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ABSTRACT

Cutaneous Lupus Erythematosus (CLE) is a chronic autoimmune disease that includes
heterogenous cutaneous manifestations and can be presented as an individual disease or
as a manifestation of Systemic Lupus Erythematosus (SLE). CLE pathogenesis is
multifactorial and involves genetic predisposition, environmental factors and immune
response abnormalities. However, etiology of CLE still remains unknown as well as the
complete pathological and molecular mechanisms of CLE subtypes: Subacute Cutaneous
Lupus Erythematosus (SCLE) and Discoid Lupus Erythematosus (DLE) which are the
most prevalent forms, and despite sharing histological similarities, clinically they differ in
their course and prognosis, suggesting different pathogenesis. The fact that the
mechanisms in CLE pathogenesis are currently unknown, implies that therapeutic options
for this condition do not include approved specific drugs and need to be empirically
determined for individual patients. Thalidomide, is an highly effective drug for CLE,
showing clinical efficacy that ranges between 80-90%. However its use is restricted due
to its important side effects such as teratogenicity and peripheral neuropathy. Therefore,
an enhanced understanding of the molecular and genetic basis of the disease as well as
thalidomide mechanism of action is a requirement to improve the search for novel
therapeutic targets.

In this project, the chapter 1 has been focused in exploring the role of miRNAs in CLE.
MicroRNAs, are small noncoding RNAs that regulate numerous cellular processes in
normal physiological conditions and in disease they may be deregulated, promoting
aberrant gene expression. By performing a microarray in CLE lesional skin and non-
lesional skin from paired patients we have found that the DLE subtype presents a specific
miRNA signature compared with SCLE. miR-31 and miR-485-3p have been identified as
a miRNAs upregulated in DLE lesional skin and their role has been examined by in vitro
experiments: miR-31 promotes NF-kB dependent epidermal inflammation and apoptosis,
whereas miR-485-3p promotes T cell activation and fibrosis. Next, focusing on the
common deregulated miRNAs in CLE (including both DLE and SCLE) we have found that
miR-885-5p is downregulated and it promotes epidermal proliferation and also
inflammation through PSMB5 and posterior NF-kB upregulation, and immune recruitment
through TRAF1.

Next on chapter 2, the role of thalidomide has been examined by performing RNA
sequencing in skin biopsies from paired patients before and after receiving thalidomide
treatment together with system biology analysis and we have found that it may act by
modulating de acts via two CRBN-CRL4A dependent pathways: IRF4/NF-kB and
AMPK1/mTOR,

Finally on chapter 3, microRNA expression has been examined after thalidomide and we
have found that miR-31 and miR-885-5p, keratinocyte derived microRNAs that regulate
NF-kB are modulated in both skin from responder patients treated with thalidomide and in
vitro with primary cells treated with thalidomide.

Taken together, our findings provide insights into molecular pathogenetic mechanism in
CLE and in DLE subtype, as well as molecular mechanism of action of thalidomide in CLE.
Novel therapeutic targets have been identified such as the discovered miRNAs or the
molecular pathways affected by thalidomide. Moreover, both miRNAs and thalidomide
affect NF-kB pathway, highlighting that this pathway is crucial in CLE and support the
further study of NF-kB signaling as novel a therapeutic target for CLE.

Abstract



Resumen

RESUMEN

El lupus eritematoso cutaneo (LEC) es una enfermedad autoinmune crénica que incluye
manifestaciones heterogéneas y puede presentarse como una entidad individual o como
una manifestacion de lupus eritematoso sistémico (LES). La patogénesis del LEC es
multifactorial e intervienen la predisposicién genética, los factores ambientales y las
anomalias de la respuesta inmune. Sin embargo, la etiologia del LEC sigue siendo
desconocida, asi como los mecanismos patoldgicos y moleculares completos de sus
subtipos mas prevalentes: Lupus Eritematoso Cutaneo Subagudo (LSA) y Lupus
Eritematoso Discoide (LED) que pesar de compartir similitudes histolégicas, clinicamente
difieren en su curso y pronéstico, lo que sugiere una patogénesis diferente. El hecho de
que los mecanismos en la patogénesis del LEC sean actualmente desconocidos, implica
que las opciones terapéuticas para esta afeccién no incluyan farmacos especificos
aprobados y deban determinarse empiricamente para cada paciente. La talidomida, es
un farmaco muy eficaz para el LEC, con una eficacia clinica que oscila entre el 80-90%.
Sin embargo, su uso esta restringido debido a sus importantes efectos secundarios, como
la teratogenicidad y la neuropatia periférica. Es necesario conocer mejor las bases
moleculares y genéticas del LEC, asi como el mecanismo de accién de la talidomida, para
la identificacion de nuevas dianas terapéuticas.

En este proyecto, el capitulo 1 se ha centrado en explorar el papel de los miRNAs en el
LEC. Los microRNAs, son pequefios RNAs no codificantes que regulan numerosos
procesos celulares en condiciones fisiolégicas normales y pueden estar desregulados,
promoviendo una expresion génica aberrante. Mediante la realizacion de un microarray
en la piel lesional y no lesional de pacientes con LEC, se ha hallado que el Lupus Discoide
presenta un perfil especifico de miRNAs en comparacion con el Lupus Subagudo. El miR-
31y miR-485-3p han sido identificados como miRNAs regulados al alza en la piel lesional
del LEC y su papel ha sido examinado mediante experimentos in vitro: el miR-31
promueve la inflamacién epidérmica dependiente de NF-kB y la apoptosis, mientras que
miR-485-3p promueve la activacion de las células T y la fibrosis. A continuacion,
centrandonos en los miRNAs comunmente desregulados en el LEC (incluyendo tanto el
LED como el LSA), el miR-885-5p esta desregulado y promueve la proliferacion
epidérmica y también la inflamacion a través de PSMBS5 y la posterior regulacion de NF-
KB, y el reclutamiento de leucocitos a través de TRAF1.

A continuacion, en el capitulo 2, se ha examinado el papel de la talidomida realizando la
secuenciacion de ARN en biopsias de piel de pacientes pre y post tratados con talidomida
junto con un analisis de biologia de sistemas y se ha descubierto que actua modulando
dos vias dependientes de CRBN-CRL4A: IRF4/NF-kB y AMPK1/mTOR,

Por ultimo, en el capitulo 3, se ha examinado la relacion de la talidomida con los microARN
de interés y hemos descubierto que el miR-31 y miR-885-5p, que regulan el NF-kB, estan
modulados tanto en la piel de pacientes respondedores tratados con talidomida como in
vitro con queratinocitos primarios tratados con talidomida.

En conjunto, nuestros hallazgos proporcionan informacién sobre el mecanismo
patogénico molecular en el LEC y en el subtipo de LED, asi como el mecanismo molecular
de accién de la talidomida en el LEC. Se han identificado nuevas dianas terapéuticas,
como los miRNAs descubiertos o las vias moleculares afectadas por la talidomida.
Ademas, tanto los miRNAs como la talidomida afectan a la via del NF-kB, destacando que
esta via es crucial en el LEC y apoyando el estudio de la sefalizacion del NF-kB como
nueva diana terapéutica para el LEC.
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Introduction

1. Introduction

1.1 The Structure and Function of Skin
1.1.1 Skin definition and function

Skin is the largest organ of the human body with a surface that measures around 1.5-2m?,
a thickness of 0.5-4 mm and weights approximately the 15 percent of total body weight in
adults [1] (Fig 1). It provides an effective barrier between the organism and the environment
[2,3] .

iﬁf‘ ey e HQ >

ST s PR

b T

Figure 1. A whole slide image of hematoxylin and eosin staining in human skin. Modified from
Kleczek et al. [4]

The skin main function is to act as a protective barrier against infection and mechanical

and chemical injuries.

Other important functions include [5,6]

Maintenance of hydrolytic balance: It helps reducing water loss with the water-
impermeable stratum corneum.

e Photoprotection: Skin pigment melanin protects the body from damage caused by
UV (Ultraviolet) radiation caused by sun exposure.

e Sensory perception: Skin is enriched with free nerve endings and end corpuscles.

e Thermoregulation: Regulation of heat loss is achieved by vasodilatation and
vasoconstriction and by the sweat produced by eccrine sweat glands.

¢ Vitamin D synthesis: The epidermis is the major source of vitamin D for the body.
It contributes to bone formation, calcium metabolism, and immune regulation.

e Immunologic surveillance: Skin is infiltrated by immune cells that initiate immune

responses against pathogens. Also, cells that are present in the skin are able to
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Introduction

secrete anti-microbial peptides that are active against a variety of bacteria, viruses
and fungi and the sweat-derived peptide dermcidin has been shown to have potent
anti-microbial activity.

e Self-regeneration: Skin has a regenerative capacity that is of vital importance in
case of burns and trauma. It has a vast reserve of stem and progenitor cells that

are able to repair wounds and the injured body surface.

1.1.2 Skin structure and cell types

The skin consists of three separated but functionally dependent layers, from the outermost

to the innermost are the following: epidermis, dermis, and hypodermis (Fig 2).

Hair shaft

Dermis '
- Sweat gland '

Arrector pili muscle

Sebaceous gland Free nerve endings '

Hair follicle

Capillaries vessels

Hair follicle receptor

Hypodermis :
Hair root :
Pacinian corpuscle _— 4
Cutaneous
vascular plexus Adipose Sbstie

Figure 2: Schematic illustration of the anatomy of the skin. . From Ramadon et al. [7].

Epidermis: It is the most superficial skin layer. Cells that compose the epidermis are
mainly keratinocytes (KCs) (95%), but also melanocytes, Langerhans cells (LCs) and

Merkel cells are present [8].

Depending on the keratinocyte stage differentiation, the epidermis is organised in five
distinct cell levels from the deepest layer to the most superficial are: the stratum basale,
stratum spinosum, stratum granulosum, stratum lucidum and stratum corneum [9] (Fig 3)
. In the stratum basale, keratinocytes have a high proliferative capacity, and cells are
continuously proliferating and continue with differentiation by ascending up to the next
stratums. When keratinocytes reach the last step of their differentiation convert into cells

named corneocytes that are devoid of their nucleus and almost all their water content.
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Corneocytes are dead skin cells filled with the tough protein keratin and form the stratum
corneum and function as the main element of the skin barrier [10]. In this stratum there
are lipid components that integrate between corneocytes to prevent dehydration [11] . It
takes around 30 days for a new keratinocyte cell to move up through the epidermis
stratums and achieve terminal differentiation state [12]. Keratinocytes are connected by
desmosomes that provide cell-to-cell adhesion and help linking cell surface proteins to
intracellular keratin cytoskeletal filaments [13]. These junctions are crucial for the correct
functioning of the skin, and they anchor the cells to each other to maintain skin integrity
[14].

Dead keratin layer Stratum corneum
Stratum lucidum

Lamellar granule
Stratum granulosum

Desmosome

Langerhans cell
Stratum spinosum

Keratinocyte

Melanocyte Stratum basale

Figure 3: Schematic representation of epidermis layer of human skin. From Ramadon et al. [7].

Keratinocytes also participate in immunity as they can distinguish pathogens due to
recognition of pathogen-associated molecular patterns (PAMPs) [15]. As a result, they
secrete antimicrobial peptides, Interleukins (IL)-1, IL-6, IL-10, IL-12, IL-17, IL-18, IL-22,
tumor necrosis factor alpha (TNFa), major histocompatibility complex (MHC) class | and Il
glycoproteins, and chemokines such as CXCL1, CXCL8, CXCL9, CXCL10, CCL11 and
CXCL20 that promote immune cell recruitment [16-18]. The secreted inflammatory

effectors trigger dermal immune responses.
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Melanocytes are cells derived from the neural crest and they are found in the basal layer
of the epidermis. They are in contact with keratinocytes through cytoplasmic extensions
known as dendrites [19]. Melanin is synthetised in their subcellular organelles called
melanosomes. The melanosomes are organised in a cap that protects keratinocytes from

the harmful ultraviolet radiation [20].

LCs are bone marrow derived antigen presenting cells that provide a state of immune
tolerance and in case of infection or skin damage, activate effector T cells [21]. LCs are

found in the basal, spinous and granular epidermal layers of the epidermis [22].

Merkel cells are specialised cells located in the basal layer of the epidermis with
neuroendocrine and sensory functions as they membrane interacts with nerve endings in

the skin and are specialised in the perception of light touch [23].

The zone between the epidermis and the dermis is called the dermal-epidermal junction
and it is composed by macromolecules that unite the keratin intermediate filaments of the
basal keratinocytes with the collagen fibers of the superficial dermis [24]. The junction
maintains the epidermal-dermal adherence and gives mechanical support to the

epidermis.

Dermis: 1t is the middle layer of the skin located below epidermis and above the
hypodermis. It is 0.5-5 mm thick and composed of collagen, elastin, salts, water, and a gel
of glycosamin proteoglycans that provide density to the dermal layer of the skin [25]. It has
two layers: the most superficial is the papillary dermis and the deepest is called reticular
dermis. The dermis sustains and supports the epidermis and has thermoregulatory,
sensitive and immunological functions. Fibroblasts are the predominant cells and control
the production and maintenance of the structural components of the dermis such as
procollagen and elastic fibers [26]. Procollagen is cleaved by N and C proteinases into
collagen that forms the 70% of the dermis. The predominant types are collagen | and IlI
[27]. Collagen provides structure and support to mechanical forces. The elastic fibers are

responsible of the flexibility and elasticity.

The dermis presents a complex organization, as there are present blood and lymphatic
vessels, nerves, sweat and sebaceous glands and hair follicles. It has also numerous
immune cell populations such as Dendritic Cells (DCs), CD4* T lymphocytes, yd T
lymphocytes, natural killer (NK) T cells, mast cells and macrophages [28] (Fig 4).

Dermal fibroblasts are crucially involved in the skin wound healing process; however,
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increased fibroblast proliferation and deposition of extracellular matrix components may
lead to fibrosis [29].
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Figure 4: Schematic representation of the cell types present in epidermal and dermal layers
of human skin. From Nestle et al. [30].

Hypodermis: It is the deepest skin layer and lies under the dermis. It consists mainly of
fat-storing cells called adipocytes, but also contains fibroblasts, connective tissue, larger
nerves, blood vessels, and macrophages [31]. Its function is to store energy supply. In
addition, it allows mobility over underlaying structures. In non-obese subjects, about 80%
of all body fat is located within the hypodermis [32]. Drugs can be administrated
subcutaneously in hypodermis as it is vascularised and that allows an effective drug
absorption and rapid onset of action [33].

1.2 Cutaneous Lupus Erythematosus

1.2.1 CLE definition

Cutaneous Lupus erythematosus (CLE) is an autoimmune chronic disease that includes
a broad range of dermatologic manifestations and usually follows a relapsing-remitting
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course. It can be presented as an individual disease affecting skin or as a clinical

manifestation within the spectrum of systemic lupus erythematosus (SLE).

1.2.2 CLE Types and classification

According to the classification developed by James N. Gilliam and R.D. Sontheimer in

1981, the manifestations of CLE can be divided into two types: Lupus Erythematosus (LE)-

specific and LE-nonspecific lesions [34] (Fig 5). LE specific manifestations include

symptoms that are not seen in other disorders and are highly characteristic of CLE. On

the other hand, LE-nonspecific manifestations are skin lesions that are associated with

lupus but not exclusive and may be found in patients with active SLE but also in other

autoimmune diseases.

Cutaneous lupus erythematosus (CLE)

LE specific lesions

Non-specific LE lesions

U

e Chilblain Lupus
¢ Lupus Profundus

Acute CLE Subacute CLE Chronic CLE Other
(ACLE) (SCLE) (CCLE)
e Facial e Annular e Discoid (DLE) « Bullous
e Photodistributed e Papulosquamous o Localised CLE
¢ Widespread e Drug-induced o Widespread e Rowell’s
SCLE e LE Verrucous syndrome
e LE Tumidus

Associated with
systemic organ
involvement or
other autoimmune
diseases.

(see Table 1)

Figure 5. Cutaneous Lupus Erythematosus (CLE) classification according to Gilliam and
Sontheimer [34]

1.2.2.1 LE-specific lesions

LE-specific lesions can be classified into three subgroups: Acute Cutaneous Lupus

Erythematosus (ACLE), Subacute Cutaneous Lupus Erythematosus (SCLE) and Chronic

cutaneous Lupus Erythematosus (CCLE) (Fig 5). An alternative classification has been
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proposed with a novel subgroup: Intermittent Cutaneous Lupus Erythematosus that

includes Lupus Erythematosus Tumidus (LET) [35].

- Acute Cutaneous Lupus Erythematosus (ACLE): ACLE has a very close association
with systemic lupus disease [36]. There are localised and generalised forms of ACLE. The
localised form is the frequently described malar, or “butterfly” rash, which refers to
erythema that occurs over both cheeks, extends over the nasal bridge, and spares the
nasolabial folds (Fig 6a). These lesions are classically transient, sun-induced, and non-
scarring, although dyspigmentation can occur. Malar rashes have been reported to be
present in up to 52% of SLE patients at the time of diagnosis, with clinical activity of the
rash paralleling that of the systemic disease [37]. The generalised form of ACLE is rarely
observed and this form occurs above and below the neck and has been referred to as a
‘maculopapular rash of lupus’ or ‘photosensitive lupus dermatitis. In addition, it may occur

with prolonged generalised organ disease activity [38].

:
|

- : 4

Figure 6. a) Patients with ACLE typically have a butterfly rash on the face. b) Skin samples from
these patients histologically show moderate interface dermatitis with some infiltrating neutrophils
(magnification x100). Modified from Wenzel et al. [39].

Histologically, ACLE lesions show liquefactive degeneration of the basal layer, oedema of
the upper dermis, and a scattered interface, perivascular, and periadnexal lymphocytic
infiltrate, all of which are generally less pronounced as compared to other CLE subtypes
(Fig 6b) . Immunologically, positive Antinuclear Antibodies (ANA) are found in 95% of
ACLE patients, as well as a high incidence of anti-double strand (Anti-ds)DNA and anti-
Smith (Anti-Sm) antibodies. Lesional direct immunofluorescence reveals granular immune
deposits at the dermal-epidermal junction and perivascular deposits in the upper dermis,

most commonly Immunoglobulin (Ig)-M [40].

-Subacute Cutaneous Lupus Erythematosus (SCLE): SCLE occurs primarily in young
to middle aged women. SCLE is highly photosensitive, with 70-90% of patients having and
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abnormal photosensitivity after sun exposition. The lesions are frequently found in the
following sun-exposed areas: neck, upper thorax (‘V’ distribution), upper back, and the
extensor surfaces of arms and forearms, and hands, however the face and the scalp are
frequently unaffected [41]. The initial SCLE presentation consists of erythematosus
macules that turn into extended annular polycyclic plaques, papulosquamous psoriasic-
like lesions or combination of both [42]. The annular type is characterised by scaly annular
erythematous plaques, which tend to coalesce and produce a polycyclic array. The
papulosquamous variant can resemble eczema or psoriasis, as well as pityriasis
occasionally. The cutaneous lesions, even though being sizeable, are not indurated and

heal without scarring, although hypopigmentation may occur (Fig 7a).

A high proportion SCLE patients present anti-SSA/Ro (70-80%) and anti-SSB/La
antibodies (30-40%). In addition, the presence of anti-SSA/Ro antibodies has been
associated with SCLE photosensitivity [43]. An estimated 50% of SCLE patients will meet
criteria for SLE. Studies found that 70-80% of SCLE patients had ANA positive, but with
low prevalence (5%) of anti-dsDNA [44]. SCLE has been found to be frequently
associated with the existence of human lymphocyte antigen (HLA)-DR3 [45].

Some drugs have been considered triggering factors of SCLE (drug induced (DI)-SCLE).
Commonly used drugs that have been associated with SCLE are angiotensin-converting
enzyme inhibitors, anticonvulsants, beta-blockers, and immune modulators, including
TNFa inhibitors. There have been case reports of the development of SCLE in
malignancies that could be associated to the new check-point inhibitors, mainly. These

medications unmask SCLE in immunogenetically susceptible individuals, probably via

photosensitizing mechanisms [46].

Figure 7. a) Non- scarring erythematosquamous lesions in sun- exposed skin are a typical feature
of SCLE. b) SCLE presents histologically as mild interface dermatitis (magnification x100). Modified
from Wenzel et al. [39].
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Histologic examination of SCLE lesions demonstrates hydropic degeneration of the basal
keratinocytes, dermal oedema, hyperkeratosis, follicular plugging, and a sparse superficial
and deep inflammatory infiltrate predominantly lymphocytic [37] (Fig 7b). The density and
depth of the inflammatory infiltrate are less accentuated and less restricted to periadnexal,
and perivascular regions compared with other CCLE subtype such as DLE. Also, the
presence of follicular plugging and hyperkeratosis are significantly less pronounced than
in DLE. The presence of “dust-like particles” representing IgG deposits on direct

immunofluorescence (DIF) is a highly specific but not sensitive finding in SCLE [47].

- Chronic Cutaneous Lupus Erythematosus (CCLE): CCLE is the most severe skin
manifestation of Lupus. Chronic cutaneous lupus includes discoid LE (DLE),
hypertrophic/verrucous LE, LE profundus (LEP), chilblain LE (CHLE), and LE tumidus
(LET).

DLE: Discoid lesions are the most common lesions of CCLE and DLE represents 50-
98% of the CCLE cases [48]. DLE occurs more frequently in women in their fourth and fifth

decade of life. It is characterised by inflammatory, scarring lesions, mainly involving the
head or neck, but also elsewhere, mostly on the photoexposed areas. DLE may be

localised or generalised [49]. Localised DLE commonly involves the head and neck, and
particularly the scalp and ears. However, generalised DLE, which occurs both above and
below the neck, is less common and typically involves the extensor forearms and hands
[50]. DLE can occur on mucosal surfaces, including lips, and oral, nasal, and genital

mucosa.

Clinically DLE is presented as erythematous macule or papules, well-demarcated, scaly
and with follicular plugging, which progressively develops into an indurated discoid (coin-
shaped) plaque with an adherent scale. The extension into the hair follicle, results in
scarring alopecia. Over time, lesions become atrophic and scarring, with central
hypopigmentation, peripheral hyperpigmentation and telangiectasias [51] (Fig 8a). Around
half of DLE patients will develop significant skin scarring and scarring alopecia is present

in one-third of DLE patients.

Serologically, DLE patients have a lower incidence of ANA, anti-dsDNA, anti-Sm, anti-U1

Ribonucleoprotein (RNP), and anti- SSA/Ro antibodies, as compared to other CLE
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subtypes [52]. Patients with DLE can progress to a SLE through their disease course,
although the rates are low (5-18%) [53].

Histologically long-standing DLE lesions reveal hyperkeratosis, dilated compact keratin-
filled follicles, vacuolar degeneration of the basal keratinocytes, and an intensely
predominantly lymphocytic infiltrate along the dermal-epidermal junction, around the fair

follicles and eccrine ducts, in an interstitial pattern (Fig 8b) [54].

Figure 8. a) DLE lesions begin as well-demarcated erythematous macules or papules with a scaly
surface, and frequently evolve into larger coin-shaped plaques. b) Histological samples show
dense perifollicular and perivascular infiltrates combined with interface dermatitis and follicular
plugging (magnification x50). Modified from Wenzel et al. [39].

The evolutionary phases of DLE are also observed at the histological level:

- In the active phase, the histology shows keratinocyte necrosis/apoptosis, periadnexal
and perivascular lymphocytic infiltrate under an interface dermatitis, hyperkeratosis
orthokeratosis, edema of papillary dermis and vessels dilatation, erythrocytes
extravasation in the superficial dermis, initial atrophy, melanophages in the papillary
dermis and an impressive deposit of mucin among the collagen fibers [55]. Follicular
hyperkeratosis is a characteristic picture. In this phase, thickening of the basement
membrane may be highlighted with periodic acid-Schiff (PAS) straining [56].
Immunofluorescence may be positive for immunoglobulin (IgM, IgG and IgA) and

complement at the dermo-epidermal junction and around hair follicles.

- In later phases, the histology shows a reduction in basal vacuolar degeneration, edema
and lymphocyte infiltrate and is characterised by epidermal and adnexal atrophy, dermal
fibrosis, vessels dilatation and presence of melanophages corresponding to the clinical

scarring aspects [57].
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Other CCLE variants include (Fig 9):

- Hypertrophic or verrucous LE: It is a distinct form of chronic cutaneous (discoid)
lupus, which is characterised by hyperkeratotic plaques that typically are observed
over sun-exposed areas (frequently face, extensor surfaces of forearms arms, and
upper trunk). Lesions vary from squamous violet, painful papules and blackish
hyperkeratotic ulcers to depigmented atrophic plaques on the back, hyperkeratotic
papules on upper extremities, and disseminated keratoacanthoma-like
papulonodular verrucous lesions. Classic discoid lesions and squamous cell
carcinoma may be associated [58].

- Lupus Erythematosus Profundus (LEP) or panniculitis, is characterised by
painful firm subcutaneous nodules in areas of increased fat deposition, such as the
upper arms and legs, face, and breasts [59]. LEP tends to have a chronic course,
characterised by remission and flares, and ultimately leaving atrophic scars and
loss of subcutaneous fat. Histology shows lobular panniculitis with a dense
lymphocytic infiltrate.

- Chilblain lupus erythematosus (ChLE). It is a rare form of CCLE that resembles
frostbite. Lesions are painful, violaceous plaques and nodules in cold-exposed
areas. Central erosions or ulcerations may occur on acral surfaces, such as fingers,
toes, heels, nose, and ears. Pathology shows epidermal atrophy, interface
vacuolization, and a perivascular mononuclear infiltrate [60].

- Lupus Erythematosus Tumidus (LET) is a very sensitive form of CCLE with
lesions appearing in sun-exposed areas: face, arms, back, V-area of the neck and
shoulders. The swollen aspect and the red color are the mainly traits of LET lesions
[61]. Histologically is characterised by large clusters of plasmacytoid dendritic cells

(pDCs) and mucin deposition [62].

Verrrucous LE Lupus Profundus Chilblain LE Lupus Tumidus

Figure 9. Chronic Cutaneous lupus has different subsets, the most common is Discoid Lupus
however other skin affections are seen such as verrucous CCLE, Lupus Profundus, Chilblain
LE and Lupus Tumidus.
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Other forms of LE-specific lesions include bullous acute lupus erythematosus
(characterised by subepidermal bullae) and Rowell syndrome (with erythema multiforme-

like target lesions).

1.2.2.2 LE non-specific lesions

The LE non-specific lesions are skin lesions that are associated with lupus but are not
specific from the lupus disease. Identical lesions can be seen in other diseases. They are
strongly associated with SLE [63]. Table 1 includes all the described non-specific LE
lesions in which the most common types are: cutaneous vasculitis, livedo reticularis,

alopecia and Raynaud phenomenon.

Non-specific LE skin lesions

Cutaneous vascular disease
Vasculitis
- Leukocytoclastic
Palpable purpura
Urticarial vasculitis
- Periarteritis nodosa-like
cutaneous lesions
Vasculopathy
- Degos’ disease-like lesions
- Secondary atrophie blanche
(livedoid vasculitis, livedo
vasculitis)
Periungual telangiectasia
Livedo reticularis
Thrombophlebitis
Raynaud's phenomenon

Erythromelalgia (erythermalgia)

Nonscarring alopecia
"Lupus hair"
Telogen effluvium

Alopecia areata

Other cutaneous manifestations
Sclerodactyly

Rheumatoid nodules

Calcinosis cutis

LE-nonspecific bullous lesions
Urticaria

Papulonodular mucinosis

Cutis laxa/anetoderma
Acanthosis nigricans (type B insulin
resistance)

Erythema multiforme

Leg ulcers

Lichen planus

Table 1. Non-specific LE skin lesions.

1.2.2 CLE epidemiology

Only few studies have evaluated the prevalence and incidence of CLE showing

consistency between the different studied populations.
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Incidence: According to the different studies, the overall CLE incidence ranges from 2.7
to 4.3 per 100.000. In United States, Jarukitsopa et al. [64] described that the incidence
of CLE was 4.2 per 100,000; (95% confidence interval [CI] 3.1, 5.2, p= 0.10). They also
found that CLE was three times higher than SLE in males (2.4 versus 0.8 per 100,000,
p=0.009) and that the prevalence of CLE and SLE in women were similar, but the CLE
prevalence was higher in men than in women (56.9 versus 1.6 per 100,000, p<0.001).
Durosaro et al [65] , found that in Minnesota (USA), the CLE incidence rate was 4.30 per
100.000 (95% CI, 3.62—4.98). In Sweden, Grédnhagen et al. [66] described that the
average annual incidence of CLE in Sweden 2005-2007 was 4.0 per 100,000 (95 % CI
3.9-4.2). Further analysis showed that DLE incidence rate was 3.2 per 100, 000 (95 %
Cl 3.0-3.4) and 0.6 per 100, 000 (95 % CI 0.5- 0.7) for SCLE. In South Korea, Sang
Baek et al. [67] showed that the average annual incidence of cutaneous lupus was 4.36
per 100 000. Finally, in Denmark, Petersen et al. [68] described that the annual
incidence rate (IR) of CLE was 2.74 per 100,000 and that the female:male ratio was 4:1

with no differences in the gender distribution between the disease subtypes (p=0.27).

Prevalence: The overall described prevalence of CLE ranges from 73 to 86 per 100
000. Durosaro et al. in USA [65] found to be 73.24 per 100 000 (95% CI, 58.29-88.19).
Whereas Jarret et al. [69] in New Zealand found CLE prevalence to be 86.0 per 100,000
(95% CI 78.1-94.7). This study concluded that Maori and Pacific people in Auckland,
New Zealand, have greater relative risk of cutaneous lupus compared to the European
population and in particularly, high risk of discoid lupus erythematosus. This higher
prevalence could be related to the fact that SLE is more common in “Polynesians”
compared to other ethnic groups. Moreover, they used capture—recapture technique

which accounts for unidentified cases by examining different but overlapping databases.

1.2.2.1 CLE subtypes epidemiology (LE-specific)

DLE is the most common subtype reported in the studies. In the Minnesota study [65], the
age- and sex-adjusted incidence rate per 100,000 for DLE was 3.56 (95% CIl 2.94—4.18).
Jarrett et al. [69] described that the prevalence rate of DLE per 100,000 for Maori/Pacific
was 27.24 (95% CI 20.73-35.82) and the European rate was 6.57 (95% CI 3.76-11.49).
In French Guiana, the crude average incidence of DLE was 3.56 per 100,000 per year
[70].

The incidence of subacute cutaneous lupus erythematosus (SCLE) in Sweden was 0.7
per 100,000 per year [66] consistent with the Minnesota study that described the SCLE
incidence rate was of 0.63 per 100.000 (95% CI 0.37-0.89) [65].
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The other forms of CLE (hypertrophic, profundus, mucosal, tumidus, chillblain) are
unusual. For example, the incidence of lupus tumidus and bullous lupus, is reported as
0.07 per 100.000 (95% CI 0.00-0.16) and 0.03 per 100.000 (95% CI 0.00-0.08),
respectively [71].

1.2.2.2 CLE association with SLE

Skin involvement is very common in SLE as it occurs in 70-80% of SLE patients during
the course of their disease [72]. Up to 20-25% of patients with SLE will have a skin lesion
as a first sign of the systemic disease [73]. A study in 260 SLE patients showed that LE-
non-specific cutaneous manifestations were present in 43% of the SLE patients and LE-
specific in 23% of the patients [74]. Of the LE-specific, DLE (11%) was the most common
followed by SCLE (8%) and ACLE (4%). Of the LE-non-specific skin manifestations
Raynaud's phenomenon was the most common (25%), followed by non-scarring alopecia
(9%) and vasculitis (8%) [74].

Cutaneous manifestations are so prevalent and relevant, that some of them are included
in the classification criteria for SLE. For example, in the Systemic Lupus International
Collaborating Clinics (SLICC) classification [75], four of the eleven criteria used for SLE
classification are mucocutaneous and include ACLE (also including SCLE), CCLE, oral
ulcers and non-scarring alopecia, emphasizing the importance of skin involvement in

lupus.

CLE is not always associated to SLE and sometimes patients have some autoantibodies
without fulfilling the criteria for SLE. The probability of a CLE patient of being diagnosed of
SLE was of 18.1% (95% Cl 14.1-22.1%) during the first three years after being diagnosed
with CLE. High ANA titters (>1:320), anti-dsDNA, anti-SSA/Ro, anti-SSB/La, leucopenia

and arthralgia have been described risk factors of progression [76].

As is showed in table 2, the rate of systemic manifestations varies according to the

underlying subtype of CLE.
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Type of CLE Relation with SLE Ref.

ACLE A high proportion of ACLE patients present ANAs (~80%) | [44]
or anti-double-stranded DNA antibodies (30—40%).

SCLE Around 20-50% of SCLE patients fulfill the American [77]

College of Rheumatology (ACR) criteria for SLE.

Around 5-35% of all patients with DLE are ANA- positive, [78]
and some patients develop systemic features of SLE (5—
DLE 18% of DLE patients).

SLE patients have a 20-25% risk over their lifetime of
developing one or more classic DLE.

Anti- SSA/Ro and anti-SSB/La antibodies are rare (10— [79]
LET 20% of LET patients) and LET patients rarely develop SLE
(<5%).

Table 2. Relation of cutaneous lupus with systemic lupus disease.

Although the prognosis of CLE is often more favourable than SLE, in a significant
proportion of patients CLE can be disfiguring and debilitating. For this reason, the impact
in our society is pronounced,; it is the third most common cause of industrial disability from
dermatological diseases, with 45% of patients experiencing some degree of vocational
handicap [80].

1.2.3 CLE diagnosis

CLE diagnosis should be based on the findings of patient history, clinical exam, laboratory
studies, serology, as well as histology and direct immunofluorescence exam of skin
biopsies if the histology is not diagnostic. Detailed skin examination is crucial for classifying

the CLE subtype and systemic involvement needs to be excluded.

The cornerstone of CLE diagnosis is a lesional biopsy for histology, and it should be
performed in SLE patients mainly if lesions are atypical or refractory [81]. The skin biopsy
should be performed in an established lesion (at least 6-month-old) that is still active.
Within this features, it provides the highest yield for both hematoxylin eosin-stained
sections and direct immunofluorescence technique [82]. An optimal diagnostic specimen
should be around 4 mm diameter and can be obtained using the punch biopsy technique
extending to the subcutaneous fat. However, in case of lupus panniculitis, a deep incisional

biopsy may be required.
Histologic findings vary by subtype, but in general CLE lesions share the features of

vacuolar or hydropic change and lymphocytic infiltrates. Direct immunofluorescence of

lesional biopsies can supplement non-definitive histologic findings. The lesional lupus
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band test refers to the finding of immunoglobulins and complement at the dermal-
epidermal junction of a lesional biopsy, a classic finding in CLE [83]. Deposits are typically
granular in appearance, and most commonly contain Complement component 3(C3), IgG
and IgM, although IgA can be found (Fig 10a, 10b). A lupus band test is interpreted as

positive when all the following criteria are met:

1. IgM or IgG must be demonstrated singly or in combination with other
immunoglobulin classes at the epidermal or appendageal basement membrane
zone. Complement components or alternate pathway proteins may be present.

2. The pattern must consist of either a homogeneous or granular band, or a band

made up of closely spaced fibrils, threads, or stipples.

3. The immunofluorescence should be bright.

Figure 10. a) Linear band- like deposits of IgM along the dermoepidermal junction of a chronic
discoid lupus erythematosus lesion. b) Granular deposits of C3 along the dermoepidermal junction
of a chronic discoid lupus erythematosus lesion. From Meurer et al. [84].

A negative test does not exclude the diagnosis. Also, a positive test does not secure the
diagnosis, as false positive tests can occur in sun-damaged skin. A positive lupus band
test in non-lesional and non-sun exposed skin is associated with (but not diagnostic for)
systemic disease. In most cases, clinical and histologic findings provide sufficient

information to make a diagnosis of CLE.

Serological tests for autoantibodies should be performed in CLE newly diagnosed patients

to determine the presence of SLE.

1.2.4 CLE activity and severity assessment (CLASI)

Cutaneous Lupus Area and Severity Index (CLASI) was developed by Albrecht et al. [85].
It is a system to measure CLE disease activity and damage. Within this index the lesional

morphology and the anatomic location are considered. It consists of two scores, the
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CLASI-A that summarizes the activity of the disease and ranges from 0 (mild) to 70
(severe) and include measures for erythema, scale/hypertrophy, mucous membrane
lesions, recent hair loss, and nonscarring alopecia. The second part of the score is CLASI-
D, a measure of the damage done exclusively by the disease and is scored in terms of
dyspigmentation and scarring, including scarring alopecia. The reduction of CLASI score
is associated with an improvement in disease. It is widely used in clinical trials and

research studies (Annex 1).

1.2.5 CLE pathogenesis

The initial and perpetuating mechanism involved in the pathogenesis of CLE is not well
understood yet. It is likely to be multifactorial with a complex interaction occurring between
environmental exposures and genetic susceptibility that triggers and/or propagates

immune dysregulation, resulting in disease in affected individuals (Fig 11).

CLE involved Factors

Genetic | | Epigenetics | Environmental | Immunoregulatory

" DNA UV light Keratinocytes
: methylation
Polymorphisms y Tobacco Innate immunity
i Histone S :
X-linked Genes Kiodifications Drugs Adaptative immunity
Risk Alleles MicroRNAs Others Inflammatory mediators

(Type 1 IFN, cytokines)

Skin damage

CLE

Figure 11. Factors involved in CLE pathogenesis

1.2.5.1 Genetic factors

Genetic studies, including those of families, of affected individuals, and of affected

populations in genome-wide association studies (GWAS), have identified genetic
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polymorphisms, mutations, and risk alleles in CLE populations [86]. The vast majority of
these identified genes are involved in pathways that affect the function of innate and
adaptive immune responses, predisposing to immune dysregulation. Among others, these
include apoptosis/cell death, deoxyribonucleic acid (DNA) processing, the type | interferon
(IFN) pathway, migration of leukocytes, the complement cascade and clearance of cell
debris, T-cell immune checkpoints, antigen presentation, and antibody production [87].
Although various risk alleles have been found in CLE, only one monogenic cause had
been identified [88]. Mutations in the Three Prime Repair Exonuclease 1 (TREX1)
represent the only monogenic cause of cutaneous lupus identified to date, resulting in the
rare form of CCLE familial chilblain lupus [89]. These patients develop cold-induced
purple-red lesions on acral surfaces, which may ulcerate. TREX1 is a cytosolic DNA
exonuclease that plays an essential role in the homeostatic degradation of single stranded
DNA (ssDNA), and TREX1 deficiency results in intracellular ssDNA accumulation.
Recognition of these accumulated nucleic acids by innate immune receptors results in

chronic hyperactivation of the type | interferon pathway [90].

X-Linked Genes

Female gender is a known risk factor for CLE as supported by the preponderance of
disease in females. Sex hormone differences may explain this increased risk as estrogen
may enhance autoantibody production via B cell and monocyte activity [91]. However, the
effects of estrogens and androgens are still unclear with conflicting results as patients with

anti-estrogen treatment have been reported to develop SCLE skin lesions [92].

Recent investigation into human skin sexual dimorphism identified the putative
transcription factor vestigial-like family member 3 (VGLL3) as an essential regulator of
female-biased genes that may contribute to an autoimmune phenotype in women [93].
VGLL3 influences type | interferon responses and promotes the expression of genes
encoding inflammatory molecules, many of which are genetic risk variants previously
identified in autoimmune diseases including SLE. In normal skin, VGLL3 is more highly
expressed in female-derived tissue. In addition, skin-directed overexpression of VGLL3 in
mice causes a lupus-like disease with cutaneous manifestations. When analysing, skin
expression of VGLL3 and their targets including BAFF (B cell activating factor) and ITGAM
(Integrin Subunit Alpha M) in SCLE, no differences were observed between males and

females, suggesting that VGLL3 is a sex-biased risk factor prior to disease manifestation
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and a general regulator brought to comparable functional levels in the two sexes as

autoimmune conditions arise.

Risk Alleles

Several genes related to apoptosis, DNA processing, type | IFNs, immune stimulation, and
antibody production identified by genome-wide association studies have been associated
with CLE.

HLA variants are associated with numerous immune diseases as they orchestrate antigen
presentation and immune activation. HLA-B8, HLA-DR, and HLA-DQ have been
associated with SLE, and HLA-DR2 and HLA-DR3 have been associated with SCLE [86].

Regarding DLE susceptibility MHC HLA DQA1, DQA1*0102, HLA A*03, B*07, DRB1*15
alleles have been described [94]. A predictive role may exist for HLA-B8 as DLE females
with this haplotype progress to SLE [95]. The role of the HLA variants is important as they

may allow for the forecast of severity and ultimately disease progression.

Polymorphisms in cell death genes ITGAM, MHC Class | Polypeptide-Related
Sequence A (MICA) and B (MICB), DNA repair gene MSH5, vesicle trafficking Flotillin
1 (FLOT1) and interferon pathway genes TRIM39-RPP21, Interferon Regulatory Factor
(IRF)5, Signal Transducer And Activator of Transcription (STAT)4, and Tyrosine
Kinase (TYK)2 have all been associated with CLE. IRF5 and TYK2 have been associated
specifically with both SCLE and DLE subtypes and their expression is upregulated after

UV exposure and are known to promote type | IFN [96] .

Subtype differences may exist, with SCLE associated with C1gA, C2, C4, TNF 308A [97].
The TNF308A single-nucleotide polymorphism (SNP) transcript is increased with UVB
radiation and participates in autoantigen presentation, cytokine production, and immune
recruitment, suggesting a photosensitivity predisposition in SCLE [98]. CCLE is associated
with STAT4, ITGAM, Cytotoxic T-Lymphocyte Associated Protein (CTLA)4, and TREX1,
with recent molecular profiling highlighting IFNy as well. Early complement deficiencies
are associated with autoimmunity and in particular in individual and familial cases of DLE
[99].
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Epigenetics

In addition to genetic mutations and polymorphisms that predispose to CLE, external

stimuli may interact with the genome in susceptible individuals to cause epigenetic

variation, leading to dysregulated gene expression via DNA methylation, histone

modification, and microRNA-mediated gene silencing.

36

DNA Methylation: In SLE, DNA hypomethylation in T cells has been
identified resulting in increased inflammatory gene expression [100].
Regarding lupus skin manifestations, malar rash and DLE have been
associated with differentially methylated regions (DMRs) of naive CD4" T
cells in SLE patients [101]. These DMRs were affecting genes that mediate
cell proliferation, apoptosis, and antigen presentation, suggesting that DNA
methylation plays a role in CLE pathogenesis. Studies on SCLE, DNA
methylation analyses revealed demethylation of the promoters of perforin
and CD70, a B-cell costimulatory molecule, expressed in CD4" T cells.
Both perforin and CD70, are overexpressed in SCLE T cells, suggesting a
possible pathogenic link [102,103].

Histone modifications: In SLE patients, histone modifications in
peripheral blood mononuclear cells [104, 105] are found and their
correlation with disease activity and nephritis manifestations has been
established. No studies have been performed in CLE patients yet.
Interestingly, the inhibition of histone deacetylase, an enzyme involved in
the removal of acetyl groups from lysine residues in histones, can
upregulate B-cell microRNAs (miRNAs) that silence Activation-induced
cytidine deaminase (AID) and B lymphocyte-induced maturation protein-1
(Blimp-1) [106], contributing to B-cell differentiation processes that underpin
antibody and autoantibody responses in lupus MRL/Faslpr/lpr mice a lupus
model mice that presents spontaneously lesions that resemble CLE.
Further research may be needed to elucidate the histone modifications in
CLE.

microRNAs: Several microRNAs are dysregulated in SLE, and some of
them have been extensively investigated. Among the most studied, miR-21
was found upregulated in T cells from SLE patients and promotes
hypomethylation [107]. mir-146a is downregulated in SLE PBMCs



(Peripheral blood mononuclear cells) and when downregulated promotes
inflammation via NF- kB regulation [108]. And miR-150, that inhibits both T
cell and B cell activation and proliferation and is downregulated in B cells
and CD4" T Helper (Th) 1 cells from SLE patients [109]. At the time of this
thesis, no miRNAs in CLE had been described.

In this thesis, the role of miRNAs in CLE has been explored as there were no previous
studies investigating their role in CLE. Further investigation in the role of miRNAs in CLE
can provide a better understanding of the pathogenic mechanisms involved in this

condition and may yield targets for therapy to restore normal epigenetic patterns.
microRNAs definition

microRNAs, also known as miRs or miRNAs, are abundant, small, highly
conserved, non-coding RNA sequences that are about 19-22 nucleotides in length [110].
Its main function is to regulate gene expression post-transcriptionally by binding to mRNA.
The miRNA-mRNA complementary union promotes the gene expression regulation is by
preventing mRNA from being translated or inducing mRNA degradation [111] The
interaction of the miRNA with the mRNA is short, around 6 to 8 nucleotides. Therefore,
multiple genes can be targeted by the same miRNA and therefore, a single miRNA can
regulate simultaneously different cellular pathways and biological processes. They
approximately regulate 60% of all the protein- coding genes and they can modulate the
gene expression in the same cell where are being synthetised or can be enveloped in
extracellular vesicles, secreted, transported to neighboring cells and regulate gene
expression in recipient cells [112]. For this reason, they are considered fundamental
regulators of gene expression. In recent years, more than 2,000 human miRNAs have
been described employing new advances in molecular biology and bioinformatics,

achieving relevance in translational research.

microRNAs in skin

miRNAs are involved in development, organogenesis, proliferation and apoptosis, among
other cell processes. In skin physiology, the role of miRNAs is well-known as they are
involved in epidermal and dermal proliferation, pigmentation, aging, wound healing, skin

microbiome and skin immunity [113].
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microRNAs in skin disease.

Under normal physiological conditions, microRNAs are regulating correct cell functions.
However, in disease, microRNAs may change, inducing an altered gene expression that
leads into an aberrant phenotype when they are dysregulated, they may alter relevant
cellular processes, favoring pathogenic conditions. On the other hand, they may also play
protective roles by trying to re-establish cell homeostasis. A miRNA balance is key for the
correct functioning of cell and tissue physiology.

As microRNAs play crucial roles in development, homeostasis and regeneration of the
skin, their deregulated expression may result in skin disorders (Fig 12). Recent findings
show that miRNAs are involved in skin carcinogenesis [114] and also, in the pathogenesis
of chronic inflammatory skin diseases, as lesional skin from chronic inflammatory skin
diseases such as psoriasis or atopic dermatitis presents specific miRNA expression
profiles that differ from healthy skin [115].
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Figure 12. microRNAs are involved in several cellular processes in the skin. From Gerasymchuk
M et al, [116].
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1.2.5.2 Environmental factors

Ultraviolet (UV) light

Photosensitivity is a well-known phenomenon in lupus, as 60-80% patients with SLE have
photosensitive skin lesions [117]. In addition, evaluation of CLE skin shows that lesions
are commonly found in the sun-exposed areas indicating that UV is an important
environmental factor. UV light exposure is the most well-known factor in triggering skin
injury in CLE. UV irradiation directly induces chemokine production by epithelial cells, and
it also causes DNA damage, resulting in keratinocyte apoptosis and necrosis. Dying
keratinocytes release inflammatory cytokines and chemokines, which in turn recruit
lymphocytes and pDCs. Keratinocyte death may also result in release of nuclear debris,
which can stimulate pDCs via Toll-like receptors (TLRs) and can also serve as a reservoir

of autoantigen for autoreactive T and B cells.

Spectrum differences in ultraviolet exposure may exist as UVA penetrates the dermis and
activates metalloproteinases to evoke immune infiltration, whereas UVB induces cell
proliferation in the epidermis and increases FAS—FASL interactions in hair follicle [118].
Recently the role of UVB in SLE skin lesions has been investigated by Skopelja-Gardner
et al. [119] and they found that a single exposure to UVB light triggers not only an early
exaggerated cutaneous IFN-I response in female mice but also a systemic IFN-I response
in the blood and kidneys. Characterization of the generated IFN response in the skin
showed that it was dependent on the stimulator of Interferon Response CGAMP Interactor
1 (STING) and cytosolic DNA sensing adaptor protein downstream of cyclic GMP-AMP
(cGAMP) synthase (cGAS) but independent of pDCs recruitment, suggesting a

mechanism for CLE initiation and flares.

Another mechanism by which UV can induce CLE may be dependent of epidermal IFNk
production by keratinocytes. IFNk has been found increased in epidermis from CLE
lesional skin and it plays a pathogenic role in CLE by amplifying and accelerating
responsiveness of epithelia to IFNa and increasing keratinocyte sensitivity to UV
irradiation [120]. Therefore, IFNk is a critical IFN in CLE pathology via promotion of

enhanced IFN type | responses and photosensitivity.

In addition, UV light protection has been shown to prevent skin injury in CLE [121].

Currently, the only treatment for photosensitivity is sunlight avoidance and broad-
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spectrum, high sun protective factor (SPF) sunscreen, which prevents the development of

disease-specific skin lesions in CLE patients exposed to UVA/UVB.

Tobacco

Cigarette smoking is associated with CLE, and it is suggested that tobacco smoke
contributes to CLE disease activity by increasing inflammatory cytokines, apoptosis,
autoantibodies, and the development of free radicals. Compared with non-smokers,
smokers with CLE have worse quality of life and worse skin disease, as measured by the
CLASI Index [122]. There is conflicting data regarding whether smokers respond to
antimalarials as well as non-smokers, but smokers exhibit more recalcitrant disease than
non-smokers if both antimalarials and immunomodulators are required [123]. It is still
unknown whether decreased treatment efficacy in smokers is due to direct interference of
cigarette smoke with the treatment or to the higher disease severity in smokers. It is also

possible that some smokers may have lower medication adherence rates.

Drugs

Some drugs have been reported to induce SLE and CLE. Drug-induced skin-limited SCLE
(DI-SCLE) is much more common than drug induced CCLE of which very few cases have
been reported. Table 3 shows the most frequently drugs associated with the development
of DI-SCLE [124]. A systematic review of drug induced SCLE found the most frequently
reported causative medications to be antihypertensives (most commonly
hydrochlorothiazide and calcium channel blockers) and terbinafine, with less frequent
reports of many other medications including chemotherapeutics, antihistamines,
leflunomide, interferon, antiepileptics, statins, lansoprazole, and non-steroidal anti-
inflammatory drugs (NSAIDs) such as naproxen and piroxicam [125]. Medications highly
associated with DI-SLE are thought to enhance innate immune responses, particularly of
neutrophils, resulting in increased neutrophil extracellular trap (NET) formation and
autoantigen exposure. It is hypothesised that DI-SLE/SCLE due to TNFa inhibitors may
be in part due to the immunogenicity of the medications themselves, though more recent
formulations have lower immunogenicity and DI-SLE/SCLE continue to be reported to
these agents. There may also be a component of “unmasking” rather than causing the
SLE or SCLE, as some patients treated with TNFa inhibitors have conditions that are

associated with a higher baseline risk of SLE, such as rheumatoid arthritis [126].
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Drugs associated with Subacute Cutaneous Lupus Erythematosus

ACE inhibitors (e.g. captopril)

Antiepileptics (e.g. phenytoin)

Antimicrobial agents (e.g. griseofulvin, terbinafine and tretracycline)

B.Aderenoreceptor antagonists (e.g. acebutolol)

Calcium channel blockers (e.g. diltiazem and nifedipine)

Chemotherapeutic agents (e.g. tamoxifen and docetaxel)

NSAIDs (e.g. naproxem and piroxicam)

Proton pump inhibitors (e.g. omeprazole

Sulfonylureas (e.g. glyburide)

Thiazide diuretics (e.g. hydrichlorothiazide)

Others (eg. Bupropion, leftunomide, interferon a ...)

Table 3. Medications associated with triggering subacute cutaneous lupus erythematosus
patterns.

Others

Other possible proposed factors implicated in CLE are viral infections, stress and diet but
no significant evidence has been found yet. Studies investigating the microbiome in SLE
patients have suggested that host-microbe interactions contribute to the development of
disease [127]. Molecular mimicry is proposed to play a role in the development and
propagation of autoimmunity in SLE and SCLE patients with anti-SSA/Ro antibodies.
Evolutionarily conserved Ro60 protein orthologues were identified in a subset of human
skin, oral, and gut commensal bacteria, which was found to be cross-reactive with both
the SCLE/SLE patient’s anti-Ro antibodies as well as their Ro60 autoreactive T cell clones
[128].

