qafalijaj Hysa V, Seiffert-Sinha K, Sinha AA. Peripheral

blood gene expression in alopecia areata reveals molecular pathways

distinguishing heritability, disease and severity. Genes Immun. (2010)

11:531–41. doi: 10.1038/gene.2010.32

Frontiers in Immunology | www.frontiersin.org 12 March 2019 | Volume 10 | Article 640

https://www.frontiersin.org/articles/10.3389/fimmu.2019.00640/full#supplementary-material
https://doi.org/10.1038/gene.2013.44
https://doi.org/10.1002/art.1780380914
https://doi.org/10.1016/j.clim.2014.01.006
https://doi.org/10.1111/exd.12428
https://doi.org/10.2165/11310780-000000000-00000
https://doi.org/10.1159/000131451
https://doi.org/10.1177/0961203317691369
https://doi.org/10.1136/ard.2004.035048
https://doi.org/10.1111/j.1365-2230.2007.02391.x
https://doi.org/10.1046/j.1365-2230.2001.00793.x
https://doi.org/10.1080/08916930600886851
https://doi.org/10.1016/S0190-9622(85)70012-6
https://doi.org/10.1111/j.1365-2133.1990.tb06258.x
https://doi.org/10.1111/exd.12708
https://doi.org/10.1046/j.1365-2133.2002.04618.x
https://doi.org/10.1111/ddg.12254
https://doi.org/10.1016/j.ygeno.2014.06.003
https://doi.org/10.1016/j.ygeno.2014.11.004
https://doi.org/10.1016/j.dib.2015.02.024
https://doi.org/10.1016/j.dib.2014.11.006
https://doi.org/10.1016/j.ygeno.2012.05.004
https://doi.org/10.1038/gene.2010.32
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Dey-Rao and Sinha Interactome Analysis: Cutaneous Lupus

27. Bickel DR. Degrees of differential gene expression: detecting biologically

significant expression differences and estimating their magnitudes.

Bioinformatics. (2004) 20:682–8. doi: 10.1093/bioinformatics/btg468

28. Huang daW, Sherman BT, Lempicki RA. Systematic and integrative analysis

of large gene lists using DAVID bioinformatics resources. Nat Protoc. (2009)

4:44–57. doi: 10.1038/nprot.2008.211

29. Shmelkov E, Tang Z, Aifantis I, Statnikov A. Assessing quality and

completeness of human transcriptional regulatory pathways on a genome-

wide scale. Biol Direct. (2011) 6:15. doi: 10.1186/1745-6150-6-15

30. Bessarabova M, Ishkin A, JeBailey L, Nikolskaya T, Nikolsky Y. Knowledge-

based analysis of proteomics data. BMC Bioinform. (2012) 13(Suppl. 16):S13.

doi: 10.1186/1471-2105-13-S16-S13

31. Harley JB, Alarcon-Riquelme ME, Criswell LA, Jacob CO, Kimberly RP,

Moser KL, et al. Genome-wide association scan in women with systemic

lupus erythematosus identifies susceptibility variants in ITGAM, PXK,

KIAA1542 and other loci. Nat Genet. (2008) 40:204–10. doi: 10.1038/ng.81

32. Clancy RM, Marion MC, Kaufman KM, Ramos PS, Adler A, Harley JB,

et al. Identification of candidate loci at 6p21 and 21q22 in a genome-

wide association study of cardiac manifestations of neonatal lupus. Arthritis

Rheumat. (2010) 62:3415–24. doi: 10.1002/art.27658

33. Hom G, Graham RR, Modrek B, Taylor KE, Ortmann W, Garnier

S, et al. Association of systemic lupus erythematosus with C8orf13-

BLK and ITGAM-ITGAX. N Engl J Med. (2008) 358:900–9.

doi: 10.1056/NEJMoa0707865

34. Han JW, Zheng HF, Cui Y, Sun LD, Ye DQ, Hu Z, et al. Genome-

wide association study in a Chinese Han population identifies nine new

susceptibility loci for systemic lupus erythematosus. Nature genetics. (2009)

41:1234–7. doi: 10.1038/ng.472

35. Yang W, Shen N, Ye DQ, Liu Q, Zhang Y, Qian XX, et al. Genome-

wide association study in Asian populations identifies variants in ETS1 and

WDFY4 associated with systemic lupus erythematosus. PLoS Genet. (2010)

6:e1000841. doi: 10.1371/journal.pgen.1000841

36. Okada Y, Shimane K, Kochi Y, Tahira T, Suzuki A, Higasa K, et al. A

genome-wide association study identified AFF1 as a susceptibility locus for

systemic lupus eyrthematosus in Japanese. PLoS Genet. (2012) 8:e1002455.

doi: 10.1371/journal.pgen.1002455

37. Li R, Yang W, Zhang J, Hirankarn N, Pan HF, Mok CC, et al. Association

of CD247 with systemic lupus erythematosus in Asian populations. Lupus.

(2012) 21:75–83. doi: 10.1177/0961203311422724

38. Chung SA, Taylor KE, Graham RR, Nititham J, Lee AT, Ortmann WA,

et al. Differential genetic associations for systemic lupus erythematosus based

on anti-dsDNA autoantibody production. PLoS Genet. (2011) 7:e1001323.

doi: 10.1371/journal.pgen.1001323

39. Yang J, Yang W, Hirankarn N, Ye DQ, Zhang Y, Pan HF, et al. ELF1 is

associated with systemic lupus erythematosus in Asian populations. Hum

Mol Genet. (2011) 20:601–7. doi: 10.1093/hmg/ddq474

40. Kariuki SN, Franek BS, Kumar AA, Arrington J, Mikolaitis RA, Utset

TO, et al. Trait-stratified genome-wide association study identifies novel

and diverse genetic associations with serologic and cytokine phenotypes

in systemic lupus erythematosus. Arthritis Res Ther. (2010) 12:R151.

doi: 10.1186/ar3101

41. Graham RR, Cotsapas C, Davies L, Hackett R, Lessard CJ, Leon JM, et al.

Genetic variants near TNFAIP3 on 6q23 are associated with systemic lupus

erythematosus. Nat Genet. (2008) 40:1059–61. doi: 10.1038/ng.200

42. Kozyrev SV, Abelson AK, Wojcik J, Zaghlool A, Linga Reddy MV,

Sanchez E, et al. Functional variants in the B-cell gene BANK1 are

associated with systemic lupus erythematosus. Nat Genet. (2008) 40:211–6.

doi: 10.1038/ng.79

43. Cervino AC, Tsinoremas NF, Hoffman RW. A genome-wide study of lupus:

preliminary analysis and data release. Ann N Y Acad Sci. (2007) 1110:131–9.

doi: 10.1196/annals.1423.015

44. Deng Y, Tsao BP. Genetic susceptibility to systemic lupus

erythematosus in the genomic era. Nat Rev Rheumatol. (2010) 6:683–92.

doi: 10.1038/nrrheum.2010.176

45. Wu Z, Siadaty MS, Riddick G, Frierson HF, Jr., Lee JK, Golden W, et al.

A novel method for gene expression mapping of metastatic competence

in human bladder cancer. Neoplasia. (2006) 8:181–9. doi: 10.1593/neo.

05727

46. Luo H, Zhao X, Wan X, Huang S, Wu D. Gene microarray analysis of the

lncRNA expression profile in human urothelial carcinoma of the bladder. Int

J Clin Exp Med. (2014) 7:1244–54.

47. Dey-Rao R, Sinha AA. Vitiligo blood transcriptomics provides new insights

into disease mechanisms and identifies potential novel therapeutic targets.

BMC Genom. (2017) 18:109. doi: 10.1186/s12864-017-3510-3

48. Dey-Rao R, Sinha AA. Interactome analysis of gene expression

profile reveals potential novel key transcriptional regulators of skin

pathology in vitiligo. Genes Immun. (2016) 17:30–45. doi: 10.1038/gene.

2015.48

49. Dey-Rao R, Sinha AA. A genomic approach to susceptibility

and pathogenesis leads to identifying potential novel therapeutic

targets in androgenetic alopecia. Genomics. (2017) 109:165–76.

doi: 10.1016/j.ygeno.2017.02.005

50. Reiner A, Yekutieli D, Benjamini Y. Identifying differentially expressed genes

using false discovery rate controlling procedures. Bioinformatics. (2003)

19:368–75. doi: 10.1093/bioinformatics/btf877

51. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta C(T))Method.Methods. (2001)

25:402–8. doi: 10.1006/meth.2001.1262

52. Ito T, Chiba T, Yoshida M. Exploring the protein interactome using

comprehensive two-hybrid projects. Trends Biotechnol. (2001) 19(10

Suppl.):S23–7. doi: 10.1016/S0167-7799(01)01790-5

53. Ideker T, Ozier O, Schwikowski B, Siegel AF. Discovering regulatory and

signalling circuits in molecular interaction networks. Bioinformatics. (2002)

18(Suppl. 1):S233–40. doi: 10.1093/bioinformatics/18.suppl_1.S233

54. Norris DA, Whang K, David-Bajar K, Bennion SD. The influence of

ultraviolet light on immunological cytotoxicity in the skin. Photochem

Photobiol. (1997) 65:636–46. doi: 10.1111/j.1751-1097.1997.tb01905.x

55. Petri M. Dermatologic lupus: hopkins lupus cohort. Semin Cutan Med Surg.

(1998) 17:219–27. doi: 10.1016/S1085-5629(98)80017-5

56. Sontheimer RD. Photoimmunology of lupus erythematosus and

dermatomyositis: a speculative review. Photochem Photobiol. (1996)

63:583–94. doi: 10.1111/j.1751-1097.1996.tb05660.x

57. Kuhn A, Wenzel J, Weyd H. Photosensitivity, apoptosis, and cytokines in

the pathogenesis of lupus erythematosus: a critical review. Clin Rev Allergy

Immunol. (2014) 47:148–62. doi: 10.1007/s12016-013-8403-x

58. Rekvig OP, Van der Vlag J. The pathogenesis and diagnosis of systemic lupus

erythematosus: still not resolved. Semin Immunopathol. (2014) 36:301–11.

doi: 10.1007/s00281-014-0428-6

59. Yu C, Chang C, Zhang J. Immunologic and genetic considerations of

cutaneous lupus erythematosus: a comprehensive review. J Autoimmun.