1.2.5.3 Immunoregulatory related factors

Insights from genetic studies and environmental triggers in lupus pathogenesis implicate
both innate and adaptive immune components. Overall, CLE is a disease of dysregulated
immune homeostasis, resulting in unwanted innate immune stimulation and adaptive
immune activation (Fig 13). The autoimmune pathways involved in CLE development and
pathogenesis remain incompletely understood. It must also be emphasised that the
complete sequence of events from environmental trigger, if any, to immune activation to

disease is also unknown. However, there is substantial data that suggests the following:
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Initiating the damage: Keratinocytes

Keratinocytes play an important role in the cutaneous lupus pathogenesis and appear to
be involved in the initiation and sustainment of the lesions. They interact with host
immunity and often serve as innate immune cells by releasing “alarmins” and danger
signals that activate neighbouring immune sentinels and recruit adaptive immune
lymphocytes to areas of stress or damage [129]. As a consequence of UVB light in genetic
predisposed individuals together with other unknown triggers, as stated previously,
keratinocytes start an aberrant apoptosis [130]. CLE keratinocytes are known to be more
susceptible to apoptosis. This enhanced epidermal apoptosis in CLE lesions has been
demonstrated by the increase level of proteins that mediate apoptotic processes such as
Fas (CD95), TNF-related apoptosis-inducing ligand (TRAIL) and TRAIL-R1 [131,132].
Within keratinocyte apoptosis, epidermal nuclear debris and autoantigens are resealed
and are recognised by autoantibodies, resulting in the release of additional
proinflammatory cytokines and skin inflammation. In addition, CLE keratinocytes exposed
to UVB light produce several cytokines such as IL-1B, IL-6, TNFa, IFNa, IFNk, IFNA, and
chemo attractants such as CXCL10 [133]. As a consequence, the immune system is
activated, and immune cells are recruited to the skin. Together, keratinocytes and IFNs

appear to initiate and sustain CLE disease activity.

Sensing the damage: Innate immunity

Into detail, all nuclear debris such as RNA and DNA resulting from the apoptotic
keratinocytes, are recognised by Antigen Presenting Cells (APCs) that in turn activate T
cell responses. One of the most important DC type in CLE pathogenesis are pDCs which
are relatively abundant in CLE, especially in DLE and are known to be recruited in the skin
after UVB exposure. CLE lesions are characterised by a strong IFN type 1 signature in

which pDCs are the main producers [134].

Neutrophils mediate the presence of NETs, which are networks of chromosomal DNA,
histones, and granule proteins that are released by neutrophils [135]. Lupus skin lesions
show evidence of infiltration by netting neutrophils in the dermis and subcutis of several
subtypes such as discoid lupus, acute cutaneous lupus, subacute cutaneous lupus, and
lupus panniculitis. Netosis was most frequently seen in DLE (32%) than in SCLE (5%)
[136].
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TLRs may be involved in the initiation of pDCs and neutrophil activity in CLE. In CLE, there
is an activation of TLR7 and TLR9 by endogenous nucleic acids [137]. Moreover,

neutrophils are known to be activated by TLR7 agonists [138].

Macrophages have been slightly studied in CLE, mainly in DLE. They modulate T-cell
differentiation and facilitate antigen presentation. DLE lesional skin presented a
transcriptome analysis of an M1 macrophage gene signature that may contribute to local
inflammation and damage and Th1 differentiation [139]. On the other hand, M2
macrophage-related proteins were also detected by immunohistochemistry, suggesting
that diversity of macrophage subtypes may be due to their gene expression plasticity and

a mixture of acute and chronic phases in the DLE skin.

Regarding epidermal Langerhans cells, they are reduced in CLE lesions, which may reflect
dendritic cell activation and migration into the regional lymph nodes [140]. In contrast, it is
known that LCs interaction with apoptotic Keratinocytes has anti-inflammatory effects and
is critical for resolution of UVB-induced cutaneous inflammation [141]. Therefore, low
levels of LCs may decrease its tissue protective function from UVB and contribute to CLE

pathogenesis.

Effectors: Adaptive Immunity

T cells

T cells are the most abundant immune cell type within CLE. The inflammation in CLE
seems to be predominantly mediated by a Th1 response, especially in DLE, in which high
numbers of CD4" Th1 cells are infiltrated in the lesional sites [142]. Type | IFNs produced
by the pDCs recruit Th1 lymphocytes into CLE lesions by increasing the production of
CXCL10 in CLE skin, specifically in keratinocyte cells [143]. CXCL10 is known to correlate
with the presence of pDCs and lymphocytes in CLE [144] .

CLE lesions have shown less Th17 genes compared with psoriasis and SLE but some
authors like Oh et al. [145] and Tanasescu et al. [146] have observed elevated expression
of IL-17 in the CLE lesion sites. Yet, others as Jabbari et al. [147] found little evidence of
Th17 in lesions and IFNy regulated genes were upregulated whereas IL-17 gene
expression was not increased in DLE. However, most recently, CLE patients that are non-
responders to antimalarials expressed more STAT3, a Th17-associated marker
suggesting some role in refractoriness [148]. So far, the role of Th17 responses in CLE is

not completely established and further studies are needed.
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Cytotoxic CD8" T cells are the driver of keratinocyte death and disruption of the dermal-
epidermal junction. Cytotoxic CD8" T cells (CTLs) express granzyme B that is involved in
promoting cell apoptosis via activating caspases. In DLE, decreased circulating CD8"
CXCR3" cells have been found. It has been postulated that extravasation to the skin and
over-recruitment of the cytotoxic T cell pool leads to low circulating populations. These
CD8" T cells seem to be activated based on expression of granzyme B and correlation

with type | IFN—dominant signature in scarring DLE lesions [149].

Finally, regulatory T cells are involved in the inhibition of inflammation by secreting
inhibitory cytokines such as IL-10 and transforming growth factor-f (TGF-B) and by
suppressing other T cells through direct contact [150]. Franz et al [151]. reported that LE
lesional skin displays reduced numbers of FoxP3* Regulatory T cells (Tregs) and that may

contribute to insufficient suppression of inflammation.

B cells

B cells act as autoantibody producers and inflammatory cytokine secretors. Accumulation
of necrotic debris in CLE is thought to contribute to autoantibody production. Keratinocytes
are known to upregulate autoantigens such as Ro52 in CLE [152]. UV radiation induces
translocation from nucleus and cytoplasm to the cell surface of SSA/Ro, SSB/La, RNP,
and Sm. Studies have demonstrated that antigens Ro and La re-localize into apoptotic
bodies in UV-irradiated KCs undergoing programmed cell death [153]. B cells may then
produce autoantibodies. Presence of antibodies against these antigens are common in
CLE, especially anti- SSA/ Ro in SCLE subtype. ACLE is strongly associated with anti-
dsDNA antibodies and ANA and CCLE is negatively associated with anti-extractable
nuclear antigens (ENA) and anti-dsDNA antibodies [154]. Studies are being conducted to
explore the contribution of b cells in CLE pathogenesis. In that sense it has been has
identified a transcriptional B cell signature that is more prominent in DLE patients and more
prominent when the CLE lesions occur without associated SLE, and concluded that B cell
function in skin may be an important link between cutaneous lupus and systemic disease
activity [155]

Although autoantibodies play a significant role in CLE pathogenesis, there are individuals
without autoantibodies that present CLE. When autoantibodies bind to autoantigens in
the skin there is a release of cytokines and subsequent inflammation, however their exact
implications remain to be defined. Another reason to think that B cells may be involved in

CLE producing autoantibodies and perpetuating inflammation, but may not be the
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essential pathogenic players, is the fact that B cell therapies approved in SLE do not show

high clinical efficacy when treating CLE.

NK T cells
NK cells may also play a role in cytotoxicity and can overlap with T cells as NK T cells. In

DLE blood samples, there are decreased NK T cells, suggesting their recruitment to skin
[156, 157].

Inflammatory mediators

Type I Interferon

Studies found that type | IFN-related genes are highly upregulated in CLE and correlate
with CLASI scores [158]. IFNa is thought to play an important role, as elevated levels have
been found in the serum of patients with SLE in addition to their family members without
SLE, suggesting heritability. Type | IFNs have pleiotropic effects on the immune system
by affecting survival, differentiation, and proliferation [159]. IFNa has been shown to
promote production of chemokines CXCL9 and CXCL10 to recruit immune cells to the skin
[160]. Despite its crucial known implication in disease, the initial source of IFNs in CLE is
still uncertain. It is hypothesised that keratinocytes may be an initial source as they have
been shown to produce type | IFNk upon UVB irradiation as well as type Ill IFNA in
response to immunostimulatory nuclear acids. Importantly, these type | IFNs have
autocrine effects on keratinocytes and result in the production of cytokines and
chemokines such as IL-6, IFNa, CXCL9, and CXCL10 to recruit CXCR3"* immune cells.
Keratinocyte-induced IFN may be the initial insult, but propagation of IFN may be
sustained by the recruited immune cells such as neutrophils, macrophages, and pDCs via
their responses to cellular debris [161]. Taken together, IFN signaling appears to
contribute to CLE disease pathogenesis and is one of most critical immune pathways

involved

Cytokines
Cytokines such as TNFa, IL-1, IL-6, IL-10, IL-12, IL-17, IL-18 have been detected in CLE
and are involved in the initiation and perpetuation of CLE skin lesions [162] . Their

implication is detailed in Table 4:
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Cytokine

Source

Function

Role in CLE

TNFa

Keratinocytes
Fibroblasts
Mast cells

Proinflammatory

- Stimulates production of
inflammatory cytokines,
chemokines and adhesion
molecules such as IL-1, IL-6,
CXCLS8, CCL20, VCAM-1 and
ICAM-1.

- Activates B cells antibody
production.

- Upregulates keratinocyte
surface expression of lupus
antibodies.

IL-1

Keratinocytes

Proinflammatory

- Amplifies production of TNFa
and the inflammatory
chemokines CCL5, CCL20,
CCL22 and CXCLS.

IL-6

Keratinocytes

Proinflammatory

- Triggers B cell maturation an
Immunoglobulin secretion.

- Increases cytotoxic T cell
production and differentiation.

IL-10

B cells
Monocytes
CD4" T cells
CD8" T cells

Proinflammatory

Anti-

inflammatory

- Suppresses Th1 cells,
macrophages and dendritic
cells.

- Stimulates B cell hyperactivity.

IL-12

B cells
DCs
Macrophages

Anti-

inflammatory

- Regulates T cell function

- Reduces immunoglobulin
production

- Protects keratinocytes from UV
induced apoptosis.

IL-17

Th17 cells

Proinflammatory

- Stimulates T cells

- Increases the production of
autoantibodies.

- Triggers the production of
infammatory cytokines and
chemokines including IL-1, IL-
6, CCL2, CCL7, CCL20,
CXCL1 and CXCLS5.

IL-18

Macrophages

Proinflammatory

- Stimulates the production of
the inflammatory cytokines
IFNs, TNF a and IL-1.

- Potentiates IFNs-induced
production of CXCL9, CXCL10
and CXCL11.

Table 4. Cytokines in CLE. Modified from Robinson et al. [162]
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Figure 13. Pathogenesis of cutaneous lupus erythematosus (CLE). Triger CLE factors
include: Ultraviolet (UVB) radiation, genetics, drugs, tobacco, stress and infections. The
combination of these factors in particular UVB exposure induces keratinocyte apoptosis,
resulting in the release of autoantigens together with proinflammatory cytokines such as TNFaq,
IL-1, IFNs and IL-6 and chemokines such as CXCL10. Autoantigen release from dying
keratinocytes may be trapped in neutrophil extracellular traps (NETSs). In addition, autoantigens
are recognised by Antigen presenting cells (APCs) such as plasmacytoid dendritic cells (pDCs)
that are activated and as a result release IFNa. Dendritic cells (DC) activate CD4* T Th1 cells
to secrete IFN y. CD8+ T cells expressing CXCR3 are recruited to dermal-epidermal junction
via CXCL10 and attack keratinocytes, resulting in enhanced keratinocyte apoptosis. Activation
of TLR7 and TLR9 by endogenous nucleic acids results in DC and neutrophil activation. B cells
expressing BAFF (B cell activating factor) receptor and may secrete autoantibodies. Natural
Killer T Cells (NKT) are increased in the lesional sites. Macrophages (Mac) phagocytose
autoantigens released from dying keratinocytes and help prime adaptive immune lymphocytes.
Modified from Little A, et al. [87]
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1.2.5.4 Pro-inflammatory self-amplifying cycle in CLE

A pro-inflammatory amplifying cycle in CLE lesions has been proposed by some authors
and could explain the continuous reactivation of the immune system in CLE lesional sites
(Fig 14).

In genetically predisposed individuals, together with distinct environmental factors in which
UVB light is crucial, keratinocytes are damaged, and apoptosis occurs. The accumulation
of DNA from keratinocytes implies the prolonged activation of TLR and subsequent
initiation of innate and adaptive immune responses. Within this pro-inflammatory scenario,
the IFNa secreted by pDCs is known to enhance the expression of TRAIL1 in
keratinocytes, suggesting that it may be involved in the increase and prolongation of the
apoptotic death of keratinocytes in CLE [163]. Moreover, the endogenous nucleic acids
released from apoptotic keratinocytes, are recognised by autoantibodies that form immune

complexes.

Some examples of autoantigens include Ro52 and High-mobility group box 1 (HMGB1).
Ro 52 is an E3 ubiquitin ligase with regulatory role in inflammation. Specific Ro52
autoantibodies can be found in CLE skin lesions and keratinocytes from non-lesional skin
of CLE patients that show increased Ro52 expression after UV exposure, confirming UV
as a triggering factor for skin lesions in patients with Ro52 antibodies [164]. HMGB1 is a
protein located in nuclei under normal conditions and increased amounts of HMGB1
expression and translocation have been observed in CLE skin lesions [165]. Moreover,
UV irradiation is able to lead HMGB1 translocation to the cytoplasm. In apoptotic or
necrotic keratinocytes, HMGB1 is translocated to the cytoplasm and binds DNA to form
immune complex [166]. The immunocomplexes can be taken up by pDCs via CD32-
mediated endocytosis and as a result, the nucleic acid components of these immune
complexes may reactivate type | interferon production that contributes to enhanced

inflammation [167].

In parallel, the recruited Th1 cells, produce IFNy, which perpetuates the upregulation of
CXCR3 ligands [168]. This promotes more immune recruitment and upregulation of
downstream inflammatory effectors that are responsible for lesion formation and

persistence in CLE.
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Figure 14. Pro-inflammatory self-amplifying cycle in CLE. The innate immune system
is activated in genetic susceptible individuals exposed to environmental factors.
Subsequently there is an activation of adaptive immune responses and cutaneous lupus
erythematosus (CLE) skin lesions appear. These CLE lesions are characterised by a self-
amplification inflammatory loop: epidermal keratinocyte stress and death cause the
release of autoantigens and immunostimulatory endogenous nucleic acids that reactivate
innate immune responses. As a result, the skin inflammation is perpetuated and
maintained in time. From Wenzel J [39].
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1.2.6 CLE treatment

CLE management involves combinations of local and systemic agents requiring
adjustment to the activity and course of the disease. The treatment options are fairly similar
for the different subtypes; however, before treating patients with CLE, it is essential to

evaluate them for signs of systemic disease.

To date, many drugs have been evaluated for patients with SLE in clinical trials, however,
only few randomised, placebo-controlled trials have been performed in CLE. One of them
is a small randomised, double-blind, intraindividual trial comparing 0.1% tacrolimus cream
with 0.05% clobetasol propionate cream in patients with CLE and malar erythema of SLE
[169]. Another is a multicentre, double-blind, randomised, placebo-controlled phase Il trial
that demonstrated the efficacy and safety of 0.5% R-salbutamol cream versus placebo
[170]. However, no medication has been approved specifically for the treatment of CLE,
although several agents licensed for SLE, and other autoimmune diseases are currently
used. Thus, off-label-use of topical and systemic agents is observed in most patients with
CLE.

Figure 15 shows a still valid algorithm of treatment for CLE proposed by Kuhn et al [171]:
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Figure 15. Algorithm of treatment for CLE. 'Systemic treatment is usually initiated with
hydroxychloroquine (HCQ), if no response, chloroquine (CQ) can be used. 2If there is partial
response with quinacrine, methotrexate (MTX) may be added; if there is no response with
antimalarials, these drugs are discontinued and MTX is started. 3Retinoids are primarily used in
hypertrophic discoid lupus erythematosus (LE), refractory subacute CLE (SCLE) and CLE/lichen
planus overlap (discontinue MTX). “Thalidomide should only be applied in severe refractory CLE
as remission-inducing agent (discontinue MTX). °Dapsone is recommended for urticarial vasculitis,
LE panniculitis, SCLE, and oral ulcers (discontinue MTX). ®Mycophenolate mofetil (MMF) or
mycophenolate sodium (EC-MPS) is primarily indicated in refractory SCLE (discontinue MTX).
"Note that “maintain” only refers to a certain period of time depending on agent, efficacy, and CLE
subtype. After clearing of skin lesions, agents should be reduced to minimum effective dose or
discontinued; however, sunscreens should be used for prevention of skin lesions. Cl, Calcineurin
inhibitors; CS, corticosteroids. From Kuhn et al. [171].

1.2.6.1. First-Line Treatment

Prevention and sunscreens

CLE patients frequently present photosensitivity (60-80%); therefore, patients should
avoid sun-exposure time and use sun protection as prevention. In all patients with CLE
and SLE, it is important to provide instructions concerning methods of protection from
sunlight and artificial sources of UV radiation, and avoidance of potentially
photosensitizing drugs. Consistent UV protection may also involve photo-resistant clothing
and thorough application of light-shielding substances with highly potent chemical

(organic) and/or physical (inorganic) UVA and UVB protective filters [172].

Topical treatment

Topical corticosteroids (CS): Topical CS have proven to be a very effective treatment
for skin lesions in all subtypes of CLE. The main symptoms, such as redness and scaling,
are reduced by CS. Topical steroids are indicated mainly in patients with localised CLE
[173].

The treatment of CLE usually starts with topical steroids that can be of low, mild or high
potency. Choice of the CS class should consider the area of the body and the activity of
the skin lesion. In the face: short application of low- to mid-potency CS (such as:
methylprednisolone); trunk and extremities: mid-potency CS (such as: mometasone
furoate, betamethasone valerate, triamcinolone acetonide); scalp, palms, and soles of the
foot: super-potent CS (such as: Clobetasol). For hairy areas, CS solution, lotion, or foam
may be used. High potency CS result in improved efficacy however, patients developed
more common side effects such as atrophy and telangiectasia [174]. Because of this well-

known side effects treatment with CS should be time-limited and preferably intermittent.
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Calcineurin inhibitors (Cl): In CLE, several reports have shown efficacy of calcineurin
inhibitors, such as tacrolimus and pimecrolimus, which down-regulate T-cell activity by
inhibiting the phosphatase calcineurin, responsible for dephosphorylation of the nuclear
factor of activated T cells [175]. A randomised, double-blind, vehicle-controlled trial of
tacrolimus 0.1% ointment was evaluated in a 12-week twice-daily treatment of 30 patients
with different CLE subtypes, resulting in a significantly higher response rate than in
patients treated with placebo [176]. Because of the absence of atrophic side effects,
tacrolimus and pimecrolimus are suitable as topical treatment of CLE, especially in the
face [177].

Other topical treatments: other topical therapies include mainly retinoids that are used

for refractory cases, especially in hypertrophic DLE lesions [178].

Systemic treatment:

CLE patients with generalised lesions, potential scarring disease and refractoriness to
topical treatment can benefit from systemic therapy. When systemic treatments are

indicated, topical therapy usually is continued as an adjunctive therapy.

Antimalarials: Antimalarial drugs include hydroxychloroquine (HCQ), chloroquine (CQ)
and quinacrine. Current guidelines consider antimalarials as first line systemic treatment
for CLE patients with active or extensive skin lesions [179]. Since long time ago,
antimalarials have been considered the first-line systemic treatment in all CLE subtypes;
however, only two randomised, double-blinded trials in CLE or SLE with skin lesions have
been performed until now, showing its efficacy. Ruiz-lrastorza et al. [180] found high
evidence supporting the global safety of HCQ and CQ, with HCQ having a safer profile
than CQ. Therefore, HCQ is usually the first prescribed treatment in CLE patients with
severe or widespread skin lesions, in particular in patients with the risk of scarring and

development of systemic disease.

A systematic review by Shipman et al. [181] including 852 patients treated with HCQ from
10 different studies (five retrospective studies, three prospective, two case series and the
two randomised clinical trials) identified HCQ dosage up to 400 mg/day to be effective for
most CLE patients with 50 — 97% of clinical response and few adverse effects. However,
there was a decline in efficacy (45%) in long-term HCQ responders. In the event of
progressive loss of efficacy and refractoriness to HCQ or CQ, it is necessary to ensure
adherence to treatment before considering therapeutic changes, since around 40% of

patients, according to different studies, do not comply with medications as recommended
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[182]. Measurement of HCQ levels in serum is not routinely performed. Intriguingly,
patients with a more TLR9-driven disease pathology may have more benefit from HCQ

[183, 184]. Currently, biomarkers are lacking to predict HCQ treatment response.

The main side-effect of antimalarials is retinal toxicity, more frequent in CQ-treated
patients than with HCQ. HCQ retinal toxicity is far more common than previously
considered; an overall prevalence of 7.5% was identified in patients taking HCQ for more
than 5 years, rising to almost 20% after 20 years of treatment [185]. Early retinal changes
(premaculopathy) are subclinical and only detected in regular controls. However, with
continued drug exposure, there is progressive development of a bilateral atrophic bull's-
eye maculopathy and paracentral scotomata which cause widespread retinal atrophy and
visual loss [186]. Analysis of almost 2500 patients using long-term HCQ showed that risk
rises markedly with over-dosage (>5 mg/kg real weight) or durations beyond 10 years
[187]. There are two other major risk factors that accelerate toxicity: renal disease (since

the drugs are largely cleared by the kidneys) and use of the breast cancer drug tamoxifen.

Intervals for screening of retinal changes should follow the guidelines of the American
Academy of Ophthalmology [188]. Based on these data, it is recommended to prescribe a

maximum daily dose of 5.0 mg HCQ/kg real bodyweight.

If monotherapy with HCQ or CQ is not successful, quinacrine (100 mg/day) may be added,

resulting in synergistic efficacy, without increasing the risk of retinopathy [189].

Systemic corticosteroids: In severe or widespread active CLE lesions, systemic
corticosteroids are recommended as first-line treatment in addition to antimalarials. In a
prospective, cross-sectional, multicentre study performed by the European Society of
Cutaneous Lupus Erythematosus (EUSCLE) [190], systemic corticosteroids showed the
highest efficacy in comparison with all other systemic drugs used for CLE therapy,
providing efficacy in 94.3% of the 413 treated patients. Long-term therapy with
corticosteroids in CLE without systemic involvement is not recommended due to the well-

known serious side-effects.

1.2.6.2. Second Line Treatment/Refractory CLE

Immunosuppressants: Approximately half patients refractory to antimalarials respond to
immunosuppressants. In the presence of high disease activity, long-stablished disease,
and refractoriness to antimalarials, immunosuppressive are recommended. Methotrexate

(MTX) is considered second-line treatments whereas, third-line therapies include other
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immunosuppressants such as Mycophenolate mofetil (MMF), Azathioprine, Cyclosporine
or Cyclophosphamide that are mainly recommended for CLE with systemic involvement
[191].

MTX is recommended at 7.5 to 25mg orally or subcutaneously once a week [178]. A
retrospective analysis of 43 treatment-refractory CLE patients treated with oral or
subcutaneous methotrexate found improvement in 98% of cases. Seven patients
developed severe side-effects that required treatment withdrawal [192]. Potential side
effects include gastrointestinal toxicity, bone marrow suppression, nephrotoxicity,

hepatotoxicity, and interstitial pneumonitis.

MMF and mycophenolate sodium have been shown to be effective in treating all CLE
subtypes in multiple case reports and small studies. A retrospective analysis showed that
MMF was effective in antimalarial-resistant CLE when added to antimalarial therapy [193],
although treatment response was often delayed, but sustained. Out of 24 patients with a
variety of CLE subtypes, 9 patients (37%) demonstrated a complete response to MMF
therapy and 9 (37%) showed some improvement. Six of them (25%) flare-up after
response. Azathioprine has been also shown to successfully treat DLE in several small

case series.

Chang et al. [194] evaluated the quality of life of CLE following different treatments and
showed that methotrexate and MMF were more effective than azathioprine for CLE
management as evaluated by CLASI index. Overall, studies assessing the efficacy of
immunosuppressants in CLE are small and limited in the ability to draw a conclusion and

further work needs to be carried out.

Oral dapsone and retinoids are recommended as second-line systemic treatment in
selected CLE patients unresponsive to other treatments, preferable in addition to
antimalarials  [178]. Dapsone can cause  agranulocytosis, haemolysis,
methemoglobinemia, or a hypersensitivity reaction, and therefore monitoring for
hematologic and hepatic toxicity is critical. Patients with glucose-6-phoshate

dehydrogenase deficiency should not take dapsone [195].

Biologics: The unique biologic agent approved for SLE is belimumab, a human
monoclonal antibody that inhibits B-cell activating factor, also known as B-lymphocyte
stimulator (BLyS). Belimumab has demonstrated improved SLE disease activity on
musculoskeletal and mucocutaneous parameters in data pooled from two phase Il trials.

[196], but the trials were not designed or powered to determine its efficacy in any specific
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organ domain. Therefore, according to the European guidelines belimumab is not

recommended for the treatment of CLE without systemic involvement [178].

The other anti-B cell therapy is Rituximab, an anti-CD20 monoclonal antibody, showed
efficacy in case reports of refractory lupus profundus and SCLE [197,198] but not in the
Randomised Clinical Trials (RCTs). For this reason, it is not either recommended by
guidelines. Recently, anifrolumab, a human monoclonal antibody to type | interferon
receptor subunit 1, has been approved for SLE showing discrete efficacy [199]. However,
improvements in skin conditions were observed. Among patients with at least moderately
active skin disease (CLASI 210) at baseline, a reduction of 50% or more in the CLASI at
week 12 occurred in 49.0% of the patients (24 of 49) receiving anifrolumab and in 25.0%
(10 of 40) receiving placebo (adjusted difference, 24.0 percentage points; 95% ClI, 4.3 to
43.6; adjusted P=0.04).

Novel biological treatments may appear in the next years as several molecules are being

currently evaluated in different clinical trials specific for CLE.

Immunomodulators: Several case series support the use of immunomodulatory drugs
(IMiDs) such as thalidomide or analogs like lenalidomide for erythema nodosum leprosum,
Behcet's disease and refractory CLE. In CLE, both drugs have shown a marked efficacy,

achieving clinical remission in 80-90% of the refractory SCLE or DLE patients [200].

Although thalidomide is considered a third line of treatment in CLE, for the PhD purposes

this section will be described in more detail.

1.3 Thalidomide definition

Thalidomide is a derivative of glutamic acid, an oral non-barbituric drug, developed by
Chemie Gruenenthal GmbH in West German in 1954. It is formed by S(-) and R(+)
enantiomers that interconvert under physiological conditions. The S(-) form potently
inhibits release of TNFa from peripheral mononuclear blood cells, whereas the R(+) form
seems to act as a sedative [201]. In late 1950s and early 1960s it was prescribed as a
sedative and hypnotic. Patients with hyperthyroidism and thyrotoxicosis, labile
hypertension, bronchial asthma, and “nervous gastric troubles” were treated with
thalidomide. Moreover, it was especially effective for the treatment of morning sickness

and nausea of pregnant woman.
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1.3.1 History of thalidomide

Thalidomide rapidly became a popular sedative and antiemetic, marketed under at least
37 names worldwide. However, shortly, its high teratogenicity was described, newborns of
women who took thalidomide during gestation were born with important congenital birth
defects such as phocomelia [202]. Thalidomide was then withdrawn for the market in 1962,
however, it is estimated that around 7000-8000 births were affected with congenital

defects in at least 14 countries.

1.3.2 Thalidomide current indications

In 1965, Sheskin et al [203], reported that thalidomide was administered to a patient with
erythema nodosum leropsum because of his insomnia and conversely, had an impressive
therapeutic response in his skin condition. Within this discovery, thalidomide was then
selectively reintroduced for the treatment other immune-mediated skin disorders during
the 1970s and 1980s. Thalidomide beneficial effects were reported in the treatment of
patients with actinic prurigo, prurigo nodularis and chronic aphthosis [204—206]. In 1975,
Barba-Rubio and Franco-Gonzalez [207] reported good clinical response in patients with

discoid lupus erythematosus treated with thalidomide.

Thalidomide is also an anticarcinogenic agent both as a single agent or in combination
with dexamethasone or other chemotherapeutic agents [208]. The best response rates
had been observed in hematological malignancy, especially in relapsing or refractory

multiple myeloma with a clinical response ranging 25-69% [209].

1.3.3 Thalidomide efficacy in CLE

Since beneficial effects in CLE were reported, multiple studies have been performed.
Studies show that thalidomide’s efficacy in CLE patients is significant, with 80-90%
reaching clinical remission [210-212] . The majority of CLE patients included had DLE, to
a lesser extent SCLE and much less frequently acute lupus, lupus profundus and lupus
tumidus. The response rates were significantly higher in DLE and SCLE (98%), whereas
in the other CLE subtypes the response rates only reached 50%. Recurrence in CLE
reaches 70% occurring when decreasing or interrupting treatment. Relapse is frequent
after thalidomide’s withdrawal and most common in DLE. Among patients with DLE, the
generalised subtype tended to recur more than the localised one. All cases responded to
the drug reintroduction; therefore, a minimal maintenance dose is required in some
patients to avoid relapse. Clinical improvement was observed within the first 2 weeks of

treatment, although a complete response usually occurred between weeks 4 and 8.
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Although no studies have established an induction and maintenance dosage for the control

of skin lesions, the different studies have used between 100 and 400 mg/day.

1.3.4 Thalidomide side effects

Thalidomide drug has important side effects such as teratogenicity, peripheral neuropathy
in 20-30% of patients and thromboembolic events [213]. Minor side effects include
constipation, somnolence and amenorrhea. For this reason, the clinical benefits in CLE
need to be balanced against thalidomide potential side effects. Its use is restricted to

severe CLE disabling conditions and only after the failure of several previous treatments.

1.3.5 Thalidomide described mechanism of action

In 2010, Ito et al [214], discovered that the Cereblon (CRBN) protein was the primary target
of thalidomide and its analogues lenalidomide and pomalidomide. CRBN forms part of E3
ubiquitin ligase complex (CRL4°R®N) composed by Cullin-4A(CUL4), damage-specific
DNA-binding protein 1 (DDB1) and RING-box protein 1 (RBX1), and its function is to target
substrates for degradation via ubiquitin-proteasome pathway. When IMiDs bind to CRBN,
there is an alteration for the substrate specificity of E3 ligase CRL4°REN, displacing
endogenous substrates, and as a result, other substrates are recruited and degraded,
leading to the beneficial immunomodulatory effects of thalidomide, but also to its

undesirable teratogenic effects.

Ikaros (IKZF1) and Aiolos (IKZF3) are well-known described substrates of CRL4°REN in
presence of IMiDs. These two proteins are transcription factors that regulate gene
expression, and their degradation promotes a downregulation of c-MYC and IRF4
(Interferon Regulatory Factor 4) [215]. Both c-MYC and IRF4 are factors that sustain
multiple myeloma cells growth and survival, and their modulation by IMiDs has been

shown to be beneficial with anti-proliferative and pro-apoptotic effects [216].

Moreover IKZF1/3 are involved in the modulation of immune response. IKZF1 modulates
dendritic cell development and function, specifically pDCs and DCs numbers [217] in
humans. Moreover, IMiDs-CRBN-IKZF1/3-IRF4 axis is also involved in NK-cell activating
ligand by multiple myeloma cells [218]. IKZF transcription factors act as regulators of T
cell homeostasis by negatively regulating Th1 cell polarization and promoting Th17 and
Treg responses [219]. Also, Th1 cytokines IFNy and IL-2, and inflammatory cytokines,
TNFa and Granulocyte-macrophage colony-stimulating factor (GM-CSF) and, IFN type |
genes are negatively regulated by IKZF1 [220].
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Other recent novel but less explored identified substrates of CRL4°R®N in presence of
IMiDs are Casein kinase 1A1 (CK1), Sal-like protein 4 (Sall4), Tumor protein p63 (p63)
and G1 To S Phase Transition 1 protein (GSPT1) [221-224].

1.3.6 Thalidomide biological properties

Thalidomide is known to have beneficial therapeutic effects mediated by its anti-

inflammatory, immunomodulatory and anti-angiogenic properties (Fig 16):

- Anti-inflammatory. In 1991, it was discovered that thalidomide inhibited the synthesis of

TNFa [225]. TNFa induces an increased vascular permeability leading to a greater
recruitment of inflammatory cells, immunoglobulins, and complement, as well as causing
activation of T and B lymphocytes [226]. Activated macrophages are the main producers
of TNFa and also highly reactive to it, although it can be produced by many other cell
types. It has been demonstrated that thalidomide inhibits the alternative activation of
macrophages accompanied by a reduction of TNFa, IL-4, IL-5, IL-13, and IL-17 [227].
Moreover, thalidomide anti-inflammatory effect is mediated by the modulation of other
inflammatory cytokines such as IL-1, IL-2, IL-6, IL-8, IL-10, IL-12, and IFNy [228].

- Immunomodulatory. To date, the immunomodulatory effect of thalidomide is poorly

understood. In 1998, it was discovered that thalidomide could co-stimulate T cells
independently of the secondary interaction between B7 and CD28 molecules [229].
Immunomodulatory effects of thalidomide analogues, lenalidomide and pomalidomide,
have been studied and they promote stimulatory effects in both CD4* and in CD8" T cells
[230]. IMiDs exert their effects by activating protein kinase C delta (PKC-8) and acting o1
AP-1 DNA-binding activity in T cells, resulting in augmented IL-2 synthesis and activation

of IL-2-dependent downstream effectors, such as NK cells [231].

- Anti-angiogenic. It was in 1994 when the anti-angiogenic effect of thalidomide was

discovered. Using a rabbit model, it was demonstrated that thalidomide could inhibit the
fibroblast growth factor and vascular endothelial growth factor (VEGF) induced in
angiogenesis [232]. Due to its anti-angiogenic effects, thalidomide is able to alter fetal
development in pregnant women, which leads to fetal deformity. However, at the same
time this effect is one of the mechanisms for its antitumour activity. In vitro and in vivo
studies suggest that IMiDs may inhibit angiogenesis by anti-migratory mechanisms [233,
234]. Thalidomide reduces metastasis by reducing the expression of proangiogenic
cytokines such as VEGF that decreases both capillary density and the number of adhesion
cells [235].
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Figure 16. The pleotropic effects of thalidomide. From Shortt et al. [236]

1.4 Differences between SCLE and DLE subtypes

Although CLE shares common histological and pathophysiological features, its clinical
heterogeneity has been largely established. Clinically they differ in the type of lesion,
duration and outcomes. SLCE resolve without scarring whereas DLE is prone to leave

irreversible fibrotic scars with pigmentary changes (Fig 17).

In 1992 David-Bajar et al. proposed that SCLE and DLE may have different pathological
mechanisms [237]. Immunofluorescence studies show a different distribution of IgG
deposits with a predominance in the dermal-epidermal junction (DEJ) in DLE lesional skin,
whereas in SCLE, IgG patterns were predominantly found in the epidermis. IgM and IgA
were both found in the DEJ of both subtypes. In addition, serologically, SCLE is strongly
associated with anti-SSA/Ro and SSB/La antibodies and the presence of SLE, whereas
many DLE do not have detectable circulating antibodies and the progression rates to a

systemic disease are low.
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Active disease Resolution

DLE

SCLE

Figure 17. DLE and SCLE patients before and after treatment. After treatment, in DLE permanent
scarring occurs in lesional sites. In contrast in SCLE, lesions completely resolved without sequelae.

In recent years, the use of next-generation transcriptomic techniques has led to the study
of the molecular heterogeneity of DLE and SCLE. Gene microarray analysis of DLE and
SCLE lesional skin compared with non-lesional skin from paired patients performed by our
group showed that DLE and SCLE lesional skin present differentially transcriptional prolife
from their respective non-lesional CLE subtype. However, direct comparison of DLE and
SCLE differentially expressed genes, showed that there were no uniquely differentiated
genes in SCLE. Analyzing the identified differentially expressed genes in the DLE lesional
skin, CD4"T cell enrichment with an imbalance towards T helper 1 predominance and an
increase FoxP3 response was observed. Also, it was shown a TGF-B-dependent pathway
inducing fibrosis in DLE [142]. All this data suggests there are differences in pathogenesis
in the DLE subtype.

Cytokine assessment in CD4" T cells from DLE and SCLE present in the skin, showed that

IL-17, IL-22 and IFNy were significantly higher expressed in DLE compared in SCLE,
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expression levels in SCLE were higher when compared with healthy controls. Similar
results has been described in In circulation, suggesting that T cell responses are more
intense in DLE compared with SCLE [238].

B cells have been recently studied in gene expression programs showing a significant
enrichment in numbers and subsets in the lesional skin of DLE lesions compared to SCLE,
suggesting a most pronounced role of B cells in DLE pathogenesis compared with SCLE.
However, the study did not deepen into the role of B cells, their recruitment and their

differentiation in lesional skin in CLE [155].

Finally, it is suggested that there is heterogeneity of clinical response to therapy between
subtypes, as DLE tends to be more refractory to standard treatment than other CLE
subtypes [239]. However, the only evidence-based study comparing medication response
by subtype or race did not find statistically significant difference when comparing SCLE vs
DLE (p > 0.05). Whereas DLE forms tended to relapse and required a long-term
maintenance dose of thalidomide, SCLE forms showed a sustained remission after
withdrawal. In addition, although response to thalidomide is similar between the two types
of CLE, DLE forms tended to relapse and required a long-term maintenance dose of

thalidomide, SCLE forms showed a sustained remission after withdrawal [240].
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2. Hypothesis and Objectives
2.1 Hypothesis

The pathogenesis of CLE is not completely understood. MiRNAs, are fine regulators of
gene expression and have been described to be involved in the pathogenesis of other
autoimmune chronic skin diseases, therefore, our first hypothesis is that:

e There are differentially expressed miRNAs between CLE lesional and CLE non-

lesional skin and that they contribute to CLE pathogenesis.

Moreover, the DLE subtype develops inflammatory lesions that progress into
hypopigmented scarring areas. Therefore, our second hypothesis is that:
e There are miRNAs that differ from DLE and SCLE subtypes and may be involved

in the DLE pathogenesis and may explain the characteristic DLE features.

In addition, up to 40% of patients are refractory to standard treatment and for these cases
there is no consensus algorithm and a trial-and-error approach using multiple systemic
immunosuppressive agents with a variable poor clinical response is being used.
Thalidomide, although used as a third line of therapy, is an effective drug for refractory
CLE cases, with a proven clinical efficacy of 80-90%. However, its use is restricted due to
its severe side effects. Its mechanisms of action in skin inflammatory diseases and

specifically in CLE it is not elucidated. And our third hypothesis is that:
¢ Identification of thalidomide’s mechanism of action in CLE may help us to identify

novel therapeutic targets in order to develop in the future new drugs as effective

as thalidomide but with fewer adverse effects.
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2.2 Objectives

In order to demonstrate the hypothesis, the project has been divided in three parts and the

following objectives associated to a chapter have been established:

- Chapter 1: microRNAs in CLE
o Objective 1: To Identify a specific DLE miRNA profile compared with
SCLE, and to study the role of the differentially expressed miRNAs in DLE
pathogenesis.
o Objective 2: To identify the miRNA profile in CLE lesional skin in
comparison with CLE non-lesional skin, and to study the role of the

differentially expressed miRNAs in CLE pathogenesis.

- Chapter 2: Thalidomide mechanism of action in CLE
o Objective 3: To ldentify the Thalidomide mechanism of action in CLE and

novel putative therapeutic targets.

- Chapter 3: Thalidomide — miRNAs
o Objective 4: To study the expression of the discovered miRNAs in skin
from CLE patients before and after thalidomide treatment and also in vitro

within primary cells treated with thalidomide.
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3. Materials and Methods

In order to conduct this thesis, the following methods cited in table 5 have been performed.
Some methods are common in the different scientific manuscripts (Paper I, Il and Ill) and
some of them are specific for each work. They are detailed below in this section and also

in the materials and methods section of each paper.

Chapter 1. microRNAs in CLE Chapter 2. Thalidomide
Mechanism of action in CLE
Paper I. miR-31 and miR- Paper Il. miR-885-5p in Paper lll. Thalidomide
485-3p in DLE. CLE mechanism of action in CLE.

3.1 Common methodology between Paper | and Paper
Il

3.3 Specific methods for Paper Il

3.1.1 Baseline characteristics of the patients. 3.3.1 Baseline characteristics of
the patients

3.1.2. Biological samples collection
3.3.2. Biological samples

3.1.3. miRNA extraction from skin biopsies collection

3.1.4. miRNA screening of lesional and non-lesional 3.3.3. RNA extraction from skin

skin samples biopsies

3.1.5. Statistical Analysis of miRNA microarray data. 3.3.4. RNA-sequencing in
thalidomide pre and post treated

3.1.6. miRNA RT-gPCR samples and library construction

3.1.7. In situ Hybridization 3.3.5 Identification of the

thalidomide mechanism of action
3.1.8 ELISA (Enzyme-Linked ImmunoSorbent Assay) | by applying TPMS protocols

3.1.9 Anti-miRNA or mimics-miRNA (Paper | and I1) 3.3.6 Immunohistochemistry

3.3.7 Protein extraction from skin
biopsies

3.3.8.Western blot
3.3.9 Ubiquitination assay in vitro

3.3.10 Ubiquitination assay in
vivo

3.3.11 Thalidomide preparation
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3.2 Specific methods for

paper I

3.2.1 Gene microarray in
anti-885-5p transfected
keratinocytes.

3.2.2 Statistical analysis
of the mIR-885-p
transfected keratinocytes
microarray

3.2.3 Kinetic study of the
expression levels of mIR-
885-p following
stimulation

3.2.4 Luciferase assay

Chapter 3: Thalidomide — miRNA

3.4.1 Hydroxychloroquine preparation.

Notes:

- Thalidomide was prepared as detailed in Chapter 2 (3.3.11)

- RT-gPCR of microRNAs of interest was performed as detailed in Chapter 1 (3.1.6)

- Skin samples used were the same as in Chapter 2. (3.3.1, 3.3.3)

3.5 Common methodology for Chapter 1, 2, 3 (Paper I,ll and IlI)

3.5.1 Cell culture

3.5.2 Cell stimulation

3.5.3 siRNA transfection

3.5.4. Migration experiments

3.5.5 Gene expression analysis

3.5.6 Immunofluorescence analysis of cultured cells
3.5.7 Functional cell assays (Proliferation and Apoptosis)
3.5.8 Flow Cytometry

3.5.9 Immunofluorescence in skin biopsy

3.5.10 Statistical Analysis of the obtained data

Table 5: Experimental Methods performed in the thesis
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3.1. Chapter 1: Common methodology in the study of microRNAs in CLE

3.1.1 Baseline characteristics of the CLE patients included in the study (Paper |
and Il)

In order to conduct the microRNA profiling study in CLE skin, CLE patients were recruited
from the Rheumatology Department at Vall d’Hebron University Hospital (Barcelona,
Spain). A total of 20 patients were enrolled of whom 10 were diagnosed with DLE and 10
with SCLE. The patient inclusion criteria were: 1) age = 18 years; 2) the presence of active
cutaneous lupus lesions bigger than 3cm; 3) the presence of lesions classified by the CLE
Disease Area and Severity Index (CLASI) > 4; 4) no previous treatment with

immunosuppressants for 21 month or topical corticoids for at least 22 weeks.

The study was approved by the local Vall d’'Hebrén ethics committee and written informed
consent was obtained from all subjects before enrolment. The diagnosis and classification
of CLE were based on clinical and histological criteria according to the 2004 Dusseldorf

classification [35].

The baseline, clinical and laboratory characteristics of the patients that participated in the

study are summarised in the Table 6:

L DLE SCLE P value

Clinical features* (n=10) (n=10)
AGE, mean (SD), in years 44 (10.3) 51 (15.9) 0.25
Female, n (%) 7 (70%) 8 (80%) 0.79
Photosensitivity, n (%) 3 (30%) 5 (50%) 0.47
Smoking, (%) 6 (60%) 1(10%) 0.05
CLASI ACTIVITY, mean (SD) 9.8+3.7 6.54+2.16 0.03
Skin Lesion Location

e Back 4 (40%) 5 (50%) 0.11

e Arm 2 (20%) 3 (30%) 0.65

e Face 4 (40%) 0 (0%) 0.04

e V-neck area 0(0%) 2 (20%) 0.15
CLASI DAMAGE, mean (SD) 1.78+1.76 0.18+0.60 0.01
SLE 4 (40%) 6 (60%) 0.52
Duration of cutaneous lesions, 8.9 (3.7) 6.2 (5.57) 0.21
months, mean (SD)
ANA positive, n (%) 5 (50%) 7 (70%) 0.56
Anti-Ro positive, n (%) 1 (10%) 5 (50%) 0.10
Previous CLE medication

e Topical Steroids 10 (100%) 10 (100%) 0.99

e Antimalarials 10 (100%) 10 (100%) 0.99
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e Immunosupressants
- Methotrexate 4 (40%) 4 (40%) 0.99
- Azathioprine 3 (30%) 2 (20%) 0.50
- Mycophenolate 2 (20%) 0 (0%) 0.75
e Dapsone 0 (0%) 0 (0%) 0.99
e Retinoids 0 (0%) 0 (0%) 0.99
e Thalidomide 5 (50%) 5 (50%) 0.99
e Oral Steorids 4 (40%) 6(60%) 0.52

Table 6: Baseline characteristics for 20 patients diagnosed with CLE that participated in the
microRNAs in CLE skin research project (DLE= 10, SCLE= 10).* Patients were not receiving
treatment with immunosuppressants for 21 month or topical corticoids for at least 22 weeks before
inclusion.

3.1.1.2. Biological samples collection (Paper | and Il)

Two six-milliliter skin punch biopsies were taken from lesional active skin and non-lesional
skin of CLE paired patients. The first skin biopsy was divided into two sections: the first
was used for miRNA microarray experiments and the second section was fixed in 5%
formalin and paraffin-embedded in order to perform immunohistochemistry technique.
The second six-millimeter skin punch biopsy was immediately processed for keratinocyte
and fibroblast primary cell isolation or frozen at -180°C for immunofluorescence studies.
In order to validate the results obtained in the miRNA screening, a new cohort of formalin-
fixed paraffin embedded (FFPE) lesional samples obtained from DLE (n=20) and SCLE

(n=18) patients was included (Table 7).

. . DLE SCLE
Clinical features (n=20) (n=18) P value
AGE, mean (SD), in years 51 (9.7) 44 (12.8) 0.05
Female, n (%) 14 (70%) 10 (55,5%) 0.66
Photosensitivity, n (%) 6 (30%) 9 (50%) 0.43
Smoking, (%) 14 (70%) 2 (11,1%) 0.002
CLASI ACTIVITY, mean (SD) 8.89+4.6 6.53+2.2 0.07
Skin Lesion Location
e Back 8 (40%) 9 (50%) 0.80
e Arm 4 (20%) 3 (16,6%) 0.70
e Face 8 (400%) 0 (0%0) 0.004
e \/-neck area 0 (0%) 6 (33,3%) 0.01
CLASI DAMAGE, mean (SD) 2.01+1.86 0.15+0.50 0.001
SLE 8 (40%) 12 (66,6%) 0.37
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Duration of cutaneous lesions,
e, e (G0 10.1 (5.7) 7.2(6.7) 0.15
ANA positive, n (%) 8 (40%) 12 (66,6%) 0.37
Anti-Ro positive, n (%) 2 (10%) 9 (50%) 0.03
Previous CLE medication
e Topical Steroids 20 (100%) 18 (100%) 0.99
e Antimalarials 20 (100%) 18 (100%) 0.99
e Immunosupressants
- Methotrexate 5 (25%) 2 (11,1%) 0.89
- Azathioprine 5 (25%) 1(5,5%) 0.61
- Mycophenolate 2 (10%) 1(5,5%) 0.87
e Dapsone 0 (0%) 0 (0%) 0.99
e Retinoids 0 (0%) 0 (0%) 0.99
e Thalidomide 7 (35%) 3 (16,6%) 0.17
e Oral Steroids 10 (50%) 12 (66,6%) 0.66

Table 7: Baseline characteristics for the validation cohort (DLE= 20, SCLE= 18).* Patients were
not receiving treatment with immunosuppressants for 21 month or topical corticoids for at least 22
weeks before inclusion.

At the time of skin biopsy, blood samples were also collected from CLE patients to isolate
peripheral blood mononuclear cells (PBMCs) that were stored at -180°C for further

experiments. Serum and plasma were also obtained and stored at -80°C.

3.1.3. miRNA extraction from skin biopsies (Paper | and Il)

a) miRNA extraction from fresh skin samples

Total miRNA from fresh skin biopsies was obtained based on sample disruption and
organic extraction using mirVana lIsolation Kit (Applied Biosystems, Foster City, CA, USA).
We selected this kit because is a rapid procedure to isolate small RNAs from tissue and
cells using an efficient glass fiber filter based method. The method isolates total RNA
ranging in size from kilobases down to 10-mers. Although the mirVana miRNA Isolation
Kit efficiently purifies all RNA larger than 10 nt, it also includes procedures for isolating
RNA fractions, specifically enriched or depleted in small RNA species. RNA molecules of
~200 nt and less can be efficiently purified away from the larger RNA species. The
resulting RNA preparation is highly enriched for miRNAs. Small RNA enrichment allows
more sensitive small RNA detection with less background as compared to the same assay
used with total RNA.
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Firstly, skin biopsies were homogenised by polytron and lysed with 300 uL of Lysis/Binding
Buffer which aims to stabilize RNA and inactivate RNases. Then, 1/10 volume (30 pL) of
miRNA homogenate was added to optimize microRNA extraction. After incubation on ice
for 10 minutes, an equal volume to the lysate of Acid Phenol:Chloroform was added and
the tubes were vortexed for 30 minutes and centrifuged for 5 minutes at 10.000 rpm. The
aqueous phase (upper) containing a semi-pure RNA samples was clearly visualised from
the organic phase (lower) and transferred into a fresh tube with 1/3 volumes of 100%
ethanol. Then, the enrichment procedure for small RNA enrichment was performed. The
enrichment is accomplished by first immobilizing large RNAs on a Filter Cartridge with a
1/3 volume 100% ethanol concentration and collecting the flow-through containing mostly
small RNA species. Then, 2/3 volume 100% ethanol was added to the collected flow-
through and the solution was placed into a second Filter Cartridge and centrifuged at
10.000rpm for 15 seconds in order to retain the miRNAs. The flow-through is discarded
and washes are performed with miRNA wash solution 1 and 2 (buffers with ethanol).
Finally, miRNAs were eluted from the filter with 100 pL of nuclease free water (Invitrogen,
Carlsbad, CA, USA) pre-heated to 95°C.

Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was used to
perform quality control and only samples with RNA integrity number = 8 were selected for

the miRNA microarray.

b) miRNA extraction from FFPE samples

Validation of microarray results was performed in another cohort of FFPE skin samples
from patients with CLE. Sample blocks were cut in 20um sections using a microtome.
Three of the obtained sections were used to isolate the total miRNA with the PureLink
FFPE RNA Isolation Kit (Applied Biosystems, Foster City, CA, USA). The sectioned pieces
of FPPE skin were placed into RNase free microcentrifuge tube in which 300ul Melting
Buffer were added. The tube was incubated 10 min at 72°C with gentle shaking to melt
the paraffin. 20 pl of proteinase K were added to digest the contaminating proteins present
in the sample for 10 min at 60°C. Then, the sample was centrifuged at maximum speed
for 1 minute and the tissue lysate was easily separated from the paraffin and transferred
into a clean RNase free tube. Binding buffer (400 ul) was added to lysate the sample
together with 800 pl of 100% ethanol and mixed thoroughly. The solution was placed into
a Filter Cartridge and centrifuged. A total of three washes were performed with ethanol

buffers to remove impurities. Finally, elution of the miRNAs was done with 50ul of RNAse
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free water (Invitrogen, Carlsbad, CA, USA) pre-heated at 65°C. Isolated miRNA was

stored at -80°C until further use.

The yield and the quality of RNA were determined by measuring its absorbance at 260nm
and 280nm by using Nanodrop-2000 UV-Vis Spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA), using 3pl of sample. Ratios of Azso/Azso between 1.8 and 2.1 were

considered acceptable to use the RNA for the subsequent experiments.

3.1.4. miRNA screening of lesional and non-lesional skin samples (Paper | and Il)

High-throughput microRNA expression profiling of CLE lesional and non-lesional skin was
acquired using TagMan MicroRNA A+B Cards Set v2,0. (Applied Biosystems, Foster City,
CA, USA) following manufacturing instructions. The TagMan® Array Human MicroRNA
Card Set v2.0 is a two-card set containing a total of 384 TagMan® MicroRNA Assays per
card. A total of 754 human microRNAs can be detected by using two 384-well microfluidic
cards, where each well represents a miRNA of interest. Three endogenous controls are
included as positive controls for data normalization and one not human microRNA is

included as a negative control to assure the correct functioning of the technique.

The procedure begins with the transcription of 350 ng of isolated miRNA to cDNA by using
Tagman MicroRNA Reverse transcription kit in combination with the stem-loop Megaplex
primer pool (Applied Biosystems, Foster City, CA, USA), allowing simultaneous reverse
transcription of 450 miRNAs and endogenous controls. After RT, the cDNA was diluted
with RNase free water to have 50 pL total volume. Then, 50 uL of TagMan® Universal
PCR Master Mix (2X) were added and the mixture was transferred into one of the eight
loading ports on a micro fluidic card. The cards were centrifuged in a Sorvall Legend™
centrifuge (Kendro Scientific, Asheville, USA) for 2 min at 1200 rpm to distribute the
samples from the loading port into each well. Following centrifugation, the cards were
sealed with a TagMan Low Density array sealer (Applied Biosystems, Foster City, CA,
USA) to prevent cross-contamination. Each card was placed in the micro fluidic card
sample block of an ABI Prism® 7900HT sequence detection system (Applied Biosystems,
Foster City, CA, USA) and polymerase chain reaction (PCR) amplification was performed.

Thermal Cycling conditions were as follows in table 8:
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Step Time Temperature
Step 1 10 min 95°C

15 sec 95°C
Step 2: 40 cycles 60 sec 60 °C
Hold e 4 °C

Table 8. gPCR conditions.

Raw Cq (quantification cycle: the crossing point between the baseline corrected
amplification curve and threshold line) values were calculated using the SDS software

v.2.3. Array experiments were performed in four replicates.

3.1.5 Statistical Analysis of miRNA microarray data (Paper | and Il)

The obtained data from the Tagman MicroRNA arrays were analysed by the Statistics and
Bioinformatics Unit of Vall d’Hebron Research Institute (VHIR). The statistical analyses
corresponding to arrays were performed using the R statistical software package (www.R-
project.org) (R Core Team, 2014) and the libraries developed for microarray data analysis

by the Bioconductor Project (www.bioconductor.org).

The biological significance of the differential expressed microRNAs and their involvement
in cellular signaling pathways were studied using the Ingenuity Pathway Analysis (IPA®,

QIAGEN Redwood City, www.qgiagen.com/ingenuity).

3.1.6. miRNA RT-gqPCR (Paper | and Il)

The specific detection of each miRNA of interest was conducted in the miRNA isolated
from another cohort of FFPE samples. The total isolated miRNA was reverse transcribed
into cDNA using specific miRNA primers with TagMan MicroRNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA) and then PCR products were amplified

from cDNA samples.

The obtained miRNA was diluted to 50ng of RNA per RT-reaction. Then 0.15 pl of dNTPs,
1 uL of Reverse Transcriptase, 1.5 ul of 10x Reverse Transcription Buffer, 0.19 yl RNAse
inhibitor, 4.16 ul of Nuclease free water and 3ul 5x of specific mMiRNA RT primer were
added. The following Reverse Transcription (RT) primers for hsa-miR-31, hsa-miR-485-
3p, hsa-miR-885-5p and hsa-miR-139-5p quantification were used and also endogenous

control miR-U6 expression was assessed for data normalization (Applied Biosystems,
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Foster City, CA, USA). Master mix with all the reagents was prepared in order to assure
properly consistency and avoid pipetting bias errors. The RT-reaction tubes were placed
in a thermocycler (Biometra, Goéttingen, Germany) and incubated using standard cyclin

the following settings in Table 9:

Step Time Temperature
Step 1 30 min 16 °C
Step 2 30 min 42 °C
Step 3 5 min 85°C
Hold ) 4 °C

Table 9. miRNA reverse transcription conditions.

After that, the quantification of each miRNA was performed by real time quantitative PCR.
The obtained cDNA was placed into 96 well plaques and 1 ul of Specific PCR primers for
hsa-miR-31, hsa-miR-485-3p, hsa-miR-885-5p and hsa-miR-139-5p and for the
endogenous control miR-U6 (Applied Biosystems, Foster City, CA, USA) were added in
each appropriate well together with 10 ul of TagMan® Universal Master Mix Il, no UNG
(Applied Biosystems, Life Technologies, CA, USA). Again, a master mix with all the
reagents was prepared in order to assure properly consistency. Once prepared, the plate
was sealed with adhesive PCR film (ThermoFisher Scientific, Waltham, MA, USA) and
placed into ABI7000 (Applied Biosystems, Life Technologies, CA, USA) with the following

conditions (Table 10). All the assays were performed in triplicate.

Step Time Temperature
Step 1 10 min 95°C

15 sec 95°C
Step 2: 40 cycles

60 sec 60 °C
Hold o0 4 °C

Table 10. gPCR conditions.

The quantification of the miRNAs was based on the fluorescence in each reaction,
expressed in terms of threshold cycle (Ct) values provided by the thermal cycler at the end
of the PCR reactions. To analyze the data the ACT method was used. Within this method
it is assumed that the target and the reference miRNAs have similar amplification

efficiencies, therefore it is crucial that the expression of the endogenous control (U6
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snRNA) does not change due to the different biological and experimental. In our study the
expression of U6 snRNA did not change between lesional and non-lesional skin or
between different experimental conditions in cell culture. Target miRNAs were normalised
with the reference U6 snRNA and finally the expression ration was calculated. Fold change
was calculated dividing the obtained relative expression with the control or calibrator
sample/condition. In the skin, the calibrator condition was the non-lesional skin and in the

cell culture experiments was the transfected control or non-stimulated condition.

3.1.7. In situ Hybridization studies (Paper | and Il)

In order to locate the differentially expressed miRNAs in the skin, in situ hybridization was
performed on the second-cohort patients (validation cohort) in PFEE sections (6-4 uym
thickness) from lesional and non-lesional areas of DLE and SCLE patients using
miRCURY LNA microRNA ISH Optimization Kit (FFPE) (Qiagen, Hilden, Germany).
Sections were deparaffinised submerged in Xylene for 15 minutes and then in 99,9%
ethanol, 96% ethanol, 70% ethanol for 5 minutes each. Then, they were treated with
proteinase K (20ug/ml) during 10 minutes at 37°C for protein digestion. After being washed
twice with PBS, 50uL of hybridization mix containing LNA microRNA probe of specific
miRNAs (20nM) (miR-31, miR-485-3p, miR-885-5p, miR-139-5p) (Qiagen, Hilden,
Germany) was incubated overnight at 55°C in the DAKO humidified hybridization chamber
(Agilent, Santa Clara, CA, USA). LNA Scramble miR probe and LNA U6 snRNA (25nM)
were also hybridised as negative and positive controls respectively. On the next day, the
slides were stringently washed with 5x Saline- Sodium Citrate buffer (SSC), 1xSSC and
0.2xSSC at hybridization temperature (55°C) for 5 minutes each. Another wash was done
with 0.2xSSC for 10 minutes at room temperature. The sections were then placed into a
humidified chamber and incubated with blocking solution (Bovine Serum Albumin, BSA
5%) to avoid unspecific bindings at room temperature. The blocking solution was removed,
and the sections were incubated with the alkaline phosphatase-conjugated sheep
antidigoxigenin Fab fragments (1:800) (Roche, Basel, Switzerland) overnight at 4°C. The
probe was visualised by an incubation of 2 hours at 30°C with the AP substrate (NBT-
BCIP tablets in Milli-Q water with 0.2mM of Levamisole) (Sigma-Aldrich, Sant Louis, MO,
USA) followed by a double incubation of KTBT (AP stop solution, prepared with 50mM
Tris-Cl, 150 mM NaCl and 10 mM KCI) at room temperature during 5 min. The slices were
then dehydrated with rising ethanol concentration buffers (70%, 96%, 99,9% ethanol each
for 5 minutes) and mounted with mounting medium. The staining was observed with

Olympus IX71 (TH4-200) U-RFL-T microscope. Optimization of concentration of the
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reagents and incubation timings was achieved previously by assessing miR-31 in situ

hybridization in psoriasis lesional and non-lesional samples.

3.1.8. ELISA (Enzyme-Linked InmunoSorbent Assay) (Paper | and Il)

The supernatant (culture medium) of all the in vitro experiments was collected and stored
at -80°C. For cytokine measurement ELISA (Abcam, Cambridge, UK) was performed. The
supernatants were thawed at 37°C in the water bath and centrifuged for 10 minutes at
2000 rpm to remove the possible presence cellular debris. 100uL of each standard and
sample were added to the appropriate wells of the ELISA plaque. Then 50 pyL of 1X
Biotinylated antibody (Table 11) was added to all wells and the plaque was covered and
incubated for 3 hours at room temperature. After incubation, the plaque was washed tree
times with 1x Wash Buffer. 100 pL of 1X Streptavidin-HRP solution was added into each
well. The plaque was re-covered and incubated at room temperature for 30 minutes. Three
washes were repeated and 100 uL of Chromogen TMB substrate solution were added into
each well. After incubation in the dark for 20 minutes at room temperature the substrate
was visible and 100 pL of stop reagent was added. The plaque was immediately analysed
with a spectrophotometer using 450 nm as the primary wavelength. Triplicates were
performed. The mean absorbance for each set of standards, controls and samples, and

the average zero standard optical density was subtracted.

Biotinylated antibody Supplier Paper
Anti-IL-12 Abcam Paper |
Anti-IL-18 Abcam Paper land Il
Anti-IL-8/CXCL8 Abcam Paper | and I
Anti-CCL5 Abcam Paper Il
Anti-CCL20 Abcam Paper lI
Anti-TNFa Abcam Paper lI
Anti-S100A7 Abcam Paper lI

Table 11. Antibodies used in ELISA assay.

3.1.9 Anti-miRNA or mimics-miRNA (Paper | and Il)

After 24 hours at 37°C 5% CO,, miRNA inhibition or overexpression was performed
following mirVana™ miRNA Transfection protocols. In brief, cells were visualised under

the microscope before starting to confirm that they were around 60% of confluence. Then,
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3 ul of Lipofectamine 2000 (Thermofisher scientific, Waltham, MA, USA) was diluted into
50 uL of Opti-MEM Medium (Thermofisher scientific, Waltham, MA, USA). On a separate
Eppendorf tube, 1 pl of the synthetic anti-miRNA or miRNA-mimics (10uM) (Thermofisher
scientific, Waltham, MA, USA) was diluted with 50 uL of Opti-MEM. Next 450 uL of
complete media was added to the wells Opti-MEM media presents a 50% serum reduction
which facilitates the cationic lipid transfections. Both tubes were combined into one single
tube and the mix was incubated for 5 minutes at room temperature for miRNA-lipid

complex generation.

3.2. Specific methodology in the study of miR-885-5p (paper Il)

3.2.1 Gene microarray in anti-885-5p transfected keratinocytes (Paper Il)

Gene microarrays are designed for profiling the expression of predefined or customised
sets of genes in tissues, cells or fluids. They consist in solid surfaces in which a collection
of microscopic spots is attached. These spots are specific proves complementary to the
genes that we aim to detect. Since mMRNA is degraded easily, it is necessary to convert it
into a more stable cDNA form. The process in which the cDNA binds to its complementary
probe is named hybridization. The hybridization level of the specific probe with the target
cDNA will determine a fluorescent intensity measurable by image analysis and therefore,

the gene expression is quantifiable in the processed samples.

In order to evaluate the effect of miR-885-5p in keratinocytes after anti miR-885-5p
inhibition and stimulation, RNA was extracted and gene microarrays were carried out using
the Clariom™ S Array Assay (Thermofisher scientific, Waltham, MA, USA)), human an
array with 20.000 well-characterised human genes used to explore human biology and
disease processes. Within this array, the probes are distributed across the full length of

the gene, providing a complete and accurate picture of overall gene expression.

The arrays were performed at the Unitat d’Alta Tecnologia (UAT) of Vall d’Hebron Institut
de Recerca (VHIR). First, samples were processed using the Affymetrix GeneChip WT
PLUS Reagent kit (Thermofisher scientific, Waltham, MA, USA). Then the obtained cDNA
(500ng) was labeled by exploiting the 3’ hydroxyl end by T4 RNA ligase-mediated ligation
of a p-CU-Cy3 dinucleotide (TriLink, BioTech, San Diego, CA). Labeled samples were then
dried, resuspended in RNAse free water and co-hybridised with the Clariom™ S Array.
Once the hybridization was completed, samples were subsequently washed, and slides
were scanned on an appropriate microarray scanner and quantified with the Affymetrix

analysis software (Thermofisher scientific, Waltham, MA, USA).
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3.2.2 Statistical analysis of the mIR-885-p transfected keratinocytes microarray
(Paper Il)

Data obtained from the microarrays were analysed by the Statistics and Bioinformatics
Unit of our institute Vall d’Hebron Institut de Recerca (VHIR). The statistical analyses
corresponding to arrays were performed using the R statistical software package (www.R-
project.org) (R Core Team, 2014) and the libraries developed for microarray data analysis

by the Bioconductor Project (www.bioconductor.org) (Gentleman et al, 2004).

3.2.3 Kinetic study of the expression levels of mIR-885-p following stimulation
(Paper Il)

Primary keratinocytes were cultured in 96 well-plates treated with Poly-D-Lysine that
facilitates cells adhesion (Sarstedt, Nimbrecht, Germany). After letting keratinocytes
adhere for 24h, cells were stimulated with IL-1 a (5 ng/pL) or TNFa or TGFB or IFNa (10
ng/uL, Life Technologies, Thermofisher scientific, Waltham, MA, USA) or 25-50mJ/cm?
UVB (Westinghouse Electric, Pittsburgh, PA, USA). RNA was extracted Oh, 2h, 4h, 6h, 8h,

12h, 18h and post-stimulation and miR-885-5p expression was evaluated.

3.2.4 Luciferase assay

To demonstrate putative target genes of miRNA 885-5p, Firefly/Renilla Dual Luciferase
Assay (Promega, Wisconsin, USA) was performed. Within this assay, a reported gene is
cloned with a DNA sequence of interest into an expression vector that is transferred into
the cells. Then, the cells are assayed for the presence of the reporter. Luciferase assays
consist in bioluminescent reporters which present exceptional sensitivity, moreover, there
is no endogenous activity in the host cells to interfere with quantifications. Renilla was
used as an endogenous control for the normalization of the Luciferase in order to reduce
the variability that could be present between samples due to differences in the transfection

efficiency. Each experiment was done in five replicates.

In order to do it, 1x10* primary keratinocytes were seeded into 96 well plates and were co-
transfected with 3 yl Dharmafect transfection reagent (Invitrogen, Carlsbad, CA, USA) with
the plasmids pEZX-MT01-PSMB5 3'UTR or pEZX-MT01-TRAF1 3' UTR and the following:

- Negative Control

- mir-885-5p mimics 10 yM

- miRNA scrambled (control) 10 yM
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After 24h, cells were lysed with 20 pL cell lysis buffer and incubated with Luciferase
substrate. After lecture in the luminometer LUMIstar Omega (Ortenberg,Germany), Renila
substrate was added a second lecture was performed. Data is normalised by the average
ratio (Firefly/Renilla) and shown as percent activity by multiplying the fold change in activity
by 100.

3.3. Chapter 2. Thalidomide mechanism of action in CLE

3.3.1 Baseline characteristics of the patients (Paper Ill and Chapter 3)

A total of 10 patients were included in the study. Demographic characteristics are shown
in Table 12 . The patient inclusion criteria were: 1) age = 18 years; 2) the presence of
active cutaneous lupus lesions bigger than 3cm; 3) the presence of lesions classified by
the CLE Disease Area and Severity Index (CLASI) > 4 at the time of the skin biopsy; 4) no
previous treatment with immunosuppressants for 21 month or topical corticoids for at least
>2 weeks. 5) At inclusion all patients received oral thalidomide (100 mg/day) at night for 4
weeks. The study was approved by the Local Vall d’Hebrén Ethics Committee and

informed consent was obtained from all subjects before the study

Baseline characteristics (::1%)
AGE, mean (SD), years 44 (10.3)
Female, n (%) 10 (100%)
Photosensitivity, n (%) 3 (30%)
Smoking, (%) 4 (40%)
Type of CLE
DLE 8 (80%)
SCLE 2 (20%)
CLASI ACTIVITY, mean (SD) 11.0+2.5
CLASI DAMAGE, mean (SD) 4.3+1.45
Systemic Lupus Erythematosus 4 (40%)
Clinical response to ThaIidomiEIe (4 weeks) 7 (70%)
Complete response (CLASI=0)
ANA antibodies positive, n (%) 8 (80%)
Anti-SSA/Ro antibodies positive, n (%) 1 (10%)
Previous CLE medication
e Topical Steroids 10 (100%)
¢ Antimalarials 10 (100%)
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e Immunosupressants 7 (70%)
- Methotrexate 2 (20%)

- Azathioprine 4 (40%)

- Mycophenolate 1 (10%)

e Dapsone 0 (0%)
Retinoids 4 (40%)

e Oral Steroids

Table 12: Baseline characteristics for 10 patients diagnosed with CLE that participated in the
CLE thalidomide skin research project.

3.3.2. Biological samples collection (Paper Ill)

A six-millimeter punch biopsy was taken from lesional skin from CLE untreated patients
and another six-millimeter punch biopsy was taken from paired patient’s post-thalidomide
treatment. The skin punch was divided into three sections: the first section was used for
RNA-sequencing experiments, the second was immediately frozen in liquid nitrogen in
OCT compound for immunofluorescence studies and the third was fixed in 5% formalin

and paraffin-embedded in order to perform immunohistochemistry techniques.

At the same moment, blood samples were also collected from CLE patients to isolate
PBMCs that were stored at -180°C for further experiments. Serum and plasma were also
obtained and stored at -80°C.

3.3.3 RNA extraction from skin biopsies (Paper lll)

Total RNA from skin biopsies was obtained using RNeasy Mini Kit (Qiagen, Hilden,
Germany) and Ribosomal RNA was removed using Epicentre’s Ribo-Zero rRNA Removal
kit (Illlumina, San Diego, USA). Within RNeasy Mini Kit there is no phenol/chloroform
extraction. Skin samples were first lysed and homogenised as previously described in the
presence of a highly denaturing guanidine-thiocyanate—containing buffer, which
immediately inactivates RNases to ensure purification of intact RNA. Ethanol is next added
to provide appropriate binding conditions, and the sample is then applied to RNeasy Mini
spin column, where the total RNA binds to the membrane and contaminants are efficiently

washed away. Finally, high-quality RNA is eluted in 30—100 pl water.
RNA integrity was evaluated using Bioanalyzer 2100 obtaining values 28.5 (Agilent

Technologies, Santa Clara, CA, USA). Therefore, all samples were considered for the

study.

79



Materials and Methods

3.3.4 RNA-sequencing in thalidomide pre- and post-treated patients and library

construction (Paper lll)

Samples were converted to cDNA and subsequently subjected to fragmentation, linker
adapter ligation and amplification using TruSeq library generation kits (lllumina, San
Diego, USA) according to manufacturer’s instructions. The constructed libraries were
amplified using 8 cycles of PCR. The resulting libraries were subjected to lllumina Hiseq
2000 sequencing platform version 3 producing 2x75 bp run with >65 M reads (lllumina,
San Diego, USA).

Image analysis, sequencing quality evaluation, and data production summarisation were
performed using the lllumina/Solexa pipeline (lllumina, San Diego, USA). Sequences were
analysed for quality control (FASTQC) and aligned to the Human genome (GRCh38) using
STAR program (version 2.5.2a) (Wingett et al., 2018; Dobin et al., 2013). RSEM program
(version 1.2.28) (Li et al., 2011) was used to determine transcript assembly, and the
abundance and expression levels were determined based on the fragments per kb per
million (FPKM) values, a way of normalizing read counts by calculating the number of
reads mapped to each transcript divided by its length and the total number of mapped
reads in the sample. To find differentially expressed genes and transcripts, the logarithmic
ratios of FPKMs were calculated by pairwise comparisons of the expression between pre-
and post-skin thalidomide samples with tests for significant differences using DESeq2
(Love et al., 2014). To obtain high-quality differentially expressed genes (DEGs), we set
the threshold for the false-discovery rate at < 0.05 and for fold change at = 2 or < 05

(Jlog2FC| = 1) in the comparison analysis.

Data obtained from the RNA-seq before and after being processing are available in the
Gene Expression Omnibus (GEO) database with the following identification code
(GSE162424) (https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE162424)

3.3.5 Identification of the thalidomide mechanism of action by applying TPMS
protocols (Paper lll)

The Therapeutic Performance Mapping System (TPMS) is a tool that creates
mathematical models of a drug/pathology protein pathways to explain a clinical outcome

or phenotype (Anaxomics Biotech, Barcelona, Spain). These mathematical models find
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mechanism of action (MoAs) that explain how a Stimulus (i.e., proteins activated or
inhibited by a drug) produces a Response (i.e., proteins active or inhibited in a phenotype).

The detailed steps are explained below:

Molecular characterization of CLE disease and thalidomide

To apply the TPMS approach and create the mathematical models of MoAs, a
characterization of CLE disease and thalidomide is needed. We manually curated a list of
proteins and motives relevant for cutaneous lupus erythematosus (CLE) pathogenesis and
targets for thalidomide’s mechanism of action. Manual curation was performed through an
extensive and careful review of full-length articles in the PubMed database, Drug Bank,
Stitch and Supertarget (Knehisa et al., 2014; Gilson et al., 2016; Chatr-Aryamontri et al.,
2017; Croft et al., 2014). The search was expanded using the “related articles” function
and article reference list. For CLE characterization, we included 206 proteins. For
thalidomide molecular drug characterization, eight main molecules have been identified
(CRBN, IKZF1, IKZF3, IRF4, MEIS2, ORM1, ORM2, FGF2) and 36 proteins were related

to them.

Generation of mathematical models

We generated a biological map between CLE proteins and thalidomide targets using public
information about protein-to-protein interactions, physical interactions and modulations,
signaling, metabolic relationships and gene expression regulation that are founded in:
KEGG, Binding Database, BioGRID and REACTOME (Jorba et al., 2020; Wishart et al.,
2008; Szklarzyk et al., 2016; Hecker et al., 2012).

The algorithm of TPMS for generating the mathematical models is similar to a Multilayer
Perceptron of an Artificial Neural Network over the biological map (where neurons are the
proteins, and the edges of the network are used to transfer the information). It takes as
input signals the activation (+1) and inactivation (-1) of the drug target proteins and as
output proteins implicated in CLE pathogenesis.

The models have to be able to weigh the relative value of each protein (node) relation.
Since the number of links is very high, the number of parameters to solve also increases
exponentially. Anaxomics applied Artificial Intelligence (Al) technologies for modelling
complex network behaviors, including graph theory and statistical pattern recognition

technologies; genetic algorithms; artificial neural networks; dimensionality reduction
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techniques; and stochastic methods like Simulated Annealing, Monte Carlo among others

(Anaxomics Biotech, Barcelona, Spain).

Molecular mechanism construction

Then a collection of restrictions, defined as the true set of edges and nodes with the
property of being active or inactive, are used for validating the mathematical models
obtained with TPMS (Truth table). Two type of restrictions are used: 1) information found
in microarray database (GEO, PHOSIDA, 2D gel database, BED) and drug database
(DrugBank); 2) data obtained from our RNA-seq analysis using skin biopsies of CLE

patients pre- and post-thalidomide treatment.

As the number of restrictions is always smaller than the number of parameters required
by the algorithm, any process modelled by TPMS has a “population” of different solutions,
which is set around 106—109, since this interval is estimated to faithfully portray nature.
From this set of solutions, only the best ones (showing acceptable accuracy values for the
Truth Table) are used to construct a “global” or “average” molecular mechanism, which
represents the most probable molecular mechanism according to the current biological

knowledge.

3.3.6 Immunohistochemistry (Paper lll)

Immunohistochemistry was performed on paraffin-embedded skin sections according to
standard procedures. Sections were deparaffined by incubation at 15 min at 60°C and
then 15 min in Xylene and 5 min in ethanol decreasing concentrations (99%, 96% and
70%). Endogenous peroxidase activity was blocked using 0.3% H202 in methanol. Then,
slides were incubated at for antigen retrieval for 20min at 92 °C 10mM Sodium Citrate, pH
6.0. After blocking for 1h with BSA 5% in PBS (phosphate buffered saline) , primary
monoclonal antibodies were incubated overnight at 4°C. Incubation with the secondary
antibody was carried out for 30 minutes at room temperature, followed by washing in
distilled water and two changes of PBS. Sections were incubated in avidin-biotin complex
(ABC, Dako) for 30 minutes at room temperature, followed by washes in distilled water
and two changes in PBS. The antigen-antibody reaction was visualised using di-
aminobenzidine (DAB, Sigma) as the chromogen. The slides were observed with Olympus
IX71 (TH4-200) U-RFL-T microscope (Olympus, Tokyo, Japan). Images were processed
with Image J (NIH, USA). Antibodies are detailed in the following table (Table 13).
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Primary Antibody Supplier Code
Anti-CD4 Roche SP35
Anti-CD8 Agilent DK25
Anti-CD56 Fisher Scientific 56C04
Anti-Phospho-Raptor . )
(Ser863) Invitrogen PA5-64849
Secondary Antibody Supplier Code
Goat Anti-Rabbit IgG

H&L (HRP) Abcam ab6721

Table 13. Antibodies used for immunohistochemistry

3.3.7 Protein extraction from skin biopsies (Paper Ill)

Protein was extracted from skin tissue following the instructions of PARIS kit (Thermo
Fisher, Waltham, MA, USA). The skin was homogenised with the lysis buffer and samples
were centrifuged at 12000 rpm at 4°C for 3 minutes. The supernatant was collected, and
200 mL of chloroform was added. After 5 minutes on ice, samples were centrifuged 12000
rpm at 4°C for 15 min. Then, the organic phase was collected, and isopropanol was added
for 10 min at room temperature for protein precipitation. After centrifugation at 12000 rpm
for 4°C, 0.3 M of guanidine hydrochloride solution was added and centrifuged at 12000
rpm at 4°C twice. Supernatant was discarded and the protein pellet was washed with
ethanol and dried for 5-10 minutes. Finally, 1% SDS solution was added to dissolve the
protein by repeated pipetting. The protein concentration was determined using the Bio-
Rad Protein Assay (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s

instructions.

3.3.8 Western blot (Paper IlI)

A total of 60 pg of protein was loaded into 12% SDS-PAGE and transferred to PVDF
membranes (Millipore, Billerica, MA, USA) by Semi-Dry Electrophoretic Transfer (Bio-Rad,
Hercules, CA, USA). Membranes were blocked with 5% BSA (RT, 1 h) followed by
overnight incubation (4°C) with specific primary antibodies and on the next day, Secondary
HRP-labelled antibodies were added for 2h at room temperature (1:500) (Table 14) and

visualised using ECL Detection System (Santa Cruz Biotechnology).

Primary Antibody Supplier Code
Anti-CRBN Abcam ab244223
Anti-IRF4 (MUM1) Abcam ab133590
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Anti-MTOR Abcam ab45989
Anti-NF-KB p65 Abcam ab16502
Anti-AMPK alpha-1 Invitrogen AHO1332
Anti-Ubiquitin Abcam Ab7780
Anti-alpha-actin Abcam Ab203696
Secondary Antibody Supplier Code
Donkey Anti-Mouse IgG .

(HRP) Invitrogen A16011
Goat anti-Rabbit IgG :

(HRP) Invitrogen 31460

Table 14. Antibodies used in western blot.

3.3.9. Ubiquitination assay in vitro (Paper Ill)

Recombinant Human CRBN + DDB1 + CUL-4A + RBX1 (Abcam, Cambridge, UK) (1 uM),
Human AMPK1 Fisher (ThermoFisher, Waltham, MA, USA) (1.5 yM) and Thalidomide
(100 pM) were used with the E3 Ligase Auto-Ubiquitilylation Assay Kit (Abcam,
Cambridge, UK) following the manufacturer’s instructions. Reactions were incubated at

37° C for 2 h before separation by SDS—-PAGE followed by western blot analysis.

3.3.10. Ubiquitination assay in vivo (Paper lil)

Epidermal keratinocytes were stimulated with UVB for 6h and then treated with
thalidomide. After 24 h, cells were washed twice with PBS and lysed with RIPA buffer
(Sigma Aldrich, St. Louis, MI, USA) together with protease inhibitor cocktail (Sigma Aldrich,
St. Louis, MI, USA). After centrifugation at 10,000 rpm for 15 min, supernatant was
collected. Concurrently, Dynabeads™ Protein G for Immunoprecipitation (Invitrogen,
Waltham, MA, USA), were washed and incubated with anti-AMPK antibody (1:250)
(Abcam, Cambridge, UK) in PBS 0.02% Tween™ 20 for 15 min at room temperature in
order to obtain the Antibody-bead complex. Then, the mix was incubated with the obtained
supernatant from the cell lysis. After 1 h at room temperature, the antibody-bead-AMPK
protein complexes were obtained. Finally, AMPK protein was eluted with elusion buffer (50
mM glycine pH 2.8) for 2 min at room temperature. Supernatants were subjected to

western blot analysis for AMPK and ubiquitin protein analysis.
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3.3.11. Thalidomide preparation (Paper lll and Chapter 3)

For in vitro cell culture, thalidomide (Celgene) was grinded and dissolved in 10% dimethyl
sulfoxide (DMSO) (Sigma) and stored at -20°C until use. Concentrations of 100 ng of

Thalidomide per mL were used in cell culture experiments.

3.4 Chapter 3: Thalidomide - miRNAs

3.4.1. Hydroxychloroquine preparation

For in vitro cell culture, Dolquine (Celgene) was grinded and dissolved in 10% dimethyl
sulfoxide (DMSO) (Sigma) and stored at -20°C until use. Concentrations of 1ug of

Dolquine (Hydroxychoroloquine) per mL were used in cell culture experiments.

3.5. Common methods for Chapter 1, 2 and 3 (miRNA and thalidomide projects).

3.5.1 Cell culture (Paper |, Il and IlI)

In order to perform in vitro functional experiments, the following primary cells were used:

3.5.1.1. Primary cells isolated from patients or healthy controls

- Keratinocyte isolation from skin biopsies
The skin punch biopsy was placed in EpiLife medium (Gibco, Thermofisher scientific,
Waltham, MA, USA) containing 5% Penicillin/Streptomycin (Pen/Strep) in order to disinfect

the tissue and avoid future cell contaminations.

In the cell culture cabinet, the tissue was placed into a plaque and using forceps and
scissors the fat and connective tissue (hypodermis) were removed. The cleaned biopsy
was placed into a falcon tube containing 2u/mL of dispase and placed at 4°C overnight.
On the next day, dispase solution was discarded and the biopsy was placed in a plate and
washed three times with PBS. Then, epidermis could be easily separated from the dermis
with forceps. The isolated epidermis was cut into small pieces (around 1mm) and placed
into a 24 well plate specifically treated with Poly-D-Lysine that facilitates cells adhesion
(Sarstedt, Numbrecht, Germany). Then, 2mL of t TrypLE Express (1X) (Gibco,
Thermofisher scientific, Waltham, MA, USA) already warmed at 37°C were added and the
epidermal pieces were incubated for 18 minutes at 37°C. After that, the cell suspension

was collected into a Falcon tube containing EpiLife with 10% FBS to inhibit the trypsin
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activity. The cellular suspension was taken avoiding the collection of the remaining skin

tissue pieces and centrifuged for 5 minutes at 4°C.

Cells were resuspended, counted and seeded with EpiLife supplemented with 1% Human
Keratinocyte Growth Supplement (HKGS) (Gibco, Thermofisher scientific, Waltham, MA,
USA). The seeding concentration of cells was 1x10° per 25 cm?flask (Corning Inc, Acton,

MA, USA). The media was changed every 2-3 days.

- Fibroblasts isolation from skin biopsies (Paper )

After placing the skin biopsy with dispase at 4°C overnight and separating epidermis of the
dermis, the dermal layer was cut into 0.5-1.0mm pieces and placed into a cell culture dish
21 cm? (Sarstedt, Nimbrecht, Germany) containing Dulbecco's Modified Eagle Medium
(DMEM) (Gibco, Thermofisher scientific, Waltham, MA, USA) supplemented with 5%
Pen/Strep antibiotics and assuring that the media did not cover completely the pieces, no
pieces were floating and all remained attached to the dish. The dish was incubated at 37°C
5% CO2 in an incubator and every day the culture was evaluated. Medium was replaced
every 3-4 days and within 7-10 days fibroblasts started to grow nicely. After 14-21 days,
the media was discarded and two washes with PBS were performed. 5mL of 0.05%
Trypsin/EDTA solution (Gibco, Thermofisher scientific, Waltham, MA, USA) were added
and incubated for 5 minutes at 37°C. Once fibroblasts were rounded and detached, the
tissue dish was tapped and the cells were collected and centrifuged at 1500 rpm for 5
minutes. The cells were subcultured in standard 25 cm? tissue culture flasks (Corning Inc,
Acton, MA, USA) in a 37°C, 5% CO2 tissue-culture incubator and were passaged every
6-7 days at a ratio of 1:4 in 150 mm? tissue culture dishes. The media was changed every

3 days.

- PBMCs/PMNCs isolation from total blood

Blood from CLE and healthy donors was collected using venipuncture technique into
Cellular Preparation Vacutainer blood draw tubes (BD, Franklin Lanes, NJ, USA). The
tubes contain Ficoll solution followed by a gel plug which contacts the blood to be drawn.
The tubes were inverted 8-10 times and centrifuged for 3000 rpm during 30 min at room
temperature with deceleration. Human neutrophils were isolated from fresh peripheral
blood using Polymorphprep (Axis-Shield diagnostics, Dundee, UK) with centrifugation at

3000 rpm during 30 min at room temperature with deceleration (purity 285%).
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After centrifugation the white phase containing PBMCs/PMNCs was clearly visible and
collected using a Pasteur pipette. The collected cell suspension was transferred into

conical tube and washed three times with PBS.

Cells were counted and resuspended in complete RPMI 1640 Media (Gibco, Thermofisher
scientific, Waltham, MA, USA) supplemented with 5% Pen/Strep and 2mM L-Glutamine
(Sigma-Aldrich, Sant Louis, MO, USA). The majority of in vitro experiments were
conducted on freshly isolated cells. When not possible, cells were frozen with cryomedium
Fetal Bovine Serum (FBS, Sigma-Aldrich, Sant Louis, MO, USA) with 10% Dimethyl
sulfoxide (DMSO, Sigma-Aldrich, Sant Louis, MO, USA) and stored in -180°C liquid

nitrogen for forward studies.

- T cells isolation from blood

After obtaining the PBMCs as previously described, T cells were subsequently isolated by
using Dynabeads Untouched T cells kit (Invitrogen, Carlsbad, CA, USA) according to
manufacturing instructions. Within this kit, T cells are isolated from PBMCs by negative
selection, with an antibody mix that contains monoclonal antibodies towards human CD14,
CD16 (a and b), CD19, CD36, CD56, CD123 and CD235a which allows depleting B cells,

NK cells, monocytes, platelets, dendritic cells, granulocytes and erythrocytes.

Cells were resuspended at 1x108 cells per mL with an Isolation buffer (0.1% PBS and 2mM
BSA). An antibody mix against the “non-T cells” and 100 pL of heat inactivated Fetal Calf
Serum (FCS) were added. After 20 minutes incubation at 4°C, cells were centrifuged and
500 pL of pre-washed Dynabeads were added for 15 minutes at RT. The Dynabeads bind
to the antibody-labeled cells during the incubation. The suspension was placed on the
magnet and T cells were obtained by negative selection. This step was repeated twice.
The non-desired bead-bound cells remained on the magnet and were discarded. The
obtained supernatant containing T cells was washed in PBS and cells were counted and
seeded for cell culture experiments. Purification of isolated T cells was analysed by FSR
Fortessa cytometer (BD Biosciences, Franklin Lakes, NJ) with anti-CD3, anti-CD4 and
anti-CD8 antibodies (BD Biosciences, Franklin Lakes, NJ).
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3.5.1.2. Commercial Primary cells

- Healthy human epidermal adult Keratinocytes (HeKa)

Healthy primary human epidermal adult Keratinocytes (HEKa) were purchased from Life
Technologies (Carlsbad, CA, USA) and cultured in EpiLife serum-free media
supplemented with 1% HSGK (Thermofisher scientific, Waltham, MA, USA). Into detail,
upon the vial arrival, it was thawed rapidly at 37°C in a water bath for 1-2 minutes. Then,
cells were counted and resuspended at a concentration of 1.25x10* cells/mL in T-75 Cell+
Flasks (Sarstedt, Nimbrecht, Germany). Following inoculation, the medium in the flasks
was distributed equally due to keratinocytes attach surfaces quickly and uneven patterns
need to be avoided. The cells were incubated at 37°C 5% CO. in the cell culture incubator
and not disturbed for at least 24h. The media was changed every 2-3 days and passages
were done before reaching 80% of confluence. At high confluence rates, cells arrest and

leave the proliferating pool, reducing the long-term potential yield.

Centrifugation was not performed at the initiation of the cultures due to damage to HEKa
culture are common with centrifugation. For subsequent passages cells were trypsinised
by adding 3 mL of TrypLE Express (1X) at 37°C for 2-3 minutes and cell suspension was
collected and added into a tube containing EpiLife and 10% FBS (Thermofisher scientific,
Waltham, MA, USA) for trypsin inactivation. Cells were centrifuged at 1200 rpm for 3
minutes and subcultured. In case we were facing contaminations, the cell culture was

discarded and on the next keratinocyte-initiated culture 0.1% of Pen/Strep was added.

3.5.1.3. Cell culture conditions (Paper I, Il and IlI)

Primary cells (Keratinocytes, Fibroblasts, PBMCs, T cells) were seeded at 1x10° cells per
mL in 24-well plaques or 1X10 *cells/mL in 96-well plates for functional experiments with
their respective media:

- Keratinocytes: EpilLife serum-free media supplemented with 1% HSGK.

- Fibroblasts: DMEM supplemented with 10%FBS and 5% of Pen/Strep.

-PBMCs and T cells: RPMI 1640 supplemented with 5% Pen/Strep and 2mM L-Glutamine.

3.5.2 Cell stimulation (Paper I, Il and Il)

After 24 hours of being seeded or after 24 of miRNA transfection/gene silencing, cells were
treated with several cytokines and inflammatory stimulus for 6h in order to simulate

inflammation and be able to study the gene and protein expression.
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The following conditions were established:

- 5 ng/uL IL-1 a (Life Technologies, Thermofisher scientific, Waltham, MA, USA).

- 10 ng/uL TNF a (Life Technologies, Thermofisher scientific, Waltham, MA, USA).

- 10 ng/uL TGF B (Life Technologies, Thermofisher scientific, Waltham, MA, USA).

- 5 ng/uL PMA/lonomycin (Life Technologies, Thermofisher scientific, Waltham, MA, USA).
- 10 ng/uL IFN a (Life Technologies, Thermofisher scientific, Waltham, MA, USA).

- 25-50mJ/cm? UVB.

3.5.3 siRNA transfection (Paper Il and Ill)

Keratinocytes were plated at a density of 1x10° cells per mL in 24 well-plates overnight at
37°C 5%. On the next day, silencing of gene of interest was performed using CRISPRMAX
tm Reagent Cas9 nuclease transfection protocol (Thermofisher Scientific, Waltham, MA,
USA). Cells were around 60% of confluence at the time of the transfection. A mixture
containing 25 pL of Opti-MEM, 1250 ng Cas9 nuclease, 240 ng of the PSMB5/TRAF1 or
control siRNA and 2.5 pL of Cas9 Plus reagent was prepared in an Eppendorf Tube. In
another separate tube, 25uL of Opti-MEM and 1.5 uL of CrisprMAX reagent were added.
Immediately after preparation, the solution from the first tube was transferred to the second
tube and mixed well. After 5 minutes of incubation, the 50 pL of solution containing siRNA

complexes was added to the cells and 450uL of complete media per well were added.

3.5.4. Migration experiments (Paper |, Il and Ill)

Two approaches have been conducted:

- The supernatant from transfected keratinocytes was thawed and placed on the bottom

of a 24-well plate (Paper 1)

- Stimulated keratinocytes were cultured in the bottom of 24-well plates at 1x10° cells/mL
and were transfected or treated with thalidomide as described previously for 6h or 24h.
(Paper Il and III)

Then the co-culture was performed, PBMCs were isolated from healthy controls as
described, marked with DAPI and added in the insert (3.0mm pore; BD Biosciences,
Franklin Lakes, NJ) placed in the upper side of the well (1x10° cells/mL). After 6, 24 and
48 hours migrated PBMCs that were located in the bottom of the well were under a
confocal inverted fluorescence microscope (Leica, Wetzlar, Germany). Cell number was

counted in five random microscopic fields per well.

&9



Materials and Methods

3.5.5 Gene expression analysis

3.5.5.1. mRNA extraction from cultured cells (Paper |, Il and IIl)

In order to isolate miRNA and mRNA from cultured cells, the miRNA easy Mini kit (Qiagen,
Hilden, Germany) was used according to manufacturing instructions. This kit is used for
low-throughput RNA purification using spin columns. In brief, after transfection and
stimulation cells were trypsinised using TrypLE Express (1X) ThermoFisher Scientific,
Waltham, MA, USA) for 3 to 6 minutes at 37°C. For experiments with PBMCs, the cell
suspension was collected, and the adherent monocytes were trypsinised with TrypLE
Express (1X) for 5 minutes at 37°C. The supernatant of all the experiments was frozen
and stored at -80°C for further ELISA experiments.

The collected cells were centrifuged, and the pellet was lysed by adding 700 uL of Qiazon
lysis reagent (Qiagen, Hilden, Germany) and vortexing for 1 minute. Then, the samples
were incubated for 5 minutes at room temperature and 140uL chloroform per sample was
added. After centrifugation for 15 minutes at 12.000 rpm 4°C, phases were visible, and the
upper aqueous phase was transferred into a new collection tube with 1.5 volumes of 100%
ethanol. After vortexing 1 minute, the sample was placed into an RNAeasy mini column in
a collection tube. Successive spinning with ethanol wash buffers were performed. Finally,
a centrifuge at a full speed is done to dry the membrane and the mature miRNA and RNA

are eluted with 35 pL of RNAse free water and centrifuging for 1 minute at 13.000 rpm.

The integrity and purity of the isolated RNA was measured in the Nanodrop-2000 UV-Vis
Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). Ratios of Azso/A2so
between 1.8 and 2.1 were considered acceptable to use the RNA for the subsequent

experiments.

3.5.5.2. RT-qPCR (Paper I, Il and lil)

Quantification of gene expression from cultured cells after being transfected with anti-
miRNAs and miRNA-mimics or being treated with thalidomide or siRNA silencing and
being stimulated was done by real-time reverse-transcriptase quantitative polymerase
chain reaction (RT-qgPCR) according to the manufacturer using the High-Capacity RNA-
to-cDNA Kit (Applied Biosystems, Foster City, CA, USA). First, isolated RNA was
converted to cDNA with reverse transcription reaction and the cDNA expression was
quantified with PCR. In order to perform the RT, RNA was diluted into 500 ng in 10 uL of
RNAse free water in microcentrifuge tubes. Then, 2.0uL of RT buffer, 0.8 uL of dNTP mix,
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2uL of random primers, 1uL of reverse transcriptase enzyme, 1 pyL of RNase inhibitor and
4.2uL of RNAse water were added. A master mix on ice was prepared in order to avoid
pipetting errors and assure accuracy between conditions. After setting the RT-reactions,
tubes were spun to down the contents and eliminate air bubbles and loaded in the thermal

cycler within the following conditions (Table 15):

Step Time Temperature
Step 1 10 min 25°C
Step 2 120 min 37 °C
Step 3 5 min 85°C
Hold o0 4 °C

Table 15. Reverse Transcription conditions.

After that, samples were ready for PCR amplification. A dilution with RNAse free water
was done in order to have a total of 20 ug of cDNA per well. Then, 10 yL of TagMan
Universal Master Mix Il (Thermofisher scientific, Waltham, MA, USA) was added with 1uL
of primer. 96 well plates or 384 well plates were used and after being prepared, they were
sealed with sealing tape (Thermofisher scientific, Waltham, MA, USA) and then
immediately processed in the ABI PRISM 7000 or ABI PRISM 7900 thermocyclers
respectively (Table 16):

Step Time Temperature
Step 1 2 min 50 °C
Step 2 10 min 95°C

15 sec 95°C
Step 3: 40 cycles 1 min 60°C
Hold e 4 °C

Table 16. gPCR conditions

Gene expression was assessed by TagMan gene expression assays gene expression
assays (FAM dye labeled MGB probe, Applied Biosystems, Foster City, CA, USA) (Table
17). Obtained data was normalised based on the expression the endogenous control gene
GAPDH (Hs02786624_g1, Thermofisher scientific, Waltham, MA, USA). Gene expression
was calculated as previously described, following the 2ACt method. Fold changes were

obtained by dividing the experimental conditions with the transfection controls or non-
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stimulated conditions as applicable. A minimum of triplicates per condition were

performed.
Gene Assay ID (TagMan) Paper
GADPH Hs02786624 g1 [, 11, 1
NFKB1 Hs00765730_m1 [, 11, 1
MTOR Hs00234508 m1 I
CXCL1 Hs00236937 _m1 I
IL1B Hs01555410_m1 [, 11, 1
CCL3 Hs00234142_m1 11
GATA3 Hs00231122_m1 l, 1

TBX21 (T-bet)

Hs00894392_m1

TGFB1

Hs00998133 _m1

TGFBR1 Hs00610322_m1 1, 1l
IL-2 Hs00174114_m1 1, 1l
CXCLS (IL8) Hs00174103_m1 1, 11, 1l
TNF Hs00174128_m1 1, 11, 1l

PRKAA1 (AMPK1)

Hs01562308 m1

IL-10

Hs00961622_m1

IFNA1

Hs04189288 g1

BIM (BCL2L11)

Hs01076940_m1

BAX

Hs00180269_m1

I

I
P53 (TP53) Hs01034249 m1 I
Caspase3 Hs00234387_m1 I
PPP6C Hs00254827 _m1 I
CXCL10 Hs01124252 g1 I
STK40 Hs00894269 m1 I
PIK3CA Hs00907957 _m1 I
PRKCD Hs01090047 m1 I
Smad3 Hs00969210_m1 I
Smad2 Hs00998187_m1 I
TIMP3 Hs00165949 m1 I
PRF1 Hs00169473 m1 I
GRNZ Hs00188051 _m1 I
IL-4 Hs00174122_m1 l, 1
IL-17A Hs00174383 _m1 I
COL3A1 Hs00943809 m1 I
SMA (ACTA2) Hs00426835 g1 I
CXCL9 Hs00171065 _m1 I
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SLP-76 (LCP2)

Hs01092638 m1

PGC1A

Hs00173304_m1

INFG Hs00989291_m1 L, 1
HCN1 Hs01085412_m1 I
CD28 Hs01007422_m1 I
ICOS Hs00359999 m1 I
ZAP70 Hs00896345_m1 I
LCK Hs00178427_m1 I

I

I

PSMB5 Hs01002826_g1 Il
KRT16 Hs00373910_g1 Il
BIRC5 Hs04194392_s1 Il
TP63 Hs00978340_m1 Il
CCL5 Hs00982282_m1 Il
TRAF1 Hs01090170_m1 Il
CCL20 Hs00355476_m1 Il
S100A7 Hs01923188_u1 Il
NFKBIA Hs01123969_g1 Il

Table 17. Tagman assays used in the studies.

3.5.6 Immunofluorescence analysis of cultured cells (Paper I, Il and Ill)

First, cells were washed with PBS and then fixed for 15 minutes in 4% Paraformaldehyde

(PFA) followed by permeabilization with 0.1% Triton X-100 for 10 minutes in order to let

the antibodies penetrate the cell membranes and combine to the target molecules. Then,

blocking solution (BSA 5%) was added for 1 hour at RT in order to avoid unspecific unions.

Then, Primary antibodies in blocking solution was incubated overnight at 4°C. Secondary

antibody was prepared in PBS and 200 yL were added in each well for 2 hours at RT

(Table 18). Coverslips were mounted with mounting media containing Dapi (Fluoromount-
G™ eBioscience™, Thermofisher Scientific, Waltham, MA, USA) which was used to

visualize the nuclei of the cells. Immunofluorescent staining was observed with inverted

fluorescent microscope (Leica, Wetzlar, Germany). Images were processed with Image J

(NIH, USA).

Primary Antibody Supplier Code Paper
Anti-IRF4 (MUM1) Abcam ab133590 1]
Anti-MTOR Abcam ab45989 1l
Anti-NF-KB p65 Abcam ab16502 [, 11, 1
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Anti-Phospho- .
Raptor (Ser863) Invitrogen PA5-64849 ]l
Anti-AMPK alpha-1 Invitrogen AHO1332 ]]
Anti-Ubiquitin Abcam Ab7780 1}
Anti-TGFBR1 Abcam ab31013 I
Anti-PSMB5 GeneTex, GTX23330 ]
Anti-TRAF1 Abcam Ab203316 ]
Anti-IKBa (NFKBIA) | Abcam ab7217 ]
Secondary Antibody | Supplier Code Paper
Alexa-680-
conjugated anti-goat | Abcam ab175776 |

| 1gG
Alexa-488-
conjugated anti- Abcam ab150077 I,
rabbit IgG
Alexa-647-
conjugated anti- Abcam ab150115 1, 1, 1
mouse IgG

Table 18. Antibodies used for immunofluorescence in cells.

3.5.7. Functional cell assays (Proliferation and Apoptosis)

3.5.7.1. Proliferation Assay (Paper I, Il and lI)

Proliferation was measured after transfection of cultured keratinocytes and PBMCs with
the CyQUANT™ Cell Proliferation Assay (Thermofisher scientific, Waltham, MA, USA).
Within this kit, cells are lysed, and their proliferation is assessed with highly sensitive
fluorescence-based methods. Moreover, it requires to freeze the samples, which permits
getting data from different experimental timepoints and analyze all together once you have
all the experimental conditions completed. Cells were transfected and/or stimulated in 96-
well plates at a density of 1x10* cells/mL. Then, for adherent cells, the media was
removed, and plate were frozen at -80°C covered with foul. Regarding suspension cells,
the plates were centrifuged at 1500 rpm for 5 minutes and the supernatant was discarded,
and cells were frozen as described. When all the different experimental timepoints were
achieved, all the samples were assayed together. The plates were thawed at room
temperature and 200 pL of CyQUANT® GR dye/cell-lysis buffer previously prepared was
added. After mixing gently, the samples were incubated 5 minutes at room temperature
protected from light. Finally, the sample fluorescence using a microplate reader (Luminex,
Austin, TX, USA) was measured using filters for 480 nm excitation and 520 emission

maxima.
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3.5.7.2. Apoptosis Assay (Paper I, Il and IIl)

Apoptosis was measured in cultured transfected and/or stimulated cells by flow cytometry
within the Dead Cell Apoptosis Kit Annexin V APC and SYTOX™ Green (Thermofisher
scientific, Waltham, MA, USA). Adherent Cells were trypsinised as described and in case
of PBMCs, they were collected, and adherent monocytes were trypsinised and added to
the collected cell suspension. Then, cells were centrifuged and washed with 1x Annexin
Binding buffer. Then, 5ul of 1x Annexin V and 1uL of SYTOX Green solutions previously
prepared were added to 100uL of each cell suspension. Cells were incubated at 37°C 5%
of CO; for 15 minutes. After incubation, cells were washed and resuspended in 200 yL of
1x annexin binding buffer and analysed in FSR Fortessa cytometer measuring the
fluorescence emission at 530 nm and 660 nm. A positive control for necrosis was done by
incubating cells with 2 mM hydrogen peroxide for 15 minutes to assure that the technique
is working and set the flow cytometry gating strategy. A total of 10.000 cells per condition

were analysed.