(2013) 41:34–45. doi: 10.1016/j.jaut.2013.01.007

60. Lin JH, Dutz JP, Sontheimer RD, Werth VP. Pathophysiology of cutaneous

lupus erythematosus. Clin Rev Allergy Immunol. (2007) 33:85–106.

doi: 10.1007/s12016-007-0031-x

61. Baima B, Sticherling M. Apoptosis in different cutaneous manifestations

of lupus erythematosus. Br J Dermatol. (2001) 144:958–66.

doi: 10.1046/j.1365-2133.2001.04182.x

62. Charles PJ. Defective waste disposal: does it induce autoantibodies in SLE?

Ann Rheum Dis. (2003) 62:1–3. doi: 10.1136/ard.62.1.1-a

63. Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB,

Kalden JR. Impaired phagocytosis of apoptotic cell material

by monocyte-derived macrophages from patients with systemic

lupus erythematosus. Arthritis Rheumat. (1998) 41:1241–50.

doi: 10.1002/1529-0131(199807)41:7<1241::AID-ART15>3.0.CO;2-H

64. Baumann I, Kolowos W, Voll RE, Manger B, Gaipl U, Neuhuber

WL, et al. Impaired uptake of apoptotic cells into tingible

body macrophages in germinal centers of patients with systemic

lupus erythematosus. Arthritis Rheumat. (2002) 46:191–201.

doi: 10.1002/1529-0131(200201)46:1<191::AID-ART10027>3.0.CO;2-K

65. Gaipl US, Munoz LE, Grossmayer G, Lauber K, Franz S, Sarter K, et al.

Clearance deficiency and systemic lupus erythematosus (SLE). J Autoimmun.

(2007) 28:114–21. doi: 10.1016/j.jaut.2007.02.005

66. Kuhn A, Beissert S. Photosensitivity in lupus erythematosus. Autoimmunity.

(2005) 38:519–29. doi: 10.1080/08916930500285626

67. Kuhn A, Herrmann M, Kleber S, Beckmann-Welle M, Fehsel K, Martin-

Villalba A, et al. Accumulation of apoptotic cells in the epidermis of patients

Frontiers in Immunology | www.frontiersin.org 13 March 2019 | Volume 10 | Article 640

https://doi.org/10.1093/bioinformatics/btg468
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1186/1745-6150-6-15
https://doi.org/10.1186/1471-2105-13-S16-S13
https://doi.org/10.1038/ng.81
https://doi.org/10.1002/art.27658
https://doi.org/10.1056/NEJMoa0707865
https://doi.org/10.1038/ng.472
https://doi.org/10.1371/journal.pgen.1000841
https://doi.org/10.1371/journal.pgen.1002455
https://doi.org/10.1177/0961203311422724
https://doi.org/10.1371/journal.pgen.1001323
https://doi.org/10.1093/hmg/ddq474
https://doi.org/10.1186/ar3101
https://doi.org/10.1038/ng.200
https://doi.org/10.1038/ng.79
https://doi.org/10.1196/annals.1423.015
https://doi.org/10.1038/nrrheum.2010.176
https://doi.org/10.1593/neo.05727
https://doi.org/10.1186/s12864-017-3510-3
https://doi.org/10.1038/gene.2015.48
https://doi.org/10.1016/j.ygeno.2017.02.005
https://doi.org/10.1093/bioinformatics/btf877
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/S0167-7799(01)01790-5
https://doi.org/10.1093/bioinformatics/18.suppl_1.S233
https://doi.org/10.1111/j.1751-1097.1997.tb01905.x
https://doi.org/10.1016/S1085-5629(98)80017-5
https://doi.org/10.1111/j.1751-1097.1996.tb05660.x
https://doi.org/10.1007/s12016-013-8403-x
https://doi.org/10.1007/s00281-014-0428-6
https://doi.org/10.1016/j.jaut.2013.01.007
https://doi.org/10.1007/s12016-007-0031-x
https://doi.org/10.1046/j.1365-2133.2001.04182.x
https://doi.org/10.1136/ard.62.1.1-a
https://doi.org/10.1002/1529-0131(199807)41:7<1241::AID-ART15>3.0.CO;2-H
https://doi.org/10.1002/1529-0131(200201)46:1<191::AID-ART10027>3.0.CO;2-K
https://doi.org/10.1016/j.jaut.2007.02.005
https://doi.org/10.1080/08916930500285626
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Dey-Rao and Sinha Interactome Analysis: Cutaneous Lupus

with cutaneous lupus erythematosus after ultraviolet irradiation. Arthritis

Rheumat. (2006) 54:939–50. doi: 10.1002/art.21658

68. Wang G, Pierangeli SS, Papalardo E, Ansari GA, Khan MF. Markers

of oxidative and nitrosative stress in systemic lupus erythematosus:

correlation with disease activity. Arthritis Rheumat. (2010) 62:2064–72.

doi: 10.1002/art.27442

69. Zahn S, Graef M, Barchet W, Bieber T, Tuting T, Wenzel J. Nitrosative stress:

a hallmark of the junctional inflammation in cutaneous lupus erythematosus.