3.5.8 Flow Cytometry analysis (Paper | and lil)

Immune phenotyping and cell activation was measured by flow cytometry. Isolated T cells
were transfected and stimulated and after 24h, they were centrifuged at 2000 rpm for 5
minutes, washed with PBS and then resuspended with 100 uL of PBS with 1%BSA
containing antibodies (Table 19). The antibodies were incubated for 20 minutes at 4°C
protected from light. After incubation, stained cells were centrifuged and resuspended with
200 pL of PBS. A total of 10.000 cells per condition were analysed in FSR Fortessa
cytometer. Negative controls with incubation without antibodies were performed in order
to set the flow cytometry gating. Data were analysed using FCS Express 4 Flow Research

software (BD Biosciences, Erembodegem, Belgium).

B cell subsets Supplier Code Paper
CD19 BD Biosciences 345788 "
CD27 BD Biosciences 558664 1"
CD38 BD Biosciences 555460 1"

igD BD Biosciences 555779 1
Tcell subsets/ .

activation Supplier Code Paper
CD3 BD Biosciences 340662 I, HI
CD4 BD Biosciences 561842 I, 1
CcD8 BD Biosciences 555369 I,
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CCR3 BD Biosciences 561745 1"
CCR4 BD Biosciences 744140 1"
CCR5 BD Biosciences 560932 1"
CCR6 BD Biosciences 564479 1"
CXCR3 BD Biosciences 740183 1"
CD25 BD Biosciences 340939 1"
FOXP3 BD Biosciences 560046 1"
CD69 BD Bioscience 562617 |
Dendritic Cell and .

Monocytes Supplier Code Paper
CD11c BD Biosciences 559877 |
CD14 BD Biosciences 557154 |
CD16 BD Biosciences 555406 |

NK cell subsets Supplier Code Paper
CD3 BD Biosciences 340662 I,
CD16 BD Biosciences 561842 I, 1
CD56 BD Biosciences 555369 I, 1
6B11 BD Biosciences 552825 1l

Table 19. Antibodies used in flow cytometry.
3.5.9 Immunofluorescence in skin biopsy (Paper Il and Ill)

Skin biopsies were mounted in Optimal cutting temperature compound (OCT embedding
compound) and frozen rapidly by with nitrogen liquid by quick taps and immersions in liquid
nitrogen. Once OCT turned white and solidified, the OCT bloc containing the skin biopsy
was placed in the cryostat at -20°C (Leica CM3050 S Research Cryostat (Leica, Wetzlar,
Germany). The sections were cut in 6-10 um of thickness. Once the skin was cut, the
tissue section was adhered by contact Superfrost slides (FisherScientific, Waltham, MA,
USA). Finally, the obtained slides were stored at -80 °C.

The obtained sections were unfrozen and air-dried for 30 minutes at room temperature to
prevent the tissue to fall off the slides during antibody incubations. Then, the skin section
was fixed with 4% PFA in PBS for 15 minutes followed by three washes of PBS. A blocking
solution containing 5% BSA was added for 1 hour at room temperature. Primary antibody
was diluted with blocking solution and incubated overnight at 4°C. On the next day, the
slides were washed with PBS and secondary antibody was added for 2h at room
temperature (Table 20). Finally, slides were washed with PBS and then were mounted
with mounting media containing Dapi (Fluoromount-G™ eBioscience™, Thermofisher
Scientific, Waltham, MA, USA) for nuclear staining. The slides were observed with
Olympus IX71 (TH4-200) U-RFL-T microscope (Olympus, Tokyo, Japan). Images were
processed with Image J (NIH, USA).
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Primary Antibody Supplier Code Paper
Anti-CRBN Abcam ab244223 I
Anti-IRF4 (MUM1) Abcam ab133590 I
Anti-MTOR Abcam ab45989 [l
Anti-NF-KB p65 Abcam ab16502 0
Anti-6B11 Invitrogen 14-5806-82 [l
é’::;g‘)’s"h°"*apt°r Invitrogen PA5-64849 I
Anti-AMPK alpha-1 Invitrogen AHO1332 [l
Anti-PSMB5 GeneTex, GTX23330 Il
Anti-TRAF1 Abcam Ab203316 Il
Anti-Ki67 Abcam ab15580 Il
Secondary Antibody | Supplier Code Paper
‘::“:i’ff;ﬁi?t"fggjugated Abcam ab150077 I, 1l
‘:r'ﬁi’f;gﬁ:fg“éugated Abcam ab150115 I, 1l

Table 20. Antibodies used in immunofluorescence in skin sections.

Skin sections were evaluated on blinded specimens by the Vall d’Hebron pathology unit.
The staining of the epidermis, dermis and inflammatory infiltrate was evaluated semi-
quantitatively as 0 (<10% positive cells), 0.5 (10-20% positive cells), 1 (20-40% positive
cells), 1.5 (40-60% positive cells), 2 (60-80% positive cells), 2.5 (80-90% positive cells) or
3 (>90% positive cells).

3.5.10 Statistical Analysis (Paper |, Il and Ill)

All experiments have been performed at least three independent times in three replicates.
Data are represented as mean + standard error of the mean (SEM). Comparison between
groups and conditions was calculated with paired t tests or unpaired t tests as applicable.
All tests were done using Prism GraphPad version 7.0 (GraphPad Software, v 7.0, San
Diego, CA, USA). P values of less than 0.05 were considered statistically significant. In
the graphs and figures, the significant statistical values were indicated as following: *p <
0.05, **p < 0.01, ***p < 0.001.
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4. Results

Chapter 1. microRNAs in CLE

Paper I: microRNA Expression Profiling Identifies miR-31 and miR-485-3p as
Requlators in the Pathogenesis of Discoid Cutaneous Lupus

The first part of the thesis focused on studying a differential pathogenesis between DLE
and SCLE subtypes based on miRNA expression profiles. In this study, 10 DLE and 10
SCLE patients were included, and a skin biopsy from non-lesional and lesional skin was
obtained. Using the TagMan human array, differentially expressed miRNAs were
identified. In vitro experiments were performed to validate the obtained results and

investigate the role of the differentially expressed miRNAs.

DLE skin presents a differential microRNA profile from SCLE lesional skin

Direct comparison the miRNA data of lesional DLE versus lesional SCLE generated a list
of 12 differentially expressed miRNAs (fold change >|1.5|, P < 0.05) of which 8 were
upregulated and 4 downregulated. We focused on the top two upregulated miRNAs in DLE
vs SCLE, miR-31 and miR-485-3p that presented a Fold change of 11.21 and 10.09,
respectively. Their upregulation was first validated by Rt-qPCR. Next, to identify the cell
type in the skin involved in their deregulation, in situ hybridization was performed and it
was found that miR-31 expression was mostly increased in DLE lesional epidermis
compared with SCLE epidermis (P < 0.001) and upregulation of miR-485-3p was found in
dermal inflammatory infiltrates and fibroblasts of DLE skin vs SCLE (P < 0.0001). These
results indicate that in DLE, miR-31 deregulation was mainly in keratinocytes, and it was
a keratinocyte-specific miRNA, whereas miR-485-3p was in immune infiltrates and

fibroblasts.

miR-31 upregulation promotes keratinocyte apoptosis, NF-kB pathway activation
and neutrophil and monocyte recruitment

We next aimed to study the biological role of miR-31 in keratinocytes in in vitro studies, by
inhibiting or overexpressing miR-31. After several stimulations, TGF-31 and UVB were
identified strong miR-31 inducers in vitro in primary keratinocytes from DLE patients,
therefore further experiments were conducted stimulating keratinocytes with these
conditions. Proliferation and apoptosis were assessed, and it was found that miR-31
mimics keratinocytes present increased apoptotic rates (P < 0.0001). No changes in

epidermal proliferation were observed.
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As miR-31 is known to modulate the NF-kB pathway which in turn regulates multiple
aspects of immune functions serving as a pivotal mediator of inflammatory response, and
it has been found to be upregulated in the skin of autoimmune conditions, we next
assessed by immunofluorescence NF-kB protein levels. We found that NFKB1 was
increased after miR-31 mimics (3.2 — fold change; p<0.001) along with NF-kB related
inflammatory mediators. IL-12, IL-8, and TGF-1 were significantly upregulated in pre-miR
31-transfected cells and cell culture supernatants, indicating that upregulation of miR-31

contributes to inflammation in CLE skin by promoting NF-kB pathway.

Because of the interaction between epithelial cells and the immune system is crucial in
CLE, cross-talking functional studies were performed. Briefly, the supernatant from anti-
miR-31 and pre-miR-31 keratinocytes was placed in the low-chamber and PBMCs/
PMNCs were plated on the upper-chamber. Neutrophils were selected for this experiment
as IL-8 is an important neutrophil chemoattractant and was the most upregulated
chemokine in pre-miR-31 transfected keratinocytes (p<0.001). A significant increase of
intermediate and non-classical monocytes and neutrophil migration were observed,
suggesting that upregulation of epidermal miR-31 promotes immune recruitment in DLE
lesional sites by upregulating inflammatory effectors in keratinocytes that recruit immune

cells.

miR-485-3p upregulation in DLE is responsible for T cell activation

We next focused on the other differentially expressed miRNA, miR-485-3p. As it was highly
detected in immune infiltrated and fibroblasts, experiments inhibiting and overexpressing
this miR were performed in PBMCs and fibroblasts. IL-1 a and TGF- 31 were identified as
a strong miR-485-3p inducers in peripheral mononuclear blood cells from DLE patients
(14- and 4.9-fold change, P < 0.0001, respectively) and fibroblasts (1.9- and 2.1-fold
change, respectively). Further experiments were carried out stimulating cells in those

conditions.

As DLE is characterised by a deep lymphocytic infiltrate in which T cells are the most
abundant cells, miR-485-3p mimics transfected PBMCs were assessed for T cell
activation. A significant increase of activation, measured by CD69 expression, was found
in CD8 and CD4 T cells (>80% of the cells). Similar results were obtained transfecting

isolated T cells: Data suggests that miR-485-3p contributes to T cell activation in DLE.
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Upregulation of miR-485-3p promotes skin fibrosis in DLE

Since the study showed and increased expression of this miRNA in the dermis, and DLE
has a characteristic TGF B -dependent fibrotic signature, we next assessed the potential
role of miR-485-3p in fibroblasts. Resolution of skin inflammation differs between DLE and
SCLE because DLE is characterised by scarring and the development of fibrotic
irreversible sequelae. We studied the miR-485-3p role in the development of fibrosis. Pre-
miR-485-3p fibroblasts presented increased gene expression levels of fibrotic genes
COL3A1, o-SMA, TGFBR1, and Smad3 (2.3-, 2.6-, 2.3-, and 2.7-fold change,
respectively). In addition, protein levels of TGF-BRI (p<0.001), a crucial protein implicated
in fibrosis were also upregulated. Data suggests that upregulation of miR-485-3p

contributes to fibrosis in DLE.
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ORIGINAL ARTICLE

MicroRNA Expression Profiling Identifies )
miR-31 and miR-485-3p as Regulators in the -
Pathogenesis of Discoid Cutaneous Lupus

Cristina Solé', Sandra Domingo', Berta Ferrer’, Teresa Moliné’, Josep Ordi-Ros' and
Josefina Cortés-Herndndez'

Cutaneous lupus erythematosus is a common and disfiguring manifestation in systemic lupus erythematosus.
Subacute cutaneous lupus erythematosus and discoid lupus erythematosus (DLE) are the most prevalent forms.
Despite sharing histological similarities, clinically they differ in their course and prognosis, suggesting different
pathogenesis. Here, we show that DLE-affected skin has a specific microRNA expression profile when
compared with subacute cutaneous lupus erythematosus. Among the DLE-specific microRNAs, we identified
one keratinocyte-derived microRNA, miR-31, and one leukocyte-derived microRNA, miR-485-3p. We show that
UV and transforming growth factor-B1 stimulation up-regulates miR31 expression in DLE. Specific miR-31
overexpression induces keratinocyte apoptosis and NF-kB pathway activation with the production of related
inflammatory cytokines and contributes to the recruitment of neutrophils and intermediate monocytes at the
inflammation site. [L-1o. and TGF-B1 stimulation increased the expression of miR-485-3p in peripheral mono-
nuclear blood cells from DLE patients and induced T-cell activation, mainly of CD8 lymphocytes. In addition,
miR-485-3p overexpression in dermal fibroblasts contributes to fibrosis by targeting peroxisome PGC-1¢.
Collectively, our findings suggest that overexpression of miR-31 and miR-485-p contribute to skin inflammation
in DLE lesions by regulating the production of inflammatory mediators and attracting neutrophils and inter-

mediate monocytes to the skin.

Journal of Investigative Dermatology (2019) 139, 51—61; doi:10.1016/).jid.2018.07.026

INTRODUCTION

Cutaneous involvement in lupus erythematosus is an auto-
immune disease with a wide range of dermatologic mani-
festations. Skin involvement is very frequent in systemic
lupus erythematosus (SLE), with up to 70% of patients
developing skin lesions at some point during the course of the
disease (()nkon, 2013). Cutaneous lupus erythematosus (CLE)
is divided into different subtypes according to clinical and
histological characteristics, of which discoid lupus erythe-
matosus (DLE) and subacute cutaneous lupus erythematosus
(SCLE) are the most prevalent forms, representing approxi-
mately 80% of cases. Although these two clinical subtypes
share histological similarities, clinically they differ in their
course and prognosis, suggesting a different pathogenesis
(Baltaci and Fritsch, 2009; Yu et al., 2013).

'Department of Medicine, Systemic Autoimmune Diseases Unit, Hospital
Universitari Vall d’Hebron, Institut de Recerca (VHIR), Universitat
Autonoma de Barcelona, Barcelona, Spain; and *Department of Pathology,
Hospital Universitari Vall d’Hebron, Universitat Autonoma de Barcelona,
Barcelona, Spain

Correspondence: Cristina Solé Marce, Research Unit in Systemic
Autoimmune Diseases, Vall d’Hebron Research Institute, Hospital Vall
d’Hebron, Passeig Vall d’Hebron 119-129. 08035, Barcelona, Spain.
E-mail: cristina.sole@vhir.org

Abbreviations: CLE, cutaneous lupus erythematosus; DLE, discoid lupus er-
vthematosus; miRNA, microRNA; PBMC, peripheral blood mononuclear cell;
PMNC, neutrophil polymorphonuclear cell; SCLE, subacute cutaneous lupus
ervthematosus; SLE, systemic lupus erythematosus; Th, T helper

Received 18 April 2018; revised 10 July 2018; accepted 12 July 2016;
accepted manuscript published online 18 August 2018; corrected proof
published online 19 October 2018

© 2018 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.

The pathophysiology of CLE is not fully elucidated and
involves complex genetic, environmental, and immune cell
interactions (Actman and Werth, 2015). Microarray studies
have provided further understanding of key pathogenic
pathways. Initial studies identified a predominance of den-
dritic and natural killer cells, toll-like receptor—, and SLE-
related signaling pathways, along with evidence for a
T helper (Th) type 1-related signature in lesional DLE when
compared with healthy and involved DLE skin (Dey-Rao
et al, 2014; Jabbari et al., 2014). Later, by comparing
lesional DLE and SCLE skin, we identified a distinctive T-cell
and a fibrotic TGF-p—dependent signature in DLE (Solé et al.,
2016). Despite recent advances, further studies are required
to understand the interactions between pathways and the
mechanisms of initiation and perpetuation of inflammation.

MicroRNAs (miRNAs) are approximately 22-nucleotide
RNA molecules that cause translation repression by inter-
acting simultaneously with different target mRNAs within one
cell type (Krek et al., 2005). They play an essential role in the
regulatory mechanisms in immune homeostasis, and their
deregulation has been described in a wide variety of human
diseases. Consequently, there is a growing interest in their
role as potential therapeutic targets or diagnostic and prog-
nostic biomarkers (Baltimore et al., 2008; Czech, 2006;
O’Connell et al.,, 2010). In SLE, although no individual
dysregulated miRNAs had been found, the aberrant expres-
sion of distinct groups of miRNAs has been associated with
perturbed type | interferon signaling, DNA hypomethylation,
and T/B cell hyperactivation (Yan et al., 2014). In skin dis-
eases, miRNAs have been shown to play a pathogenic role in
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Figure 2. Expression of miR-31 and miR-485-3p after stimulatory conditions a

nd during apoptosis. (a) Expression of miR-31 and miR-485-3p were analyzed in

the cellular constituents of the skin including primary adult keratinocytes, dermal fibroblasts, and PBMCs using quantitative real-time PCR. (b) Expression of
miR-31 and miR-485-3p in apoptotic primary keratinocytes and in transfected adult epidermal keratinocytes (HEKa cells) aiter UV and TGF-B1 stimulation.
(c) BAX, BIM, p53, and caspase3 expression levels in apoptotic primary keratinocytes and in transfected adult epidermal keratinocytes (HEKa cells) after UV and

TGF-f1 stimulation. Gene expression for miRNAs and mRNAs was normalize
expression level was calculated using the 2 S5 method. *P < 0.05, ®*P < 0.

d, respectively, using Ub or GADPH as endogenous control. Fold change in
005, **P < 0.0005. HD, healthy donors; Inh, inhibited; miR, microRNA; NS,

not stimulated; Over, overexpressed; PBMC, peripheral blood mononuclear cell.

levels of PPP6¢ and STK40 increased in anti-miR31 treated
keratinocytes after TGF-B1 (2.4- and 2.3-fold change,
respectively) and UV radiation (3.7- and 2.3-fold change,
respectively) (Figure 3c).

miR-485-3p regulates T-cell activation
After IL-12 and TGF-B1, we observed an increased pro-
liferative response of pre-miR-485—3p—transfected PBMCs
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(2.5 and 4.5 fold-change proliferation, respectively) (see
Supplementary Figure 52 online) but no effect on apoptosis. By
cytometry, pre-miR-485-3p—transfected PBMCs expressed
CD69" as a marker of T-cell activation (see Supplementary
Figure S3 online). We further isolated T cells from PBMCs
by flow cytometry and found that approximately 80%—90%
of pre-miR-485-3p—transfected CD8 or CD4 cells expressed
CD69"  (Figure 4a). miRNA-485-3p overexpression in
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Figure 3. Overexpression of miRNA-31 increases the production of inflammatory cytokines by keratinocytes. UV or TGF-fi1 stimulation of DLE keratinocytes
and HEKa cells overexpressing miR-31 induces an increased expression and secretion of IL-8, Il -16, 1L-12, and TGF-B1 as measured by (a) gRT-PCR and
(b) ELISA. (c) miR-31 regulates the NF-kB pathway in keratinocytes. Expression levels of NF-kB and of PPP6C and STK40, negative regulators, were measured by

qRT-PCR in DLE keratinocytes and in transfected HEKa cells after UV and TGF-B1 stimulation. Gene expression was normalized using CGADPH as endogenous
gene control. Fold change in expression level was calculated using the 2722 method. (d) NF-B expression was measured by immunofluorescence in

overexpressed or inhibited miR-31 HEKa cells after 6 hours of treatment with TGF-B1. Scale bar = 20 pm. *P < 0.05, *P < 0.005, *P < 0.0005. DLE, discoid
lupus erythematosus; HD, healthy donors; Inh, inhibited; miRNA, microRNA; Over, overexpressed; gRT-PCR, real-time quantitative reverse transcription—PCR;

SCLE, subacute cutaneous lupus erythematosus.

isolated T cells produced a significant up-regulation of  TargetScan miRNA target prediction algorithm (TargetScan
PIK3CD, NF-kB1, and PRKCD (P < 0.0001) (Figure 4b). No  Release 7.2, www.targetscan.org) and Ingenuity Pathway
changes in the TCR proximal signaling complex (ZAP70,  Analysis (Qiagen Silicon Valley, Redwood, CA) to generate
Lck, SLP-76) and costimulatory molecules (CD28, inducible a list of potential target genes for miR-485-3p (see
T-cell costimulator) were observed. Furthermore, we used  Supplementary Table S4 online). Only down-regulation of
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Figure 4. Effect of miR-485-3p on expression of T-cell activation markers, T-cell differentiation, and fibrosis formation in primary fibroblast. Transfected
miR-485-3p T cell stimulated with IL-1a or TGF-B1. (a) Flow cytometry diagram and percentages of CD69°CD4" and CD69"CD8™. (b) qRT-PCR of T-cell
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HCN1 was observed in pre-miR-485-3p—transfected T cells
after IL-12. and TGF-P1 stimulation (—2.73 and —2.13-fold
changes) (see Figure 4b). Stimulated transfected T cells
also induced a differentiation toward a Th2 phenotype
(—6.2-fold change in Th1/Th2 ratio) with a reduction of
FoxP3 (—3.8 fold change) (Figure 4c).

miR-31—transfected PBMCs induced cell proliferation and
a skew toward the Th1 phenotype after TGF-B1 stimulation.
FoxP3 and related cytokine (IL-10 and TGF-B1) expression
levels were reduced (Figure 4c).

Fibroblast miR-485-3p overexpression promotes fibrosis

Because miR-485-3p was overexpressed in fibroblasts,
we studied its role in the development of fibrosis. After TGF-f1
stimulation, pre-miR-485-3p mimic—transfected dermal
fibroblasts enhanced the fibrogenic activity of TGF-f1
by increasing the mRNA expression levels of COL3ALI,
%-SMA, TGF-BRI, and Smad3 (2.3-, 2.6-, 2.3-, and 2.7-fold
change, respectively) (Figure 4d). Increased protein levels of
TGF-BRI in transfected fibroblasts were confirmed by immu-
nofluarescence (Figure 4e). Reduced expression of PGC-1a, an
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antifibrotic gene and target of miR-485-3p, was observed
(P<0.001, —1.6 and —20-fold change) (Figure 4d).

Pre-miR-31 mimic—transfected keratinocytes mediate
neutrophil/monocyte recruitment and a shift toward
Th1/regulatory T-cell response at the site of inflammation

Because the interaction between epithelial cells and
the immune system is tightly regulated, we performed
cross-talking functional studies to evaluate the effect of
miRNA-transfected keratinocytes on skin PBMCs/neutro-
phil polymorphonuclear cells (PMNCs). IL-8, a neutrophil
chemotactic (Barker et al., 1991), was one of the prevalent
cytokines found in the supernatant of transfected kera-
tinocytes. For this reason, freshly isolated neutrophils were
co-cultured in inserts with pre-miR-31—transfected or
—inhibited or control keratinocytes (see Supplementary
Figure S4 online). After stimulation with TGF-B1, IL-14, and
UV radiation, a significant number of migrating neutrophils
were observed (48%, 12%, and 65% of migration relative to
control, respectively) (Figure 5a). The migration rate was
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analysis by qRT-PCR were done for PMNC and PBMC co-culture with transiected stimulated keratinocytes. Comparisons were done by Student ¢ test between
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strongly correlated with the supernatant IL-8 levels (r =
0.968, P = 0.007) (see Supplementary Figure S5 online).
Migrated neutrophils overexpressed IL1-f, CXCL9, and
CXCL10 (Figure 5b). No change in neutrophil apoptosis was
observed (see Supplementary Figure S6 online). Co-culture
conditions also produced intermediate (CD14*CD16") and
nonclassical (CD14°CD16""] monocyte migration after
TGF-81 stimulation (58% and 18% migration relative to
control, respectively) and UV (53% and 13% migration
relative to control, respectively) (Figure 5b). No lymphocyte,
dendritic cell, and natural killer cell migration was observed

(see Supplementary Figure S7 online). After TGF-B1 and UV
stimulation, a shift toward a Th1 response, with an increased
Th1/Th2 ratio (1.8- and 3.1-fold change, respectively) and in
FoxP3 levels and related cytokines (IL-10 and TGF-f1) (5.2-,
1.9-, and 1.2-fold change and 13-, 1.9-, and 1.6-fold
change, respectively), was observed.

DISCUSSION
DLE-affected skin has a specific differential microRNA
expression profile compared with SCLE-affected skin, with a
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(SMA). miR, microRNA; Th, T helper.

predominant overexpression of miR-31 in keratinocytes and
miR-485-3p in PMBCs.

miR-31 is a major keratinocyte miRNA with minimal
expression in other cell types. It is hardly expressed in
normal skin but is significantly up-regulated in other skin
diseases (Stepicheva and Song, 2016), with a role in
restoring  epidermal homeostasis or driving hyper-
proliferation. We identified in vitro TGFB-1 and UV radia-
tion as the main regulators of miR-31 expression in primary
DLE keratinocytes. Both stimuli are known to play an
important role in the pathogenesis of CLE. Our previous
work showed the relevance of TGF-B1R in the pathogenesis
of DLE by identifying impaired TGF-P1 signaling in those
patients (Solé et al., 2016). Similarly, UV exposure has been
associated with keratinocyte apoptosis, production of in-
flammatory cytokines, and autoantigen exposure in CLE
(Furukawa et al., 1999). miR-31 is a prominent mediator
of radiation-induced cell death in higher eukaryotes
(Lynam-Lennon et al., 2012). Radiation-induced miR-31
overexpression alters BIM-mediated regulation of BAX
translocation that, in turn, results in the post-irradiation
mitochondrial cytochrome-c release, increasing apoptosis
by a yet-to-be identified mechanism (Kuma et al., 2015).
Our study also showed miR-31 to play a role in keratinocyte
apoptosis by showing UV radiation and TGF-B1—induced
miR-31 overexpression to increase rates of apoptosis in a
capsase-3—dependent pathway and by regulating the
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BIM/BAX axis. miR-31 overexpression in stimulated kerati-
nocytes also induced production of proinflammatory cyto-
kines and chemokines, which in turn contribute to the
initiation and maintenance of the inflammatory process in
DLE. The main cytokines produced by stimulated primary
DLE and miRNA-transfected keratinocytes were TGF-p1,
NF-kB, and NF-kB—related cytokines such as IL-8, IL-12,
and IL-1B. Our study confirmed the contribution of miR-31
in the pathogenesis of DLE by regulating the NF-kB activity
in keratinocytes. NF-kB is a key signaling pathway, shown
also to be constitutively activated in psoriatic epidermis (Xu
et al,, 2013), that commonly regulates proinflammatory
cytokines, adhesion molecules, and chemokines (Bonizzi
and Karin, 2004). In turn, this can contribute to endothe-
lial cell activation, leukocyte attraction, and maintenance of
inflammation. As previously reported, we confirmed that
miR-31 overexpression can lead to the increased NF-xB
activity, partially through the suppression of STK40 and
PPP6C, negative regulators of the pathway (Yan et al.,
2015).

The cross-talk study showed that human epidermal miR-
31 mimic—transfected keratinocytes, after appropriate
cytokine stimulation, had neutrophil and intermediate/
nonclassical monocyte chemotactic activity, leading to an
activation of the innate immune response (Figure 6a). IL-8
is a chemokine that attracts and activates neutrophils
and regu[ates angiogenesis (Tecchio and Cassatella, 2014).



Unlike psoriasis, DLE skin lesions are characterized by a
dense lymphocyte infiltrate, and neutrophil infiltration
is hardly seen (Baltaci and Fritsch, 2009). However, irradi-
ated uninvolved skin of patients with photosensitive lupus
erythematosus has shown a gradual increase of epidermal
neutrophils over time after irradiation, suggesting that
neutrophil influx appears at carly stages of the con-
dition (Janssens et al., 2005). We showed that those
attracted neutrophils could contribute to the amplifica-
tion of the immune response by the production of T-cell
chemoattractant molecules (CXCL9 and CXCL10) (Ogawa
et al, 2002) and the production of IL-1f. In addition
to neutrophils, intermediate/nonclassical monocytes were
also attracted by keratinocytes overexpressing miR-31.
TGF-B1 has been described as a potent chemoattractant
of human peripheral blood monocytes in vitro (Wahl
et al., 1987). These intermediate monocytes could partici-
pate in the inflammatory process by its role in antigen
presentation, proinflammatory cytokine/chemokine pro-
duction, wound healing (Turner et al,, 2014), and fibrosis
formation, in view of their accumulation in the damaged
tissue (Thomas et al., 2015). Also, the co-stimulation
influenced leukocytes by inducing a differentiation toward
a Th1 response, probably in relation to the presence of IL-12
in the supernatant and an increased production of regula-
tory T cells. Our data suggest an early innate immune
response at the initiation of inflammation in DLE that would
lead to a leukocyte chemoattraction that, in turn, would
contribute to the perpetuation of the inflammatory process
(Figure 6a).

Previous studies have shown miR-485-3p to be involved
in the regulation, apoptosis, migration, and invasion of
metastatic cancer, but little is known of its role as a regulator
of the immune system. miR-485-3p overexpression induced
T-cell activation, with a significant increase in activated
CD8™ T cells and up-regulation of the NF-kB and PI3Kd
gene expression. High levels of PI3KS expression promote
the production of proinflammatory cytokines through NF-kB
activation downstream of AKT and are critical for effector T-
and regulatory T-cell differentiation (Han et al,, 2012).
One of the predicted targets of miR-485-3p is HCNT, related
negatively to PKCO activity (Williams et al, 2015).
Our study showed that overexpression of miR-485-3p in
T cells induced down-regulation of HCN1 with an up-
regulation of PKCO. T-cell activation observed could be
a result of PKCO activation. PKCO is also described as
a regulator of NF-kB activation, but the specifics of how
PKCO activation leads to nuclear import of NF-kB in T cells
is still being elucidated (Smith-Garvin et al., 2009). In
addition, miR-485-3p overexpression modulated Th1/Th2
response by inducing a differentiation toward a Th2
phenotype. Our study also showed miR-485-3p to enhance
the TGF-P signaling pathway, probably by targeting the
PGC-1a gene (Lou et al., 2016). Previous studies showed the
PGC-1a gene to be a known miR-485-3p target gene with a
protective role in the development of fibrosis (Dinulovi
et al., 2016).

Taken together, we show that in DLE, miR-31 over-
expression in keratinocytes contributes to increased
apoptosis and skin infllmmation by enhancing neutrophil

C Solé et al.
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and monocyte migration into the skin and the cytokine pro-
duction (Figure 6a). miR-485-3p may also contribute to skin
inflammation by inducing T-cell activation. Finally, the high
production of cytokines and the overexpressed miR-485-3p
in fibroblasts contribute to fibrosis formation by a TGF-f/
Smad3—dependent pathway (Figure 6b).

MATERIALS AND METHODS
Additional details are available in the Supplementary Materials
online.

Patients and skin samples

After written informed consent, two 6-mm punch biopsy samples
were taken from lesional and nonlesional skin of untreated patients
with active disease and from healthy control individuals (n = 10 for
each group) (see Supplementary Tahle S5 online). Validation was
performed in a new cohort of paraffin-embedded lesional and
nonlesional samples from DLE (n = 20) and SCLE (n = 18) and
healthy control individuals (n = 10). All samples were evaluated by
histology. At the time of biopsy, blood samples were also extracted
for PBMCs/T-cell isolation. The study was approved by the local
ethics committee.

miRNA screening and validation

Total RNA and miRNA were extracted and purified using the
mirVana miRNA Isolation Kit (Applied Biosystems, Foster City, CA)
or the PureLink FFPE RNA Isolation Kit (Applied Biosystems)
according to the manufacturer’s instructions. The miRNA screening
was performed using TagMan MicroRNA Array (Applied Bio-
systems), which enables quantification of 667 human microRNAs
(see Supplementary Table S6). For validation, quantification of
miRNAs by TagMan real-time PCR was carried out using the Tagman
MicroRNA Reverse Transcription Kit and MicroTagman gene
expression assays (Applied Biosystems) (see Supplementary Table §7
online).

In situ hybridization

Hybridization was performed on paraffin-embedded skin biopsy
samples from lesional and nonlesional DLE and SLCE (n = 5 for each
group), lesional psoriasis (n = 5), and healthy individuals (n = 5).
Hybridization with hsa-miR-31, hsa-miR-485-3p, and has-miR-30c
with 5'-DIG and 3'-DIG—labeled miRCURY LNA detection probe
(Exiqon, Copenhagen, Denmark) was performed overnight at 50°C.
The probe binding was detected by incubating sections with anti-
DIG-alkaline phosphatase antibody (1:800; Roche, Basel,
Switzerland) for 2 hours at room temperature.

Cell culture and stimulation

Functional miRNA studies were performed in isolated primary
human cells and adult epidermal keratinocytes (HEKa cells) pur-
chased from Cascade Biologics (Eugene, OR). Primary epidermal
and fibroblast cells were isolated and characterized from punch skin
biopsy samples (see Supplementary Figure S8 online). PBMCs and
T cells were obtained from patients and healthy donors. Cells were
transfected with miRNA mimics or anti-miR miRNA inhibitors
(Thermo  Fisher Scientific, Waltham, MA) using Lipofectamine
RNAIMAX Reagent (Invitrogen, Waltham, MA). All cells were
stimulated with recombinant human TGF-B1 (10 ng/ml), TNF-2. (10
ng/ml), IL-1a (10 ng/ml), phorbol 12-myristate 13-acetate/ionomycin
(50ng/mL and 10ng/mL, respectively), or UVB (25mj/cm®) for 6
hours. After that, total RNA was extracted with PureLink RNA Mini
Kit (Invitrogen), and relative gene expression was measured by
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real-time quantitative reverse transcription—PCR (Applied Bio-
systems) (see Supplementary Table S8 online).

Immunofluorescence

After stimulation, cells were washed with phosphate buffered saline
and fixed with 4% paraformaldehyde. Permeabilization was done
with 0.1% Triton and subsequently blocked with 5% bovine serum
albumin. Primary antibodies were incubated overnight (1:1000}, and
secondary antibodies were incubated for 2 hours at room tempera-
ture (1:500) (Abcam, Cambridge, UK).

Cytokine measurement

The culture medium was collected from transfected keratinocytes
after stimulation and stored at —80°C. ELISA kits were used to
quantify protein levels of IL-8 (Invitrogen), IL-12, and TGF-B1
(Abcam) following the manufacturer’s instructions.

Apoptosis and proliferation assay

Cells were plated in 96-well plates, and after treatment, apoptosis
was determined using CellEvent Caspase-3/7 Green Detection Re-
agent (Invitrogen) and proliferation using CyQUANT NF Cell Pro-
liferation  Assay  Kit (Invitrogen), following manufacturer’s
instructions.

Migration assay and co-culture experiments

The migration assays and co-culture experiments were performed in
a modified 24-well plate with cell culture inserts (3.0- and 0.4-pum
pore; BD Biosciences, Franklin Lakes, NJ). Transfected stimulated
keratinocytes were cultured in the bottom of 24-well plates, and
their supernatant was used as a chemoattractant for PMNC or PBMC
migration. PMNCs were isolated from blood. PMNCs were marked
with DAPI and plated in the upper well. After 6 hours, the upper
surface of the filter was washed and swabbed with cotton to remove
nonmigratory cells, Migrated PMNCs were fixed with 4% para-
formaldehyde and observed under a fluorescence microscope. Cell
number was counted in five random microscopic fields per well.
Migration assay for PBMCs was evaluated by flow cytometry. The
culture medium was also collected for cytokine measurement and
RNA from cells were extracted following the instruction manual of
PureLink RNA Mini Kit (Invitrogen).

Flow cytometry

Cell phenotype was analyzed by seven-color flowcytometry
(LSRFortessa, BD Biosciences). For cell surface staining, conju-
gated monoclonal antibodies were used (BD Biosciences) (see
Supplementary Table S9 online. Isotype controls were used for gate
selting. Data were analyzed using FCS Express 4 Flow Research
software (BD Biosciences, Erembodegem, Belgium).

Statistical analysis

GraphPad Prism software (GraphPad, La Jolla, CA) was used for
statistical analysis. Numerical variables with normal distribution
were compared with unpaired ( test or paired ( test. Non-normal
distribution data were compared with Wilcoxon rank sum test.
Data were expressed as mean = standard error of the mean. P less
than 0.05 was considered statistically significant.
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SI Materials and Methods

Patients and samples

Two six-millimetre punch biopsies were taken from lesional skin from 10 DLE and 10 SCLE
untreated patients with active disease for the miRNAs screening and in vitro experiments
(Supplementary Table S2). The first 6mm punch of lesional and non-lesional skin biopsy was
bisected in two parts immediately, one part was frozen in liquid nitrogen for miRNA isolation
and the other one was fixed in 5% formalin and embedded in paraffin blocks for the
histological examination, immunohistochemistry or hybridization in sifu. The second 6mm
punch of lesional skin biopsy and skin biopsies from healthy donors (n=10) were immediately
processed to obtain their primary fibroblast/keratinocytes. To validate the miRNAs screening,
a new cohort of paraffin-embedded (FFPE) lesional samples obtained from DLE (n=20) and
SCLE (n=18) patients was used. The diagnosis and classification of CLE were based on
clinical and histological criteria according to the 2004 Dusseldorf classification (Khun and
Ruzicka, 2004). Disease activity and degree of scarring was assessed by the validated
modified CLE Disease Area and Severity Index (CLASI) (Albrecht et al, 2005).

Blood samples were also extracted for PBMCs isolation. Blood samples were collected in
mononuclear cell preparation tubes with sodium citrate (Vacutainer CPT, BD Bioscences).
After 25 min of centrifugation at 3000 rpm the section containing PBMC's was clearly visible
and cells were collected using a pipette and washed twice in phosphate buffered saline (PBS).
The cellular pellet was frozen at -80°C for the miRNA extraction and also frozen with cell
culture freezing medium for in vitro experiments. The study was approved by the Local Vall
d’Hebron Ethics Committee and informed consent was obtained from all subjects before the
study.

Histology and immunofluorescence

FFPE tissue sections were evaluated for routine hemoxolin and endosing (H&E) staining and
immunofluorescence. Each specimen was scored for the presence or absence of the following
histologic features: hyperkeratosis; parakeratosis; acanthosis; epidermal and pilosebaceous
atrophy; oedema; colloid bodies; liquefaction; basement-membrane thickening; dermal
melanosis; follicular plugging; type, location and density of the inflammatory infiltrate;
vascular changes; and myxoid degeneration. Each feature was scored semiquantitatively as
follows: 0 (no presence), 1 (1%-10%), 2 (11-50%), or 3 (>50%). Fluorescent staining of the
epidermis, dermal-epidermal junction and dermis was evaluated semiquantitatively as 0 (no
staining), 1 (weakly positive), 2 (moderately positive), or 3 (strongly positive) and the pattern
of staining was noted. The results of histology and immunofluorescence were evaluated on
blinded specunens by the Vall d’Hebron pathologist unit under the supervision of one the
most experienced dermatopathologist (Dr. Berta Ferrer).



Isolation of Primary fibroblast/keratinocytes from the skin biopsy

Human fibroblasts/keratinocytes were isolated following the optimised protocol from
Belmonte (Trond and Belmonte, 2010). Briefly, punch skin biopsies of 6 mm from lupus
cutancous patients (DLE n=10 and SCLE n=10) and healthy controls (n=10) were obtained,
then incubated with dispase overnight at 4°C to peel off the demmis from epidermis and they
were cut into 2-3-mm? pieces to be digested with TrypLE Express Enzyme (1X) at 37°C
during 18min, separately. Then the dermis and epidermis skin pieces were mechanically
dissociated and filtered through a 40-um cell strainer (Falcon, BD Biosciences). The filtrate
was centrifuged at 1600g during Smin at 4°C. The cellular pellets were resuspended in
DMEM (10 mL) supplemented with 10% SFB and 5% antibiotics (for deris cellular pellet,
fibroblast culture) and in 10mL Epilife Medium supplemented with 10% HGSK and 5%
antibiotics (for epidermis cellular pellet, keratinocyte culture). The cells were cultured in 25
cm® tissue culture flasks (Corning Inc, Acton, MA) at 37°C in 5% CO, and the medium cells

were change every 2-3 days. In the present study, keratinocytes and fibroblasts at passage 2
were used for all experiments.

Isolation of Primary T cells from blood

Blood samples were collected in mononuclear cell preparation tubes with sodium citrate
(Vacutamer CPT, BD Bioscences) and after 25 mun of centrifugation at 3000 rpm the section
contaming PBMCs was clearly wvisible. Followmg the manufacturer’s instructions of
Dynabeads Untouched Human T cells (Invitrogen), T cell isolation were obtained from
PBMCs pellet. Magnetic beads were prewashed with isolation buffer (PBS supplemented with
0.1% BSA and 2mM EDTA). After that, PBMCs pellet were re-suspended in isolation buffer
and incubated with antibody mix/heat inactivated fetal calf serum during 20 minutes at 4°C.
Cells were washed two times with isolation buffer and washed magnetic beads were added.
After 15 minutes in rotation at room temperature, the mixture were in the magnet for two
minutes and purified T cells were isolated in supemnatant. Purification and characterization of
them were analyzed using LSR Fortessa cytometer with CD3-PE, CD4-FITC and CD8-APC
as markers (BD biosciences).

RNA extraction for all samples

In this study several kind of samples were used to carry out the microarray analysis (punch
skin biopsies), its validation (Formaldehyde Fixed-Paraffin Embedded (FFPE) sk samples)
and the in virro studies (primary fibroblast cells).

Punch skin biopsy specimens were homogenised by polytron and purified with the mirVANA
miRNA Isolation Kit (Applied Biosystems) following the manufacturer’s instructions to
obtam total mRNA. Before to use them for microarray analysis, the integrity and the quantity
of the RNA samples were determnined using Agilent 2100 Bioanalyzer (RIN values > 8). RNA
samples with low RNA Integrity Number (RIN) were repurified to obtain RIN > 8.

FFPE samples were cut in 20 pm sections using a microtome. Three of these sections were
used to obtain the total RNA following the manufacturer’s instructions of the PureLink FFPE
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RNA Isolation Kit (Applied Biosystems). Xylene treatment was used to remove paraffin from
the sections. The yield and the quality of RNA were determined by measuring its absorbance
at 260nm and 280nm. Ratios of Axse/Aso between 1.8 and 2.1 were accepted to use the RNA
for the subsequent experiments.

RNA and protein from primary isolated fibroblast were obtained after the lysis of the cells
and using the PureLink RNA mimi kit (Applied Biosystem) according the manufacturer’s
instructions. Similar to the FFPE samples, the quality and yield of RNA was determined by
spectrophometry.

MiRNASs analysis — Statistical Analysis

Data obtained from the Taqman MicroRNA arrays were analyzed by the Statistics and
Bioinformatics Unit of our research institute. The statistical analyses corresponding to
microarrays were performed using the R statistical software package (www.R-project.org) (R
Core Team, 2014) and the libraries developed for microarray data analysis by the
Bioconductor Project (www.bioconductor.org) (Gentleman et al, 2004). The biological
relationship of the results obtained in the microarray was studied using the Ingenuity Pathway
Analysis (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity).

Quantitative Reverse Transcription-PCR

To quantification of mRNAs, 1.51g total RNA was reverse-transcribed using the High-
Capacity Cdna Reverse Transcription Kit (Applied Biosystems) with the thermal cycler
program: 25°C for 5min, 37°C for 2hours and 82°C for Smin.

To quantify miRNAs, 200ng microRNA was reverse-transcribed using the Taqman
MictoRNA Reverse Transcription Kit (Applied Biosystems) with the thermal cycler program:
16°C for 30min, 42°C for 30min and 85°C for Smin.

MRNAs or miRNAs were quantified by TagMan gene expression assays or MicroTagMan
gene exrpression assays (FAM dye-labeled MGB probe, Applied Biosystems) using the ABI
PRISM 7000 termocycler at S0°C for 2 min, 95°C for 10min, followed by 40 cycles of 95°C
for 15s and 60°C for 1 min. Data was normalised based on the expression of the endogenous
control GAPDH for mRNA quantification (Hs02786624 gl) and U6 snRNA for miRNA
quantification (4427975).

Evaluation of hybridization in situ

After antibody incubation, the results were evaluated on blinded specimens by the Vall
d’Hebron pathologist unit under the supervision of one the most experienced
dermatopathologist (Dr. Berta Ferrer). The percentage of cells expressing the different probes
was scored semiquantitatively as follows: 0 (no expression), 1 (11-20%), 2 (40-60%), or 3



(>80%). Staining intensity was scored semiquantitatively as 0 (no staining), 1 (weakly
positive), 2 (moderately positive), or 3 (strongly positive).

In vitro experiments performed with primary human isolated cells from the skin biopsy

Isolated Human fibroblast or keratinocytes at passage 2 were plated onto 24-well Cell+
Sarstedt culture slides at a concentration of 1-10* cells/mL Epilife Medium supplemented
with 10% HGSK and 5% antibiotics was used for primary keratinocytes cells. DMEM or
RPMI supplemented with 10% serum fetal bovine and 5% antibiotics was used for primary
fibroblasts or PBMCs (respectively). After 24 hours, primary cells were transfected with anti-
miR. pre-mimic-miR or their relative negative-control using Lipofectamine RNAIMAX
(Thermo Fisher) following the manufacturer’s mstructions. After 36hours, primary cells were
stimulated with the corresponding stimulation conditions: recombinant human TGF-$1 (10
ng/mL), TNF-a (10 ng/mL), IL-1a (10 ng/mL), UVB (25mJ/cm’) during 6 hours. For “non-
stimulation™ conditions (NS), phosphate-buffered saline were use in the place of the
cytokines. Different concentrations of stimuli (5-100 ng/mL and 5-250mJ/cm?) were used to
evaluate the optimal concentration for each type of cell by cytotoxicity assay using

LIVE/DED Viability/Cyttoxicity Kit (Applied Biosystem).

After incubation, total RNA and protein were extracted with PureLink RNA mini kit (Applied
Biosystem) following the manufacturer’s instructions. Relative gene expression was
determined by quantitative real-time PCR using Taqman gene expression assays according to
the manufacturer's protocol. GAPDH (Hs02786624 gl) was used as endogenous control to
normalise the data. Western Blot or immunofluorescence were carried out using antibodies
from Abcam.

In vitro experiment performed with primary human PBMCs or T celis extracted from blood
samples

Blood samples were collected in mononuclear cell preparation tubes with sodium citrate
(Vacutainer CPT, BD Bioscences) and after 25 min of centrifugation at 3000 rpm the section
containing PBMCs was clearly visible.Cells were plated onto 24-well Sarstedt culture slides
with a concentration of 1-10* cells/mL using RPMI media with 10% serum fetal bovine and
5% antibiotics or were used for T cell isolation using “Dynabeads Untouched Human T Cells”
(described previously). After 24 hours, PBMCs or T cells were transfected with anti-miR, pre-
mimic-miR or their relative negative-control using Lipofectamine RNAIMAX (Thermo
Fisher) following the manufacturer’s instructions. After 36hours, they were stimulated with
IL-la. (10 ng/mL), TNF-o (10 ng/mL) and PMA/ionomycin (50ng/mL and lug/mL,
respectively) during 6 hours. After incubation, total RNA and protein were extracted with
PureLink RNA mini kit (Applied Biosystem) following the manufacturer’s instructions.
Relative gene expression was determined by quantitative real-time PCR using Tagman gene
expression assays according to the manufacturer's protocol. GAPDH (Hs02786624 gl) was
used as endogenous control to normalise the data. Western Blot or immunofluorescence were
carried out using antibodies from Abcam.
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In vitro experiments: Immunofluorescence

Cells were plated onto sterile glass cover slips and incubate overnight at 37°C. Then they
were transfected and stimulated. After that, cells were washed briefly with PBS, fixed with
PFA 10% for 20min and permeabilised with 0.1% Triton for 10min. Cells were incubated
with BSA 5% during lhour and later incubated with primary antibody for NF-kP (Abcarn,
1/250) and VCAM-1 (Abcam, 1/250) overnight at 4°C. Alexa-488-conjugated anti-rabbit IgG
(Abcam, 1/500) and Alexa-680-conjugated anti-goat IgG (Abcam 1/500) were used as
secondary antibodies. They were incubated for 2hours at room temperature. DAPI was used
to visualise the nucleus cells.
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Supplementary Figure 1

Figure S1. Validation of differential expressed miRNAs between lesional and non-
lesional skin from DLE and SCLE patients. Expression of differentially expressed miRNAs
was validated using quantitative real-time PCR (gRT-PCR) in lesional skin of DLE (a) and
SCLE (b) from non-lesional skin of these patients. The results for individual patients and
mean are shown. Gene expression was normalised using U6 as endogenous control. Fold
change in expression level was calculated using the 272" method. *P<0.05; **P<0.005;
**%P<(.0005.
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Supplementary Figure 2

Figure S2. Overexpression of miR-485-3p in PBMCs increase the rate of proliferation.
PBMCs were transfected with 40 nM of pre-miR-485-3p or anti-miR-485-3p for 24hours and
proliferation change (a) and apoptosis (b) were evaluated using fluorescence commercial kits.
Six mdependent experiments were done in 96-well plates. Data represent the mean =SEM.
*P<0.05; **P<0.005; ***P<0.0005.
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Supplementary Figure 3

Figure S3. Transfected miR-485-3p PBMCs stimulated with IL-1a or TGF-p1. (a) Flow
cytometry diagram and percentage of CD69°CD4™ and CD69"CD8". (b) Quantitative reverse
transcriptase-PCR (qQPCR-RT) of T cell activation genes and (¢) transcription factors genes of
Thl, Th2 and Treg and related cytokines. Data represent the mean =SEM from three
independent experiments. Gene were normalised to GADPH gene and transfected controls
were used for the fold changes. *P<0.05; **P<0.005; ***P<0.0005.
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Supplementary Figure 4

Figure S4. Schematic illustration of co-culture experiments with keratinocytes and
PMNCs or PBMCs. Keratinocytes were transfected with anti-miR-31, pre-miR-31 or the
corresponding negative control and platted in the bottom of 24-well plate. After 24hours, they
were stimulated with TGF-f1 (10 ng/mL), TNF-a (10 ng/mL), IL-1a (10 ng/mL) or UVB
(25mJ/ecm?®) during 6 hours. An insert was added and primary mononuclear neutrophil cells
(PMNCs) or primary peripheral blood mononuclear cells (PBMCs) were placed into the upper
of insert (3um or 0.4um). Migration of PMNCs or PBMCs were evaluated by flow cytometry
after 6-24hours of incubation using the 3um insert. Apoptosis of PMNCs or PBMCs were
evaluated using the 0.4um insert; however, it was not observed.
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Supplementary Figure 5

Figure SS. Correlation with IL-8 protein levels in cultured medium and % migration
neutrophils. A strong correlation was found between IL-8 protein levels found in the medium
and the percentage of neutrophils migration in co-cultured keratinocytes-PMNCs
experiments.
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Supplementary Figure 6

Figure S6. Apoptosis assay in co-cultured of neutrophils and transfected stimulated
keratinocytes. Transfected miR-31 keratinocytes were platted on 24-well and stimulated with
TGF-p1, IL-1a, TNF-0, UV or NS (no-stimulation conditions). An insert of 0.4pum was added
with isolated neutrophils. After 24-48hours, apoptosis was evaluated using a fluorometric
assay and expressed has a fold change in comparison with transfected negative controls. No
significate apoptosis change were observed.
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Supplementary Figure 7

Figure S7. Migration of dendritic cells(DC) / natural killer cells (NK) or lymphocytes
cells (CD4* or CD8"). Transfected miR-31 keratinocytes were platted on 24-well and
stimulated with TGF-B1 or UV. Insert of 3um was added with DC, NK or lymphocytes. Flow
cytometry analysis was used to evaluated their migration.
reveals significant different migration of DC (a), NK (b) or lymphocytes (¢) between the

Flow cytometry diagram not

conditions with overexpressed miR-31 or inhibited miR-31 keratinocytes.
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Supplementary Figure 8

Figure S8. Evaluation of the purity of primary cell cultures isolated from lesional DLE
or SCLE skin biopsy or blood. a) The purity of keratinocytes was assessed by light
microscopy and anti-cytokeratinl4 staining. b) The purity of fibroblast was assessed by light
microscopy and 6-diamidino-2-pphenylindole (DAPI) staining. ¢) The purity of PBMCs was
assessed by flow cytometry.
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Supplementary Table S1

Table S1. Common and differenced expressed miRNAs in the comparation between
“DLE versus non-lesional skin” and *“*SCLE versus non-lesional skin” and “DLE versus

SCLE”

Lesional DLE versus non-lesional DLE skin

feature.ID | t.test p-value adj.p.value | B ddct ExprFold RQ
hsa-miR-

885-5p- 1/
002296 6,10136566 1,58E-06 | 0,00012669 | 5,08911313 | 3,35105714 | 0,09800118 | 10.204
hsa-miR-

139-5p- 1/
002289 5,79135053 3,60E-06 | 0,00014394 | 4,35601648 | 2,70005714 | 0,15388696 | 6.498
hsa-miR-

744- 1/
002324 3,84387208 | 0,00066321 | 0,01768552 | -0,3458046 | 2,50771429 | 0,17583397 | 5.687
hsa-miR-

889- 1/
002202 3,72158293 | 0,00091404 | 0,01828079 | -0,6345404 | 3,12262857 | 0,11481408 | 8.71
Lesional SCLE versus non-lesional SCLE skin

feature.ID | t.test p.value adj.p.value | B ddCt ExprFold RQ
hsa-miR-

885-5p- 1./
002296 4,14485613 | 0,00029875 | 0,02390006 | 0,37458989 2,3542 | 0,19557583 | 5.113
hsa-miR-

485-3p- 1/
001277 3,12091628 | 0,00462615 | 0,14585614 | -2,0255834 | 4,41841667 | 0,04676534 | 21.383
hsa-miR-

486- 1/
001278 2,90984202 | 0,00713569 | 0,14585614 | -2,4508895 | 2,95106667 | 0,12931247 | 7.733
hsa-miR-

139-5p- 1/
002289 2,83396864 | 0,00857117 | 0,14585614 | -2,6113158 | 1,36636667 | 0,38786684 | 2.578
hsa-miR-

574-3p- 1/
002349 2,80828354 | 0,00911601 | 0,14585614 | -2,6651373 | 2,70183333 | 0,15369761 | 6.506
hsa-miR-

20b- 1/
001014 2,63159835 | 0,01457758 | 0,19436776 | -3,0328345 9,0269 | 0,00191705 | 521.636
mmu-

miR-451- 1/
001141 2,49085082 | 0,0191521 | 0,21888117 | -3,3079063 2,9922 | 0,12567765 | 7.957
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Supplementary Table S2

Table S2. Common and differenced expressed miRNAs in the comparation between
“DLE versus SCLE”

feature.ID | t.test p.value adj.p.value | B ddCt ExprFold RQ
hsa-miR- 1/
139-5p 3,01072796 | 0,00557691 | 0,29993301 | -2,8417833 | 1,33369048 | 0,39675203 | 2.52
hsa-miR- 1x
485-3p -2,7336659 | 0,01153859 | 0,29993301 | -3,1910745 | -3,3356666 | 10,0956834 | 10.096
hsa-miR- ' 1x

31 -2,7192833 | 0,01192741 | 0,29993301 | -3,206887 -3,4960952 | 11,2831285 | 11.283
hsa-miR- 1/
889 2,58992341 | 0,01525228 | 0,29993301 | -3,3247033 | 2,0647619 | 0,23902577 | 4.184
hsa-miR- 1/
30c 2,48717012 | 0,01986295 | 0,29993301 | -3,4956018 | 5,53908571 | 0,02150647 | 46.498
hsa-miR- 1x
222 -2,4197951 | 0,02249498 | 0,29993301 | -3,5118251 | -1,7376666 | 3,33495355 | 3.335
hsa-miR- 1x
636 -2,2487142 | 0,0328463 | 0,36976795 | -3,6937667 | -2,3469523 | 5,0874841 | 5.087
hsa-miR-

30a-5p- 1x
000417 -2,1876659 | 0,03679543 | 0,65586054 | -4,5863320 | -2,5830833 | 5,99218985 | 5.992
hsa-miR-

6254- 1x
002432 -2,2063493 | 0,03702106 | 0,65586054 | -4,5886632 -2,94045 | 7,67650701 | 7.677
hsa-miR- 1x
628-5p -2,1680793 | 0,03908369 | 0,36976795 | -3,7770505 | -2,5050238 | 5,67658711 | 5.677
hsa-miR- 1/
193a-3p 2,13880447 | 0,04159889 | 0,36976795 -3,806863 1,5025 | 0,35294126 | 2.833
hsa-miR-

657- 1/
001512 2,09756526 | 0,04497274 | 0,65586054 | -4,5869728 2,5482 | 0,17096821 | 5.849
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Supplementary Table S3

Table S3. Predicted Targets of hsa-miR-31. Using miRNAs database (TargetScanHuman
and miRTarBase) and Ingenuity Pathway Analysis, a table of predicted and reported targets of
miR-31 was generated.

Predicted Targets

Target Representative 3P-seq
gene transcript Gene name tags + 5
RSBN1 ENST00000261441.5 | round spermatid basic protein 1 54
SH2D1A | ENST00000371139.4 | SH2 domain containing 1A 5
AK4 ENST00000545314.1 | adenylate kinase 4 116
PAX9 ENST00000361487.6 | paired box € 53
LPP ENST00000312675.4 :I.FI,I\‘:I I’z{:main containing preferred translocation partner in 1894
NR5A2 ENST00000367362.3 | nuclear receptor subfamily 5, group A, member 2 121
Izﬁg’g—: ENST00000368315.4 | Rho/Rac guanine nucleotide exchange factor (GEF) 2 313
WDR5 ENST00000425041.1 | WD repeat domain 5 889
PSMB11 | ENST00000408907.2 | proteasome (prosome, macropain) subunit, beta type, 11 5
SYDE2 ENST00000341460.5 | synapse defective 1, Rho GTPase, homolog 2 (C. elegans) 72
PDZD2 ENST00000438447.1 | PDZ domain containing 2 5
SSH1 ENST00000360239.3 | slingshot protein phosphatase 1 115
TERC ENST00000540528.1 | transferrin receptor 296
L34 ENST00000429149.2 | interleukin 34 5
CIAPIN1 | ENST00000565961.1 | cytokine induced apoptosis inhibitor 1 423
PC ENST00000529047.1 | pyruvate carboxylase 798
Wﬁ ENST00000356291.2 | transmembrane protease, serine 11F 5
CRYBG3 | ENST00000389622.2 | beta-gamma crystallin domain containing 3 46
EGLN3 | ENST00000250457.3 | egl-© family hypoxia-inducible factor 3 71
TBXA2R | ENSTO00000375190.4 | thromboxane A2 receptor 169
HIAT1 ENST00000370152.3 | hippocampus abundant transcript 1 1473
UCN2 ENST00000273610.3 | urocortin 2 44
TESK2 ENSTO00000372084.1 | testis-specific kinase 2 11
gERﬂ ENST00000313349.3 | SERTA domain containing 2 118
C170rf78 | ENST00000586700.1 | chromosome 17 open reading frame 78 5
mannosyl (alpha-1,3-)-glycoprotein beta-1,2-N-
MGAT1 | ENST00000 2. acetylglucosaminyltransferase 831
KHDRBS ENST00000355849 5 KH dqmain containing, RNA binding, signal transduction 11
3 associated 3
RGS4 ENST00000531057.1 | regulator of G-protein signaling 4 489
FAM73A | ENST00000370791.3 | family with sequence similarity 73, member A 837
AHCYL1 |ENST00000369799.5 | adenosylhomocysteinase-like 1 1279
SPARC | ENST00000231061.4 | secreted protein, acidic, cysteine-rich (osteonectin) 2467
KANK1 ENST00000382303.1 | KN motif and ankyrin repeat domains 1 6
DCBLD2 | ENST00000326840.6 | discoidin, CUB and LCCL domain containing 2 798




FAMS3B | ENST00000337318.3 | family with sequence similarity 53, member B 27
FLOT1 ENST00000376389.3 | flotillin 1 809
570008 | ENST00000595927.1 5
LBH ENST00000406087.1 | limb bud and heart development 1956
TMED10 | ENSTO00000303575.4 | transmembrane emp24-like trafficking protein 10 (yeast) 1753
SEMAGD | ENST00000355997.3 sz:i:?g:&gzgjﬁ)eg‘;me B e 179
AMER1 ENST00000330258.3 | APC membrane recruitment protein 1 1
FAMBOA | ENST00000539409.1 | family with sequence similarity 60, member A 58
SEPHS1 | ENST00000545675.1 | selenophosphate synthetase 1 281
PAX5 ENST00000358127.4 | paired box 5 5
RASA1 ENST00000456692.2 | RAS p21 protein activator (GTPase activating protein) 1 1700
HOMER1 | ENST00000508576.1 | homer homolog 1 (Drosophila) 394
CD28 ENST00000324106.8 | CD28 molecule 5
GXYLT1 | ENST00000398675.3 | glucoside xylosyltransferase 1 126
NDRG3 | ENST00000373803.2 | NDRG family member 3 960
MMP16 | ENST00000286614.6 | matrix metallopeptidase 16 (membrane-inserted) 12

Reported Targets (Igenuity Pathway Analysis)

Target
gene Gene name
T-lymphoma invasion and metastasis-
TIAM1 inducing protein 1
PPP6C Protein Phosphatase 6 Catalytic Subunit
STK40 Serine/Threonine Kinase 40
RHOA Ras Homolog Family Member A
FOXP3 Forkhead box P3

Reported Targets (miRTarBase, strong evidence)

Species
ID (miRNA) Species (Target) | miRNA Target
MIRT000088 | Homo sapiens | Homo sapicns hsa-miR-31-5p |RHOA
MIRT000490 |Homo sapiens |Homo sapiens hsa-miR-31-5p |PPP2R2A
MIRTO000491 | Homo sapiens |Homo sapiens hsa-miR-31-5p |[LATS2
MIRT001180 |Homo sapiens |Homo sapiens hsa-miR-31-5p | FOXP3
MIRT004019 |[Homo sapiens |Homo sapiens hsa-miR-31-5p |SELE
MIRT004968 | Homo sapiens |Homo sapiens |hsa-miR-31-5p |YY1
MIRT004969 |Homo sapiens |Homo sapiens [hsa-miR-31-5p |RET
MIRT004970 |Homo sapiens |Homo sapiens hsa-miR-31-5p |NUMB
MIRT004971 | Homo sapiens |Homo sapiens hsa-miR-31-5p |NFATS
MIRTO004972 | Homo sapiens |Homo sapiens hsa-miR-31-5p |KLF13
MIRT004973 | Homo sapiens |Homo sapiens | hsa-miR-31-5p |JAZF]
MIRT004974 | Homo sapiens |Homo sapiens hsa-miR-31-5p |HOXC13
MIRTO004975 | Homo sapiens |Homo sapiens hsa-miR-31-5p [ETSI
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MIRT004976 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |ITGAS
MIRT004977 |Homo sapiens |Homo sapiens hsa-miR-31-5p | MPRIP
MIRT004978 | Homo sapiens | Homo sapiens | hsa-miR-31-5p | MMP16
MIRT004979 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |RDX
MIRT004980 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |CXCL12
MIRTO004981 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |[ARPCS
MIRT004984 | Homo sapiens |Homo sapiens |hsa-miR-31-5p |FZD3
MIRT005456 |Homo sapiens |Homo sapiens hsa-miR-31-5p |DMD
MIRTO005566 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |TIAMI1
MIRTO005707 | Homo sapiens |Homo sapiens |hsa-miR-31-5p |ICAMI1
MIRTO005874 | Homo sapiens | Homo sapiens hsa-miR-31-5p |DKKI1
MIRTO005875 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |DACT3
MIRTO004981 |Homo sapiens |Homo sapiens |hsa-miR-31-5p | ARPCS
MIRTO006026 |Homo sapiens |Homo sapiens |hsa-miR-31-5p [ WASE3
MIRT006468 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |HIFIAN
MIRTO006567 |Homo sapiens [Homo sapiens |hsa-miR-31-5p |[SATB2
MIRTO007065 |Homo sapiens |Homo sapiens hsa-miR-31-3p |RHOA
MIRTO007286 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |PRKCE
MIRTO007292 |Homo sapiens [Homo sapiens |hsa-miR-31-5p |RASAl
MIRTO007319 |Homo sapiens |Homo sapiens hsa-miR-31-5p |STK40
MIRTO007327 |Homo sapiens |Homo sapiens |hsa-miR-31-5p | MCM2
MIRTO007328 | Homo sapiens |Homo sapiens |hsa-miR-31-5p |CDKI1
MIRTO007367 |Homo sapiens |Homo sapiens |hsa-miR-31-Sp |[CREGI
MIRTO035519 |Homo sapiens |Homo sapiens |hsa-miR-31-5p |MLHI
MIRTO035528 |Homo sapiens |Homo sapiens | hsa-miR-31-5p |MET
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Supplementary Table S4

Table

S4.

Predicted Targets

of hsa-miR-485-3p. Using miRNAs

database

(TargetScanHuman and miRTarBase) and Ingenuity Pathway Analysis, a table of predicted
and reported targets of miR-485-3p was generated.

Predicted Targets

Target | Representative 3P-seq

gene transcript Gene name tags +5

CREBR | ENST00000540

F 014.1 CREBS regulatory factor 24

ST6GA | ENST00000361

L2 686.4 ST6 beta-galactosamide alpha-2,6-sialyltranferase 2 5

ELAVL |ENSTO00000380

2 110.4 ELAV like neuron-specific RNA binding protein 2 78
ENST0000037¢

SMPX [494.3 small muscle protein, X-linked 19

CCDCs6 | ENST00000591

8 504.1 coiled-coil domain containing 68 72

HS3ST | ENST00000360

3B1 954 2 heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1 1489
ENST00000392

SRSF2 |485.2 serine/arginine-rich splicing factor 2 9241
ENST00000286

WIF1 574.4 WNT inhibitory factor 1 28

TMEM1 | ENST00000361

84B 906.3 transmembrane protein 184B 1362
ENST00000393

NRF1 230.2 nuclear respiratory factor 1 321
ENST00000454

GJA9 [994.2 gap junction protein, alpha 9, 59kDa 85
ENSTO00000395 |VAMP (vesicle-associated membrane protein)-associated protein B and

VAPB |[802.3 (@ 391

ZNF19 |[ENST00000383

7 745.2 zinc finger protein 197 53
ENST00000512

OSTC |478.2 oligosaccharyltransferase complex subunit (non-catalytic) 8403
ENST00000358

CD46 170.2 CD46 molecule, complement regulatory protein 5846

KATNB | ENST00000256

L1 544.3 katanin p80 subunit B-like 1 105

UBE2Q | ENST00000292

1 211.4 ubiquitin-conjugating enzyme E2Q family member 1 3046
ENST00000368

CHTOP [ 694.3 chromatin target of PRMT1 2499
ENST00000220

PAG1 597.4 phosphoprotein associated with glycosphingolipid microdomains 1 53

FLJ203 | ENSTO0000601 | CDNA FLJ20306 fis, clone HEP06881; Putative uncharacterized protein

06 673.1 FLJ20306; Uncharacterized protein 5
ENST00000542

KLF6 957 1 Kruppel-like factor 6 4644
ENSTO00000394

RCN2 [885.3 reticulocalbin 2, EF-hand calcium binding domain 4448

FBXO4 | ENST00000311

5 630.6 F-box protein 45 72

FAM26 | ENST00000368

E 599.3 family with sequence similarity 26, member E 32
ENST00000391

SEPT2 |971.2 septin 2 1445
ENST00000342

ASCL4 |331.4 achaete-scute complex homolog 4 (Drosophila) 5
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FAM13 | ENST00000438
3B 306.1 family with sequence similarity 133, member B 32
ENST00000382
CTBP1 |952.3 C-terminal binding protein 1 573
TTC39 | ENST00000530
A 004.1 tetratricopeptide repeat domain 39A 174
FAM76 | ENST00000373
A 954.6 family with sequence similarity 76, member A 173
ENST00000327
YAF2 791.4 YY1 associated factor 2 413
ENST00000368 | nuclear undecaprenyl pyrophosphate synthase 1 homolog (S.
NUS1 [494.3 cerevisiae) 302
ENSTO0000303
HCN1 [230.4 hyperpolarization activated cyclic nucleotide-gated potassium channel 1 5
ENST00000392
STX2 373.2 syntaxin 2 216
RUNX1 | ENSTO0000523
T1 629.1 runt-related transcription factor 1; translocated to, 1 (cyclin D-related) 9
USP27 | ENST00000508
X 866.2 ubiquitin specific peptidase 27, X-linked 260
ENSTO00000554 | Transcription factor SOX-7; Uncharacterized protein; cDNA FLJ58508,
SOX7 9141 highly similar to Transcription factor SOX-7 47
ENST00000381
AK3 809.3 adenylate kinase 3 323
HNRNP | ENST00000411
A3 529.2 heterogeneous nuclear ribonucleoprotein A3 329
ENST00000378
ITM2B |[565.5 integral membrane protein 2B 10367
ENST00000370
PI4K2A |649.3 Phosphatidylinositol 4-kinase type 2-alpha; Uncharacterized protein 1489
ENST00000367
MYCT1 | 245.5 myc target 1 5
ARHCA [ ENST00000260
P29 526.6 Rho GTPase activating protein 29 451
SMIM1 | ENST00000295
4 958.5 small integral membrane protein 14 601
UBE2E | ENST00000410
3 062.4 ubiquitin-conjugating enzyme E2E 3 15
ANKS1 | ENST00000546
B 960.1 ankyrin repeat and sterile alpha motif domain containing 1B 21
POM12 | ENST00000257
1C 665.5 POM121 transmembrane nucleoporin C 5
ENSTO0000405
NXPH1 | 863.1 neurexophilin 1 5
ZFAND [ ENST00000237
5 937.3 zinc finger, AN1-type domain 5 2522
Reported Targets (Igenuity Pathway Analysis)
Target
gene Gene name
Hyperpolarization Activated Cyclic Nucleotide
HCN1 Gated Potassium Channel 1
KMT2C Lysine Methyltransferase 2C
23




Reported Targets (miRTarBase, strong evidence)

ID Species (miRNA) | Species (Target) | miRNA Target
MIRT000045 | Homo sapiens | Homo sapiens |hsa-miR-485-3p | NTRK3
MIRT005607 | Homo sapiens | Homo sapiens |hsa-miR-485-3p | NFYB
MIRT054252 | Homo sapiens | Homo sapiens |hsa-miR-485-3p | SLC40A1
MIRT102191 |Homo sapiens | Homo sapiens |hsa-miR-485-3p | NAPEPLD
MIRT147294 | Homo sapiens | Homo sapiens |hsa-miR-485-3p | KPNA2
MIRT255969 | Homo sapiens Homo sapiens | hsa-miR-485-3p | WDR17
MIRT318224 | Homo sapiens Homo sapiens | hsa-miR-485-3p | RREBI1
MIRT731334 | Homo sapiens Homo sapiens | hsa-miR-485-3p | PPARGCI1A
MIRT735513 | Homo sapiens Homo sapiens | hsa-miR-485-3p | PBRM1
MIRT749054 | Homo sapiens | Homo sapiens |hsa-miR-485-3p | IFNLR1
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Supplementary Table S5

Table SS. Clinical and laboratory characteristics of the study subjects.

DLE SCLE

(n=10) (n=10)
AGE, mean (SD), yrs 44 (10.3) 51 (15.9)
Female, n (%) 7 (70%) 8 (80%)
Photosensitivity, n (%) 3 (30%) 5 (50%)
Smoking, (%) 6 (60%) 1 (10%)
CLASI ACTIVITY, mean 9.8+3.7 6.54+2 16
(SD)
CLASIDAMAGE, mean 1.78+1.76 0.18£0.60
(SD)
SLE 4 (40%) 6 (60%)
Duration of cutaneous 8.9 (3.7) 6.2 (5.57)
lesions, months, mean
(SD)
ANA positive, n (%) 7 (70%) 7 (70%)
Anti-Ro positive, n (%) 1(10%) 5 (50%)

Values are number of patients and between brackets the percent of total number patients. The other
values are means * SD. CLASI: Cutaneous Lupus Erythematosus Disease Area and Severity Index;
ANA: Antinuclear Antibodies; Ant-Ro: autoantibody Ro protein.
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Supplementary Table S6

Table S6. Tagman Array Human MicroRNA A+B Cards Set v3.0 gene list for each 384-
well microfluidic card

Card A
Well location | Assay ID | Assay Name Target Sequence
Al 000377 hsa-let-7a UGAGGUAGUAGGUUGUAUAGUU
A2 000379 hsa-let-7¢ UGAGGUAGUAGGUUGUAUGGUU
A3 002283 hsa-let-7d AGAGGUAGUAGGUUGCAUAGUU
A4 002406 hsa-let-7e UGAGGUAGGAGGUUGUAUAGUU
A5 000382 hsa-let-71 UGAGGUAGUAGAUUGUAUAGUU
A6 002282 hsa-lel-7g UGAGGUAGUAGUUUGUACAGUU
AT 002222 hsa-miR-1 UGGAAUGUAAAGAAGUAUGUAU
AB 000583 hsa-miR-9 UCUUUGGUUAUCUAGCUGUAUGA
A9 000387 hsa-miR-10a UACCCUGUAGAUCCGAAUUUGUG
A10 002218 hsa-miR-10b UACCCUGUAGAACCGAAUUUGUG
A11 001973 U6 snRNA GUGCUCGCUUCGGCAGCACAUAUACUAAAAU*
A12 001973 UG snRNA GUGCUCGCUUCGGCAGCACAUAUACUAAAAU*
A13 000389 hsa-miR-15a UAGCAGCACAUAAUGGUUUGUG
Al4 000390 hsa-miR-15b UAGCAGCACAUCAUGGUUUACA
A15 000391 hsa-miR-16 UAGCAGCACGUAAAUAUUGGCG
A16 002308 hsa-miR-17 CAAAGUGCUUACAGUGCAGGUAG
A17 002422 hsa-miR-18a UAAGGUGCAUCUAGUGCAGAUAG
A18 002217 hsa-miR-18b UAAGGUGCAUCUAGUGCAGUUAG
A19 000395 hsa-miR-19a UGUGCAAAUCUAUGCAAAACUGA
A20 000396 hsa-miR-19b UGUGCAAAUCCAUGCAAAACUGA
A21 000580 hsa-miR-20a UAAAGUGCUUAUAGUGCAGGUAG
A22 001014 hsa-miR-20b CAAAGUGCUCAUAGUGCAGGUAG
A23 000397 hsa-miR-21 UAGCUUAUCAGACUGAUGUUGA
A24 000398 hsa-miR-22 AAGCUGCCAGUUGAAGAACUGU
B1 000399 hsa-miR-23a AUCACAUUGCCAGGGAUUUCC
B2 000400 hsa-miR-23b AUCACAUUGCCAGGGAUUACC
B3 000402 hsa-miR-24 UGGCUCAGUUCAGCAGGAACAG
B4 000403 hsa-miR-25 CAUUGCACUUGUCUCGGUCUGA
B5 000405 hsa-miR-26a UUCAAGUAAUCCAGGAUAGGCU
B6 000407 hsa-miR-26b UUCAAGUAAUUCAGGAUAGGU
B7 000408 hsa-miR-27a UUCACAGUGGCUAAGUUCCGC
B8 000409 hsa-miR-27b UUCACAGUGGCUAAGUUCUGC
B9 002446 hsa-miR-28-3p CACUAGAUUGUGAGCUCCUGGA
B10 000411 hsa-miR-28 AAGGAGCUCACAGUCUAUUGAG
B11 001973 UG sNRNA GUGCUCGCUUCGGCAGCACAUAUACUAAAAU*
B12 001973 U6 snRNA GUGCUCGCUUCGGCAGCACAUAUACUAAAAU*
B13 002112 hsa-miR-29a UAGCACCAUCUGAAAUCGGUUA
B14 000413 hsa-miR-29b UAGCACCAUUUGAAAUCAGUGUU
B15 000587 hsa-miR-29c UAGCACCAUUUGAAAUCGGUUA
B16 000602 hsa-miR-30b UGUAAACAUCCUACACUCAGCU
B17 000419 hsa-miR-30c UGUAAACAUCCUACACUCUCAGC
B18 002279 hsa-miR-31 AGGCAAGAUGCUGGCAUAGCU
B19 002109 hsa-miR-32 UAUUGCACAUUACUAAGUUGCA
B20 002085 hsa-miR-33b GUGCAUUGCUGUUGCAUUGC
B21 000426 hsa-miR-34a UGGCAGUGUCUUAGCUGGUUGU
B22 000428 hsa-miR-34c AGGCAGUGUAGUUAGCUGAUUGC
B23 000431 hsa-miR-92a UAUUGCACUUGUCCCGGCCUGU
B24 001090 mmu-miR-93 CAAAGUGCUGUUCGUGCAGGUAG
C1 000433 hsa-miR-95 UUCAACGGGUAUUUAUUGAGCA
C2 000186 mmu-miR-96 UUUGGCACUAGCACAUUUUUGCU
C3 000577 hsa-miR-98 UGAGGUAGUAAGUUGUAUUGUU
C4 000435 hsa-miR-99a AACCCGUAGAUCCGAUCUUGUG
C5 000436 hsa-miR-99b CACCCGUAGAACCGACCUUGCG
C6 000437 hsa-miR-100 AACCCGUAGAUCCGAACUUGUG
c7 002253 hsa-miR-101 UACAGUACUGUGAUAACUGAA
[¢) 000439 hsa-miR-103 AGCAGCAUUGUACAGGGCUAUGA
c9 002167 hsa-miR-105 UCAAAUGCUCAGACUCCUGUGGU
C10 002169 hsa-miR-106a AAAAGUGCUUACAGUGCAGGUAG
ci1 001094 RNU44 CCUGGAUGAUGAUAGCAAAUGCUGACUGAAC*
C12 000442 hsa-miR-106b UAAAGUGCUGACAGUGCAGAU
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C13 000443 hsa-miR-107 AGCAGCAUUGUACAGGGCUAUCA
C14 002245 hsa-miR-122 UGGAGUGUGACAAUGGUGUUUG
C15 001182 mmu-miR-124a UAAGGCACGCGGUGAAUGCC
C16 002199 hsa-miR-125a-3p ACAGGUGAGGUUCUUGGGAGCC
c17 002198 hsa-miR-125a-5p UCCCUGAGACCCUUUAACCUGUGA
c18 000449 hsa-miR-125b UCCCUGAGACCCUAACUUGUGA
C19 002228 hsa-miR-126 UCGUACCGUGAGUAAUAAUGCG
C20 000452 hsa-miR-127 UCGGAUCCGUCUGAGCUUGGCU
Cc21 002229 hsa-miR-127-5p CUGAAGCUCAGAGGGCUCUGAU
C22 002216 hsa-miR-128a UCACAGUGAACCGGUCUCUUU
C23 001184 mmu-miR-129-3p AAGCCCUUACCCCAAAAAGCAU
C24 000590 hsa-miR-129 CUUUUUGCGGUCUGGGCUUGC
D1 000454 hsa-miR-130a CAGUGCAAUGUUAAAAGGGCAU
D2 000456 hsa-miR-130b CAGUGCAAUGAUGAAAGGGCAU
D3 000457 hsa-miR-132 UAACAGUCUACAGCCAUGGUCG
D4 002246 hsa-miR-133a UUUGGUCCCCUUCAACCAGCUG
D5 002247 hsa-miR-133b UUUGGUCCCCUUCAACCAGCUA
D6 001186 mmu-miR-134 UGUGACUGGUUGACCAGAGGGG
D7 000460 hsa-miR-135a UAUGGCUUUUUAUUCCUAUGUGA
D8 002261 hsa-miR-135b UAUGGCUUUUCAUUCCUAUGUGA
D9 000592 hsa-miR-136 ACUCCAUUUGUUUUGAUGAUGGA
D10 001129 mmu-miR-137 UUAUUGCUUAAGAAUACGCGUAG
D11 002284 hsa-miR-138 AGCUGGUGUUGUGAAUCAGGCCG
D12 002313 hsa-miR-139-3p GGAGACGCGGCCCUGUUGGAGU
D13 002289 hsa-miR-139-5p UCUACAGUGCACGUGUCUCCAG
D14 002234 hsa-miR-140-3p UACCACAGGGUAGAACCACGG
D15 001187 mmu-miR-140 CAGUGGUUUUACCCUAUGGUAG
D16 000463 hsa-miR-141 UAACACUGUCUGGUAAAGAUGG
D17 000464 hsa-miR-142-3p UGUAGUGUUUCCUACUUUAUGGA
D18 002248 hsa-miR-142-5p CAUAAAGUAGAAAGCACUACU
D19 002249 hsa-miR-143 UGAGAUGAAGCACUGUAGCUC
D20 002278 hsa-miR-145 GUCCAGUUUUCCCAGGAAUCCCU
D21 000468 hsa-miR-146a UGAGAACUGAAUUCCAUGGGUU
D22 002361 hsa-miR-146b-3p UGCCCUGUGGACUCAGUUCUGG
D23 001097 hsa-miR-146b UGAGAACUGAAUUCCAUAGGCU
D24 002262 hsa-miR-147b GUGUGCGGAAAUGCUUCUGCUA
E1 000470 hsa-miR-148a UCAGUGCACUACAGAACUUUGU
E2 000471 hsa-miR-148b UCAGUGCAUCACAGAACUUUCU
E3 002255 hsa-miR-149 UCUGGCUCCGUGUCUUCACUCCC
E4 000473 hsa-miR-150 UCUCCCAACCCUUGUACCAGUG
ES 000475 hsa-miR-152 UCAGUGCAUGACAGAACUUGG
E6 001191 mmu-miR-153 UUGCAUAGUCACAAAAGUGAUC
E7 000477 hsa-miR-154 UAGGUUAUCCGUGUUGCCUUCG
E8 000480 hsa-miR-181a AACAUUCAACGCUGUCGGUGAGU
E9 000482 hsa-miR-181c AACAUUCAACCUGUCGGUGAGU
E10 002334 hsa-miR-182 UUUGGCAAUGGUAGAACUCACACU
E11 001006 RNU48 GAUGACCCCAGGUAACUCUGAGUGUGUCGCU*
E12 002269 hsa-miR-183 UAUGGCACUGGUAGAAUUCACU
E13 000485 hsa-miR-184 UGGACGGAGAACUGAUAAGGGU
E14 002271 hsa-miR-185 UGGAGAGAAAGGCAGUUCCUGA
E15 002285 hsa-miR-186 CAAAGAAUUCUCCUUUUGGGCU
E16 001193 mmu-miR-187 UCGUGUCUUGUGUUGCAGCCGG
E17 002106 hsa-miR-188-3p CUCCCACAUGCAGGGUUUGCA
E18 000489 hsa-miR-190 UGAUAUGUUUGAUAUAUUAGGU
E19 002299 hsa-miR-191 CAACGGAAUCCCAAAAGCAGCUG
E20 000491 hsa-miR-192 CUGACCUAUGAAUUGACAGCC
E21 002250 hsa-miR-193a-3p AACUGGCCUACAAAGUCCCAGU
E22 002281 hsa-miR-193a-5p UGGGUCUUUGCGGGCGAGAUGA
E23 002367 hsa-miR-193b AACUGGCCCUCAAAGUCCCGCU
E24 000493 hsa-miR-194 UGUAACAGCAACUCCAUGUGGA
F1 000494 hsa-miR-195 UAGCAGCACAGAAAUAUUGGC
F2 002215 hsa-miR-196b UAGGUAGUUUCCUGUUGUUGGG
F3 000497 hsa-miR-197 UUCACCACCUUCUCCACCCAGC
F4 002273 hsa-miR-198 GGUCCAGAGGGGAGAUAGGUUC
F5 000498 hsa-miR-199a CCCAGUGUUCAGACUACCUGUUC
F6 002304 hsa-miR-199a-3p ACAGUAGUCUGCACAUUGGUUA
F7 000500 hsa-miR-199b CCCAGUGUUUAGACUAUCUGUUC
F8 000502 hsa-miR-200a UAACACUGUCUGGUAACGAUGU
F9 002251 hsa-miR-200b UAAUACUGCCUGGUAAUGAUGA
F10 002300 hsa-miR-200c UAAUACUGCCGGGUAAUGAUGGA
F11 002363 hsa-miR-202 AGAGGUAUAGGGCAUGGGAA
F12 000507 hsa-miR-203 GUGAAAUGUUUAGGACCACUAG
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F13 000508 hsa-miR-204 UUCCCUUUGUCAUCCUAUGCCU
F14 000509 hsa-miR-205 UCCUUCAUUCCACCGGAGUCUG
F15 002290 hsa-miR-208b AUAAGACGAACAAAAGGUUUGU
F16 000512 hsa-miR-210 CUGUGCGUGUGACAGCGGCUGA
F17 002306 hsa-miR-214 ACAGCAGGCACAGACAGGCAGLU
F18 000518 hsa-miR-215 AUGACCUAUGAAUUGACAGAC
F19 002220 hsa-miR-216a UAAUCUCAGCUGGCAACUGUGA
F20 002326 hsa-miR 216b AAAUCUCUGCAGGCAAAUGUGA
F21 002337 hsa miR 217 UACUGCAUCAGGAACUGAUUGGA
F22 000521 hsa miR-218 UUGUGCUUGAUCUAACCAUGU
F23 000522 hsa-miR-219 UGAUUGUCCAAACGCAAUUCU
F24 000524 hsa-miR-221 AGCUACAUUGUCUGCUGGGUUUC
G1 002276 hsa-miR-222 AGCUACAUCUGGCUACUGGGU
G2 002295 hsa-miR-223 UGUCAGUUUGUCAAAUACCCCA
G3 002099 hsa-miR-224 CAAGUCACUAGUGGUUCCGUU
G4 002101 hsa-miR-296-3p GAGGGUUGGGUGGAGGCUCUCC
G5 000527 hsa-miR-296 AGGGCCCCCCCUCAAUCCUGU
G6 001015 hsa-miR-299-3p UAUGUGGGAUGGUAAACCGCUU
G7 000600 hsa-miR-299-5p UGGUUUACCGUCCCACAUACAU
G8 000528 hsa-miR-301 CAGUGCAAUAGUAUUGUCAAAGC
GO 002392 hsa-miR-301b CAGUGCAAUGAUAUUGUCAAAGC
G10 000529 hsa miR302a UAAGUGCUUCCAUGUUUUGGUGA
G 000338 ath miR150a UUUGGAUUGAAGGGAGCUCUA
G12 000531 hsa-miR-302b UAAGUGCUUCCAUGUUUUAGUAG
G13 000533 hsa-miR-302¢ UAAGUGCUUCCAUGUUUCAGUGG
G14 002277 hsa-miR-320 AAAAGCUGGGUUGAGAGGGCGA
G15 002227 hsa-miR-323-3p CACAUUACACGGUCGACCUCU
G16 002161 hsa-miR-324-3p ACUGCCCCAGGUGCUGCUGG
G17 000539 hsa-miR-324-5p CGCAUCCCCUAGGGCAUUGGUGU
G18 000542 hsa-miR-326 CCUCUGGGCCCUUCCUGCAG
G19 000543 hsa-miR-328 CUGGCCCUcCUCUGCCCcuUuUcCCcGU
G20 001101 hsa-miR-329 AACACACCUGGUUAACCUCUUU
G21 000544 hsa-miR-330 GCAAAGCACACGGCCUGCAGAGA
G2 002230 hsa-miR-330-5p UCUCUGGGCCUGUGUCUUAGGC
G23 000545 hsa miR-331 GCCCCUGGGCCUAUCCUAGAA
G24 002233 hsa miR-331-5p CUAGGUAUGGUCCCAGGGAUCC
H 000546 hsa miR-335 UCAAGACCAAUAACGAAAAAUGU
H2 002156 hsa-miR-337-5p GAACGGCUUCAUACAGGAGUU
H3 002252 hsa-miR-336-3p UCCAGCAUCAGUGAUUUUGUUG
4 002184 hsa-miR-339-3p UGAGCGCCUCGACGACAGAGCCG
H5 002257 hsa-miR-339-5p UCCCUGUCCUCCAGGAGCUCACG
H6 002258 hsa-miR-340 UUAUAAAGCAAUGAGACUGAUU
H7 002623 hsa-miR-155 UUAAUGCUAAUCGUGAUAGGGGU
H8 002619 hsa-let-7b UGAGGUAGUAGGUUGUGUGGUU
H9 002260 hsa-miR-342-3p UCUCACACAGAAAUCGCACCCGU
H10 002147 hsa-miR-342-5p AGGGGUGCUAUCUGUGAUUGA
H11 002186 hsa-miR-345 GCUGACUCCUAGUCCAGGGCUC
H12 000554 hsa-miR-361 UUAUCAGAAUCUCCAGGGGUAC
H13 002117 hsa miR 362-3p AACACACCUAUUCAAGGAUUCA
Fi4 001273 hsa miR 362 AAUCCUUGGAACCUAGGUGUGAGU
H15 001271 hsa-miR-363 AAUUGCACGGUAUCCAUCUGUA
H16 001020 hsa-miR-365 UAAUGCCCCUAAAAAUCCUUAU
H17 000555 hsa-miR-367 AAUUGCACUUUAGCAAUGGUGA
H18 000557 hsa-miR-369-3p AAUAAUACAUGGUUGAUCUUU
H19 001021 hsa-miR-369-5p AGAUCGACCGUGUUAUAUUCGC
H20 002275 hsa-miR-370 GCCUGCUGGGGUGGAACCUGGU
H21 002124 hsa-miR-371-3p AAGUGCCGCCAUCUUUUGAGUGU
H22 000560 hsa-miR-372 AAAGUGCUGCGACAUUUGAGCGU
H23 000561 hsa-miR-373 GAAGUGCUUCGAUUUUGGGGUGH
H24 000563 hsa-miR-374 UUAUAAUACAACCUGAUAAGUG
i 001310 mmU-miR-374-5p AUAUAAUACAACCUGCUAAGUG
2 000564 hsa miR-375 UUUGUUCGUUCGGCUCGCGUGA
3 000565 hsa miR 376a AUCAUAGAGGAAAAUCCACGU
4 001102 hsa-miR-376b AUCAUAGAGGAAAAUCCAUGUU
15 000566 hsa-miR-377 AUCACACAAAGGCAACUUUUGU
16 001138 mmu-miR-379 UGGUAGACUAUGGAACGUAGG
17 000569 hsa-miR-380-3p UAUGUAAUAUGGUCCAGAUCUU
18 000571 hsa-miR-381 UAUACAAGGGCAAGCUCUCUGU
19 000572 hsa-miR-382 GAAGUUGUUCGUGGUGGAUUCG
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000573 hsa-miR-383 AGAUCAGAAGGUGAUUGUGGCU
11 002331 hsa-miR-409-5p AGGUUACCCGAGCAACUUUGCAU
112 001274 hsa-miR-410 AAUAUAACACAGAUGGCCUGU
113 001610 hsa-miR-411 UAGUAGACCGUAUAGCGUACG
14 002297 hsa-miR-422a ACUGGACUUAGGGUCAGAAGGC
15 002340 hsa-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU
116 000604 hsa-miR-424 CAGCAGCAAUUCAUGUUUUGAA
17 001516 hsa-miR 425 5p AAUGACACGAUCACUCCCGUUGA
18 001024 hsa-miR-429 UAAUACUGUCUGGUAAAACCGU
119 001979 hsa-miR-431 UGUCUUGCAGGCCGUCAUGCA
120 001028 hsa-miR-433 AUCAUGAUGGGCUCCUCGGUGU
21 001030 hsa-miR-449 UGGCAGUGUAUUGUUAGCUGGU
122 001608 hsa-miR-449b AGGCAGUGUAUUGUUAGCUGGC
123 002303 hsa-miR 450a UUUUGCGAUGUGUUCCUAAUAU
124 002208 hsa-miR-450b-3p UUGGGAUCAUUUUGCAUCCAUA
J1 002207 hsa-miR-450b-5p UUUUGCAAUAUGUUCCUGAAUA
£2 001141 mmu-miR-451 AAACCGUUACCAUUACUGAGUU
J3 002329 hsa-miR-452 AACUGUUUGCAGAGGAAACUGA
J4 002318 hsa-miR-453 AGGUUGUCCGUGGUGAGUUCGCA
J5 002323 hsa-miR-454 UAGUGCAAUAUUGCUUAUAGGGU
J6 002244 hsa-miR-455-3p GCAGUCCAUGGGCAUAUACAC
J7 001280 hsa-miR-455 UAUGUGCCUUUGGACUACAUCG
48 002338 hsa-miR-483-5p AAGACGGGAGGAAAGAAGGGAG
J9 001821 hsa-miR-484 UCAGGCUCAGUCCCCUCCCGAU
J10 001277 hsa-miR-485-3p GUCAUACACGGCUCUCCUCUCU
11 001036 hsa-miR-485-5p AGAGGCUGGCCGUGAUGAAUUC
J12 002093 hsa-miR-486-3p CGGGGCAGCUCAGUACAGGAU
J13 001278 hsa-miR-486 UCCUGUACUGAGCUGCCCCGAG
J14 001279 hsa-miR-487a AAUCAUACAGGGACAUCCAGUU
Ji5 001285 hsa-miR-487b AAUCGUACAGGGUCAUCCACUU
J16 002357 hsa-miR-488 UUGAAAGGCUAUUUCUUGGUC
7 002358 hsa-miR-489 GUGACAUCACAUAUACGGCAGC
J18 001037 hsa-miR-490 CAACCUGGAGGACUCCAUGCUG
J1g 002360 hsa-miR-491-3p CUUAUGCAAGAUUCCCUUCUAC
J20 001630 mmu-miR-491 AGUGGGGAACCCUUCCAUGAGG
Jz1 002364 hsa-miR-493 UGAAGGUCUACUGUGUGCCAGG
J22 002365 hsa-miR-494 UGAAACAUACACGGGAAACCUC
J23 001663 mmu-miR-495 AAACAAACAUGGUGCACUUCUU
J24 001953 mmu-miR-496 UGAGUAUUACAUGGCCAAUCUC
K1 002427 hsa-miR-499-3p AACAUCACAGCAAGUCUGUGCU
K2 001352 mmu-miR-499 UUAAGACUUGCAGUGAUGUUU
K3 002428 hsa-miR-500 UAAUCCUUGCUACCUGGGUGAGA
K4 002435 hsa-miR-501-3p AAUGCACCCGGGCAAGGAUUCU
K5 001047 hsa-miR-501 AAUCCUUUGUCCCUGGGUGAGA
K6 002083 hsa-miR-502-3p AAUGCACCUGGGCAAGGAUUCA
K7 001109 hsa-miR-502 AUCCUUGCUAUCUGGGUGCUA
K8 001048 hsa-miR-503 UAGCAGCGGGAACAGUUCUGCAG
K9 002084 hsa-miR-504 AGACCCUGGUCUGCACUCUAUC
K10 002089 hsa-miR-505 CGUCAACACUUGCUGGUUUCCU
K11 001051 hsa-miR-507 UUUUGCACCUUUUGGAGUGAA
K12 001052 hsa-miR-508 UGAUUGUAGCCUUUUGGAGUAGA
K13 002092 hsa-miR-508-5p UACUCCAGAGGGCGUCACUCAUG




K14

002235 hsa-miR-509-5p UACUGCAGACAGUGGCAAUCA
K15 002241 hsa-miR-510 UACUCAGGAGAGUGGCAAUCAC
K16 001823 hsa-miR-512-3p AAGUGCUGUCAUAGCUGAGGUC
K17 001145 hsa-miR-512-5p CACUCAGCCUUGAGGGCACUUUC
K18 002090 hsa-miR-513-5p UUCACAGGGAGGUGUCAU
K1 002369 hsa-miR-515-3p GAGUGCCUUCUUUUGGAGCGUU
K20 001112 hsa-miR-515-5p UUCUCCAAAAGAAAGCACUUUCUG
K21 002416 hsa-miR-516a 5p UUCUCGAGGAAAGAAGCACUUUC
K22 001150 hsa-miR-516b AUCUGGAGGUAAGAAGCACUUU
K23 002402 hsa-miR-517a AUCGUGCAUCCCUUUAGAGUGU
K24 001153 hsa-miR-517¢ AUCGUGCAUCCUUUUAGAGUGU
L1 002397 hsa-miR-518a-3p GAAAGCGCUUCCCUUUGCUGGA
L2 002396 hsa-miR-518a-5p CUGCAAAGGGAAGCCCUUUC
L3 001156 hsa-miR-518b CAAAGCGCUCCCCUUUAGAGGU
L4 002401 hsa-miR-518c CAAAGCGCUUCUCUUUAGAGUGU
L5 001159 hsa-miR-518d CAAAGCGCUUCCCUUUGGAGC
Lo 002389 hsa-miR-518d-5p CUCUAGAGGGAAGCACUUUCUG
L7 002395 hsa-miR-518e AAAGCGCUUCCCUUCAGAGUG
L8 002388 hsa-miR-518f GAAAGCGCUUCUCUUUAGAGG
L9 002415 hsa-miR-519 AAAGUGCAUCCUUUUAGAGUGU
L10 002403 hsa-miR-519d CAAAGUGCCUCCCUUUAGAGUG
L11 002370 hsa-miR-519e AAGUGCCUCCUUUUAGAGUGUU
2 001167 hsa-miR-520a AAAGUGCUUGCCUUUGGAGCUGU
L13 001168 hsa-miR-520a# CUCCAGAGGGAAGUACUUUCU
L4 002393 hsa-miR-520d-5p CUACAAAGGGAAGCCCUUUC
L15 001121 hsa-miR-520g ACAAAGUGCUUCCCUUUAGAGUGU
L16 001122 hsa-miR-521 AACGCACUUCCCUUUAGAGUGU
L17 002413 hsa-miR-522 AAAAUGGUUCCCUUUAGAGUGU
L18 002386 hsa-miR-523 GAACGCGCUUCCCUAUAGAGGGU
119 001982 hsa-miR-524-5p CUACAAAGGGAAGCACUUUCUC
L20 002385 hsa-miR-525-3p GAAGGCGCUUCCCUUUAGAGCG
L21 001174 hsa-miR-525 CUCCAGAGGGAUGCACUUUCU
L22 002382 hsa-miR-526b CUCUUGAGGGAAGCACUUUCUGU
L23 002355 hsa-miR-532-3p CCUCCCACACCCAAGGCUUGCA
L24 001518 hsa-miR-532 CAUGCCUUGAGUGUAGGACCGU
w1 001286 hsa-miR-539 GGAGAAAUUAUCCUUGGUGUGU
M2 002201 hsa-miR-541 UGGUGGGCACAGAAUCUGGACU
M3 001284 hsa-miR-542-3p UGUGACAGAUUGAUAACUGAAA
w 002240 hsa-miR-542-5p UCGGGGAUCAUCAUGUCACGAGA
M5 002265 hsa-miR-544 AUUCUGCAUUUUUAGCAAGUUC
M& 002267 hsa-miR-545 UCAGCAAACAUUUAUUGUGUGG
M7 001538 hsa-miR-548a CAAAACUGGCAAUUACUUUUGC
M8 002412 hsa-miR-548a-5p AAAAGUAAUUGCGAGUUUUACC
Mo 001541 hsa-miR-548b CAAGAACCUCAGUUGCUUUUGU
M10 002408 hsa-miR-548b-5p AAAAGUAAUUGUGGUUUUGGCC
M11 001590 hsa-miR-548¢ CAAAAAUCUCAAUUACUUUUGC
Mt2 002429 hsa-miR-548¢-5p AAAAGUAAUUGCGGUUUUUGGG
M13 001605 hsa-miR-548d CAAAAACCACAGUUUCUUUUGC
M14 002237 hsa-miR-548d-5p AAAAGUAAUUGUGGUUUUUGCC
M15 001535 hsa-miR-551b GCGACCCAUACUUGGUUUCAG
M16 002345 hsa-miR-556-3p AUAUUACCAUUAGCUCAUCUUU
M17 002344 hsa-miR-556-5p GAUGAGCUCAUUGUAAUAUGAG
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001528 hsa-miR-561 CAAAGUUUAAGAUCCUUGAAGU
M19 002347 hsa-miR-570 CGAAAACAGCAAUUACCUUUGC
M20 002349 hsa-miR-574-3p CACGCUCAUGCACACACCCACA
M21 002351 hsa-miR-576-3p AAGAUGUGGAAAAAUUGGAAUC
M22 002350 hsa-miR-576-5p AUUCUAAUUUCUCCACGUCUUU
23 002398 hsa-miR-579 UUCAUUUGGUAUAAACCGCGAUU
M24 002399 hsa-miR-582-3p UAACUGGUUGAACAACUGAACC
N1 001983 hsa-miR 582-5p UUACAGUUGUUCAACCAGUUACU
N2 002409 hsa-miR-580 UGAGAACCACGUCUGCUCUGAG
N3 001984 hsa-miR-590-5p GAGCUUAUUCAUAAAAGUGCAG
N4 001551 hsa-miR-597 UGUGUCACUCGAUGACCACUGU
NS 001988 hsa-miR-598 UACGUCAUCGUUGUCAUCGUCA
NG 001960 mmu-miR-615 UCCGAGCCUGGGUCUCCCUCUU
N7 002353 hsa-miR 615 5p GGGGGUCCCCGGUGCUCGGAUC
N8 002414 hsa-miR-616 AGUCAUUGGAGGGUUUGAGCAG
N9 001593 hsa-miR-618 AAACUCUACUUGUCCUUCUGAGU
ND 002430 hsa-miR-624 CACAAGGUAUUGGUAUUAGGCU
N1 002431 hsa-miR-625 AGGGGGAAAGUUCUAUAGUCC
N12 001560 hsa-miR-627 GUGAGUCUCUAAGAAAAGAGCA
N13 002433 hsa-miR-628-5p AUGCUGACAUAUUUACUAGAGG
N14 002436 hsa-miR-629 UGGGUUUACGUUGGGAGAACU
N15 002088 hsa-miR-636 UGUGCUUGCUCGUCCCGCCCGCA
1B 001592 hsa-miR-642 GUCCCUCUCCAAAUGUGUCUUG
N7 001604 hsa-miR-651 UUUAGGAUAAGCUUGACUUUUG
N18 002352 hsa-miR-652 AAUGGCGCCACUAGGGUUGUG
N19 002292 hsa-miR-653 GUGUUGAAACAAUCUCUACUG
N20 002239 hsa-miR-654-3p UAUGUCUGCUGACCAUCACCUU
N21 001611 hsa-miR-654 UGGUGGGCCGCAGAACAUGUGC
N22 001612 hsa-miR-655 AUAAUACAUGGUUAACCUCUUU
N23 001515 hsa-miR-660 UACCCAUUGCAUAUCGGAGUUG
N24 002322 hsa-miR-671-3p UCCGGUUCUCAGGGCUCCACT
o1 002327 hsa-miR 672 UGAGGUUGGUGUACUGUGUGUGA
02 002021 hsa-miR-674 GCACUGAGAUGGGAGUGGUGUA
03 002341 hsa-miR-708 AAGGAGCUUACAAUCUAGCUGGG
o4 002324 hsa-miR-744 UGCGGGGCUAGGGCUAACAGCA
o5 001990 hsa-miR-758 UUUGUGACCUGGUCCACUAACC
06 002354 hsa-miR-871 UAUUCAGAUUAGUGCCAGUCAUG
o7 002264 hsa miR 872 AAGGUUACUUGUUAGUUCAGG
08 002356 hsa-miR-873 GCAGGAACUUGUGAGUCUCCU
09 002268 hsa-miR-874 CUGCCCUGGCCCGAGGGACCGA
010 002204 hsa-miR-875-3p CCUGGAAACACUGAGGUUGUG
on 002225 hsa-miR-876-3p UGGUGGUUUACAAAGUAAUUCA
012 002205 hsa-miR-876-5p UGGAUUUCUUUGUGAAUCACCA
013 002372 hsa-miR-885-3p AGGCAGCGGGGUGUAGUGGAUA
o14 002296 hsa-miR-885-5p UCCAUUACACUACCCUGCCUCU
O15 002194 hsa-miR-886-3p CGCGGGUGCUUACUGACCCUU
ole 002193 hsa-miR-886-5p CGGGUCGGAGUUAGCUCAAGCGG
o 002374 hsa-miR-867 GUGAACGGGCGCCAUCCCGAGG
o18 002212 hsa-miR-888 UACUCAAAAAGCUGUCAGUCA
019 002202 hsa-miR-889 UUAAUAUCGGACAACCAUUGU
020 002209 hsa-miR-890 UACUUGGAAAGGCAUCAGUUG
o1 002191 hsa-miR-891a UGCAACGAACCUGAGCCACUGA
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022 002210 hsa-miR-891b UGCAACUUACCUGAGUCAUUGA
0z3 002195 hsa-miR-892a CACUGUGUCCUUUCUGCGUAG
024 000469 hsa-miR-147 GUGUGUGGAAAUGCUUCUGC
P1 000511 hsa-miR-208 AUAAGACGAGCAAAAAGCUUGU
P2 000514 hsa-miR-211 UUCCCUUUGUCAUCCUUCGCCU
P3 000515 hsa-miR-212 UAACAGUCUCCAGUCACGGCC
P4 002095 hsa-miR-219-1-3p AGAGUUGAGUCUGGACGUCCCG
PS5 002390 hsa-miR-219-2-3p AGAAUUGUGGCUGGACAUCUGU
P6 000523 hsa-miR-220 CCACACCGUAUCUGACACUUU
p7 002206 hsa-miR-220b CCACCACCGUGUCUGACACUU
P8 002211 hsa-miR-220¢ ACACAGGGCUGUUGUGAAGACU
P9 002190 hsa-miR-298 AGCAGAAGCAGGGAGGUUCUCCCA
P10 000540 hsa-miR-325 CCUAGUAGGUGUCCAGUAAGUGU
P11 000553 hsa-miR-346 UGUCUGCCCGCAUGCCUGCCUCU
P12 002122 hsa-miR-376¢ AACAUAGAGGAAAUUCCACGU
P13 000574 hsa-miR-384 AUUCCUAGAAAUUGUUCAUA
P14 001023 hsa-miR412 ACUUCACCUGGUCCACUAGCCGU
P15 001029 hsa-miR-448 UUGCAUAUGUAGGAUGUCCCAU
P16 001039 hsa-miR-492 AGGACCUGCGGGACAAGAUUCUU
P17 001050 hsa-miR-506 UAAGGCACCCUUCUGAGUAGA
P18 002155 hsa-miR-509-3-5p UACUGCAGACGUGGCAAUCAUG
P19 001111 hsa-miR-511 GUGUCUUUUGCUCUGCAGUCA
P20 001152 hsa-miR-517b UCGUGCAUCCCUUUAGAGUGUU
P21 001163 hsa-miR-519¢ AAAGUGCAUCUUUUUAGAGGAU
P22 001116 hsa-miR-520b AAAGUGCUUCCUUUUAGAGGG
P23 001119 hsa-miR-520e AAAGUGCUUCCUUUUUGAGGG
P24 001120 hsa-miR-520f AAGUGCUUCCUUUUAGAGGGUU
Card B
Well location | Assay ID | Assay Name Target Sequence
Al 000268 dmomiR-7 UGGAAGACUAGUGAUUUUGUUGU
A2 002900 hsa miR-548] AAAAGUAAUUGCCGAUUUUGCC
A3 000416 hsa-miR-30a-3p CUUUCAGUCGGAUGUUUGCAGC
A4 000417 hsa-miR-30a-5p UGUAAACAUCCUCGACUGGAAG
A5 000420 hsa-miR-30d UGUAAACAUCCCCGACUGGAAG
A6 000422 hsa-miR-30e-3p CUUUCAGUCGGAUGUUUACAGC
AT 000427 hsa-miR-34b UAGGCAGUGUCAUUAGCUGAUUG
A8 000451 hsa-miR-126% CAUUAUUACUUUUGGUACGCG
A9 000478 hsa-miR-154% AAUCAUACACGGUUGACCUAUU
A10 000483 hsa-miR-182# UGGUUCUAGACUUGCCAACUA
Al1 001973 U6 snRINA GUGCUCGCUUCGGCAGCACAUAUACU™
A12 001973 UB snRNA GUGCUCGCUUCGGCAGCACAUAUACU"
A13 000510 hsa-miR-206 UGGAAUGUAAGGAAGUGUGUGG
A14 000516 hsa-miR-213 ACCAUCGACCGUUGAUUGUACC
A15 000534 hsa-miR-302c# UUUAACAUGGGGGUACCUGCUG
A16 000535 hsa-miR-302d UAAGUGCUUCCAUGUUUGAGUGU
A17 000567 hsa-miR-378 CUCCUGACUCCAGGUCCUGUGU
A18 000570 hsa-miR-380-5p UGGUUGACCAUAGAACAUGCGC
A19 002910 hsa-miR-1257 AGUGAAUGAUGGGUUCUGACC
A20 001011 hsa-miR-200a# CAUCUUACCGGACAGUGCUGGA
A21 001026 hsa-miR-432 UCUUGGAGUAGGUCAUUGGGUGG
A22 001027 hsa-miR-432% CUGGAUGGCUCCUCCAUGUCU
A23 001043 hsa-miR-497 CAGCAGCACACUGUGGUUUGU
A24 001046 hsa-miR-500 AUGCACCUGGGCAAGGAUUCUG
B1 002927 hsa-miR-1238 CUUCCUCGUCUGUCUGCCCC
B2 001106 hsa-miR-488 CCCAGAUAAUGGCACUCUCAA
B3 001113 hsamiR-517% CCUCUAGAUGGAAGCACUGUCU
B4 001140 hsamiR-516-3p UGCUUCCUUUCAGAGGGU
B5 001158 hsa miR 518c# UCUCUGGAGGGAAGCACUUUCUG
B6 001166 hsa-miR-519e# UUCUCCAAAAGGGAGCACUUUC
BY 001170 hsa-miR-520h ACAAAGUGCUUCCCUUUAGAGU
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B8 001173 hsa-miR-524 GAAGGCGCUUCCCUUUGGAGU
B9 001178 mmu-et-7d# CUAUACGACCUGCUGCCUUUCU
B10 001283 nsa-miR-363# CGGGUGGAUCACGAUGCAAUUU
B11 001973 UB SnRNA GUGCUCGCUUCGGCAGCACAUAUACU®
B12 001973 U6 snRNA GUGCUCGCUUCGGCAGCACAUAUACU"
B13 001338 mo-miR-7# CAACAAAUCACAGUCUGCCAUA
B14 001510 hsa-miR-656 AAUAUUAUACAGUCAACCUCU
B15 001511 hsa-miR-549 UGACAACUAUGGAUGAGCUCU
B16 001512 hsa-miR-657 GGCAGGUUCUCACCCUCUCUAGG
B17 001513 hsa-miR-658 GGCGGAGGGAAGUAGGUCCGUUGGU
B18 001514 hsa-miR-659 CUUGGUUCAGGGAGGGUCCCCA
B19 001519 hsa-miR-551a GCGACCCACUCUUGGUUUCCA
B20 001520 hsa-miR-552 AACAGGUGACUGGUUAGACAA
B21 001521 hsa-miR-553 AAAACGGUGAGAUUUUGUUUU
B22 001522 hsa-miR-554 GCUAGUCCUGACUCAGCCAGU
B23 001523 hsa-miR-553 AGGGUAAGCUGAACCUCUGAU
B24 001525 hsa-miR-557 GUUUGCACGGGUGGGCCUUGUCU
C1 001526 hsa-miR-558 UGAGCUGCUGUACCAAAAU