Clin Exp Dermatol. (2013) 38:96–7. doi: 10.1111/j.1365-2230.2012.04472.x

70. Morgan PE, Sturgess AD, Davies MJ. Increased levels of serum

protein oxidation and correlation with disease activity in systemic

lupus erythematosus. Arthritis Rheumat. (2005) 52:2069–79.

doi: 10.1002/art.21130

71. Ryan BJ, Eggleton P. Detection and characterization of autoantibodies

against modified self-proteins in SLE sera after exposure to reactive

oxygen and nitrogen species. Methods Mol Biol. (2014) 1134:163–71.

doi: 10.1007/978-1-4939-0326-9_12

72. Norris DA. Pathomechanisms of photosensitive lupus erythematosus. J

Invest Dermatol. (1993) 100:58S−68S. doi: 10.1038/jid.1993.25

73. Dorner T, HuckoM,MayetWJ, Trefzer U, Burmester GR, Hiepe F. Enhanced

membrane expression of the 52 kDa Ro(SS-A) and La(SS-B) antigens by

human keratinocytes induced by TNF alpha.Ann RheumDis. (1995) 54:904–

9. doi: 10.1136/ard.54.11.904

74. Schroder JM. Cytokine networks in the skin. J Invest Dermatol. (1995) 105(1

Suppl.):20S−4S. doi: 10.1038/jid.1995.5

75. Elloumi N, Fakhfakh R, Ayadi L, Sellami K, Abida O, Ben Jmaa M,

et al. The increased expression of toll-like receptor 4 in renal and skin

lesions in lupus erythematosus. J Histochem Cytochem. (2017) 65:389–98.

doi: 10.1369/0022155417709234

76. MiddletonMH,Norris DA. Cytokine-induced ICAM-1 expression in human

keratinocytes is highly variable in keratinocyte strains from different donors.

J Invest Dermatol. (1995) 104:489–96. doi: 10.1111/1523-1747.ep12605923

77. Albert ML, Sauter B, Bhardwaj N. Dendritic cells acquire antigen from

apoptotic cells and induce class I-restricted CTLs. Nature. (1998) 392:86–9.

doi: 10.1038/32183

78. Nakatani K, Yoshimoto S, Asai O, Sakan H, Terada M, Saito Y, et al.

Enhanced expression of the soluble form of E-selectin attenuates progression

of lupus nephritis and vasculitis in MRL/lpr mice. Immunity Inflamm Dis.

(2013) 1:37–46. doi: 10.1002/iid3.6

79. Lasky LA. Selectin-carbohydrate interactions and the initiation of

the inflammatory response. Ann Rev Biochem. (1995) 64:113–39.

doi: 10.1146/annurev.bi.64.070195.000553

80. Steinman RM, Nussenzweig MC. Avoiding horror autotoxicus: the

importance of dendritic cells in peripheral T cell tolerance. Proc Natl Acad

Sci USA. (2002) 99:351–8. doi: 10.1073/pnas.231606698

81. Dhodapkar MV, Steinman RM, Krasovsky J, Munz C, Bhardwaj N.

Antigen-specific inhibition of effector T cell function in humans after

injection of immature dendritic cells. J Exp Med. (2001) 193:233–8.

doi: 10.1084/jem.193.2.233

82. McCauliffe DP. Cutaneous lupus erythematosus. Semin Cutan Med Surg.

(2001) 20:14–26. doi: 10.1053/sder.2001.23091

83. Werth VP, Dutz JP, Sontheimer RD. Pathogenetic mechanisms and treatment

of cutaneous lupus erythematosus. Curr Opin Rheumatol. (1997) 9:400–9.

doi: 10.1097/00002281-199709000-00005

84. Jlajla H, Sellami MK, Sfar I, Laadhar L, Zerzeri Y, Abdelmoula MS, et al.

New C1q mutation in a Tunisian family. Immunobiology. (2014) 219:241–6.

doi: 10.1016/j.imbio.2013.10.010

85. Kim K, Sung YK, Kang CP, Choi CB, Kang C, Bae SC. A regulatory

SNP at position−899 in CDKN1A is associated with systemic lupus

erythematosus and lupus nephritis. Genes Immunity. (2009) 10:482–6.

doi: 10.1038/gene.2009.5

86. Mihara M, Fukui H, Koishihara Y, Saito M, Ohsugi Y. Immunologic

abnormality in NZB/W F1 mice. Thymus-independent expansion of B

cells responding to interleukin-6. Clin Exp Immunol. (1990) 82:533–7.

doi: 10.1111/j.1365-2249.1990.tb05485.x

87. Shoenfeld Y, Mozes E. Pathogenic anti-DNA idiotype (16/6 Id)

in systemic lupus erythematosus. Rheumatol Int. (1991) 11:91–3.

doi: 10.1007/BF00304494

88. Datta SK. Production of pathogenic antibodies: cognate interactions

between autoimmune T and B cells. Lupus. (1998) 7:591–6.

doi: 10.1191/096120398678920703

89. Lu L, Kaliyaperumal A, Boumpas DT, Datta SK. Major peptide autoepitopes

for nucleosome-specific T cells of human lupus. J Clin Invest. (1999) 104:345–

55. doi: 10.1172/JCI6801

90. Kind P, Lehmann P, Plewig G. Phototesting in lupus erythematosus. J Invest

Dermatol. (1993) 100:53S−7S. doi: 10.1111/1523-1747.ep12355594

91. Freutel S, Gaffal E, Zahn S, Bieber T, Tuting T, Wenzel J. Enhanced

CCR5+/CCR3+ T helper cell ratio in patients with active cutaneous lupus

erythematosus. Lupus. (2011) 20:1300–4. doi: 10.1177/0961203311409267

92. Bresnihan B, Jasin HE. Suppressor function of peripheral blood

mononuclear cells in normal individuals and in patients with systemic lupus

erythematosus. J Clin Invest. (1977) 59:106–16. doi: 10.1172/JCI108607

93. Fauci AS, Steinberg AD, Haynes BF, Whalen G. Immunoregulatory

aberrations in systemic lupus erythematosus. J Immunol. (1978) 121:1473–9.

94. Kouskoff V, Lacaud G, Nemazee D. T cell-independent rescue of B

lymphocytes from peripheral immune tolerance. Science. (2000) 287:2501–3.

doi: 10.1126/science.287.5462.2501

95. Wardemann H, Yurasov S, Schaefer A, Young JW, Meffre E, Nussenzweig

MC. Predominant autoantibody production by early human B cell

precursors. Science. (2003) 301:1374–7. doi: 10.1126/science.1086907

96. Blomberg S, Eloranta ML, Cederblad B, Nordlin K, Alm GV,

Ronnblom L. Presence of cutaneous interferon-alpha producing cells

in patients with systemic lupus erythematosus. Lupus. (2001) 10:484–90.

doi: 10.1191/096120301678416042

97. Seery JP, Carroll JM, Cattell V, Watt FM. Antinuclear autoantibodies and

lupus nephritis in transgenic mice expressing interferon gamma in the

epidermis. J Exp Med. (1997) 186:1451–9. doi: 10.1084/jem.186.9.1451

98. Jacob CO, van der Meide PH, McDevitt HO. In vivo treatment of (NZB

X NZW)F1 lupus-like nephritis with monoclonal antibody to gamma

interferon. J Exp Med. (1987) 166:798–803. doi: 10.1084/jem.166.3.798

99. Crow MK. Interferon pathway activation in systemic lupus erythematosus.

Curr Rheumatol Rep. (2005) 7:463–8. doi: 10.1007/s11926-005-0053-4

100. Pinkus H. Lichenoid tissue reactions. A speculative review of the

clinical spectrum of epidermal basal cell damage with special reference

to erythema dyschromicum perstans. Arch Dermatol. (1973) 107:840–6.

doi: 10.1001/archderm.1973.01620210008002

101. Gaipl US, Kuhn A, Sheriff A, Munoz LE, Franz S, Voll RE, et al. Clearance of

apoptotic cells in human SLE. Curr Direct Autoimmunity. (2006) 9:173-87.

doi: 10.1159/000090781

102. Kuhn A, Krammer PH, Kolb-Bachofen V. Pathophysiology of cutaneous

lupus erythematosus–novel aspects. Rheumatology. (2006) 45(Suppl.

3):iii14–6. doi: 10.1093/rheumatology/kel284

103. Cohen PL, Caricchio R, AbrahamV, Camenisch TD, Jennette JC, Roubey RA,

et al. Delayed apoptotic cell clearance and lupus-like autoimmunity in mice

lacking the c-mer membrane tyrosine kinase. J Exp Med. (2002) 196:135–40.

doi: 10.1084/jem.20012094

104. Henkart PA. Lymphocyte-mediated cytotoxicity: two pathways

and multiple effector molecules. Immunity. (1994) 1:343–6.

doi: 10.1016/1074-7613(94)90063-9

105. Grassi M, Capello F, Bertolino L, Seia Z, Pippione M. Identification of

granzyme B-expressing CD-8-positive T cells in lymphocytic inflammatory

infiltrate in cutaneous lupus erythematosus and in dermatomyositis.

Clin Exp Dermatol. (2009) 34:910–4. doi: 10.1111/j.1365-2230.2009.