Cc2 001527 hsa-miR-559 UAAAGUAAAUAUGCACCAAAA

C3 001529 hsa-miR-562 AAAGUAGCUGUACCAUUUGC

C4 001530 hsa-miR-563 AGGUUGACAUACGUUUCCC

C5 001531 hsa-miR-564 AGGCACGGUGUCAGCAGGC

C6 001533 hsa-miR-566 GGGCGCCUGUGAUCCCAAC

c7 001534 hsa-miR-567 AGUAUGUUCUUCCAGGACAGAAC
c8 001536 hsa-miR-569 AGUUAAUGAAUCCUGGAAAGU
c9 001539 hsa-miR-586 UAUGCAUUGUAUUUUUAGGUCC
C10 001540 hsa-miR-587 UUUCCAUAGGUGAUGAGUCAC
C11 001094 RNU44 CCUGGAUGAUGAUAGCAAAUGCUGACT
C12 001542 hsa-miR-588 UUGGCCACAAUGGGUUAGAAC
C13 001543 hsa-miR-589 UCAGAACAAAUGCCGGUUCCCAGA
C14 001544 hsa-miR-550 UGUCUUACUCCCUCAGGCACAU
C15 001545 hsa-miR-591 AGACCAUGGGUUCUCAUUGU
C16 001546 hsa-miR-592 UUGUGUCAAUAUGCGAUGAUGU
c17 001547 hsa-miR-593 AGGCACCAGCCAGGCAUUGCUCAGC
Cc18 001550 hsa-miR-596 AAGCCUGCCCGGCUCCUCGGG
C19 001553 hsa-miR-622 ACAGUCUGCUGAGGUUGGAGC
C20 001554 hsa-miR-599 GUUGUGUCAGUUUAUCAAAC
c21 001555 hsa-miR-623 AUCCCUUGCAGGGGCUGUUGGGU
Cc22 001556 hsa-miR-600 ACUUACAGACAAGAGCCUUGCUC
Cc23 001557 hsa-miR-624 UAGUACCAGUACCUUGUGUUCA
C24 001558 hsa-miR-601 UGGUCUAGGAUUGUUGGAGGAG
D1 001559 hsa-miR-626 AGCUGUCUGAAAAUGUCUU

D2 001562 hsa-miR-629 GUUCUCCCAACGUAAGCCCAGC
D3 001563 hsa-miR-630 AGUAUUCUGUACCAGGGAAGGU
D4 001564 hsa-miR-631 AGACCUGGCCCAGACCUCAGC
D5 0D1566 hsa-miR-603 CACACACUGCAAUUACUUUUGC
D6 001567 hsa-miR-604 AGGCUGCGGAAUUCAGGAC

D7 001568 hsa-miR-605 UAAAUCCCAUGGUGCCUUcCuUccU
D8 001569 hsa-miR-606 AAACUACUGAAAAUCAAAGAU

D9 001570 hsa-miR-607 GUUCAAAUCCAGAUCUAUAAC
D10 001571 hsa-miR-608 AGGGGUGGUGUUGGGACAGCUCCGU
D11 001573 hsa-miR-609 AGGGUGUUUCUCUCAUCUCU
D12 001574 hsa-miR-633 CUAAUAGUAUCUACCACAAUAAA
D13 001576 hsa-miR-634 AACCAGCACCCCAACUUUGCAC
D14 001578 hsa-miR-635 ACUUGGGCACUGAAACAAUGUCC
D15 001581 hsa-miR-637 ACUGGGGGCUUUCGGGCUCUGCGU
D16 001582 hsa-miR-638 AGGGAUCGCGGGCGGGUGGCGGCCU
D17 001583 hsa-miR-639 AUCGCUGCGGUUGCGAGCGCUGU
D18 001584 hsa-miR-640 AUGAUCCAGGAACCUGCCUCU
D19 001585 hsa-miR-641 AAAGACAUAGGAUAGAGUCACCUC
D20 001586 hsa-miR-613 AGGAAUGUUCCUUCUUUGCC
D21 001587 hsa-miR-614 GAACGCCUGUUCUUGCCAGGUGG
D22 001589 hsa-miR-616 ACUCAAAACCCUUCAGUGACUU
D23 001591 hsa-miR-617 AGACUUCCCAUUUGAAGGUGGC
D24 001594 hsa-miR-643 ACUUGUAUGCUAGCUCAGGUAG
E1 001596 hsa-miR-644 AGUGUGGCUUUCUUAGAGC

E2 001597 hsa-miR-645 UCUAGGCUGGUACUGCUGA

E3 001598 hsa-miR-621 GGCUAGCAACAGCGCUUACCU
E4 001599 hsa-miR-646 AAGCAGCUGCCUCUGAGGC

ES 001600 hsa-miR-647 GUGGCUGCACUCACUUCCUUC
E6 001601 hsa-miR-648 AAGUGUGCAGGGCACUGGU

E7 0D1602 hsa-miR-649 AAACCUGUGUUGUUCAAGAGUC
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E8 001603 hsa-miR-650 AGGAGGCAGCGCUCUCAGGAC
E9 001606 hsa-miR-661 UGCCUGGGUCUCUGGCCUGCGCGU
E10 001607 hsa-miR-662 UCCCACGUUGUGGCCCAGCAG
E11 001006 RNU48 GAUGACCCCAGGUAACUCUGAGUGUG
E12 001613 hsa-miR-571 UGAGUUGGCCAUCUGAGUGAG
E13 001614 hsa-miR-572 GUCCGCUCGGCGGUGGCCCA
E14 001615 hsa-miR-573 CUGAAGUGAUGUGUAACUGAUCAG
E15 001617 hsa-miR-575 GAGCCAGUUGGACAGGAGC
E16 001619 hsa-miR-578 CUUCUUGUGCUCUAGGAUUGU
E17 001621 hsa-miR-580 UUGAGAAUGAUGAAUCAUUAGG
E18 001622 hsa-miR-581 UCUUGUGUUCUCUAGAUCAGU
E19 001623 hsa-miR-583 CAAAGAGGAAGGUCCCAUUAC
E20 001624 hsa-miR-584 UUAUGGUUUGCCUGGGACUGAG
E21 001625 hsa-miR-585 UGGGCGUAUCUGUAUGCUA
E22 001818 rno-miR-29¢# UGACCGAUUUCUCCUGGUGUUC
E23 001986 hsa-miR-766 ACUCCAGCCCCACAGCCUCAGC
E24 001987 hsa-miR-595 GAAGUGUGCCGUGGUGUGUCU
F1 001992 hsa-miR-668 UGUCACUCGGCUCGGCCCACUAC
F2 001993 hsa-miR-767-5p UGCACCAUGGUUGUCUGAGCAUG
F3 001995 hsa-miR-767-3p UCUGCUCAUACCCCAUGGUUUCU
FA 001996 hsa-miR-454# ACCCUAUCAAUAUUGUCUCUGC
F5 001998 hsa-miR-769-5p UGAGACCUCUGGGUUCUGAGCU
F6 002002 hsa-miR-770-5p UCCAGUACCACGUGUCAGGGCCA
F7 002003 hsa-miR-769-3p CUGGGAUCUCCGGGGUCUUGGUU
F8 002004 hsa-miR-802 CAGUAACAAAGAUUCAUCCUUGU
F9 002005 hsa-miR-675 UGGUGCGGAGAGGGCCCACAGUG
F10 002087 hsa-miR-505#% GGGAGCCAGGAAGUAUUGAUGU
F11 002094 hsa-miR-218-1# AUGGUUCCGUCAAGCACCAUGG
F12 002096 hsa-miR-221# ACCUGGCAUACAAUGUAGAUUU
F13 002097 hsa-miR-222#% CUCAGUAGCCAGUGUAGAUCCU
F14 002098 hsa-miR-223#% CGUGUAUUUGACAAGCUGAGUU
F15 002100 hsa-miR-136#% CAUCAUCGUCUCAAAUGAGUCU
F16 002102 hsa-miR-34b CAAUCACUAACUCCACUGCCAU
F17 002104 hsa-miR-185# AGGGGCUGGCUUUCCUCUGGUC
F18 002105 hsa-miR-186# GCCCAAAGGUGAAUUUUUUGGG
F19 002107 hsa-miR-195# CCAAUAUUGGCUGUGCUGCUCC
F20 002108 hsa-miR-30c-1# CUGGGAGAGGGUUGUUUACUCC
F21 002110 hsa-miR-30c-2# CUGGGAGAAGGCUGUUUACUCU
F22 002111 hsa-miR-32# CAAUUUAGUGUGUGUGAUAUUU
F23 002113 hsa-miR-31# UGCUAUGCCAACAUAUUGCCAU
F24 002114 hsa-miR-130b# ACUCUUUCCCUGUUGCACUAC
G1 002115 hsa-miR-26a-2# CCUAUUCUUGAUUACUUGUUUC
G2 002116 hsa-miR-361-3p UCCCCCAGGUGUGAUUCUGAUUU
G3 002118 hsa-let-7g# CUGUACAGGCCACUGCCUUGC
G4 002119 hsa-miR-302b# ACUUUAACAUGGAAGUGCUUUC
G5 002120 hsa-miR-302ad# ACUUUAACAUGGAGGCACUUGC
G6 002121 hsa-miR-367# ACUGUUGCUAAUAUGCAACUCU
G7 002125 hsa-miR-374a# CUUAUCAGAUUGUAUUGUAAUU
G8 002126 hsa-miR-23b# UGGGUUCCUGGCAUGCUGAUUU
G9 002127 hsa-miR-376a# GUAGAUUCUCCUUCUAUGAGUA
G10 002128 hsa-miR-377# AGAGGUUGCCCUUGGUGAAUUC
G11 000338 ath-miR159a UUUGGAUUGAAGGGAGCUCUA
G12 002129 hsa-miR-30b# CUGGGAGGUGGAUGUUUACUUC
G13 002130 hsa-miR-122#% AACGCCAUUAUCACACUAAAUA
G14 002131 hsa-miR-130a# UUCACAUUGUGCUACUGUCUGC
G15 002132 hsa-miR-132# ACCGUGGCUUUCGAUUGUUACU
G16 002134 hsa-miR-148a# AAAGUUCUGAGACACUCCGACU
G17 002135 hsa-miR-33a GUGCAUUGUAGUUGCAUUGCA
G18 002136 hsa-miR-33a# CAAUGUUUCCACAGUGCAUCAC
G19 002137 hsa-miR-92a-1# AGGUUGGGAUCGGUUGCAAUGCU
G20 002138 hsa-miR-92a-2# GGGUGGGGAUUUGUUGCAUUAC
G21 002139 hsa-miR-93# ACUGCUGAGCUAGCACUUCCCG
G22 002140 hsa-miR-96# AAUCAUGUGCAGUGCCAAUAUG
G23 002141 hsa-miR-99a# CAACGCUCGCUUCUAUGGGUCUG
G24 002142 hsa-miR-100# CAAGCUUGUAUCUAUAGCUAUG
H1 002143 hsa-miR-101# CAGUUAUCACAGUGCUGAUGCU
H2 002144 hsa-miR-138-2# GCUAUUUCACGACACCAGGGUU
H3 002145 hsa-miR-141#% CAUCUUCCAGUACAGUGUUGGA
H4 002145 hsa-miR-143#% GGUGCAGUGCUGCAUCUCUGGU
H5 002148 hsa-miR-144# GGAUAUCAUCAUAUACUGUAAG
H6 002149 hsa-miR-145% GGAUUCCUGGAAAUACUGUUCU
H7 002150 hsa-miR-920 GGGGAGCUGUGGAAGCAGUA
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H8 002151 hsa-miR-921 CUAGUGAGGGACAGAACCAGGAUUC
H9 002152 hsa-miR-922 GCAGCAGAGAAUAGGACUACGUC
H10 002154 hsa-miR-924 AGAGUCUUGUGAUGUCUUGC
H11 002157 hsa-miR-337-3p CUCCUAUAUGAUGCCUUUCUUC
H12 002158 hsa-miR-125b-2# UCACAAGUCAGGCUCUUGGGAC
H13 002159 hsa-miR-135b# AUGUAGGGCUAAAAGCCAUGGG
H14 002160 hsa-miR-148b# AAGUUCUGUUAUACACUCAGGC
H15 002163 hsa-miR-146a# CCUCUGAAAUUCAGUUCUUCAG
H16 002164 hsa-miR-149# AGGGAGGGACGGGGGCUGUGC
H17 002165 hsa-miR-29b-1# GCUGGUUUCAUAUGGUGGUUUAGA
H18 002166 hsa-miR-29b-2# CUGGUUUCACAUGGUGGCUUAG
H19 002168 hsa-miR-105#% ACGGAUGUUUGAGCAUGUGCUA
H20 002170 hsa-miR-106a# CUGCAAUGUAAGCACUUCUUAC
H21 002171 hsa-miR-16-2# CCAAUAUUACUGUGCUGCUUUA
H22 002172 hsa-lel-T## CUGCGCAAGCUACUGCCUUGCU
H23 002173 hsa-miR-15b# CGAAUCAUUAUUUGCUGCUCUA
H24 002174 hsa-miR-27b# AGAGCUUAGCUGAUUGGUGAAC
11 002176 hsa-miR-933 UGUGCGCAGGGAGACCUCUCCC
12 002177 hsa-miR-934 UGUCUACUACUGGAGACACUGG
13 002178 hsa-miR-935 CCAGUUACCGCUUCCGCUACCGC
14 002179 hsa-miR-936 ACAGUAGAGGGAGGAAUCGCAG
15 002180 hsa-miR-937 AUCCGCGCUCUGACUCUCUGCC
16 002181 hsa-miR-938 UGCCCUUAAAGGUGAACCCAGU
7 002182 hsa-miR-939 UGGGGAGCUGAGGCUCUGGGGGUG
18 002183 hsa-miR-941 CACCCGGCUGUGUGCACAUGUGC
19 002185 hsa-miR-335# UUUUUCAUUAUUGCUCCUGACC
110 002187 hsa-miR-942 UCUUCUCUGUUUUGGCCAUGUG
111 002188 hsa-miR-943 CUGACUGUUGCCGUCCUCCAG
112 002189 hsa-miR-944 AAAUUAUUGUACAUCGGAUGAG
113 002196 hsa-miR-99b# CAAGCUCGUGUCUGUGGGUCCG
114 002197 hsa-miR-124# CGUGUUCACAGCGGACCUUGAU
115 002200 hsa-miR-541# AAAGGAUUCUGCUGUCGGUCCCACU
116 002203 hsa-miR-875-5p UAUACCUCAGUUUUAUCAGGCUG
117 002213 hsa-miR-888# GACUGACACCUCUUUGGGUGAA
118 002214 hsa-miR-892b CACUGGCUCCUUUCUGGGUAGA
119 002231 hsa-miR-9# AUAAAGCUAGAUAACCGAAAGU
120 002238 hsa-miR-411# UAUGUAACACGGUCCACUAACC
121 002243 hsa-miR-378 ACUGGACUUGGAGUCAGAAGG
122 002254 hsa-miR-151-3p CUAGACUGAAGCUCCUUGAGG
123 002250 hsa-miR-340# UCCGUCUCAGUUACUUUAUAGC
124 002263 hsa-miR-190b UGAUAUGUUUGAUAUUGGGUU
J1 002266 hsa-miR-545# UCAGUAAAUGUUUAUUAGAUGA
Jz2 002270 hsa-miR-183# GUGAAUUACCGAAGGGCCAUAA
J3 002272 hsa-miR-192# CUGCCAAUUCCAUAGGUCACAG
J4 002274 hsa-miR-200b# CAUCUUACUGGGCAGCAUUGGA
J5 002286 hsa-miR-200c# CGUCUUACCCAGCAGUGUUUGG
J6 002287 hsa-miR-155# CUCCUACAUAUUAGCAUUAACA
J7 002288 hsa-miR-10a# CAAAUUCGUAUCUAGGGGAAUA
J8 002293 hsa-miR-214# UGCCUGUCUACACUUGCUGUGC
J9 002294 hsa-miR-218-2# CAUGGUUCUGUCAAGCACCGCG
J10 002298 hsa-miR-129% AAGCCCUUACCCCAAAAAGUAU
J11 002301 hsa-miR-22# AGUUCUUCAGUGGCAAGCUUUA
J12 002302 hsa-miR-425# AUCGGGAAUGUCGUGUCCGCCC
J13 002305 hsa-miR-30d# CUUUCAGUCAGAUGUUUGCUGC
J14 002307 hsa-let-7a# CUAUACAAUCUACUGUCUUUC
J15 002309 hsa-miR-424# CAAAACGUGAGGCGCUGCUAU
J16 002310 hsa-miR-18b# UGCCCUAAAUGCCCCUUCUGGC
J17 002311 hsa-miR-20b# ACUGUAGUAUGGGCACUUCCAG
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J18 002312 hsa-miR-431# CAGGUCGUCUUGCAGGGCUUCU
J19 002314 hsa-miR-7-2# CAACAAAUCCCAGUCUACCUAA
J20 002315 hsa-miR-10b# ACAGAUUCGAUUCUAGGGGAAU
J21 002316 hsa-miR-34at CAAUCAGCAAGUAUACUGCCCU
J22 002317 hsa-mR-181a-2# ACCACUGACCGUUGACUGUACC
J23 002325 hsa-miR-744% CUGUUGCCACUAACCUCAACCU
J24 002330 hsa-miR-452#% CUCAUCUGCAAAGAAGUAAGUG
K1 002332 hsa-miR-409-3p GAAUGUUGCUCGGUGAACCCCU
K2 002333 hsa-miR-181c# AACCAUCGACCGUUGAGUGGAC
K3 002336 hsa-miR-196a# CGGCAACAAGAAACUGCCUGAG
K4 002339 hsa-miR-483-3p UCACUCCUcCuccuccecaeucuu
K5 002342 hsa-miR-708% CAACUAGACUGUGAGCUUCUAG
K6 002343 hsa-miR-92b# AGGGACGGGACGCGGUGCAGUG
K7 002346 hsa-miR-551b# GAAAUCAAGCGUGGGUGAGACC
K8 002362 hsa-miR-202# UUCCUAUGCAUAUACUUCUUUG
K9 002366 hsa-miR-193b# CGGGGUUUUGAGGGCGAGAUGA
K10 002368 hsa-miR-497#% CAAACCACACUGUGGUGUUAGA
K11 002371 hsa-miR-518e# CUCUAGAGGGAAGCGCUUUCUG
K12 002376 hsa-miR-543 AAACAUUCGCGGUGCACUUCUU
K13 002378 hsa-miR-125b-1# ACGGGUUAGGCUCUUGGGAGCU
K14 002379 hsa-miR-194# CCAGUCGGGCUGCUGUUAUCUG
K15 002380 hsa-miR-106b# CCGCACUGUGGGUACUUGCUGC
K16 002381 hsa-miR-302a# ACUUAAACGUGGAUGUACUUGCU
K17 002384 hsa-miR-519b-3p AAAGUGCAUCCUUUUAGAGGUU
K18 002387 hsa-miR-518M# CUCUAGAGGGAAGCACUUUCUC
K19 002391 hsa-miR-374b# CUUAGCAGGUUGUAUUAUCAUU
K20 002400 hsa-miR-520c-3p AAAGUGCUUCCUUUUAGAGGGU
K21 002404 hsa-let-7b# CUAUACAACCUACUGCCUUCCC
K22 002405 hsa-let-7c# UAGAGUUACACCCUGGGAGUUA
K23 002407 hsa-let-7e# CUAUACGGCCUCCUAGCUUUCC
K24 002410 hsa-miR-550 AGUGCCUGAGGGAGUAAGAGCCC
L1 002411 hsa-miR-593 UGUCUCUGCUGGGGUUUCU
L2 002417 hsa-let-711# CUAUACAAUCUAUUGCCUUCCC
L3 002418 hsa-let-71-2# CUAUACAGUCUACUGUCUUUCC
L4 002419 hsa-miR-15a# CAGGCCAUAUUGUGCUGCCUCA
L5 002420 hsa-miR-16-1# CCAGUAUUAACUGUGCUGCUGA
L6 002421 hsa-miR-17# ACUGCAGUGAAGGCACUUGUAG
L7 002423 hsa-miR-18a# ACUGCCCUAAGUGCUCCUUCUGG
L8 002424 hsa-miR-19a# AGUUUUGCAUAGUUGCACUACA
L9 002425 hsa-miR-19b-1# AGUUUUGCAGGUUUGCAUCCAGC
L10 002432 hsa-miR-625# GACUAUAGAACUUUCCCCCUCA
L11 002434 hsa-miR-628-3p UCUAGUAAGAGUGGCAGUCGA
L12 002437 hsa-miR-20a# ACUGCAUUAUGAGCACUUAAAG
L13 002438 hsa-miR-21# CAACACCAGUCGCGAUGGGCUGU
L14 002439 hsa-miR-23a# GGGGUUCCUGGGGAUGGGAUUU
L15 002440 hsa-miR-24-1# UGCCUACUGAGCUGAUAUCAGU
L16 002441 hsa-miR-24-2# UGCCUACUGAGCUGAAACACAG
L17 002442 hsa-miR-25# AGGCGGAGACUUGGGCAAUUG
L18 002443 hsa-miR-26a-1# CCUAUUCUUGGUUACUUGCACG
L19 002444 hsa-miR-26b# CCUGUUCUCCAUUACUUGGCUC
L20 002445 hsa-miR-27a# AGGGCUUAGCUGCUUGUGAGCA
L21 002447 hsa-miR-20at# ACUGAUUUCUUUUGGUGUUCAG
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L22 002642 hsa-miR-151-5P UCGAGGAGCUCACAGUCUAGU
L23 002643 hsa-miR-765 UGGAGGAGAAGGAAGGUGAUG
L24 002658 hsa-miR-338-5P AACAAUAUCCUGGUGCUGAGUG
M1 002672 hsa-miR-620 AUGGAGAUAGAUAUAGAAAU
M2 002675 hsa-miR-577 UAGAUAAAAUAUUGGUACCUG
M3 002676 hsa-miR-144 UACAGUAUAGAUGAUGUACU
M4 002677 hsa-miR-590-3P UAAUUUUAUGUAUAAGCUAGU
M5 002678 hsa-miR-191# GCUGCGCUUGGAUUUCGUCCCC
M6 002681 hsa-miR-665 ACCAGGAGGCUGAGGCCCCU
M7 002743 hsa-miR-520D-3P AAAGUGCUUCUCUUUGGUGGGU
M8 002752 hsa-miR-1224-3P CCCCACCUCCUCUCUCCUCAG
M9 002867 hsa-miR-1305 UUUUCAACUCUAAUGGGAGAGA
M10 002756 hsa-miR-513C UUCUCAAGGAGGUGUCGUUUAU
M11 002757 hsa-miR-513B UUCACAAGGAGGUGUCAUUUAU
M12 002758 hsa-miR-1226# GUGAGGGCAUGCAGGCCUGGAUGGGG
M13 002761 hsa-miR-1236 CCUCUUCCCCUUGUCUCUCCAG
M14 002763 hsa-miR-1228# GUGGGCGGGGGCAGGUGUGUG
M15 002766 hsa-miR-1225-3P UGAGCCCCUGUGCCGCCCCCAG
M16 002768 hsa-miR-1233 UGAGCCCUGUCCUCCCGCAG
M17 002769 hsa-miR-1227 CGUGCCACCCUUUUCCCCAG
M18 002773 hsa-miR-1286 UGCAGGACCAAGAUGAGCCCU
M19 002775 hsa-miR-548M CAAAGGUAUUUGUGGUUUUUG
M20 002776 hsa-miR-1179 AAGCAUUCUUUCAUUGGUUGG
M21 002777 hsa-miR-1178 UUGCUCACUGUUCUUCCCUAG
M22 002778 hsa-miR-1205 UCUGCAGGGUUUGCUUUGAG
M23 002779 hsa-miR-1271 CUUGGCACCUAGCAAGCACUCA
M24 002781 hsa-miR-1201 AGCCUGAUUAAACACAUGCUCUGA
N1 002783 hsa-miR-548J AAAAGUAAUUGCGGUCUUUGGU
N2 002784 hsa-miR-1263 AUGGUACCCUGGCAUACUGAGU
N3 002785 hsa-miR-1294 UGUGAGGUUGGCAUUGUUGUCU
N4 002789 hsa-miR-1269 CUGGACUGAGCCGUGCUACUGG
N5 002790 hsa-miR-1265 CAGGAUGUGGUCAAGUGUUGUU
N6 002791 hsa-miR-1244 AAGUACGUUGGUUUGUAUGAGAUGGUU
N7 002792 hsa-miR-1303 UUUAGAGACGGGGUCUUGCUCU
N8 002796 hsa-miR-1259 AUAUAUGAUGACUUAGCUUUU
N9 002798 hsa-miR-548P UAGCAAAAACUGCAGUUACUUU
N10 002799 hsa-miR-1264 CAAGUCUUAUUUGAGCACCUGUU
N11 002801 hsa-miR-1255B CGGAUGAGCAAAGAAAGUGGUU
N12 002803 hsa-miR-1282 UCGUUUGCCUUUUUCUGCUU
N13 002805 hsa-miR-1256A AGGAUGAGCAAAGAAAGUAGAUU
N14 002807 hsa-miR-1270 CUGGAGAUAUGGAAGAGCUGUGU
N15 002810 hsa-miR-1197 UAGGACACAUGGUCUACUUCU
N16 002815 hsa-miR-1324 CCAGACAGAAUUCUAUGCACUUUC
N17 002816 hsa-miR-548H AAAAGUAAUCGCGGUUUUUGUC
N18 002818 hsa-miR-1254 AGCCUGGAAGCUGGAGCCUGCAGU
N19 002819 hsa-miR-548K AAAAGUACUUGCGGAUUUUGCU
N20 002820 hsa-miR-1251 ACUCUAGCUGCCAAAGGCGCU
N21 002822 hsa-miR-1285 UCUGGGCAACAAAGUGAGACCU
N22 002823 hsa-miR-1245 AAGUGAUCUAAAGGCCUACAU
N23 002824 hsa-miR-1292 UGGGAACGGGUUCCGGCAGACGCUG
N24 002827 hsa-miR-1301 UUGCAGCUGCCUGGGAGUGACUUC
o1 002829 hsa-miR-1200 CUCCUGAGCCAUUCUGAGCCUC
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02 002830 hsa-miR-1182 GAGGGUCUUGGGAGGGAUGUGAC
03 002832 hsa-miR-1288 UGGACUGCCCUGAUCUGGAGA
04 002838 hsa-miR-1291 UGGCCCUGACUGAAGACCAGCAGU
0S5 002840 hsa-miR-1275 GUGGGGGAGAGGCUGUC

06 002841 hsa-miR-1183 CACUGUAGGUGAUGGUGAGAGUGGGCA
o7 002842 hsa-miR-1184 CCUGCAGCGACUUGAUGGCUUCC
08 002843 hsa-miR-1276 UAAAGAGCCCUGUGGAGACA
09 002844 hsa-miR-320B AAAAGCUGGGUUGAGAGGGCAA
010 002845 hsa-miR-1272 GAUGAUGAUGGCAGCAAAUUCUGAAA
o1 002847 hsa-miR-1180 UUUCCGGCUCGCGUGGGUGUGU
012 002850 hsa-miR-1256 AGGCAUUGACUUCUCACUAGCU
013 002851 hsa-miR-1278 UAGUACUGUGCAUAUCAUCUAU
014 002852 hsa-miR-1262 AUGGGUGAAUUUGUAGAAGGAU
015 002854 hsa-miR-1243 AACUGGAUCAAUUAUAGGAGUG
016 002857 hsa-miR-663B GGUGGCCCGGCCGUGCCUGAGG
017 002860 hsa-miR-1252 AGAAGGAAAUUGAAUUCAUUUA
018 002861 hsa-miR-1298 UUCAUUCGGCUGUCCAGAUGUA
019 002863 hsa-miR-1290 UGGAUUUUUGGAUCAGGGA
020 002868 hsa-miR-1249 ACGCCCUUCCCCCCCUUCUUCA
021 002870 hsa-miR-1248 ACCUUCUUGUAUAAGCACUGUGCUAAA
022 002871 hsa-miR-1289 UGGAGUCCAGGAAUCUGCAUUUU
023 002872 hsa-miR-1204 UCGUGGCCUGGUCUCCAUUAU
024 002873 hsa-miR-1826 AUUGAUCAUCGACACUUCGAACGCAAU
P1 002874 hsa-miR-1304 UUUGAGGCUACAGUGAGAUGUG
P2 002877 hsa-miR-1203 CCCGGAGCCAGGAUGCAGCUC
P3 002878 hsa-miR-1206 UGUUCAUGUAGAUGUUUAAGC
P4 002879 hsa-miR-548G AAAACUGUAAUUACUUUUGUAC
P5 002880 hsa-miR-1208 UCACUGUUCAGACAGGCGGA
P6 002881 hsa-miR-548E AAAAACUGAGACUACUUUUGCA
P7Z 002883 hsa-miR-1274A GUCCCUGUUCAGGCGCCA

P8 002884 hsa-miR-1274B UCCCUGUUCGGGCGCCA

P9 002885 hsa-miR-1267 CCUGUUGAAGUGUAAUCCCCA
P10 002887 hsa-miR-1250 ACGGUGCUGGAUGUGGCCUUU
P11 002888 hsa-miR-548N CAAAAGUAAUUGUGGAUUUUGU
P12 002890 hsa-miR-1283 UCUACAAAGGAAAGCGCUUUCU
P13 002893 hsa-miR-1247 ACCCGUCCCGUUCGUCCCCGGA
P14 002894 hsa-miR-1253 AGAGAAGAAGAUCAGCCUGCA
P15 002895 hsa-miR-720 UCUCGCUGGGGCCUCCA

P16 002896 hsa-miR-1260 AUCCCACCUCUGCCACCA
P17 002897 hsa-miR-664 UAUUCAUUUAUCCCCAGCCUACA
P18 002901 hsa-miR-1302 UUGGGACAUACUUAUGCUAAA
P19 002902 hsa-miR-1300 UUGAGAAGGAGGCUGCUG
P20 002903 hsa-miR-1284 UCUAUACAGACCCUGGCUUUUC
P21 002904 hsa-miR-548L AAAAGUAUUUGCGGGUUUUGUC
P22 002905 hsa-miR-1293 UGGGUGGUCUGGAGAUUUGUGC
P23 002907 hsa-miR-1825 UCCAGUGCCcUcCcucUCC

P24 002908 hsa-miR-1296 UUAGGGCCCUGGCUCCAUCUCC

* More nucleotides to complete sequence
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Supplementary Table S7

Table S7. Primer 1Ds used in MicroTagman RT-PCR from Applied Biosystem

Gene

U6 snRNA
hsa-miR-139
hsa-miR-885-5p
hsa-miR-31
hsa-miR-485-3p
hsa-miR-30a-5p
hsa-miR-30c

hsa-miR-17-5p
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Assay ID
Hs00984809_m1
002289
002296
002279
001277
000417
000419

002308

39



Supplementary Table S8

Table S8. Primer IDs used in Tagman RT-PCR from Applied Biosystem

Gene
GAPDH
BIM (BCL2L11)
BAX
P53 (TP53)
FOXp3
Caspasa3

IL8 (CXCL8)

IL1B
IL12
NFKB1

PPP6C
CXCL10

STK40
PIK3CA

PRKCD
Smad3
Smad2
TGFBR1
TIMP3
IL4
IL17A
IL2
IL10

TGFB1

COL3A1

Primer ID

Hs02786624 g1
Hs01076940_m1
Hs00180269_m1
Hs01034249_m1
Hs01085834 m1
Hs00234387_m1
Hs00174103_m1
Hs01555410_m1
Hs01073447_m1
Hs00765730_m1
Hs00254827_m1
Hs01124252_g1

Hs00894269_m1
Hs00907957_m1

Hs01090047_m1
Hs00969210_m1
Hs00988187_m1
Hs00610320_m1
Hs00165949_m1
Hs00174122_m1
Hs00174383_m1
Hs00174114_m1
Hs00961622_m1
Hs00898133 m1

Hs00943809_m1

Gene
SMA (ACTA2)
CXCL9
INFG (IFNG)
HCN1
CD28
CTNNB1
icos

ZAPT70
LCK
SLP-76 (LCP2)

COL3A1
T-Bet (TBX21)

GATA3
PGC1A

HCN1

Primer ID

Hs00426835_g1
Hs00171065_m1
Hs00989291_m1
Hs01085412_m1
Hs01007422_m1
Hs00355049_m1
Hs00359999_m1
Hs00896345_m1
Hs00178427_m1
Hs01092638_m1
Hs00943809_m1
Hs00894392_m1

Hs00231122_m1
Hs00173304_m1

Hs01085412_m1
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Results

Supplementary Table S9

Table S9. Conjugated mADbs used in flow cytometry analysis (Biosciences)

mAbs Conjugated ID product BDBiosciences

CD3 PE 552127
cD8 APC 561421
CD4 FITC 561842
CD69 PE 562617
CD11c APC 559877
CD14 PE 557154
CD16 FITC 555406
CD56 APC 555518

PE=Phycoerythrin; APC=Allophycocyanin; FITC=Fluorescein
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Paper lI: MicroRNA-885-5p is downregulated in Cutaneous Lupus Erythematosus
lesions and promotes epidermal inflammation and proliferation via PSMB5 and
immune recruitment via TRAF1

The next part of the thesis was focused on the study of CLE pathogenesis by analyzing
the common deregulated miRNAs in CLE (both DLE and SCLE subtypes). In order to do
it, the data from the previous microarray was analysed by grouping both DLE and SCLE
in a single group (CLE). Deregulated miRNAs were identified and in vitro experiments

have been performed to evaluate their role in CLE skin and identify putative target genes.

CLE skin (DLE and SCLE) presents differentially expressed microRNAs vs non-
lesional CLE skin

Comparison of miRNA expression between lesional and non-lesional skin from 20 patients
with CLE (10 DLE and 10 SCLE) showed only significant differentially down-regulated
miRNAs. Down-regulation of miR-885-5p and miR-139-5p was shared by both CLE types.
In SCLE (miR-885-5p: -5.83 fold change p<0.001 and miR-139-5p: -2.57 fold change
p<0.01) and in DLE ( miR-885-5p -10.20 fold change p<0.0001 and miR-139-5p -6.49
fold change p<0.0001).

miR-885-5p is expressed in epidermal keratinocytes of non-lesional CLE skin

We next performed in situ hybridization in CLE skin biopsies and found that miR-885-5p
was highly expressed in the epidermis of both DLE and SCLE non-lesional skin. Regarding
miR-139-5p, no staining was observed even though increasing prove concentration from
20 nM up to 100 nM (Annex 2) therefore, we decided to focus on miR-885-5p for the next
steps of the project. We next isolated primary keratinocyte from healthy donors and we
found that miR-885-5p was specifically detected in keratinocytes. Next, healthy primary
keratinocyte were stimulated and miR-885-5p expression was examined within different
timepoints. We observed that there was a decrease of miR-885-5p expression in all
stimulations, suggesting that the miR-885-5p downregulation depends on
inflammatory/damage stimulus. Significant long-lasting downregulation of miR-885-5p,
which remained suppressed 18 hours after treatment was achieved with a single treatment
with IFNa and UVB. Therefore all the subsequent experiments were performed within

these two conditions.

miR-885-5p downregulation promotes epidermal proliferation and inflammation via
PSMB5 modulation.

In order to know the implicated molecular signaling pathways and genes in miR-885-5p

downregulation in CLE, we next performed microarray in anti-miR-885-5p transfected
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keratinocytes. The transfection of anti-miR-885-5p resulted in 65 differentially expressed
genes (DEGs) in non-stimulatory conditions, 128 DEGs post IFNa stimulation and 208
DEGs post UVB exposure (p value <0.05, logFC > |1.5]). The gene PSMB5 (Proteasome
20S Subunit Beta 5) was the unique common gene up upregulated in all conditions with
anti-885-5p. Target Scan revealed that the 3’untranslated region (3’'UTR) of human
PSMB5 mRNA contains a potential binding site for miR-885-5p, which was further

confirmed by luciferase assay (p<0.001).

We next aimed to investigate the role of miR-885-5p modulation PSMB5 in CLE. As miR-
885-5p and proteasome are strongly associated with cell cycle [241, 242] we analysed
proliferation and apoptosis. We found that anti-miR-885-5p increased epidermal
proliferation (p<0.05) within an significant increase in epidermal proliferative genes P63,
KRT16, BIRC5 and CDK4. Silencing of PSMB5 in keratinocytes showed reduced
proliferation rates (p<0.05) and genes indicating that miR-885-5p may modulate

epidermal proliferation via PSMB5. No changes in apoptosis were observed.

Next, we focused in analyzing PSMBS5 effect in inflammation as it has been described to
interact with NF-kB signaling [243]. Anti-miR-885-5p transfected keratinocytes showed an
a decrease of IkBa (NFKBIA), a NF-kB inhibitor and an increase of NF-kB and
inflammatory related mediators IL13 and TNFa, especially when exposed to UVB.
Regarding siPSMBS5 cells opposite effects were observed with an increase of the inhibitor
NFKBIA and a subsequent decrease of NF-kB and related mediators at both protein and
RNA level. Altogether, suggests that in CLE low levels of miR-885-5p increase epidermal
inflammation in CLE, by modulating PSMB5 and subsequent reduction of NFKBIA and

that contributes to NF-kB activation.

Low levels of miR-885-5p promotes immune recruitment via TRAF1 modulation.

An increase of immune mediators and chemokines were observed in the microarray data
from UVB stimulated anti-miR-885-5p keratinocytes. First, it was confirmed that high levels
of CCL20, CCL5, CXCL8 and S100A7 were observed in both RNA and supernatant of
anti-miR-885-5p UVB keratinocytes.

Therefore, we next performed co-culture experiments with miR-885-5p transfected
keratinocytes and PBMCs to evaluate immune migration. After 6h of co-culture, a
significant number of migrating PBMCs were observed (p<0.01) and this migration was
sustained over time within 24h (p<0.001) and 48h (p<0.001) of co-culture, indicating that
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inhibition of miR-885-5p plays a role in immune cell recruitment in CLE lesional sites. We
next aimed to identify target gene of miR-885-5p which is responsible for immune
migration as silencing of PSMB5 did not modulate immune migration. By comparing the
genes upregulated on UVB condition with the predicted target genes of miR-885-5p in
target scan, 16 candidate genes were found of which only one TRAF1 has been described
to be involved in immune recruitment [244]. TRAF1 RNA and protein levels were found
upregulated in anti-miR-885-5p keratinocytes. Moreover, TRAF1 RNA and protein were
upregulated in CLE lesional skin. Luciferase assay confirmed that TRAF1 is a direct target
of miR-885-5p. Finally, silencing of TRAF1 decreased immune recruitment in co-culture
experiments and decreased immune mediators such as CCL20, CCL5, CXCL8 and
S100A7 indicating that miR-885-5p modulates immune recruitment in CLE via TRAF1

modulation.
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Abstract

Cutaneous lupus erythematosus (CLE) is an autoimmune chronic condition that includes
a broad range of dermatological manifestations. Its pathogenesis is multifactorial and
involves genetic predisposition, environmental factors and immune response
abnormalities. In this context, the participation of microRNAs in CLE remains to be
completely understood. Here, we found that miR-885-5p is markedly downregulated in
CLE lesional keratinocytes. IFNa and UVB are identified as strong modulators of miR-
885-5p. Next, gene microarray of anti-miR-885-5p keratinocytes revealed that proteasome
subunit 5 (PSMB5) may be a potential novel target gene which was further validated by
Luciferase assay. MiR-885-5p was found to be implicated in epidermal proliferation by
modulating K16, BIRC5, TP63 and CDK4 proliferative genes, and in epidermal
inflammation via promotion of NF-kB activation by decreasing IkBa (NF-kB inhibitor,
NFKBIA) via PSMB5 modulation. In addition, inhibition miR-885-5p in keratinocytes
promotes immune recruitment independently of PSMB5 and identified TRAF1, as a
second direct target responsible for the immune migration to the inflammation site.
Collectively, our findings suggest that UVB and IFNa downregulate miR-885-5p in CLE
keratinocytes leading to epidermal inflammation via enhanced NF-kB activity and

proliferation through PSMB5 and immune recruitment through TRAF1.

Introduction

Cutaneous Lupus Erythematosus (CLE) includes a wide range of heterogeneous
dermatologic manifestations which may or may not be associated with Systemic Lupus
Erythematosus (SLE) (Okon and Werth, 2013). In SLE, up to 80% of patients will develop
skin manifestations during the disease course and in 20% of them, cutaneous lesions will
be the first sign of systemic disease (Tebbe and Orfanos, 1997). CLE is divided into
specific and non-specific CLE lesions according to clinical and histological characteristics
(Gilliam and Sontheimer, 1981). Within CLE-specific manifestations, Discoid Lupus
Erythematosus (DLE) and Subacute Cutaneous Lupus Erythematosus (SCLE) are the

most prevalent (Grénhagen et al., 2014).

The pathophysiology of CLE is not fully elucidated and encompasses complex genetic,
environmental, and immune cell interactions (Achtman and Werth, 2015). CLE skin lesions
are characterised by an anti-epithelial cytotoxic immune response, orchestrated in part by
type | and type lll interferon- regulated cytokines and chemokines, which promote the
release of cell debris that in turn re-activates innate immune pathways, leading to a pro-

inflammatory self-amplifying cycle (Deng and Tsokos, 2015; Wenzel, 2019). High
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throughput sequencing screening technologies have provided further insights into the
molecular features of most common CLE subtypes. DLE and SCLE lesions share a high
expression of type 1 IFN molecules, whereas DLE is characterised by distinctive T-cell
and TGF-B gene signatures. (Berthier et al., 2019; Lazar et al., 2018; Sinha et al., 2017;
Solé et al., 2016)

MicroRNAs (miRNAs) are small non-coding RNA sequences of 20-25 nucleotides length
(Ambros, 2004). Their main function is to regulate gene expression post-transcriptionally
by blocking transcription and promoting mMRNA degradation (Baek et al., 2008). They play
an essential role in the regulatory mechanisms of immune homeostasis, and their
deregulation has been described in a wide variety of human diseases, including psoriasis
and atopic dermatitis (Sonkoly et al., 2007; 2010a). Moreover, their role is also well
documented in skin physiology and development, contributing to wound healing, skin
microbiota and aging (Yi and Fuchs, 2010; Yi et al., 2006). Their preclinical and clinical
applications include their use as biomarkers or therapeutic agents. To date, few studies
have evaluated the role of miRNAs in CLE (Domingo et al., 2020). Our recent microarray
expression profile study identified miR-31 and miR-485-3p as regulators of DLE
pathogenesis by promoting inflammation, keratinocyte apoptosis and skin fibrosis (Solé et
al., 2019).

In this study, by comparing lesional and non-lesional CLE skin samples, we also found
miR-885-5p downregulated in CLE lesional skin in both DLE and SCLE subtypes,
suggesting a role for this miRNA in the pathogenesis of CLE. In oncology, studies have
found miR-885-5p to play a role as a tumor promoter in hepatocellular carcinoma and a
tumor suppressor in colorectal cancer and glioma (Su et al., 2018; Xu et al., 2019) Our
study aimed to verify whether miR-885-5p exhibits abnormal expression in CLE and further
decipher its molecular mechanism in this condition. We demonstrate that downregulation
of miR-885-5p induces epidermal inflammation and proliferation by targeting PSMB5 and

promotes the recruitment of leucocytes into the inflammatory site by targeting TRAF1.

Materials and methods

Additional details are available in the Supplementary Materials.

Patients and skin samples
After written informed consent, two 6-mm punch biopsy samples were taken from lesional
and nonlesional skin of untreated patients with active disease (n=20). (see Supplementary

Table S1). The patient inclusion criteria were age= 18 years, a CLE Disease Area and
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Severity Index (CLASI) > 4, presence of a cutaneous lesion bigger than 3cm, and no
systemic o local therapy for at least 4 weeks prior inclusion. Blood samples for PBMCs
isolation were obtained from patients with CLE at the time of biopsy and healthy donors
(n=20 in each group). The study was approved by the local Vall d’Hebrén ethics

committee.

In situ hybridization or immunofluorescence in skin biopsies

Hybridization was performed on paraffin embedded 6um skin sections from paired lesional
and non-lesional CLE skin samples using the protocol described in miRCURY LNA
microRNA ISH Optimization Kit (FFPE) (Qiagen, Hilden, Germany). Immunofluorescence
in skin biopsies were performed as described on paraffin-embedded (Guttman-Yassky et
al., 2019) using purified monoclonal antibodies listed in Table S2. Stained samples were
evaluated by two blinded dermatopathologists and cells counts were quantified using

Image J V1.42 (see Supporting Information).

Epidermal primary keratinocytes and PBMCs isolation

Primary keratinocytes were obtained from CLE skin biopsies following the optimised
methodology described before (Trond and Belmonte, 2010). Peripheral blood
mononuclear cells (PBMCs) from patients with CLE and healthy donors were isolated from
blood collected in mononuclear cell preparation tubes with sodium citrate (Vacutainer

CPT, BD Bioscience, NJ, USA) (more details in Supporting Information).