03297.x

106. Lieberman J. The ABCs of granule-mediated cytotoxicity: new weapons

in the arsenal. Nat Rev Immunol. (2003) 3:361–70. doi: 10.1038/

nri1083

107. Fogagnolo L, Soares TC, Senna CG, Souza EM, Blotta MH, Cintra ML.

Cytotoxic granules in distinct subsets of cutaneous lupus erythematosus.Clin

Exp Dermatol. (2014) 39:835–9. doi: 10.1111/ced.12428

108. Fishelson Z, Attali G, Mevorach D. Complement and apoptosis. Mol

Immunol. (2001) 38:207–19. doi: 10.1016/S0161-5890(01)00055-4

109. Uwai M, Terui Y, Mishima Y, Tomizuka H, Ikeda M, Itoh

T, et al. A new apoptotic pathway for the complement factor

B-derived fragment Bb. J Cell Physiol. (2000) 185:280–92.

doi: 10.1002/1097-4652(200011)185:2<280::AID-JCP13>3.0.CO;2-L

Frontiers in Immunology | www.frontiersin.org 14 March 2019 | Volume 10 | Article 640

https://doi.org/10.1002/art.21658
https://doi.org/10.1002/art.27442
https://doi.org/10.1111/j.1365-2230.2012.04472.x
https://doi.org/10.1002/art.21130
https://doi.org/10.1007/978-1-4939-0326-9_12
https://doi.org/10.1038/jid.1993.25
https://doi.org/10.1136/ard.54.11.904
https://doi.org/10.1038/jid.1995.5
https://doi.org/10.1369/0022155417709234
https://doi.org/10.1111/1523-1747.ep12605923
https://doi.org/10.1038/32183
https://doi.org/10.1002/iid3.6
https://doi.org/10.1146/annurev.bi.64.070195.000553
https://doi.org/10.1073/pnas.231606698
https://doi.org/10.1084/jem.193.2.233
https://doi.org/10.1053/sder.2001.23091
https://doi.org/10.1097/00002281-199709000-00005
https://doi.org/10.1016/j.imbio.2013.10.010
https://doi.org/10.1038/gene.2009.5
https://doi.org/10.1111/j.1365-2249.1990.tb05485.x
https://doi.org/10.1007/BF00304494
https://doi.org/10.1191/096120398678920703
https://doi.org/10.1172/JCI6801
https://doi.org/10.1111/1523-1747.ep12355594
https://doi.org/10.1177/0961203311409267
https://doi.org/10.1172/JCI108607
https://doi.org/10.1126/science.287.5462.2501
https://doi.org/10.1126/science.1086907
https://doi.org/10.1191/096120301678416042
https://doi.org/10.1084/jem.186.9.1451
https://doi.org/10.1084/jem.166.3.798
https://doi.org/10.1007/s11926-005-0053-4
https://doi.org/10.1001/archderm.1973.01620210008002
https://doi.org/10.1159/000090781
https://doi.org/10.1093/rheumatology/kel284
https://doi.org/10.1084/jem.20012094
https://doi.org/10.1016/1074-7613(94)90063-9
https://doi.org/10.1111/j.1365-2230.2009.03297.x
https://doi.org/10.1038/nri1083
https://doi.org/10.1111/ced.12428
https://doi.org/10.1016/S0161-5890(01)00055-4
https://doi.org/10.1002/1097-4652(200011)185:2<280::AID-JCP13>3.0.CO;2-L
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Dey-Rao and Sinha Interactome Analysis: Cutaneous Lupus

110. Sinha AA, Dey-Rao R. Genomic Investigation of lupus in the skin. J

Invest Dermatol Sympos Proc. (2017) 18:S75–S80. doi: 10.1016/j.jisp.2016.

09.002

111. Calderon C, Zucht HD, Kuhn A, Wozniacka A, Szepietowski JC, Nyberg F,

et al. A multicenter photoprovocation study to identify potential biomarkers

by global peptide profiling in cutaneous lupus erythematosus. Lupus. (2015)

24:1406–20. doi: 10.1177/0961203315596077

112. Zhang YP, Wu J, Han YF, Shi ZR, Wang L. Pathogenesis of cutaneous

lupus erythema associated with and without systemic lupus erythema.

Autoimmunity Rev. (2017) 16:735–42. doi: 10.1016/j.autrev.2017.05.009

113. Merola JF, Prystowsky SD, Iversen C, Gomez-Puerta JA, Norton T, Tsao

P, et al. Association of discoid lupus erythematosus with other clinical

manifestations among patients with systemic lupus erythematosus. J Am

Acad Dermatol. (2013) 69:19–24. doi: 10.1016/j.jaad.2013.02.010

114. Jessop S, Whitelaw DA, Delamere FM. Drugs for discoid lupus

erythematosus. Cochr Database Syst Rev. (2009) 4:CD002954.

doi: 10.1002/14651858.CD002954.pub2

115. Tzung TY, Liu YS, Chang HW. Tacrolimus vs. clobetasol propionate in

the treatment of facial cutaneous lupus erythematosus: a randomized,

double-blind, bilateral comparison study. Br J Dermatol. (2007) 156:191–2.

doi: 10.1111/j.1365-2133.2006.07595.x

116. Jemec GB, Ullman S, Goodfield M, Bygum A, Olesen AB, Berth-Jones J,

et al. A randomized controlled trial of R-salbutamol for topical treatment

of discoid lupus erythematosus. Br J Dermatol. (2009) 161:1365–70.

doi: 10.1111/j.1365-2133.2009.09330.x

117. Chang AY, Werth VP. Treatment of cutaneous lupus. Curr Rheumatol Rep.

(2011) 13:300–7. doi: 10.1007/s11926-011-0180-z

118. Callen JP. Management of “refractory” skin disease in patients with

lupus erythematosus. Best Pract Res Clin Rheumatol. (2005) 19:767–84.

doi: 10.1016/j.berh.2005.05.003

119. Kuhn A, Gensch K, Haust M, Schneider SW, Bonsmann G, Gaebelein-

Wissing N, et al. Efficacy of tacrolimus 0.1% ointment in cutaneous

lupus erythematosus: a multicenter, randomized, double-blind,

vehicle-controlled trial. J Am Acad Dermatol. (2011) 65:54–64, e1–2.

doi: 10.1016/j.jaad.2010.03.037

120. Frances C, Cosnes A, Duhaut P, Zahr N, Soutou B, Ingen-Housz-Oro S, et al.

Low blood concentration of hydroxychloroquine in patients with refractory

cutaneous lupus erythematosus: a French multicenter prospective study.

Arch Dermatol. (2012) 148:479–84. doi: 10.1001/archdermatol.2011.2558

121. Cavazzana I, Sala R, Bazzani C, Ceribelli A, Zane C,

Cattaneo R, et al. Treatment of lupus skin involvement with

quinacrine and hydroxychloroquine. Lupus. (2009) 18:735–9.

doi: 10.1177/0961203308101714

122. Fruchter R, Kurtzman DJB, Patel M, Merola J, Franks AG, Jr., Vleugels RA,

et al. Characteristics and alternative treatment outcomes of antimalarial-

refractory cutaneous lupus erythematosus. JAMADermatol. (2017) 153:937–

9. doi: 10.1001/jamadermatol.2017.1160

123. Wenzel J, Brahler S, Bauer R, Bieber T, Tuting T. Efficacy and safety

of methotrexate in recalcitrant cutaneous lupus erythematosus: results of

a retrospective study in 43 patients. Br J Dermatol. (2005) 153:157–62.

doi: 10.1111/j.1365-2133.2005.06552.x

124. Gammon B, Hansen C, Costner MI. Efficacy of mycophenolate mofetil in

antimalarial-resistant cutaneous lupus erythematosus. J Am Acad Dermatol.

(2011) 65:717–21. doi: 10.1016/j.jaad.2010.08.011

125. Ruzicka T, Sommerburg C, Goerz G, Kind P, Mensing H. Treatment of

cutaneous lupus erythematosus with acitretin and hydroxychloroquine. Br

J Dermatol. (1992) 127:513–8. doi: 10.1111/j.1365-2133.1992.tb14851.x

126. Kuhn A, Patsinakidis N, Luger T. Alitretinoin for cutaneous

lupus erythematosus. J Am Acad Dermatol. (2012) 67:e123–6.

doi: 10.1016/j.jaad.2011.10.030

127. Klebes M, Wutte N, Aberer E. Dapsone as second-line treatment

for cutaneous lupus erythematosus? a retrospective analysis of 34

patients and a review of the literature. Dermatology. (2016) 232:91–6.

doi: 10.1159/000441054

128. Lampropoulos CE, Hughes GR, DP DC. Intravenous immunoglobulin

in the treatment of resistant subacute cutaneous lupus erythematosus:

a possible alternative. Clin Rheumatol. (2007) 26:981–3.

doi: 10.1007/s10067-006-0222-5

129. Ky C, Swasdibutra B, Khademi S, Desai S, Laquer V, Grando SA. Efficacy

of intravenous immunoglobulin monotherapy in patients with cutaneous

lupus erythematosus: results of proof-of-concept study.Dermatol Rep. (2015)

7:5804. doi: 10.4081/dr.2015.5804

130. Cortes–Hernandez J, Torres-Salido M, Castro-Marrero J, Vilardell-Tarres

M, Ordi-Ros J. Thalidomide in the treatment of refractory cutaneous lupus

erythematosus: prognostic factors of clinical outcome. Br J Dermatol. (2012)

166:616–23. doi: 10.1111/j.1365-2133.2011.10693.x

131. Khamashta M, Merrill JT, Werth VP, Furie R, Kalunian K, Illei GG,

et al. Sifalimumab, an anti-interferon-alpha monoclonal antibody, in

moderate to severe systemic lupus erythematosus: a randomised, double-

blind, placebo-controlled study. Ann Rheum Dis. (2016) 75:1909–16.

doi: 10.1136/annrheumdis-2015-208562

132. Narain S, Furie R. Update on clinical trials in systemic

lupus erythematosus. Curr Opin Rheumatol. (2016) 28:477–87.

doi: 10.1097/BOR.0000000000000311

133. Nickoloff BJ, Nestle FO. Recent insights into the immunopathogenesis

of psoriasis provide new therapeutic opportunities. J Clin Invest. (2004)

113:1664–75. doi: 10.1172/JCI200422147

134. Kalia S, Dutz JP. New concepts in antimalarial use and mode

of action in dermatology. Dermatol Ther. (2007) 20:160–74.