Immunofluorescence in culture cells

After transfection and stimulation with UVB or IFNa, cells were washed with phosphate
buffered saline, fixed with 4% paraformaldehyde an permeabilised with 0.1% triton.
Primary antibodies were incubated overnight and secondary antibody for 2 hours at room

temperature (Table S2).

miRNA and RNA quantification

Skin and cultured cells RNA was obtained with RNAeasy Mini Kit (Qiagen, Hilde,
Germany). For quantification of miRNAs or mRNAs, a total of 50 ng for miRNAs and 1ug
for RNA was reverse transcribed into cDNA using the MicroRNA Reverse Transcription
Kit (Applied biosystems, Foster City, CA, USA) and the High-Capacity cDNA Reverse
Transcription Kit (Applied biosystems, Foster City, CA, USA) respectively. Gene
expression was assessed by TagMan gene expression assays gene expression assays
(FAM dye labeled MGB probe, Applied Biosystems, Foster City, CA, USA, Table S3) using
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96 well plates or 384 well plates in the ABI PRISM 7000 or ABI PRISM 7900 thermocyclers

respectively.

In vitro evaluation of miR-885-5p

Human epidermal keratinocytes (HEKa cells, Life Technologies, Carlsbad, CA) were
cultured and stimulated with different cytokines (TNFa, IFNa, IL1a, TGFB, 10 ng/mL) or
UVB (25 mJ/cm?) at single dose. The stimulation was stopped at 2, 4, 6, 8, 12 and 18
hours to obtain cellular pellet and perform miRNAs quantification of miR-885-5p (described

above).

Cell transfection

Functional miRNA studies were performed in healthy Human epidermal keratinocytes
(HEKa cells, Life Technologies, Carlsbad, CA). Cells at ~ 70% confluence were
transfected with miRNA mimics or anti-miR miRNA inhibitors (mirVanaTM, Life
technologies, Carlsbad, CA, USA) using Lipofectamine RNAIMAX Reagent (Life
Technologies, Carlsbad, CA, USA). Silencing of PSMB5 and TRAF1 was performed using
CRISPRMAX tm Reagent Cas9 nuclease transfection protocol (Thermofisher Scientific,
Waltham, MA, USA).

Apoptosis and Proliferation assay

Cells were plated in 96-well plates, and after treatment, apoptosis was determined using
CellEvent Caspase-3/7 Green Detection Reagent (Invitrogen) and proliferation using
CyQUANT NF Cell Proliferation Assay Kit (Invitrogen, Carlsbad, CA, USA), following

manufacturer’s instructions (more details in supporting information).

Cytokine measurement
The culture medium was collected from transfected keratinocytes after stimulation and
stored at —80°C. ELISA kits were used to quantify protein levels of CXCL8, CCL5, CCL20

and S100A7 (Diaclone, Besancon, France) following the manufacturer’s instructions.

miRNA microarray and pathway analysis

To comprehensively characterize the miR-885-5p regulatory network and to precisely map
the miRNA target sites, we performed a Genechip Human Gene 1.0 ST Array
(Thermofisher, Waltham, MA, USA), using anti-885-5p transfected keratinocytes, non-

stimulated and stimulated with IFNa or UVB (more details in supporting information).
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Luciferase assay

Primary keratinocytes were co-transfected with the vector pEZX-MT01-PSMB5 3'UTR or
pEZX-MTO01-TRAF1 3" UTR and 10 pM miR-885-5p mimics (mirVanaTM, Life
technologies, Carlsbad, CA, USA) using DharmaFECT Duo transfect reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to manufacturer protocols. After 24 h,
luciferase activity was measured using a Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, USA).

Migration Transwell assay

The migration assays and co-culture experiments were performed in a modified 24-well
plate with cell culture inserts (3.0- and 0.4-um pore; BD Biosciences, Franklin Lakes, NJ).
keratinocytes (1x10° cells/well) were transfected with anti-miR-885-5p (10uM), siTRAF1
(240 ng) or the corresponding negative control and platted in the bottom of 24-well plate.
After 24hours, they were stimulated with UVB (25mJ/cm2). Then, primary PBMCs from
healthy controls were stained with DAPI (5 pL) (Invitrogen, Waltham, MA, DAPI), and
plated in the upper well. Migration of PBMCs was evaluated with inverted fluorescence

microscope Leica DMi1 (Leica, Wetzlar, Germany) after 6, 24 and 48 hours of incubation.

Statistical Analysis

Data are represented as mean + SEM. Paired an unpaired T-tests were used for the
analysis of the data as applicable using Prism GraphPad version 7.0 (GraphPad Software,
v 7.0, San Diego, CA, USA). P values of less than 0.05 were considered statistically
significant. RT-qPCR analysis was done by calculating Fold Change differences 2-22Ct

method.

Results

miR-885-5p is suppressed in the epidermis of lesional CLE skin

We described that miR-885-5p expression levels, measured by RT-qPCR, were
downregulated in lesional skin from CLE patients, in both DLE and SCLE subtypes (Solé
et al. 2019). In the present study we performed an in situ hybridization to locate miR-885-
5p in sections of lesional and non-lesional skin from CLE patients (DLE (n=5) and SCLE
(n=5)). We found miR-885-5p expressed in nonlesional CLE skin, mainly in the basal and
spinous layers of the epidermis. In contrast, in lesional skin from the same patients, miR-
885-5p was downregulated (DLE p=0.003; SCLE p=0.018) (Figure 1a). To identify the cell
types expressing miR-885-5p in the skin, we also performed RT-qPCR on a panel of
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isolated primary human skin cells. Results showed that miR-885-5p was mainly expressed

by keratinocytes (p<0.001, Figure 1b).

IFNa and UVB regulate miR-885-5p expression in keratinocytes

Next, we sought to explore the mechanisms underlying decreased miR-885-5p expression
in CLE epidermis. To investigate whether its decreased expression is due to the
inflammatory cytokine milieu in CLE and UVB radiation, primary human keratinocytes from
healthy individuals (Heka) were treated with a single dose of either TNFa, IFNq, IL1a,
TGFB (10 ng/mL) and UVB (25 mJ/cm2), and the expression of miR-885-5p was analysed.
Expression started to decline significantly after 6 hours in most stimuli (p<0.05). Of all
tested conditions, a single treatment with IFNa and UVB exposure led to a significant long-
lasting downregulation of miR-885-5p, which remained suppressed 18 hours after
treatment (Figure 1c). Therefore, for later experiments we chose IFNa and UVB as stimuli

for miR-885-5p modulation for their marked effect.

To further investigate the regulation of miR-885-5p, we analysed in vitro the effects of IFNa
and UVB in primary keratinocytes isolated from CLE patients (Figure 1d). Compared to
healthy controls, a more significant downregulation of miR-885-5p was observed in both
DLE and SCLE following IFNa stimulation (p<0.001, fold decrease of 9.61 and 7.20,
respectively) and UVB radiation (p<0.001, fold decrease of 7.80 and 9.20, respectively).

miRNA 885-5p targets PSMBS5 in keratinocytes

To explore the biological role of miR-885-5p in CLE, we transfected miR-885-5p hairpin
inhibitor (anti-miR-885-5p) into primary human keratinocytes to inhibit endogenous miR-
885-5p. Inhibition of miR-885-5p was confirmed by qRT-PCR analysis of miR-885-5p
expression (Figure S1). We performed a global transcriptome analysis of keratinocytes
upon supression of endogenous miR-885-5p using Affymetrix arrays in non-stimulatory
conditions and after stimulation with IFNa or UVB exposure. Differentially expressed
genes (DEG) were generated using a criteria of > 1.5-fold change and p value < 0.05, and
were subsequently interrogated using Ingenuity Pathway Analysis (IPA) (Qiagen, Hilden,
Germany). The study identified 65 DEGs in non-stimulatory conditions, 128 DEGs post
IFNa stimulation and 208 DEGs post UVB exposure (p value <0.05, logFC > |1.5|) (Figure
2a). Volcano Plots show the top 20 most significant DEGs for each condition (Figure S2,
Table S4). Studying the overlap among DEGs with >1.5-fold increase/decrease from each
comparison, PSMB5 (proteasome 20S Subunit Beta 5) was identified as the unique

common DEG (Figure 2b). This gene encodes for a protein that contributes to the complete

163

Results



Results

assembly of 20S proteasome subunit and forms a proteolytic environment for substrate

degradation, antigen cell presentation and cell proliferation (Seifert et al., 2010).

Using TargetScan, we detected that the 3’untraslated region (3’'UTR) of human PSMB5
mRNA contains a potential binding site for miR-885-5p. To verify whether PSMBS5 is a
direct target gene for miR-885-5p, we performed 3'UTR luciferase-binding assays. The
transfection of miR-885-5p mimics resulted in the suppression of the luciferase activity of
the reporter containing regions of the 3'UTR of human PSMBS5 indicating that PSMB5 is a
direct target of miR-885-5p (74% of reduction p<0.001) (Figure 2c).

We next sought to evaluate whether miR-885-5p influences endogenous PSMB5
expression. Notably, in anti-miR-885-5p transfected keratinocytes, PSMB5 expression
was increased both at mRNA level as shown by gqRT-PCR (NS: 1.3-fold p<0.01; IFN: 2.1-
fold p<0.001; UVB 1.9-fold p<0.05) (Figure S3) and at a protein level by
immunofluorescence (Figure 2d) (NS: p<0.05; IFN p<0.05; UVB: p<0.05).

PSMB5 expression negatively correlated with miR-885-5p (r=-0-4905; p=0.0105) (Figure
S4). Moreover, mMRNA (p<0.01) and protein levels of PSMBS were significantly increased
in lesional skin samples from CLE patients (Figure 2e, 2f). In tissue, PSMB5 expression
was also detected in the spinous and basal layers of the epidermis (DLE: p<0.001; SCLE:
p<0.001). Together, data from luciferase reporter assay, transfection experiments,
immunofluorescence analysis, and clinical samples indicate that PSMBS5 is a direct target
of miR-885-5p.

miR-885-5p promotes NF-kB pathway activation and proliferation via PSMB5

To explore the biological role and importance of miR-885-5p targeting PSMB5 in CLE, we
performed functional assays using anti-miR-885-5p transfected keratinocytes and
silenced-PSMBS5 keratinocytes. Since miR-885-5p and PSMB5 have been associated with
cell cycle progression and survival, we evaluated their effect in keratinocyte proliferation
and apoptosis. In vitro, anti-miR-885-5p transfected keratinocytes displayed an enhanced
cell proliferation in non-stimulatory conditions and following IFNa or UVB stimulation (fold
increase of 1.87, 2.23 and 2.42, respectively, Figure 3a).

There was a parallel increase of P63 and KRT16 proliferative epidermal markers and
CDK4 and BIRCS proliferative genes by RT-qPCR (Figure 3b). Silencing PSMB5 showed
the opposite effect on keratinocyte proliferation under all studied conditions (fold decrease
of 1.52 for non-stimulation, 1.43 for IFNa stimulation and 1.27 for UVB) (Figure 3a). This
effect was also observed in the expression levels of P63, KRT16, CDK4 and BIRC5

(Figure 3b). The presence of keratinocyte proliferation in CLE, mainly observed in DLE
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lesional skin (p=0.009, Figure 3c) shown by KI-67 immunofluorescent staining. No effect

on apoptosis was observed (Figure S5).

NF-kB plays a central role in CLE and its activation is regulated by a proteasome-
dependent degradation of its inhibitory proteins termed inhibitors of nuclear kappa B (IkBs
or NFkBIs) (Chen 2007). Since PSMBS5 is a proteolytically active subunit of the ubiquitin-
proteasome system (UPS), we investigated a possible interaction between miR-885-
5p/PSMB5 and NF-kB signaling pathway. First, we demonstrated that anti-miR-885-5p
transfected keratinocytes overexpressed NFKB1 and related cytokines (IL1A, TNF and
CXCL8) and that the inhibitor of NF-kB IkBa (NFKBIA) expression levels were reduced
both at mRNA level by gqRT-PCR (Fig. 3d) , and at protein level by immunofluorescence
(Fig. 3e). These changes were more pronounced under the UVB stimulatory condition.
siPSMB5 keratinocytes showed the opposite effect (Figure 3d, 3e). These data indicate
that the regulation miR-885-5p modulates of NF-kB in keratinocytes, and that this
modulation is mediated by PSMBS5.

miR-885-5p downregulation regulates the leukocyte-attracting capacity of
keratinocytes independently of PSMB5

Heat map from microarray results highlights the most relevant common cytokines in
stimulatory and non-stimulatory conditions (Figure 4a). CCL5, CCL20, CXCL8 and
S1007A upregulation was validated by RT-qPCR on keratinocytes transfected with anti—
miR-885 or anti-miR-Ctrl under UVB stimulatory conditions (Figure 4b). Of all chemokines,
CCL5 and CCL20 were the most significantly overexpressed (fold change of 10.97
p<0.001 and 12.38, p<0.001 respectively). Consistently, the amount of these chemokines
secreted into the culture medium was increased by anti-miR-885 as shown by ELISA
(Figure 4c). Since these chemokines have the ability to recruit leukocytes (20), we
examined whether the capacity of keratinocytes to attract leukocytes was affected by miR-
885-5p. Migration assays with PBMCs co-cultured with UVB stimulated anti-miR-885-5p
transfected keratinocytes showed an increased PBMCs migration (fold increase of 2.27,
2.55 and 2.83 overtime) that was sustained over time but that it was PSMBS5 independent
(Figure 4d).

miR-885-5p targets TNF Receptor Associated Factor 1 (TRAF1) in keratinocytes
promoting leukocyte recruitment

Next, we aimed to identify the molecular mechanism by which miR-885-5p modulates the
leukocyte recruitment. Analysis of upregulated genes of anti-885-5p UVB-stimulated

keratinocytes in the microarray and the predicted target genes provided by TargetScan
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data base data, we identified sixteen predicted genes (Table S5) of which TRAF1 was the
only one related with immune recruitment (Figure 5a) (Oyoshi et al 2007). TRAF1 gene
expression (fold change of 6.04, p<0.001) and protein levels (p<0.05) (Figure 5b and 5c)
were upregulated in keratinocytes upon miR-885-5p inhibition. TRAF1 expression
inversely correlated with miR-885-5p expression (r=-0.36; p=0.02) (Figure S6). To
determine whether TRAF1 is a target of miR-885-5p, we performed 3’-UTR luciferase
reporter assays with luciferase reporter gene constructs containing the full-length 3’-UTR
of TRAF1 mRNA in human primary keratinocytes. We observed a significant reduction of
luciferase activity using miR-885-5p mimics in comparison with miR-control (27% of
reduction, p=0.005, Figure 5d).

Silencing of TRAF1 reduced significantly leucocyte migration overtime (fold decrease of
1.82, 2.35 and 2.38 overtime, Figure 5e). In addition, siTRAF1 reduced the expression of
CCL5, CCL20, CXCL8 and S100A7 chemokines (fold decrease of 3.22, 2.21, 6.61 and
2.35, respectively) in UVB-stimulated keratinocytes (Figure 5f). Consistently, the amount
of protein in culture medium were also decreased in a similar way (Figure 5g). TRAF1 is
described as an inductor of NF-xB pathway (Xie P, 2013). We found that NFKB1 gene
expression is reduced in siTRAF1 (fold decrease of 1.84, p=0.005) suggesting a direct link
between miR-885-5p/TRAF1 and NF-xB pathway (Figure 5h).

Discussion

In this study, we show that miR 885-5p is downregulated in the epidermis of patients with
CLE and we have identified two novel targets that demonstrate this gene to be involved in
epidermal inflammation, proliferation and immune regulation. miR-885-5p expression has
been reported to be dysregulated in several human cancer types (Zu et al., 2021), however
it has not been described previously in skin or other autoimmune diseases. In CLE, miR-
885-5p was identified as a keratinocyte-specific miRNA and no differences in expression
were found between the most common subtypes of CLE, DLE and SCLE, suggesting that
miR-885-5p plays a role in common pathogenic pathways. UVB and IFNa were found two
be strong regulators of miR-885-5p in keratinocytes, suggesting that high IFNa levels in

CLE skin, and mainly UVB are responsible for the downregulation of miR-885-5p.

Increasing evidence demonstrates keratinocytes to play an important role in the
pathogenesis of CLE (Sarkar et al., 2018; Stannard et al., 2017; Tsoi et al., 2019).
Photosensitivity is a common characteristic for CLE, ranging from 27-100% according to
the subtype of CLE. Ultraviolet (UV) light, particularly UVB (290-320 nm), plays a central

role by triggering keratinocyte apoptosis, transport of nucleoprotein autoantigens to the
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keratinocyte cell surface and the release of inflammatory cytokines (including interferons
(IFNs), tumor necrosis factor (TNF)-a, inter-leukin (IL)-1, IL-6, IL-8, IL-10 and IL-17) which
are important for initiation, development and perpetuation of CLE (Robinson and Werth,
2015; Zhou et al.,, 2021). Increased IFN, particularly type | IFN, is central to the
development of CLE lesions. In CLE, type | IFN is produced in response to nuclear
antigens, immune complexes and UV light (Kahlenberg, 2021). Type | IFN increases
leukocyte recruitment to the skin via inflammatory cytokines, chemokines, and adhesion

molecules, thereby inducing a cycle of cutaneous inflammation (Turnier et al.; 2020).

In pathological conditions, miR-885 expression has been reported to be dysregulated in
several human cancer types, including liver cancer, neuroblastoma and oncocytic follicular
thyroid carcinomes (Dettmer et al., 2012; Su et al., 2018; Xu et al., 2019). When
overexpressed this miRNA has been shown to supress cell proliferation, migration and
invasion by regulating the cell cycle arrest, senescence and/or apoptosis (Gao et al., 2017;
Li et al., 2019). Keratinocyte hyperproliferation is not a hallmark of cutaneous lupus, but
DLE lesions, show hyperkeratosis and atrophy, which reflect abnormal epidermal
proliferation, combined with normal early differentiation and premature terminal
differentiation of keratinocytes (de Jong et al., 1991). Our study showed that inhibition of
miR-885-5p promotes aberrant keratinocyte proliferation accompanied by an increase of
proliferative genes KRT16, TP63, BIRC5 and CDK4 in vitro. However, no effects were
observed on apoptosis. This proliferation was mediated by a novel target gene identified
of miR-885-5p, PSMB5 as silencing of PSMB5 reverted the effect of miR-885 on

keratinocyte proliferation.

PSMBS5 is a subunit of the 20 S proteasome. Into detail, the 20 S proteasome is composed
of seven subunits, termed a1-a7 and B1-B7. The a subunits maintain the structure,
whereas the core B rings contains proteolytically active subunits such as PSMB5 (35,
chymotrypsin-like), PSMB6 (B1, caspase-like), and PSMB7 (B2, trypsin-like) (Tanaka,
2009). The proteasome activity is controlled stringently and attuned to cellular
requirements. Aberrations of this pathway lead to pleiotropic defects in all aspects of cell
function and may affect cellular homeostasis and contribute to disease origin and
development (Vangala et al., 2014). It mediates the intracellular key proteins including
those involved in cell cycle regulation (Tu et al., 2012). Our findings indicate that miR-885-
5p was targeting PSMB5 proteasome subunit. In addition, PSMB5 was increased at a
gene expression and protein level in lesional epidermal CLE skin compared to non-lesional
CLE skin. The ubiquitin-proteasome pathway plays a crucial role in NF-kB pathway

activation by promoting the ubiquitination of NF-kB inhibitor IkBa (NFKBIA), promoting its
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degradation and the subsequent NF-kB activation (Chen, 2007). Therefore, we aimed to
investigate the relation between miR-885-5p/PSMB5 and NF-kB signaling. In vitro
experiments showed that when miR-885-5p inhibited, there is a decrease of NF-kB
inhibitor IkBa (NFKBIA) at a protein and gene expression levels and consequently there
is an increase of NFKB1 and related cytokines TNF and IL1B. Contrary results were
observed when PSMBS is inhibited. Taken together, our results indicate that in cutaneous
lupus lesional skin low levels of miR-885-5p modulate NF-kB via PSMB5. Low levels of
miR-885-5p increase PSMB5 and NFKBIA is decreased and NF-kB is released and active

for nuclear translocation to promote epidermal inflammation.

Gene microarray in anti-885-5p UVB keratinocytes revealed an increase of chemokines
CCL5, CXCL8 and CCL20 and antimicrobial peptide ST00A7. Inhibition of miR-885-5p in
keratinocytes increased migration of immune cells in vitro in co-culture experiments. To
our knowledge, we are the first to report that low levels of miR-885-5p contribute to
immune recruitment. Immune migration was not observed when PSMB5 was inhibited
indicating that PSMB5 does not mediate the miR-885-5p immune migration. By luciferase
assay we demonstrated that TRAF1 is a direct miR-885-5p target and in vitro co-culture
studies showed that it mediates immune recruitment. Increased protein and gene
expression of TRAF1 in CLE lesional skin was observed. TRAF1 is a member of the
TRAF protein family, which regulates the canonical and noncanonical NF-kB signaling
cascades and mediates pro-inflammatory cytokine production and inflammatory
responses (Edilova et al., 2018; Guo et al., 2009). It has been reported that TRAF1
expression in skin and keratinocytes is upregulated and sustained after UVB exposure
(Yamamoto et al., 2018). Our results underline previous studies which found that TRAF1
deficiency impairs attraction of lymphocytes, neutrophils, myeloid dendritic cells and
monocyte recruitment and tissue secretion of chemokines and adhesion molecules
(Oyoshi et al., 2007; Missou et al., 2010).

Currently there is a lack of efficient targeted treatment for CLE refractory patients. Because
of their crucial roles in regulation of gene expression in diverse physiological and
pathological conditions, miRNAs are promising therapeutic agents (Christopher et al.,
2016). To date, miRNA-based therapies have entered the clinical trial phase, showing
promising results (Chakraborty et al., 2020). In addition strategies of topical nanodelivery
show few adverse events (Gallant-Behm et al, 2019). Our study suggests that miRNA-
885-5p mimics based therapy could be of interest for CLE. Further research on miRNA
therapeutics within in vivo models or 3D skin equivalent need to be conducted to the

development of new strategies for treating this refractory disease.
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In conclusion, the present study has shown that miR-885-5p is commonly downregulated
in DLE and SCLE. Low levels mediates a role in CLE pathogenesis promoting epidermal
inflammation, proliferation and immune recruitment in the CLE lesional sites. Two novel
target genes of miR-885-5p PSMB5 and TRAF1 have been identified. As in CLE, miR-
885-5p is downregulated, PSMB5 and TRAF1 are in turn upregulated and may promote
epidermal inflammation/proliferation and immune recruitment respectively (Figure 6).
Further research into the therapeutical role of miR-885-5p in cutaneous lupus should be

considered.
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Figure 1. miR-885-5p is downregulated in CLE lesional keratinocytes and it is
modulated by IFNa and UVB. A) In situ hybridization of miR-885-5p in CLE skin showed
that miR-885-5p is mainly detected in the epidermis of DLE and SCLE lesional skin (n=5
DLE, n=5 SCLE, paired patients). B) Keratinocytes from healthy donors express high
levels of miR-885-5p compared to other cell types such as dermal fibroblasts of PBMCs
(n=3). C) miR-885-5p expression by RT-gPCR was evaluated at different timepoints after
receiving inflammatory stimulus in vitro in keratinocytes. D) Keratinocytes from healthy
donors, DLE and SCLE (n=3 respectively) were incubated with IFNa or UVB and miR-885-
5p expression was analysed by RT-qPCR.
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Figure 2. miR-885-5p modulates PSMBS5. A) Heatmap of gene expression in microarray
of anti-miR-885-5p transfected keratinocytes vs control in Non-stimulated, IFNa and UVB
conditions (n=4 each condition). B) Venn diagram showing that PSMBS5 is the unique gene
upregulated in Non-stimulated, IFNa and UVB conditions with miR-885-5p inhibited. C)
Luciferase assay showed that miR-885-5p targets directly PSMB5. D) Anti miR-885-5p
increases protein levels of PSMBS5 in keratinocytes in vitro shown by immunofluorescence.
E) RT-gPCR of miR-885-5p in CLE lesional and non-lesional skin from paired patients
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(n=6). F) Immunofluorescence of PSMBS in CLE lesional and non lesional skin from paired
patients n=5. In vitro experiments were with performed a minimum of three replicates.
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Figure 3. mir-885-5p inhibition promotes epidermal proliferation in vitro and NF-kB
activation via PSMBS5. A) Proliferation assay in anti-miR-885-5p and siPSMB5
transfected keratinocytes. B) Gene expression of epidermal proliferation genes anti-miR-
885-5p keratinocytes and siPSMB5 keratinocytes. C) Immunofluorescence of KI67 in CLE
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lesional and non-lesional skin (n=5). D) Gene expression of NF-kB signaling pathway
molecules in UVB and IFN stimulated keratinocytes transfected with anti-miR-885-5p or
siPSMB5. E) Merged Immunofluorescence of NF-kB (green), NFkBI inhibitor (red), nuclei
(DAPI in blue) in anti-miR-5p and siPSMBS5 keratinocytes. All experiments were performed
in a minimum of triplicates. For gene expression assays, keratinocytes were transfected
for 24h and stimulated for 6h. For protein expression assays, keratinocytes were
transfected for 24h and stimulated for 24h.

a d
NS IFNa uve
anti-miR _control anti-miR control  anti-miR control

. . E' ccLs UVB-stimulated Keratinocytes
- Y =+ Evaluation of PBMCs
ccL20 885 g
l || - | | coen Control / anti-mIR-885-5p ! sIPSMBS Ry (b ZEAT 4B HoLr)
[ | I 510047

it g PBMCs with dapl|

Coler Key

6h 24h 48h
| -

Tw2eon =
=
&
b i

UVB-stimulated Keratinocytes
Gene expression &l
w
T ik . . o "
(A A ‘ B e ssss 2
s x
g ? ‘ ﬂ £
§ | P
¥ - S | -
< o
o Jll <

s cCLS ccL20 cxcLe S100A7
wn
c -}
=
UVB-stimulated Keratinocytes 4
Protein quantification @

M Control
Ali miR-385-5
I At mif-5a520 PBMCs migration by
UVB-stimulated Keratinocytes

3 anti-miR-885
W Conrol
O siPSMBS

0.0
cCLS ccL2o cxcLs S100A7

Migration fold change
e a o @

2

24h 48h

Figure 4. miR-885-5p inhibitions promotes the leukocyte-attracting capacity of
keratinocytes independently of PSMB5. A) Heatmap showing differentially expressed
chemokines CCL5, CCL20, CXCL8 and antimicrobial peptide S100A7 in anti-miR-885-5p
transfected keratinocytes vs control. B) RT-gPCR of CCL5, CCL20, CXCL8 and S100A7
in anti-miR-885-5p transfected keratinocytes. C) Evaluation of CCL5, CCL20, CXCL8 and
S100A7 in supernatant from anti-miR-885-5p keratinocytes. D) Migration assays in co-
culture experiments. Keratinocytes were transfected (siPSMB5/anti-miR-885-5p) and on
the next day UVB stimulated and PBMCs were stained with DAPI and seeded in the upper
insert. Migration was evaluated at 6h, 24h and 48h.
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Figure 5. miR-885-5p targets TNF Receptor Associated Factor 1 (TRAF1) in
keratinocytes promoting leukocyte recruitment. A) Venn diagram shows TRAF1 as a
potential predicted miR-885-5p target gene related with immune recruitment and
upregulated in anti-miR-885-5p transfected keratinocytes stimulates with UVB. B) TRAF1
gene expression in anti-miR-88-5p transfected keratinocytes stimulated with UVB. C)
Immunofluorescence of TRAF1 in UVB-stimulated anti-miR-885-5p keratinocytes. D)
Luciferase assay showed that TRAF1 is target gene of miR-885-5p. E) Migration assay of
PBMCs co-cultured with siTRAF1 transfected keratinocytes stimulated with UVB. F) RT-
gPCR of CCL5, CCL20, CXCL8 and S100A7 in siTRAF1 transfected keratinocytes. G)
Evaluation of CCL5, CCL20, CXCL8 and S100A7 in supernatant from siTRAF1
keratinocytes. H) NFKB1 gene expression in siTRAF1 and anti-miR-885-5p keratinocytes.
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Figure 6. Role of low miR-885-5p levels in CLE. mIR-885-5p is downregulated in CLE
epidermal keratinocytes and its downregulated is accentuated after UVB and IFN a. When
downregulated it cannot target its two target genes PSMB5 and TRAF1. In turn, PSMB5
is upregulated and therefore IkB (NkFBI) is decreased and NFkB is activated and
promotes epidermal inflammation and IL13 and TNFa expression. PSMB5 also promotes
epidermal proliferation accompanied by an increase of KRT16, BIRC5, CDK4 and TP63
genes. On the other hand, TRAF1 is upregulated and therefore keratinocytes secrete
chemokines CCL5, CCL20, CXCL8 and antimicrobial peptide S100A7 that promote
leucocyte attraction and immune recruitment to the CLE lesional site.
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S| Materials and Methods

Patients’ clinical characteristics and samples

A total of 20 CLE patients were included in the study. Demographic characteristics are
shown in Table S1. At the time of skin biopsy, disease activity and degree of scarring was
assessed by the validated modified CLE Disease Area and Severity Index (CLASI)
(Albrecht et al., 2005). Patient’s inclusion criteria included: age = 18 years old, the
presence of skin lesional area bigger than 3cm, a validated CLE Disease Area and
Severity Index (CLASI) greater than 4 and no previous treatment with
immunosuppressants for 21 month or topical corticoids for at least 22 weeks. The study
was approved by the Local Vall d’'Hebron Ethics Committee and informed consent was

obtained from all subjects before the study.

Two six-millimetre punch biopsies were taken from lesional and non-lesional skin from 20
CLE untreated patients with active disease for histology analysis and in vitro experiments
(Supplementary Table S1). The first 6mm punch of lesional and non-lesional skin biopsy
was fixed in 5% formalin and embedded in paraffin blocks for the histological examination,
immunohistochemistry or hybridization in situ. The second 6mm punch of lesional skin
biopsy and skin biopsies from healthy donors (n=10) were immediately processed to
obtain their primary keratinocytes. The diagnosis and classification of CLE were based on
clinical and histological criteria according to the 2004 Dusseldorf classification (Khun and
Ruzicka, 2004). Disease activity and degree of scarring was assessed by the validated
modified CLE Disease Area and Severity Index (CLASI) (Albrecht et al, 2005).

Blood samples were also extracted for PBMCs isolation. Blood samples were collected in
mononuclear cell preparation tubes with sodium citrate (Vacutainer CPT, BD Bioscences).
After 25 min of centrifugation at 3000 rpm the section containing PBMCs was clearly visible
and cells were collected using a pipette and washed twice in phosphate buffered saline
(PBS). The cellular pellet was frozen at -80°C for the miRNA extraction and also frozen

with cell culture freezing medium for in vitro experiments.

Skin in situ hybridization
Hybridization with hsa-miR-885-5p with 5-DIG and 3'-DIG—labeled miRCURY LNA
detection probe (Exigon, Copenhagen, Denmark) was performed overnight at 50°C. The

probe binding was detected by incubating sections with anti-DIG-alkaline phosphatase
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antibody (1:800; Roche, Basel, Switzerland) for 2 hours at room temperature. The staining

was blinded evaluated.

Evaluation of in situ hybridization, immunohistochemistry and
immunofluorescence in skin sections

In situ hybridization, immunohistochemistry and immunofluorescence results were
evaluated on blinded specimens by three independent dermatopathologists from the Vall
d’Hebron pathology unit. Positive cells per millimetre were quantified using computer-
assisted image analysis software (ImagedJ 1.42, National Institutes of Health, Bethesda,
MD, USA) and evaluated by Olympus IX71 (TH4-200) U-RFL-T microscope. The staining
of the epidermis, dermis and inflammatory infiltrate was evaluated semi-quantitatively
using the following blinded score: 0 (<10% positive cells), 0.5 (10-20% positive cells), 1
(20-40% positive cells), 1.5 (40-60% positive cells), 2 (60-80% positive cells), 2.5 (80-90%

positive cells) or 3 (>90% positive cells).

Isolation of primary human keratinocytes from the skin biopsy

Primary human keratinocytes were isolated following the optimised protocol from
Belmonte (Trond and Belmonte, 2010). Briefly, punch skin biopsies of 6 mm from lupus
cutaneous patients (n=20) and healthy controls (n=10) were obtained, then incubated with
dispase overnight at 4°C to peel off the dermis from epidermis and they were cut into 2-3-
mm pieces to be digested with TrypLE Express Enzyme (1X) at 37°C during 18min,
separately. Then epidermis skin pieces were mechanically dissociated and filtered through
a 40-um cell strainer (Falcon, BD Biosciences). The filtrate was centrifuged at 1600g
during 5min at 4°C. The cellular pellets were resuspended in in 10mL Epilife Medium
supplemented with 10% HGSK and 5% antibiotics. The cells were cultured in 25 cm? tissue

culture flasks (Cell+ Sarstedt) at 37°C in 5% CO, and the medium cells were change every

2-3 days. In the present study, keratinocytes at passage 2 were used for all experiments.

PBMCs isolation from blood

Blood from CLE patients before and after thalidomide treatment and healthy controls was
collected directly into mononuclear cell preparation tubes with sodium citrate (Vacutainer
CPT, BD Biosciences). Tubes were centrifuged at 3000 rpm for 30 minutes at room
temperature (RT). After that, the layer containing peripheral blood mononuclear cells was

clearly visible and collected using a pipette. Cells were washed twice with PBS and
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resuspended in complete RPMI media (RPMI, 10% FBS, 10% Pen/Strep, 2 mM/L-

Glutamine) (Gibco, Life Technologies).

Immunofluorescence on primary cells

Healthy Human epidermal keratinocytes (HEKa cells, Life Technologies, Carlsbad, CA)
were seeded in sterile glass coverslips in 24 well-plates and incubated overnight at 37°C
for adherence. After anti-miR transfection, keratinocytes were stimulation with IFNa (10
ng/mL, Life Technologies) or 25 mJ/cm? or steril PBS (in non-stimulated conditions) during
6 hours. Then, cells were washed with PBS and then fixed for 15 minutes in 4% PFA
followed by permeabilization with 0.1% TritonX-100 for 10 minutes. Blocking solution (BSA
5%) was added for 1 hour at RT and primary antibodies were incubated overnight at 4°C
and secondary antibodies were added for 2h at RT (Table S2). DAPI was used to visualize

the nucleus. Images were captured using Olympus BX61 microscope.

RNA extraction

Skin biopsies were homogenised by politron and RNA was purified using miRVANA
miRNA Isolation Kit (Applied Biosystems) following manufacturer’s instructions. Total RNA
from cultured cells was extracted after cell lysis with RNeasy Mini Kit (Qiagen). The yield
and the quality of RNA from cell cultures were assessed by measuring its absorbance at
260nm and 280nm with Nanodrop. Ratios of A260/A280 between 1.8 and 2.1 were

considered acceptable to use the RNA for the subsequent experiments.

Microarray analysis

Microarrays were carried out using Genechip Human Gene 1.0 ST Array (an array with
14,500 well-characterised human genes used to explore human biology and disease
processes). The arrays were performed at the Scientific and Technical Support Unit of our
Research Institute as described elsewhere (Affymetrix, Santa Clara, CA,

www.affymetrix.com). Data obtained from the microarrays were analysed by the Statistics

and Bioinformatics Unit of our research institute.

RT-qPCR
Once RNA was obtained, 1ug of total RNA was reverse-transcribed into cDNA using the

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with the thermal

cycler program: 25°C for 10min, 37°C for 120 min and 85°C for 5min. Gene expression
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was assessed by TagMan gene expression assays (FAM dye-labeled MGB probe,
Applied Biosystems). Using 96 well plates or 384 well plates in the ABlI PRISM 7000 or
ABI PRISM 7900 thermocyclers respectively at 50°C for 2 min, 95°C for 10min, followed
by 40 cycles of 95°C for 15s and 60°C for 1 min. Obtained data was normalised based on

the expression of the endogenous control gene GAPDH (Hs02786624_g1).

Apoptosis and Proliferation Assays

Cells were plated in 24-well plates, stimulated with 25 mJ/cm2 in case of Keratinocytes or
10 ng/mL TNFa (Life Technologies) for PBMCs and thalidomide was added for 24h. Then,
they were stained with Dead Cell Apoptosis Kit with Annexin V APC and SYTOX™ Green
(Thermofisher) and measured by flow cytometry. For proliferation assays, cells were
plated in 96-well plates, stimulated and thalidomide was added. After 24h, CyQUANT NF
Cell Proliferation Assay Kit (Invitrogen) was used following manufacturer’s instructions.

Relative changes were calculated using “Non-Thalidomide treated cells” as control.

Supplementary Figures

Supplementary Fig 1. Inhibition of miR-885-5p was confirmed by qRT-PCR analysis in
keratinocytes before to perform microarray analysis. Four replicates were used for the
microarray analysis in each condition. Keratinocytes were stimulated with IFN (10ng/mL)
or UVB radiated (25 mJ/cm) or non-stimulated (NS). * p<0.05, ** p<0.005 and ***p>0.001.
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Supplementary Fig 2. Volcano plots from microarray of miR-885-5p inhibited or
not inhibited (control) keratinocytes showed the top 20 most significant differentially
expressed genes (DEG) for each comparison. Keratinocytes were non-stimulated
(NS) or stimulated with interferon (IFNa) or UVB radiation.
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Supplementary Fig 3. Primary keratinocytes were transfected to inhibit miR-885-
5p (anti miR-885-5p). Then, they were non-stimulated (NS) or stimulated with
interferon alpha or UVB radiation. Gene expression of PSMBS5 was evaluated by
gRT-PCR showing an upregulation in anti miR-885-5p condition. Fold change over
control condition and normalised using GAPDH as endogenous gene. * p<0.05, **
p<0.005 and ***p>0.001.
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Supplementary Fig 4. A significant inverse correlation was found in the
relationship between the relative gene expression (RE) of PSMB5 and the relative
gene expression (RE) of miR-885-5p in primary keratinocytes.
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Supplementary Fig 5. Apoptosis of Human epidermal keratinocytes after
inhibition of miR-885-5p. Cells were stimulated with IFNa (10ng/mL), non-
stimulated (NS) or they were radiated with 25mJ/cm? UVB during 6hours after
inhibition. Apoptotic cells were calculated by flow cytometry analysis. No significant
difference were observed between inhibited (anti-miR-885-5p) and non-inhibited
cells (control).
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Supplementary Fig 6. A significant inverse correlation was found in the
relationship between the relative gene expression (RE) of TRAF1 and the relative
gene expression (RE) of miR-885-5p in primary keratinocytes.
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Supplementary Tables

Table S1. Clinical and laboratory characteristics of the study subjects.

CLE (n=20)
AGE, mean (SD), yrs 47 (13.1)
Female, n (%) 15 (75%)
Photosensitivity, n (%) 8 (40%)
Smoking, (%) 7 (35%)
CLASI ACTIVITY, mean (SD) 8.17 (2.9)
CLASI DAMAGE, mean (SD) 0.98 (1.18)
Type of CLE (DLE/CLE) 10/10
Systemic Lupus Erythematosus 10 (50%)
Duration of cutaneous lesions, months, 7.5 (4.6)
mean (SD)
ANA positive, n (%) 12 (60%)
Anti-Ro positive, n (%) 6 (30%)

Values are number of patients and between brackets the percent of total number patients.
The other values are means and SD in brackets. CLASI: Cutaneous Lupus Erythematosus
Disease Area and Severity Index; CLE: cutaneous lupus erythematosus; DLE: discoid
lupus erythematosus; SCLE: subacute cutaneous lupus erythematosus; ANA: Antinuclear
Antibodies.
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Table S2. Antibodies used in Immunofluorescence analysis.

Primary Antibody Supplier Code
Anti-PSBM5 Genetex GXT104687
Anti-Ki67 Affinit AF0198
Anti-TRAF1 Genetex GXT102372
Anti-NFKB Genetex GTX102090
Anti-NFKBIA Genetex GTX12138
Secondary Antibody Supplier Code
Alexa-488-conjugated @ Abcam ab150077

anti-rabbit IgG
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Table S3. Primer IDs used in Tagman RT-qPCR from Applied Biosystems.

miRNAs

Assay ID (TagMan)

U6 snRNA
miR-885-5p

Gene

001973
002296

Assay ID (TagMan)

GADPH
PSBM5
P63

K16

CDK4
BIRC5
CCL5
CCL20
CXCLS (IL8)
TNF

IL1B
S100A7
TRAF1
NFKB1
NFKBIA

Hs02786624 g1
Hs00605652_m1
Hs00978340_m1
(TP63)
Hs00373910_g1
(KRT16)
Hs00364847 m1
Hs04194392 s1
Hs00982282 m!1
Hs00355476_m1
Hs00174103_m!1
Hs00174128_m!1
Hs01555410 m
Hs01923188_uf
Hs01090170_m1
Hs00765730_m1
Hs00355671_g1
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Table S4. Table with the top 20 most significant genes for each condition (IFN
alpha stimulation, UBV radiation and Non-stimulation condition) between control

and anti-miR-885-5p keratinocytes. Marked in bold the unique common gene
(PSMBS).

Condition Most significant genes

IFNa anti-miR-885-5p vs IFNa control ANF782, RHOB, IL20, EPHB3,
CRABP2, KRT10, KRT2, SERPINB4,
TMCOS5A, C110rf87, TRMT44,
PRODH, PCBD2, ACKR3, KRT7,
DDAH1, SLC29A3, ATF2, CXCLS,
PSMB5
UVB anti-miR-885-5p vs UVB control VGLL1, GPNMB, IL36RN, RHCG,
IL20, KCTD11, OVOLA1, ITIH3, NCF2,
TCTEX1D2, NSCRP1, KPNA7,
CNFN, LCE3D, CDSN, LCES3E,
WFDC5, LCE3A, PI3, PSMB5
NS anti-miR-885-5p vs NS control ADAMTS10, EYA2, CYP24A1,
FAM153B, PTPRR, ADGRA2, UBD,
HOPX, CD34, PLEKHF2, TNFSF13,
S100A7, SLC22718, EGFR3, SPRRS3,
ARG1, CXCL10, TMPRSS4, CPAS5,
PSMB5
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Table S5. Detail of the targets identified for miR-885-5p using the upregulated genes
of anti-885-5p UVB-stimulated keratinocytes in the microarray and the predicted target
genes provided by TargetScan data base. TRAF1 gene is the most related with
recruitment and immune response (in bold).

Gene

P.Value

Fold
Change

Function

FZD10

0,00048074

1,818524029

Members of this family encode 7-transmembrane domain
proteins that are receptors for the Wingless type MMTV
integration site family of signaling proteins. Most frizzled
receptors are coupled to the beta-catenin canonical
signaling pathway

TRPV3

0,000439452

1,810590133

Functions in a variety of processes, including temperature
sensation and vasoregulation.

SLC28A3

0,000177666

1,793438903

Nucleoside transporters, such as SLC28A3, regulate
multiple cellular processes, including neurotransmission
and vascular tone.

RTN2

7,95298E-05

1,740076895

Reticulon proteins play an important role in the replication of
positive-strand RNA (ssRNA) viruses

IL6R

0,000641478

1,696482011

Among its related pathways are Autophagy pathway and
Cytokine Signaling in Immune system.

S100A7A

0,006271826

1,645514135

Gene Ontology (GO) annotations related to this gene
include calcium ion binding and protein self-association.

ACVR1C

0,003456468

1,629626446

Gene Ontology (GO) annotations related to this gene
include transferase activity, transferring phosphorus-
containing groups and protein tyrosine kinase activity

GSDMA

0,000487379

1,615386424

This form constitutes the precursor of the pore-forming
protein: upon cleavage, the released N-terminal moiety
(Gasdermin-A, N-terminal) binds to membranes and forms
pores, triggering cell death.

GPLD1

0,008885674

1,561920502

The protein encoded by this gene is a
glycosylphosphatidylinositol (GPI) degrading enzyme

TRAF1

0,003070282

1,536103429

This protein and TRAF2 form a heterodimeric complex,
which is required for TNF-alpha-mediated activation of
MAPKB8/JNK and NF-kB regulation of immune response
and immune recruitment.

IGFBP3

0,000307371

1,534180704

Insulin-like growth factor binding protein (IGFBP) family and
encodes a protein with an IGFBP domain and a
thyroglobulin type-lI domain.

RORA

0,003542912

1,5317749

The encoded protein has been shown to interact with NM23-
2, a nucleoside diphosphate kinase involved in
organogenesis and differentiation

AQP9

0,001445176

1,5625038695

This protein allows passage of a broad range of noncharged
solutes and also stimulates urea transport and osmotic
water permeability

LYVE1

0,007181546

1,524319893

The encoded protein acts as a receptor and binds to both
soluble and immobilised hyaluronan. This protein may
function in lymphatic hyaluronan transport and have a role
in tumor metastasis.

C150rf62

0,00925998

1,512971676

Annotations related to this gene include small GTPase
binding

SLC22A23

0,001068164

1,511087523

SLC22A23 belongs to a large family of transmembrane
proteins that function as uniporters, symporters, and
antiporters to transport organic ions across cell membranes
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Chapter 2: Thalidomide mechanism of action in CLE

Paper llI: Thalidomide Exerts Anti-Inflammatory Effects in Cutaneous Lupus by
Inhibiting the IRF4/NF-xB and AMPK1/mTOR Pathways

Thalidomide drug has a high clinical efficacy in CLE that ranges between 80-90% in
refractory patients. However, despite its proven efficacy its use is restricted due to the
severe side effects associated to its use such as teratogenesis and peripheral neuropathy.
Since our group has experience with the use of thalidomide in CLE, in this part of the study
we aimed to investigate the mechanism of action by which thalidomide improves CLE and
to identify novel molecular targets for CLE therapy. We performed RNA sequencing in skin
biopsies from CLE patients before and after thalidomide treatment. After that, we included
the results together with the information obtained from the literature regarding the
immunomodulatory properties of thalidomide and we used TMPS analysis protocols to
identify the mechanism of action in CLE. A putative thalidomide mechanism of action was

identified, and in vitro experiments have been performed to validate the obtained results.

Thalidomide ameliorates skin inflammation by decreasing CD8" T cells, increasing

invariant NKT (iNKT) cells and promoting a TH2 response in CLE.

First, in order to study immunomodulatory properties of thalidomide, circulating immune
cells were characterised by flow cytometry in 7 thalidomide treated patients that presented
clinical remission (CLASI =0). After thalidomide treatment, we observed a reduction of
cytotoxic CD8" T-cells (p<0.05) and an increase of iNKT cells (p = 0.006) (Annex 4).
Analysis of Th subsets showed that thalidomide treated patients have an imbalance
towards a Th2 response (p<0.05). Immunohistochemical studies in CLE skin showed
similar results, with a significant reduction of CD8" T-cells (p<0.05) and an increase of iINK
T-cells post-thalidomide (p<0.01).

Thalidomide acts in CLE by modulating two CRL4CRBN-dependent pathways: IRF4-
NF-kB and AMPK/mTOR

Next, in order to get insights into the thalidomide mechanism of action (MoA) in cutaneous
lupus, a system biology approach was conducted with TPMS analysis which allowed the
identification of putative proteins (motives) that mediate the action of thalidomide. Into
detail, first, relevant proteins in CLE and Thalidomide were identified through the analysis
of published biological information. Next, to obtain further insights into the molecular basis

of CLE, we performed an RNA-sequencing in skin of pre and post-thalidomide treated
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responder patients (n=7) which revealed 448 differentially expressed transcripts, of which
339 were protein coding genes (|log2(FC)| = 1; Adj. p value < 0.05, data available
GSE162424). Finally, the data obtained from bibliography and the biological data (RNA-
seq data) was used to construct and restrict a model respectively. As a result, it was
identified that thalidomide may act in CLE by two CRL4“R®N-dependent mechanisms:
downregulating IRF4, leading to an inhibition of the NF-kB signaling pathway; and
regulating AMPK/mTOR signaling pathway.

Validation of the identified thalidomide mechanism of action

The protein expression pattern of the identified key molecules was evaluated in CLE skin
pre and post thalidomide treatment by immunofluorescence. According to the identified
mechanism, IRF4 and mTOR (Mammalian target of rapamycin) were significantly
upregulated in the pre-treated skin when compared to post-treatment (p>0.05 and
p>0.0001 respectively) and AMPKa1 was upregulated (p<0.001). In detail, IRF4 was
detected in the dermal inflammatory infiltrate of lesional CLE and mTOR and AMPKa1
were expressed in the epidermal keratinocytes from pre-treated and post-treated skin

samples respectively.

- Thalidomide modulates IRF4 in PBMCs.

We next focused on IRF4 pathway in PBMCs, as IRF4 was mainly located in infiltrated
immune cells in CLE skin. In vitro experiments showed that thalidomide addition
decreased IRF4 and NF-kB in PBMCs and also related cytokines such as CCL3, IL8, IL2,
TNF, and IL1B. Similar results were observed in silRF4 PBMCs, indicating that thalidomide

anti-inflammatory effect in PBMCs is dependent on IRF4 modulation

- Thalidomide modulates AMPK/mTOR in keratinocytes

We next focused on AMPK/mTOR pathway in keratinocytes as both molecules were
detected in CLE epidermis. In vitro experiments showed that thalidomide addition
decreased mTOR and increased AMPKa1 in primary keratinocytes and also decreased
the expression of related inflammatory mediator TGFB1. Effects in NF-kB pathway were
also explored and we found that it was also modulated by mTOR and that related cytokines
IL1B, TNF, and CXCL1 were decreased in both thalidomide treated and simTOR cells.
These results indicate that thalidomide may exert an anti-inflammatory effect in
keratinocytes that is mediated by mTOR and that there is a crosstalk between and
AMPK/mTOR and NF-kB signaling pathways.
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Thalidomide in PBMCs decrease epidermal inflammation by decreasing
AMPK/mTOR- N-kB pathway in keratinocytes

As the interaction between epithelial cells and the immune system is tightly regulated and
of crucial importance in CLE, in vitro coculture functional studies were performed.
Keratinocytes were plated on the lower chamber and PBMCs Thalidomide treated or
silRF4 were placed on the upper insert. We observed that thalidomide-treated PBMCs co-
cultured with keratinocytes produced a significant downregulation of keratinocyte mTOR
protein levels and an increase of AMPKa1 and phosphorylated RPTOR, accompanied by
a decrease of TGFB1 and NF-kB and related mediators (/L7B and TNF). Same effect
was observed in silRF4 PBMCs, indicating that IRF4 decrease in PBMCs is able to

ameliorate inflammation in keratinocyte by AMPK/mTOR and NF-kB modulation.
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Abstract: Thalidomide is effective in patients with refractory cutaneous lupus erythematosus (CLE).
However, the mechanism of action is not completely understood, and its use is limited by its potential,
severe side-effects. Immune cell subset analysis in thalidomide’s CLE responder patients showed a
reduction of circulating and tissue cytotoxic T-cells with an increase of iNKT cells and a shift towards
a Th2 response. We conducted an RN A-sequencing study using CLE skin biopsies performing
a Therapeutic Performance Mapping System (TMPS) analysis in order to generate a predictive
model of its mechanism of action and to identify new potential therapeutic targets. Integrating
RNA-seq data, public databases, and literature, TMPS analysis generated mathematical models
which predicted that thalidomide acts via two CRBN-CRL4A- (CRLACREN) dependent pathways:
TRF4/NF-xB and AMPK1/mTOR. Skin biopsies showed a significant reduction of TRF4 and mTOR
in post-treatment samples by immunofluorescence. In vitro experiments confirmed the effect of
thalidomide downregulating IRF4 in PBMCs and mTOR in keratinocytes, which converged in an
NF-xB reduction that led to a resolution of the inflammatory lesion. These results emphasize the
anti-inflammatory role of thalidomide in CLE treatment, providing novel molecular targets for
the development of new therapies that could avoid thalidomide’s side effects while maintaining
its efficacy.

Keywords: cutaneous lupus; thalidomide; mechanism of action; new therapy

1. Introduction

Cutaneous Lupus Erythematosus (CLE) is common and encompasses a wide range
of dermatologic manifestations. As many as 70-80% of patients can develop skin lesions,
which can be an early sign of systemic involvement [1,2]. CLE can be classified into
specific and non-specific lesions, of which discoid lupus erythematosus (DLE) and subacute
cutaneous lupus erythematosus (SCLE) are the most prevalent forms [3]. Early effective
treatment may resolve the lesions, but delayed or inadequate treatment can result in
permanent scarring, especially in DLE [4].