doi: 10.1111/j.1529-8019.2007.00131.x

135. Lafyatis R, York M, Marshak-Rothstein A. Antimalarial agents: closing

the gate on Toll-like receptors? Arthritis Rheumat. (2006) 54:3068–70.

doi: 10.1002/art.22157

136. Menche J, Sharma A, Kitsak M, Ghiassian SD, Vidal M, Loscalzo

J, et al. Disease networks. Uncovering disease-disease relationships

through the incomplete interactome. Science. (2015) 347:1257601.

doi: 10.1126/science.1257601

137. Mandel M, Gurevich M, Pauzner R, Kaminski N, Achiron A. Autoimmunity

gene expression portrait: specific signature that intersects or differentiates

between multiple sclerosis and systemic lupus erythematosus. Clin

Exp Immunol. (2004) 138:164–7. doi: 10.1111/j.1365-2249.2004.

02587.x

138. Li YM, Chen ZQ, Yao X, Yang AZ, Li AS, Liu DM, et al. mRNA expression of

chemokine receptors on peripheral blood mononuclear cells and correlation

with clinical features in systemic lupus erythematosus patients. Chin Med

Sci J Chung-kuo i hsueh k’o hsueh tsa chih Chin Acad Med Sci. (2010)

25:162–8.

139. Hamann I, Zipp F, Infante-Duarte C. Therapeutic targeting of

chemokine signaling in Multiple Sclerosis. J Neurol Sci. (2008) 274:31–8.

doi: 10.1016/j.jns.2008.07.005

140. Vergunst CE, Gerlag DM, Lopatinskaya L, Klareskog L, Smith MD, van den

Bosch F, et al. Modulation of CCR2 in rheumatoid arthritis: a double-blind,

randomized, placebo-controlled clinical trial. Arthritis Rheumat. (2008)

58:1931–9. doi: 10.1002/art.23591

141. Proudfoot AE. Is CCR2 the right chemokine receptor to target in rheumatoid

arthritis? Arthritis Rheumat. (2008) 58:1889–91. doi: 10.1002/art.

23590

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Dey-Rao and Sinha. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 15 March 2019 | Volume 10 | Article 640

https://doi.org/10.1016/j.jisp.2016.09.002
https://doi.org/10.1177/0961203315596077
https://doi.org/10.1016/j.autrev.2017.05.009
https://doi.org/10.1016/j.jaad.2013.02.010
https://doi.org/10.1002/14651858.CD002954.pub2
https://doi.org/10.1111/j.1365-2133.2006.07595.x
https://doi.org/10.1111/j.1365-2133.2009.09330.x
https://doi.org/10.1007/s11926-011-0180-z
https://doi.org/10.1016/j.berh.2005.05.003
https://doi.org/10.1016/j.jaad.2010.03.037
https://doi.org/10.1001/archdermatol.2011.2558
https://doi.org/10.1177/0961203308101714
https://doi.org/10.1001/jamadermatol.2017.1160
https://doi.org/10.1111/j.1365-2133.2005.06552.x
https://doi.org/10.1016/j.jaad.2010.08.011
https://doi.org/10.1111/j.1365-2133.1992.tb14851.x
https://doi.org/10.1016/j.jaad.2011.10.030
https://doi.org/10.1159/000441054
https://doi.org/10.1007/s10067-006-0222-5
https://doi.org/10.4081/dr.2015.5804
https://doi.org/10.1111/j.1365-2133.2011.10693.x
https://doi.org/10.1136/annrheumdis-2015-208562
https://doi.org/10.1097/BOR.0000000000000311
https://doi.org/10.1172/JCI200422147
https://doi.org/10.1111/j.1529-8019.2007.00131.x
https://doi.org/10.1002/art.22157
https://doi.org/10.1126/science.1257601
https://doi.org/10.1111/j.1365-2249.2004.02587.x
https://doi.org/10.1016/j.jns.2008.07.005
https://doi.org/10.1002/art.23591
https://doi.org/10.1002/art.23590~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	In silico Analyses of Skin and Peripheral Blood Transcriptional Data in Cutaneous Lupus Reveals CCR2-A Novel Potential Therapeutic Target
	Introduction
	Materials and Methods
	Differentially Expressed Genes (DEGs)
	Quantifying Gene Expression Using RT-qPCR
	Interactome and Drug Target Analysis

	Results
	Differentially Expressed Genes (DEGs) and Ontology Enrichment Analysis
	Pathways and Processes Based Enrichment Analyses
	Identification of Risk Loci
	Identification of a Novel Therapeutic Target
	Validation Studies

	Discussion
	Development of a Disease ``Roadmap''
	Initiation

	Apoptosis
	Oxidation: Reduction
	Cytokines, Chemokine, and Leukocyte Chemotaxis
	Pattern Recognition Receptor (PRR) Signaling
	Amplification of Immune Response
	Cell Adhesion
	Dendritic Cells (DC)
	HLA Region

	T Cell Response
	B Cells
	Interferon
	Target Damage

	Apoptosis/NK Cells and Inflammation
	Complement
	Lysosome/Proteasome
	Genetics
	Therapeutic Considerations—Current and Future

	Summary
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