First-line therapies for CLE are antimalarial agents and/or topical steroids, together
with sun protection [5]. Although most patients respond to this regimen, 30 to 40% of
cases will be refractory [6]. For this minority, there is no consensus treatment algorithm,
and several systemic agents have shown a variable response [7]. Thalidomide, a glutamic
acid derivative with immunomodulatory and anti-inflammatory effects, has been used suc-
cessfully in several oncological and chronic inflammatory dermatological conditions [8,9].
First prescribed for refractory CLE in 1975 [10], thalidomide use has increased following its
reported efficacy, reaching 80-90% [6,10,11]. However, large-scale clinical trials are lacking,
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and serious adverse events such as teratogenicity, neurotoxicity, and thrombosis restrict its
use [12-15].

Although thalidomide’s mechanism of action (MoA) has been studied, little is known
of the molecular basis of its immunomodulatory effect in CLE. In vitro studies have demon-
strated that thalidomide inhibits neutrophil chemotaxis, phagocytosis, angiogenesis, and
production of tumour necrosis factor alpha (TNF-«). It also interacts with the T-helper
response and regulation of transcription factor nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«kB) [16-19]. In the absence of an effective and safe treatment, a
better understanding of thalidomide’s MoA can help to identify key target molecules for
the development of new therapeutic agents.

Genome-wide gene expression profiling is increasingly used to investigate patho-
genetic mechanisms and identify potential disease biomarkers [20]. RNA sequencing
(RN A-seq) is a widely used method to study overall transcriptional activity. RNA-seq is
a powerful investigative tool using transcriptome changes as a proxy for drug effect and
has led to the discovery of potential biomarkers in several diseases, yet standard library
construction is costly [21-23]. Using a mathematical model including the comparative
RNA-sequencing data, we identified different molecular signalling signatures that provide
novel insights into thalidomide’s MoA and potential therapeutic targets.

2. Materials and Methods
2.1. Patients

Six-millimetre punch skin biopsies for RN A-seq and blood samples for peripheral
blood mononuclear cells (PBMCs) isolation were taken from 10 patients with active CLE,
before and 4 weeks after thalidomide treatment (Table S1; see Supplementary Materials).
CLE diagnosis and classification was based on clinical and histological criteria according
to the 2004 Dusseldorf classification [24]. Disease activity was assessed by the validated
modified CLE Disease Area and Severity Index (CLASI) [25]. The study was approved by
the Vall d’Hebron Ethics Committee and informed consent was obtained from all subjects.

2.2. RNA-Seq and System Biology Analysis

Whole skin RNA was extracted following the protein and RNA Isolation kit's instruc-
tions (Thermofisher Scientific, Waltham, MA, USA). For library construction, total RNA
(1 ug) was used following the [llumina TruSeq™ RNA Sample Prep Kit (Illumina, San
Diego, CA, USA) manufacturer’s instructions. The resulting libraries were subjected to Illu-
mina Hiseq 2000 sequencing platform version 3, producing 2 x 75 bp run with >65 M reads
(llumina, San Diego, CA, USA). Sequences were analyzed for quality control (FASTQC)
and aligned to the Human genome (GRCh38) with STAR program V2.5.2a [26,27]. Sequenc-
ing reads were processed using the RSEM program (version 1.2.28) [28] and differential
expression calculated by DESeq2 [29]. Data are available from Gene Expression Omnibus
(CSE162424). We generate models to predict thalidomide’s MoA by a Therapeutic Perfor-
mance Mapping System (TMPS) approach (Anaxomics Biotech, Barcelona, Spain). TPMS
combines RNA-seq data with a complete characterization of CLE/Thalidemide using
biological information from KEGG, Binding Database, BioGRID, REACTOME, Pubmed,
Drug Bank, Stich and Supertarget [30-37] (See Supplementary Materials).

2.3. Flow Cytometry

PBMC:s cell phenotype was analyzed by seven-colour flow cytometry (LSR Fortessa,
BD Biosciences, Franklin Lakes, NJ, USA). For cell surface staining, conjugated monoclonal
antibodies were used (BD Biosciences) (Table S2; see Supplementary Materials). Isotype
controls were used for gate setting. Data were analyzed using FCS Express 4 Flow Research
software (BD Biosciences, Erembodegem, Belgium).



Results

Biomedicines 2021, 9, 1857 30f18

2.4. Immunofluorescence and Immunohistochemistry

Immunohistochemistry (IHC) and immunofluorescence (IF) were performed as de-
scribed on paraffin-embedded and frozen sections, respectively [37,38] using purified
monoclonal antibodies listed in Table S3. Stained samples were evaluated by two blinded
dermatopathologists and cell counts were quantified using Image J V1.42 (see Supplemen-
tary Materials).

2.5. In Vitro Ubiquitination Assay

Recombinant Human CRBN + DDB1 + CUL4A + RBX1 (Abcam, Cambridge, UK)
(1 pM), Human AMPK1 Fisher (ThermoFisher, Waltham, MA, USA) (1.5 uM) and Thalido-
mide (100 uM) were used with the E3 Ligase Auto-Ubiquitilylation Assay Kit (Abcam,
Cambridge, UK) following the manufacturer’s instructions. Reactions were incubated at
37 °C for 2 h before separation by SDS-PAGE followed by western blot analysis.

2.6. Co-Immunoprecipitation for Cell-Based Ubiquitination Assay

Epidermal keratinocytes were stimulated with UVB for 6h and then treated with
thalidomide. After 24 h, cells were washed twice with PBS and lysed with RIPA buffer
(Sigma Aldrich, St. Louis, MI, USA) together with protease inhibitor cocktail (Sigma
Aldrich, St. Louis, MI, USA). After centrifugation at 10,000 rpm for 15 min, supernatant
was collected.

Concurrently, Dynabeads™ Protein G for Immunoprecipitation (Invitrogen, Waltham,
MA, USA), were washed and incubated with anti-AMPK antibody (1:250) (Abcam, Cam-
bridge, UK) in PBS 0.02% Tween™ 20 for 15 min at room temperature in order to obtain
the Antibody-bead complex. Then, the mix was incubated with the obtained supernatant
from the cell lysis. After 1 h at room temperature, the antibody-bead-AMPKprotein com-
plexes were obtained. Finally, AMPK protein was eluted with elusion buffer (50 mM
glycine pH 2.8) for 2 min at room temperature. Supernatants were subjected to western
blot analysis for AMPK and ubiquitin protein analysis.

2.7. Protein Extraction and Western Blot

Skin protein samples were obtained using the PARIS kit following manufacturer’s
instructions (see Supplementary Materials). Protein concentrations were determined using
the BCA protein assay kit (Bio-Rad, Hercules, CA, USA). Then, 50 ug of protein was
loaded into 12% SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA,
USA) by Semi-Dry Electrophoretic Transfer (Bio-Rad, Hercules, CA, USA). Membranes
were blocked with 5% BSA (RT, 1 h) followed by overnight incubation (4 °C) with specific
primary antibodies (Abcam, Cambridge, UK, Table S3). Secondary HRP-labelled antibodies
were added (1:500) and visualized using ECL Detection System (Santa Cruz Biotechnology,
Dallas, TA, USA).

2.8. RNA Extraction and RT-qPCR

RNA from cultured lysed cells was obtained with RNeasy Mini Kit (Qiagen, Hilden,
Germany). RNA was transcribed into cDNA with High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster City, CA, USA). Gene expression was assessed by
TagMan assays (Applied Biosystems, Foster City, CA, USA) (Table S4; see Supplementary
Materials).

2.9. Proliferation Assays

Proliferation assays were performed using CyQUANT NF Cell Proliferation Assay
Kit (Invitrogen), following manufacturer’s instructions.
2.10. Cell Culture

Human epidermal adult Keratinocytes (HEKa) were cultured in EpiLife serum-free
media with Human Keratinocyte Growth Supplement (Life Technologies, Carlsbad, CA,
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USA) and isolated PBMCs from healthy volunteers (Vacutainer CPT, BD Biosciences) in
RPMI medium (Life Technologies, Carlsbad, CA, USA; see Supplementary Materials).

2.11. Gene Silencing

Third passage cultured cells at 30-50% confluence were transfected with interferon
regulatory factor 4 (IRF4) or mechanistic target of rapamycin (mTOR) small interfering
RNA (siRNA, ThermoFisher) or a silencer negative control (ThermoFisher, AM4615) using
the lipofectamine CRISPRMAX Cas9 Reagent following the manufacturer’s instructions
(ThermoFisher, Waltham, MA, USA). After 24 h, cells were treated with TNF-« (10 ng/mL)
or U.V for 6 h and analyzed by gPCR-RT or immunofluorescence.

2.12. Co-Culture Experiments

Co-cultures were performed in modified 24-well plates with cell culture inserts (0.4-pum
pore; BD Biosciences, Franklin Lakes, NJ, USA). HEKa cells were cultured at the bottom
overnight. Isolated healthy donor PBMCs, stimulated with TNF-« for 6 h, were placed
in the upper part of the insert and treated with thalidomide (100 ng/mL). After 24 h, the
insert was removed, and HEKa cells were analyzed by immunofluorescence or RT-qPCR.

2.13. Statistical Analysis

Data are represented as mean = SEM. Comparison between groups and differential
gene expression was calculated with paired or unpaired t-tests as applicable using Prism
GraphPad (GraphPad Software, v7.0, San Diego, CA, USA). p values < 0.05 were considered
statistically significant. RT-qPCR analysis was calculated using Fold Change differences
with 2~ 44t method.

3. Results
3.1. Immunoregulatory Effects in CLE Peripheral Blood and Skin

Ten thalidomide-treated CLE patients were included (Table S1) (see Supplementary
Materials). Seven (70%) achieved clinical remission (CLASI = 0). Following treatment,
responder patients had a reduction in peripheral cytotoxic CD8+ T-cells (p = 0.044) and
an increase of iINK T-cells (p = 0.006) (Figure 1a). iNK T-cell related cytokines were not
different after treatment; however we observed a tendency to decrease granulate cytokines
(perforin A and granzyme B) in post-treatment samples (Figure S1). No significant changes
in CD4+ T percentages or in dendritic cells, B-cells, or T regs were observed. Analysis of
distinct Th subsets showed a skew towards a Th2 response (p = 0.018) (Figure 1b).

The immunohistochemical study results of the skin infiltrating cells mirrored the ones
observed in peripheral blood with a significant reduction in the number of CD8+ T-cells
(p = 0.013, Figure 1¢) and an increase in iNK T-cells post-thalidomide (p = 0.004, Figure 1d).

3.2. RNA-Sequencing with Therapeutic Performance Mapping System (TMPS) Analysis Revealed
Thalidomide’s Mechanisms in CLE

We first identified relevant proteins in CLE pathogenesis and thalidomide through
the analysis of published biological information that allowed us to establish the protein
network (Tables S5 and S6; Figures S2 and S3). To obtain further insight into the molecular
basis of CLE, we performed an RN A-seq. Comparative analysis of the skin RNA sequenc-
ing of thalidomide responder patients revealed 448 differentially expressed transcripts,
of which 339 were protein coding genes (11log2(FC)| > 1; Adj. p value <0.05, data avail-
able GSE162424). To construct the Thalidomide’s MoA, the RN A-seq data was used to
restrict the models (see Supplementary Materials). Finally, we identified twenty-seven
differential molecules of which 14 were CLE effectors (Table S7, Figure 2). In our model,
we found thalidomide to act by two CRL4“®EN_dependent mechanisms: (a) downregu-
lating IRF4 leading to an inhibition of the NF-&B signalling pathway; and (b) regulating
AMPK1/mTOR signalling pathway (Figure 2).
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Figure 1. Thalidomide ameliorates skin inflammation by decreasing CD8+ T cells, increasing iNK-Tcells and promoting a
Th2 response in CLE. (a) Flow cytometry percentages of T helper (CD3+CD4+), T cytotoxic cells (CD3+CD8+) and iNK Tcells
(CD3+6B11+) in PBMCs of responder patients (n = 7) before and after thalidomide treatment. (b) Post-thalidomide, CLE
patients had lower percentages of Th1l (CCR5+ CXCR3+) T cells and higher percentages of Th2 (CCR4+CCR3+). (c) Skin
immunohistochemistry to evaluate infiltrating CD4+ and CD8+ in skin biopsies of CLE. Graphs represent the average signal
intensity (1 = 3). (d) Immunofluorescence of post-treatment skin samples showed a significant increase of iNK Tcells (6B11+
cells). Scale bar = 200mm. * p < 0.05; ** p < 0.005; ** p < 0.0001.
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Figure 2. Proposed thalidomide mechanism of action in Cutaneous Lupus Erythematosus (CLE). On the one hand, in the
presence of thalidomide, CRL4“RBN complex ubiquitinates IKZF1/3 promoting downstream modulation of IRF4 and, on
the other hand, prevents the ubiquitination of AMPKal, increasing the expression of phosphorylated RPTOR which in turn
inhibits mTOR signaling. Therefore, thalidomide modulates IRF4 and AMPK/mTOR pathways and their downstream
effector molecules contributing to the resolution of inflammatory lesions in CLE.
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In order to confirm the proposed mechanism models, we further investigated the effect
of thalidomide in the CRLA“REN_IKZF1/3 and AMPKI1 interaction. It is well-known that
in the presence of thalidomide, IKZF1 /3 acts as a substrate for the CRLA“REN complex, and
both Ikaros (IKZF1) and Aiolos (IKZF3) are ubiquitinated and targeted for degradation by
the ubiquitin-proteasome system [38]; however, the effect of thalidomide in the CRL4“REN..
AMPKT1 interaction is not well known. Our in vitro studies showed that in the presence
of thalidomide, there was a significant reduction of the ubiquitin-dependent proteasomal
degradation of AMPKal, the catalytic subunit of the 5’-prime-AMP-act-ivated protein
kinase (AMPK) (Figure 3a).

Next, we further study the effect of thalidomide treatment in the two signalling path-
ways by measuring the identified key molecules at a protein level in the skin biopsies of
CLE patients. Inmunofluorescence in post-thalidomide skin biopsies showed a decrease
expression of CRBN (p = 0.012 epidermis; p = 0.008 dermis), IRF4 (p = 0.0031 dermis), and
NF-xB (p < 0.001 epidermis; p = 0.001 dermis), whereas mTOR expression was reduced
primarily in the epidermal keratinocytes (p < 0.001, Figure 3b). Following thalidomide treat-
ment, there was an increase of AMPKal (p <0.001) and phosphorylated RPTOR (p < 0.001)
protein expression levels in the epidermis (Figure 3b). Results were confirmed also by
western blot (Figure 54).
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Figure 3. Protein levels of key target molecules identified in the analysis of the thalidomide mechanism of action. (a) In vitro
ubiquitination of AMPKal by the CRLA“RBN showed a reduction of the AMPKal ubiquitination in the presence of
thalidomide. (b) Immunofluorescence of CLE lesional skin of paired patients showed a downregulation of CRBN (red),
IRF4, NF-kB, mTOR (green) and upregulation of AMPK1la (red) and phosphorylated RPTOR (Phospho-Rptor, green) after
thalidomide treatment. Counterstaining of nuclei is shown in blue. Average intensity fluorescence score evaluated by
blinded expert pathologists in the epidermis and the dermis of the CLE skin sections (11 = 5). Scale bar = 200mm. * p < (0.05;
“p < 0.005; ** p < 0.001.
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3.3. Thalidomide Modulates PBMCs via the IRF4/NF-«B Signalling Pathway

Our immunofluorescence findings indicate that thalidomide may modulate the IRF4
pathway in the dermal inflammatory infiltrates. We performed in vitro experiments
with stimulated PBMCs treated with thalidomide that showed a significant reduction
of IRF4 (p < 0.01) and NF-«B (p < 0.01) expression but no changes were observed in mTOR
(Figures 4a and S5). Gene expression analysis of final effector molecules showed a signifi-
cant reduction of NF-xB-related cytokines (IL-18, IL-8 and TNFa (9.09, 5.25 and 33.3-fold
decrease, respectively) and CCL3 (6.25-fold decrease). The analysis of the T helper subsets
showed an increase of the Th2/Th1 ratio (GATA3/T-bet) (1.26 and 1.63-fold increase, re-
spectively) with a significant reduction of II-2 levels (1.45-fold decrease, Figure 4b). No
significant changes were found in PBMCs proliferation and autophagy (Figures S6 and S7).
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Figure 4. Thalidomide modulates the IRF4/NF-xB pathway in PBMCs. (a) Inmunofluorescence of NF-xB and IRF4 protein
levels (green staining) in PBMCs treated with thalidomide (Th) or with PBS + 1%DMSO (control conditions). Dapi was
used to stain nuclei of cells (blue). (b) RT-qPCR of NF-xB inflammatory effectors CXCL3, TNF«, IL-8, IL-1$ and IL2 was
performed in PBMCs treated with or without thalidomide. Ratio T helper 2 vs. 1 was evaluated via gene expression
of their transcription factors. (c) IRF4-silenced PBMCs were stained in order to evaluate NF-kB and IRF4 protein levels
(green). Control condition was performed using a non-targeting siRNA. (d) Gene expression in IRF4-silenced PBMCs were
determined by RT-qPCR. Fold change was calculated over control conditions. GADPH was used as endogenous control.

Scale bar =50 pm. *p < 0.05, ** p < 0.005, *** p <0.001.

To demonstrate that the thalidomide anti-inflammatory effect in PBMCs is dependent
on IRF4 modulation, we silenced IRF4. We showed that IRF4 silencing induced similar
results to the ones observed in thalidomide-treated cells with a reduction of NF-kB protein
levels (p < 0.01) and a downregulation of IL-18, IL-8, TNFx (1.87, 2.89 and 11.04-fold
decrease, respectively) and CCL3 expression levels (1.27-fold decrease, Figure 4b). silRF4
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PBMCs showed also a shift of the Th1l/Th2 balance with an increase of the Th2/Th1 ratio
and a significant reduction of IL-2 levels.

3.4. Thalidomide Modulates the AMPK1/mTOR-NF-«B Signalling Pathway in Keratinocytes

mTOR epidermal expression in pre-treated samples led us to study thalidomide’s
effect on keratinocytes through this signalling pathway. First, we demonstrated at a tissue
level the effect of thalidomide in AMPK. Keratinocyte cell-based ubiquitination was per-
formed in the presence or absence of thalidomide. A significant increase of AMPKal protein
levels were observed in thalidomide-treated keratinocytes in comparison to control con-
ditions (p <0.001, Figure 5a). Simultaneously, a significant reduction of ubiquitin-protein
conjugates were observed suggesting that ubiquitination of AMPKal is more pronounced
in the absence of thalidomide (p = 0.0201, Figure 5a). This observation was also con-
firmed by western blot (Figure 58). mTOR expression levels decreased in UVB-stimulated
keratinocytes following thalidomide (p = 0.009, Figure 5b). Conversely, upregulation of
AMPIKal and phosphorylated RPTOR expression levels were observed (p = 0.036 and
p =0.003, respectively, Figure 5b). The gene expression analysis of downstream mTOR-
dependent cytokines (IL-10, TGFf and INF«) in thalidomide-treated keratinocytes only
showed a significant reduction of TGFf (6.69-fold decrease, Figure 5¢). Keratinocyte prolif-
eration, apoptosis and autophagy after thalidomide were analysed and no changes were
observed (Figures S9 and S10).
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Figure 5. Thalidomide modulates the AMPKal /mTOR in keratinocytes. (a) In vivo ubiquitination was performed in
keratinocytes treated or non-treated with thalidomide. Immunofluorescence of AMPKal (red) or ubiquitin-proteins
conjugates (green) revealed that in the presence of thalidomide AMPKal was not degraded. Scale bar =50 pum. * p < 0.05,
#* 1 <0.0005. (b) Protein levels of AMPKal (red), mTOR and phosphorylated RPTOR (Phospho-RPTOR, green) were
measured using immunofluorescence in keratinocytes treated with thalidomide (Th) or with PBS+1%DMSO (control
conditions). Nuclei of cells were marked with dapi (blue stainning). Scale bar =50 pm. * p < 0.05, ** p < 0.005. (¢) RT-qPCR
of mTOR inflammatory effectors TGFf3, IL-10, INF was performed in UVB-treated keratinocytes in the presence or not of
thalidomide. Fold changes were calculated over control. * p < (.05.
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We also studied the ability of thalidomide to modulate NF-xB in keratinocytes, since
epidermal NF-«B levels were significantly reduced in skin biopsies following thalidomide
treatment. The treatment of these cells with thalidomide reduced significantly the NF-xB
protein levels (p = 0.005, Figure 6a). Furthermore, gene expression analysis of NF-xB-
dependent cytokines (TNFa, IL8, IL1B, IL6, CXCL1 and MMP9) showed a reduction of IL-18
(5-fold decrease), TNFx (6.71-fold decrease) and CXCL1 (2.67-fold decrease) (Figure 6b).
This NF-xB reduction was also observed in keratinocytes when mTOR was silenced, along
with an increase of AMPKal protein levels (p < 0.05) (Figure 6c). Downregulation of TGFS
(1.92-fold decrease), [L-15 (19.88-fold decrease), TNFx (3.70-fold decrease) and CXCL1
(4.29-fold decrease) gene expression levels were also observed (Figure 6d).
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Figure 6. Thalidomide effect in keratinocytes is dependent on mTOR. (a) Immunofluorescence showed a reduction of
NF-kB protein levels in keratinocytes in the presence of thalidomide (green staining). Scale bar = 50 pm. ** p < 0.005. (b) A
reduction of NF-kB-related cytokine gene expression was confirmed by RT-qPCR analysis. Fold change was calculated over
control conditions. GADPH was used as endogenous control. * p < 0.05, ** p < 0.005. All the experiments were performed in
triplicate (¢) AMPKla and NF-xB protein levels were measured by immunofluorescence in silenced mTOR keratinocytes
and control keratinocytes (non-specific silenced gene). Scale bar = 50 pum. * p < 0.05, *** p < 0.0005. (d) Gene expression
of related cytokines were measured by RT-qPCR analysis in silenced mTOR keratinocytes (simTOR). Fold change was
calculated over non-silenced mTOR keratinocytes (control conditions). * p < 0.05, ** p < 0.005.

Silencing IRF4 in keratinocytes had no effect in NF-xB protein levels (Figure S11), rein-
forcing the evidence of a crosstalk between NF-xB- and AMPK/mTOR-signaling pathway.

3.5. Thalidomide-Treated PBMCs Downregulate Keratinocyte mTOR Signalling Pathway

As the interaction between epithelial cells and the immune system is tightly regu-
lated, we performed cross-talking in vitro functional studies between thalidomide-treated
PBMCs and keratinocytes (Figure 7a). Thalidomide-treated PBMCs co-cultured with ker-
atinocytes produced a significant downregulation of keratinocyte mTOR protein levels
and an increase of the inhibitor AMPKal and phosphorylated mTOR (Figure 7b). Analysis
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of gene expression levels showed the reduction of MTOR (6.6-fold decrease), an increase
of AMPKal (2.20-fold increase), a decrease of NFKB1 (2.94-fold decrease) and related
cytokines (TGF(, IL1s and TNF«x) (Figure 7c). Cross-talking studies using IRF4-silenced
PBMCs also showed the same effect in mTOR and phosphorylated mTOR protein levels
(Figure 7d). Gene expression levels of MTOR, NFKB1, TGFf, TNFx (4.24, 3.84, 2.36 and
9.13-fold decrease, respectively) and AMPKal (2.58-fold increase, Figure 7e).
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Figure 7. In vitro

co-culture of PBMCs and keratinocytes revealed a predominance of IRF4-thalidomide effect. (a) PBMCs

were stimulated with TNFx and treated or non-treated with thalidomide (Th) and co-cultured with keratinocytes. After

24 h of co-culture, keratinocytes were analysed by immunofluorescence and gene expression assays. A similar experiment

was performed using non-silenced or IRF4-silenced PBMCs (siIRF4). (b) mTOR protein levels (green) were significantly
decreased in the presence of Th-treated PBMCs, whereas AMPKal (red) and phosphorylated RPTOR (green) were increased
after thalidomide treatment. (c) Keratinocyte gene expression levels of the mTOR-related molecules and inflammatory

effectors were m
silenced PBMCs.
molecules and in

casured by RT-qPCR. (d) mTOR protein levels in keratinocytes also decreased in the presence of IRF4-
Phosphorylated-RPTOR increased in keratinocytes after PBMCs were IRF4 silenced (e) mTOR related
flammatory effectors were measured by RT-qPCR in keratinocytes after co-cultured with non-silenced or

[RF4-silenced PBMCs. Scale bar = 50 pm. * p < 0.05, ** p < 0.005, *** p < 0.001.
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4. Discussion

Our study examined thalidomide’s immunomodulatory mechanism in cutaneous
lupus. CLE has a distinctive T-cell signature with an imbalance towards a Thl response [39]
and CD8+ T-cell predominance in early inflammatory stages [40]. Thalidomide induced a
reduction of cytotoxic CD8+ T-cells and increased the number of iNKT cells both circulating
and in tissue. Activated cytotoxic lymphocytes (CILs), like cytotoxic CD8+ T-cells, con-
tribute to basal keratinocyte damage and inflammatory infiltration in CLE, especially at the
dermo-epidermal junction, and correlate with [FN-o expression and damage extension [41].
iNKT cells are a subset of unconventional T-cells which recognise the MHC class I-like
CD1d protein with the expression of an invariant TCR chain (Va24-Jx18) paired with a
V11 chain [42]. Lupus patients, especially those with severe cutaneous involvement, have
anumerical and functional reduction of circulating iNKT cells, but enrichment has been
described in lesional skin. In line with previous IMiDs studies [43], during lesion resolution,
we found an increment in both tissue and circulating iNKT cells after thalidomide. The
exact role of these cells is not completely understood since they are functionally versatile
and may mediate both pathogenic and regulatory immune functions. Whereas, on the one
hand, iNKT cells participate in the pathogenesis of several skin inflammatory disorders
producing interferon gamma and 1L-4 [44], we did not find a difference in their related
cytokines. On the other hand, iNKT has been described as potent downregulators of CD8+
cytotoxic T cells [45]; they are implicated in skin would healing [46,47] and they alleviate
lupus dermatitis in an MRL-lpr/lpr model [48]. Modulation of the different Th subsets
by IMiDs has also generated opposing data [49-51]. In our study, thalidomide induced a
Th2 response both in vivo and in vitro. Some Th2 responses are related to the expression
of wound healing genes and growth factors involved in tissue regeneration [52], so Th2
enhancement may contribute to skin repair.

To further investigate the thalidomide MoA, we combined machine learning ap-
proaches with CLE RNA-sequencing data to obtain a novel predictive model. We showed
that thalidomide modulates CLE by targeting two CRL4“REN_dependent pathways, down-
regulating IRF4 via IKZF1/3 and mTOR through regulation of AMPK1 activity. The study
confirmed previous reports describing CRBN as the primary target of thalidomide [15,53]
and its expression decreased following treatment both in the dermal inflammatory infil-
trates and epidermis. CRBN functions as a substrate receptor for the cullin-4-containing E3
ubiquitin ligase complex CUL4-RBX1-DDB1 (CRL4A) and is responsible for the recruit-
ment of substrates for degradation by the ubiquitin-proteasome pathway. IMiDs bind to
CRBN and alter the substrate specificity of CRL4“®BN blocking the degradation of proteins
involved in angiogenesis, tumoral activity and inflammation [54,55] but also inducing
teratogenicity [56].

As in other inflammatory skin conditions like psoriasis vulgaris, acne, atopic dermati-
tis, and hidradenitis suppurative [57,58], we found in active lesions of CLE an increased
expression of IRF4 in the dermis and mTOR in the epidermis. Following thalidomide
there was a reduction in these expression levels. Further in vitro experiments confirmed
the effect of thalidomide through the two different signalling pathways according to the
skin cell type. Thalidomide reduced IRF4 signalling in lymphocytes whereas the effect on
mTOR was observed in keratinocytes.

IRF4 is a member of the IRF family of transcription factors, expressed in immune cells
relevant in the IFN signature [59]. IRF4 is required for proper maturation and differentia-
tion of immune cells [60]. IRF4 dysregulation has been described in theumatoid arthritis
and SLE and it is associated with initiation and disease progression [61]. [MiDs can induce
CRLAREN. dependent degradation of the Ikaros family zinc finger protein-1 (IKZF1, Ikaros)
and 3 (IKZF3, Aiolos), two transcription factors involved in lymphoid development and
differentiation and highly expressed in B cell malignancies, leading to an inhibition of IRF4
expression at transcriptional level [38,62,63]. We showed that thalidomide modulates the
IRF4/NF-«B signalling pathway in PMBCs and contributes to the resolution of inflamma-
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tion by reducing the expression of NF-xB and its dependent cytokines and chemokines
IL-14, IL-8, TNFax and CCL3.

AMP-activated protein kinase (AMPK) has also been identified as a CRBN-binding
protein [64]. AMPK is an important intracellular energy sensor and is activated by phospho-
rylation of threonine at position 172 (Thr 172) of the & subunit. CRLA“REN down-regulates
the total quantity of the AMPK « subunit by polyubiquitination. Previous reports have
shown that thalidomide markedly stimulates the activation of AMPK [63,64] and reduces
AMPK «a polyubiquitination [65-67]. Accordingly, we demonstrated that thalidomide
reduced the AMPK o ubiquitination in a CRBN-dependent manner and increased its
expression. Consequently, we observed an increase of RPTOR phosphorylation and a
reduction of mTOR signalling. mTOR is a serine threonine kinase crucial in skin home-
ostasis and morphogenesis, especially in the regulation of keratinocyte differentiation
and epidermal stratification [68]. There are two biochemically distinct mTOR complexes,
mTORC1 and mTORC2. The activity of mTORCI1 is suppressed by AMPK by directly
phosphorylating at least two regulator proteins, tuberous sclerosis 2 (TSC2) and RPTOR.
In vitro studies showed that treatment with thalidomide or simTOR significantly reduced
keratinocyte-derived cytokines TGFf3, IL-1(3, TNFa and CXCL1 (Figure 8a) contributing to
the resolution of inflammation. In addition, we showed that the specific inhibition of mTOR
decreased NF-kB expression in keratinocytes. The existence of a crosstalk between mTOR
and NF-«kB has been described in other cellular types [69]. Not only have we described a
crosstalk between mTOR and NF-«B in keratinocytes, but we have also shown the ability
of thalidomide-treated PBMCs to reduce the expression of mTOR and related cytokines in
co-culture studies.

Our previous work in DLE [70] and this study confirm the relevance of NF-xB in CLE.
NF-xB was the common target molecule in which thalidomide acted through different
signalling pathways in their respective skin cells [71]. NF-kB is a key player in the control
of both innate and adaptive immunity. NF-kB activity is essential for lymphocyte survival,
activation, and mounting normal immune responses. Constitutive activation of the NF-
kB pathway is often associated with inflammatory diseases like rheumatoid arthritis,
inflammatory bowel disease, multiple sclerosis, and asthma [72]. Activation of NF-xB in
keratinocytes has been reported in psoriasis lesions resulting in the production of multiple
inflammatory molecules that initiate and sustain the inflammatory process [73-76]. In
addition, it has been demonstrated that topical application of an NF-kB inhibitor improved
atopic dermatitis in NC/NgaTnd mice [77]. Together, these data support the further study
of NF-kB as novel a therapeutic target [78]. While global inhibition may result in profound
side effects by selectively targeting specific NF-xB subunits or signalling components
relevant to a particular disease, toxicity can be minimized.
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Figure 8. Thalidomide as alternative therapy in CLE. (a) Thalidomide binds CRBN in the cullin4
E3 ubiquitin ligase complex (CRIACRBN) and promotes: A downregulation of mTOR protein, by
reducing the AMPK ubiquitination and increasing the RPTOR phosphorylation that downregulated
NF-xB and its related cytokines in keratinocytes. Also promoted is a reduction of IRF4 expression in
lymphocytes that decreases the expression of NF-xB and related cytokines. In addition, thalidomide
enhances tissue reparation promoting Th2 responses, iNK T cells and lower prevalence of CDS8+ T
cells. (b) Alternative therapeutic drugs targeting NF-kB signalling may avoid its important side
effects and maintain its anti-inflammatory properties.

5. Conclusions

Taken together, we demonstrated that thalidomide’s immunomodulatory anti-
inflammatory effect in CLE comprises several mechanisms that include a reduction of
predominantly CD8+T cells, and a switch from Thl to Th2 response. Furthermore, thalido-
mide reduced NF-xB related inflammatory cytokines and chemokines via the modulation
of IRF4- and AMPK/mTOR-signalling pathways. Targeting the function of these key
molecules may be an alternative to thalidomide for the treatment of CLE (Figure 8b).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/biomedicines9121857 /s1, Figure S1: PBMCs from patients were extracted pre and post-
thalidomide (1 = 5), Figure S2: Topological analysis represents the relationships between proteins
in the mechanism of action over cereblon modulation, Figure S3: Topological analysis represents
the relationships between proteins in the mechanims of action over IRF4, Figure $4: Western blot of
lysates from paired skin biopsies, Figure S5: Immunofluorescence of mTOR in thalidomide-treated
or non-treated PBMCs, Figure S6: Proliferation in healthy PBMCs after thalidomide treatement,
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Figure S7: Immunofluorescence in thalidomide-treated or non-treated PBMCs to monitoring au-
tophagy, Figure S8: Western blot of cell based ubiquitination assay in keratinacytes terated or non-
treated with thalidomide, Figure S9: Profiferation and apoptosis of human epidermal keratinocytes
after thalidomide addition, Figure S10: Immunofluorescence in thalidomide-treated or non-treated
keratinocytes to monitoring autophagy, Figure 511: Immunofluorescence of NF-kB in cul tured ker-
atinocytes with thalidomide or silenced [RF4, Table S1: Clinical and laboratory characteristics of the
study subjects, Table 52: Conjugated antibodies used in flow cytometry analysis, Table S3: Antibodies
used in immunofluorescence, immunohistochemistry and western blot analysis, Table S4: Primer 1Ds
used in Tagman RT-gPCR from Applied Biosystems, Table S5: Characterization of cutaneous lupus
erythematosus (CLE) includes 206 proteins distributed in the named motives, Table S6: Detail of the
targets identified for thalidomide and the use of the targets in the different project steps, Table S7:
MoA included 27 proteins with 14 proteins related directly with CLE.
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1. SI Materials and Methods
Patients’ clinical characteristics and samples

A total of 10 patients were included in the study. Demographic characteristics are
shown in Table S1. At the time of skin biopsy, disease activity and degree of scarring was
assessed by the validated modified CLE Disease Area and Severity Index (CLASI)
(Albrecht et al., 2005) Patient’s inclusion criteria included: age > 18 years old, the
presence of skin lesional area bigger than 3cm, a validated CLE Disease Area and
Severity Index (CLASI) greater than 4 and no previous treatment with
immunosuppressants for 21 month or topical corticoids for at least >2 weeks. The study
was approved by the Local Vall d’Hebrdn Ethics Committee and informed consent was
obtained from all subjects before the study.

At inclusion all patients received oral thalidomide (100 mg/day) at night for 4 weeks. A
six-millimetre punch biopsy was taken from lesional skin from CLE untreated patients
and another six-millimetre punch biopsy was taken from paired patient’s post-
thalidomide treatment. The skin punch was divided into three sections: the first
section was used for RNA-sequencing experiments, the second was immediately
frozen in liquid nitrogen in OCT compound for immunofluorescence studies and the
third was fixed in 5% formalin and paraffin-embedded in order to perform
immunohistochemistry techniques.

RNA library construction and sequencing
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Total RNA from skin biopsies was obtained using RNeasy Mini Kit (Qiagen, Hilden,
Germany) and ribosomal RNA was removed using Epicentre’s Ribo-Zero rRNA Removal
kit (lllumina, San Diego, USA). RNA integrity was evaluated using Bioanalyzer 2100
obtaining values 28.5 (Agilent Technologies, Santa Clara, CA, USA). Samples were
converted to cDNA and subsequently subjected to fragmentation, linker adapter
ligation and amplification using TruSeq library generation kits (lllumina, San Diego,
USA) according to manufacturer’s instructions. The constructed libraries were
amplified using 8 cycles of PCR. The resulting libraries were subjected to lllumina Hiseq
2000 sequencing platform version 3 producing 2x75 bp run with >65 M reads (lllumina,
San Diego, USA).

Image analysis, sequencing quality evaluation, and data production summarisation
were performed using the lllumina/Solexa pipeline (lllumina, San Diego, USA).
Sequences were analyzed for quality control (FASTQC) and aligned to the Human
genome (GRCh38) using STAR program (version 2.5.2a) (Wingett et al., 2018; Dobin et
al.,, 2013), RSEM program (version 1.2.28) (Li et al., 2011) was used to determine
transcript assembly, and the abundance and expression levels were determined based
on the fragments per kb per million (FPKM) values, a way of normalizing read counts
by calculating the number of reads mapped to each transcript divided by its length and
the total number of mapped reads in the sample. To find differentially expressed
genes and transcripts, the logarithmic ratios of FPKMs were calculated by pairwise
comparisons of the expression between pre- and post-skin thalidomide samples with
tests for significant differences using DESeq2 (Love et al., 2014). To obtain high-quality
DEGs, we set the threshold for the false-discovery rate at < 0.05 and for fold change at
>20r<05 (]log2FC| > 1) inthe comparison analysis.

TPMS technology [31]

The Therapeutic Performance Mapping System (TPMS) is a tool that creates
mathematical models of a drug/pathology protein pathways to explain a clinical
outcome or phenotype (Anaxomics Biotech, Barcelona, Spain). These mathematical
models find mechanism of action (MoAs) that explain how a Stimulus (i.e. proteins
activated or inhibited by a drug) produces a Responise (i.e. proteins active or inhibited
in a phenotype). The detailed steps are explained below:

1. Molecular characterization of CLE disease and thalidomide

To apply the TPMS approach and create the mathematical models of MoAs, a
characterization of CLE disease and thalidomide is needed. We manually curated a list
of proteins and motives relevant for cutaneous lupus erythematosus (CLE)
pathogenesis and targets for thalidomide’s mechanism of action (Supplemental Table
5 and 6). Manual curation was performed through an extensive and careful review of
full-length articles in the PubMed database, Drug Bank, Stitch and Supertarget
(Knehisa et al., 2014; Gilson et al., 2016; Chatr-Aryamontri et al., 2017; Croft et al.,
2014). The search was expanded using the “related articles” function and article
reference list. For CLE characterization, we included 206 proteins. For thalidomide
molecular drug characterization, eight main molecules have been identified (CRBN,
IKZF1, IKZF3, IRF4, MEIS2, ORM1, ORM2, FGF2) and 36 proteins were related to them.



2. Generation of mathematical models

We generated a biological map between CLE proteins and thalidomide targets using
public information about protein-to-protein interactions, physical interactions and
modulations, signaling, metabolic relationships and gene expression regulation that
are founded in: KEGG, Binding Database, BioGRID and REACTOME (Jorba et al., 2020;
Wishart et al., 2008; Szklarzyk et al., 2016; Hecker et al., 2012).

The algorithm of TPMS for generating the mathematical models is similar to a
Multilayer Perceptron of an Artificial Neural Network over the biological map (where
neurons are the proteins, and the edges of the network are used to transfer the
information). It takes as input signals the activation (+1) and inactivation (-1) of the
drug target proteins and as output proteins implicated in CLE pathogenesis.

The models have to be able to weigh the relative value of each protein (node) relation.
Since the number of links is very high, the number of parameters to solve also
increases exponentially. Anaxomics applied Artificial Intelligence (Al) technologies for
modelling complex network behaviors, including graph theory and statistical pattern
recognition technologies; genetic algorithms; artificial neural networks; dimensionality
reduction technigues; and stochastic methods like Simulated Annealing, Monte Carlo
among others (Anaxomics Biotech, Barcelona, Spain).

3. Molecular mechanism construction

Then a collection of restrictions, defined as the true set of edges and nodes with the
property of being active or inactive, are used for validating the mathematical models
obtained with TPMS (Truth table). Two type of restrictions are used: 1) information
found in microarray database (GEO, PHOSIDA, 2D gel database, BED) and drug
database (DrugBank); 2) data obtained from our RNA-seq analysis using skin biopsies
of CLE patient’s pre and post-thalidomide treatment

As the number of restrictions is always smaller than the number of parameters
required by the algorithm, any process modelled by TPMS has a “population” of
different solutions, which is set around 10°-10° since this interval is estimated to
faithfully portray nature. From this set of solutions, only the best ones (showing
acceptable accuracy values for the Truth Table) are used to construct a “global” or
“average” molecular mechanism, which represents the most probable molecular
mechanism according to the current biological knowledge. In the present work, two
MoAs were detected as the best: molecular response to thalidomide downstream 1)
its main target (Cereblon) and 2) indirect modulation of IRF4 activity. The graphical
representation of the interactions between the proteins in the two best MoAs are
showed in Figure S3 and 54, respectively.

Evaluation of immunohistochemistry and immunofluorescence skin sections
Immunohistochemistry and immunofluorescence results were evaluated on blinded

specimens by two independent dermatopathologists from the Vall d’Hebron pathology
unit. Positive cells per millimetre were quantified using computer-assisted image
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analysis software (Image) 1.42, National Institutes of Health, Bethesda, MD, USA). The
staining of the epidermis, dermis and inflammatory infiltrate was evaluated semi-
quantitatively using the following blinded score: 0 (<10% positive cells), 0.5 (10-20%
positive cells), 1 (20-40% positive cells), 1.5 (40-60% positive cells), 2 (60-80% positive
cells), 2.5 (80-90% positive cells) or 3 (>90% positive cells).

PBMCs isolation

Blood from CLE patients before and after thalidomide treatment and healthy controls
was collected directly into mononuclear cell preparation tubes with sodium citrate
(Vacutainer CPT, BD Biosciences). Tubes were centrifuged at 3000 rpm for 30 minutes
at room temperature (RT). After that, the layer containing peripheral blood
mononuclear cells was clearly visible and collected using a pipette. Cells were washed
twice with PBS and resuspended in complete RPMI media (RPMI, 10% FBS, 10%
Pen/Strep, 2 mM/L-Glutamine) (Gibco, Life Technologies).

Immunofluorescence on primary cells

Cells were seeded in sterile glass coverslips in 24 well-plates and incubated overnight
at 37°C for adherence. After thalidomide/siRNA treatments and stimulation 25
mJ/cm2 (Bio- Link Crossliner BLX 312; Vilber Lourmat, Germany) in case of
Keratinocytes or 10 ng/mL TNFa (Life Technologies) for PBMCs, cells were washed with
PBS and then fixed for 15 minutes in 4% PFA followed by permeabilization with 0.1%
TritonX-100 for 10 minutes. Blocking solution (BSA 5%) was added for 1 hour at RT and
primary antibodies were incubated overnight at 4°C and secondary antibodies were
added for 2h at RT (Table S3). DAPI was used to visualize the nucleus. Images were
captured using Olympus BX61 microscope.

RNA extraction

Skin biopsies were homogenized by politron and RNA was purified using miRVANA
miRNA Isolation Kit (Applied Biosystems) following manufacturer’s instructions. Total
RNA from cultured cells was extracted after cell lysis with RNeasy Mini Kit (Qiagen).
The yield and the quality of RNA from cell cultures were assessed by measuring its
absorbance at 260nm and 280nm with Nanodrop. Ratios of A260/A280 between 1.8
and 2.1 were considered acceptable to use the RNA for the subsequent experiments.

RT-qPCR

Once RNA was obtained, 1ug of total RNA was reverse-transcribed into cDNA using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with the thermal
cycler program: 25°C for 10min, 37°C for 120 min and 852C for 5min. Gene expression
was assessed by TagMan gene expression assays (FAM dye-labeled MGB probe,
Applied Biosystems). Using 96 well plates or 384 well plates in the ABI PRISM 7000 or
ABI PRISM 7900 thermocyclers respectively at 50°C for 2 min, 952C for 10min,
followed by 40 cycles of 952C for 15s and 602C for 1 min. Obtained data was
normalized based on the expression of the endogenous control gene GAPDH
(Hs02786624 g1).



Protein extraction and quantification

Protein was extracted from skin tissue following the instructions of PARIS kit (Thermo
Fisher, Waltham, MA, USA). The skin was homogenized with the lysis buffer and
samples were centrifuged at 12000 rpm at 42°C for 3 minutes. The supernatant was
collected, and 200 mL of chloroform was added. After 5 minutes on ice, samples were
centrifuged 12000 rpm at 42C for 15 min. Then, the organic phase was collected, and
isopropanol was added for 10 min at room temperature for protein precipitation. After
centrifugation at 12000 rpm for 4°C, 0.3 M of guanidine hydrochloride solution was
added and centrifuged at 12000 rpm at 42C twice. Supernatant was discarded and the
protein pellet was washed with ethanol and dried for 5-10 minutes. Finally, 1% SDS
solution was added to dissolve the protein by repeated pipetting. The protein
concentration was determined using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA,
USA) according to the manufacturer’s instructions.

Apoptosis and Proliferation Assays

Cells were plated in 24-well plates, stimulated with 25 mJ/cmz2 in case of Keratinocytes
or 10 ng/mL TNFa (Life Technologies) for PBMCs and thalidomide was added for 24h.
Then, they were stained with Dead Cell Apoptosis Kit with Annexin V APC and SYTOX™
Green (Thermofisher) and measured by flow cytometry. For proliferation assays, cells
were plated in 96-well plates, stimulated and thalidomide was added. After 24h,
CyQUANT NF Cell Proliferation Assay Kit (Invitrogen) was used following
manufacturer’s instructions. Relative changes were calculated using “Non-Thalidomide
treated cells” as control.

2. Supplementary Figures

Figure S1. PBMCs from patients were extracted pre and post-thalidomide (N=5). We
obtained their RNA and we analyzed gene expression of CD8 Tcells (PRF1 and GRNZB)
and iNKT (IL4 and INFG) related proteins by RT-gPCR. Relative expression were
obtained using 27**“*method and GADPH as endogenous control. No significant
differences were obtained but we observed a tendency in perforin A (PRF1, p=0.0674)
and granzyme B (GRNZB, p=0.068).
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Figure S2. Topological analysis represents the relationships between proteins in the

mechanism of action over cereblon modulation with the proteins identified as
differential in RNA-seq analysis.

\ f Legend \

o - Red nodes are proteins involved in the MoA

[sneve / \\\- - Blue nodes are prcteins found in at least one

expression experiment

- Purple nodes are proteins found in the MoA and
at least one experiment

- Square nodes are proteins found differential pre
vs post treatment

Nades with thick green border are CLE effectoy
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Figure S3. Topological analysis represents the relationships between proteins in the
mechanism of action over IRF4 (cereblon-modulated protein) with the proteins
identified as differential in RNA-seq analysis.
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Figure S4. Western Blot of lysates from paired skin biopsies of Post-thalidomide and
Pre-thalidomide treated patients for mTOR, NF-kB, CRBN and IRF4 (N= 3). B-actin was
used as a control to normalize the levels of protein detected. Graphs show values in
normalized band intensities between paired samples. * p<0.05 and ** p<0.005.
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Figure S5. Immunofluorescence of mTOR in thalidomide-treated (Th) or non-treated
(control) PBMCs. Nuclei was stained with DAPI (blue) and mTOR has green staining.
Before treatment, PBMCs were stimulated with TNFa. No significant differences were
observed between conditions (NS).
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Figure S6. Proliferation in healthy PBMCs after thalidomide treatment. PBMICs were
stimulated with TNFa overnight and treated with thalidomide (Th) or with sterile PBS,
non-treated condition (Non-Th). After 6 hours, proliferation was quantified, and fold
change was calculated over Non-Th condition. No significant differences were

observed between conditions (NS).
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Figure S7. Immunofluorescence in thalidomide-treated (Th) or non-treated (control)
PBMCs to monitoring autophagy. Nuclei was stained with DAPI (blue) and LC3 protein
has green staining. Before treatment, PBMCs were stimulated with TNFa. No
significant differences were observed between conditions (NS).
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Figure S8. Western blot of cell based ubiquitination assay in keratinocytes treated or
non-treated with thalidomide (Th). Results showed that AMPKal is ubiquinated in in
absence of thalidomide and consequently AMPKal levels are decreased in comparison
with thalidomide treated cells.

Figure S9. Proliferation and Apoptosis of Human epidermal keratinocytes after
thalidomide addition. For proliferation and apoptosis measurement, cells were
exposed to 25 mJ/cm? UVB and thalidomide was added for 24h (Th). For non-treated
thalidomide cells (Non-Th), sterile PBS was added after 24 hours post-UVB stimulation.
Fold change was calculated over Non-Th condition.
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Figure 510. Immunofluorescence in thalidomide-treated (Th) or non-treated (control)
keratinocytes to monitoring autophagy. Nuclei was stained with DAPI (blue) and LC3
protein has green staining. Before treatment, keratinocytes were stimulated with UV.
No significant differences were observed between conditions (NS).
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Figure S11. Immunofluorescence of NF-kB (green) in cultured keratinocytes with
thalidomide or silenced IRF4. Counterstaining of nuclei is shown with DAPI in blue. No
significant differences were observed between conditions (NS).
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1. Supplementary Tables

Table S1. Clinical and laboratory characteristics of the study subjects.

CLE
(n=10)

AGE, mean (SD), yrs 44 (10.3)
Female, n (%) 10 (100%)
Photosensitivity, n (%) 3 (30%)
Smoking, (%) 4 (40%)
Type of CLE

DLE 8 (80%)

SCLE 2 (20%)
CLAS| ACTIVITY, mean (SD) 11.042 5
CLAS| DAMAGE, mean (SD) 4.31+1.45
Systemic Lupus Erythematosus 4 (40%)
Clinical response to Thalidomide (4 weeks)

Complete response (CLASI=0) 7 (70%)
ANA antibodies positive, n (%) 8 (80%)
Anti-SSA/Ro antibodies positive, n (%) 1 (10%)

Values are number of patients and between brackets the percent of total number
patients. The other values are meanst SD. CLASI: Cutaneous Lupus Erythematosus
Disease Area and Severity Index; CLE: cutaneous lupus erythematosus; DLE: discoid
lupus erythematosus; SCLE: subacute cutaneous lupus erythematosus; ANA:
Antinuclear Antibodies.

16



Table S2. Conjugated antibodies used in Flow Cytometry analysis.

B cell subsets Supplier Code
CD19 BD Biosciences 345788
CD27 BD Biosciences 558664
CD38 BD Biosciences 555460
| IgD ' BD Biosciences ' 555779
T cell subsets Supplier Code
Thelper subsets
CD3 BD Biosciences 340662
CD4 BD Biosciences 561842
CD8 BD Biosciences 555369
CCR3 BD Biosciences
561745
CCR4 BD Biosciences 744140
CCR5 BD Biosciences 560932
CCR6 » BD Biosciences 564479
CXCR3 BD Biosciences 740183
CD25 ' BD Biosciences 7 340939
FOXP3 ' BD Biosciences | 560046
NK cell subsets Supplier Code
CD3 BD Biosciences 340662
D16 ' BD Biosciences 561842
CD56 BD Biosciences 555369
6B11 . BD Biosciences 1552825

17
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Table S3. Antibodies used in Immunofluorescence, Immunohistochemistry and

Western blot analysis.

Primary Antibody Supplier Code
Anti-CRBN Abcam ab244223
Anti-IRF4 (MUM1) Abcam ab133590
Anti-MTOR ' Abcam ' ab45989
Anti-NF-KB p65 Abcam ab16502
Anti-CD4 Roche SP35
Anti-CD8 Agilent DK25
Anti-CD56 Fisher Scientific 56C04
Anti-6B11 Invitrogen 14-5806-82
Anti-Phospho-Raptor Invitrdgen PA5-64849
(Ser863)

Anti-AMPK alpha-1 Invitrogen AHO1332
Anti-Ubiquitin Abcam - Ab7780
Secondary Antibody Supplier Code
Alexa-488-conjugated Abcam ab150077
anti-rabbit IgG

Alexa-647-conjugated Abcam ab150115

anti-mouse IgG

18



Table S4. Primer IDs used in Tagman RT-qPCR from Applied Biosystems.

Gene

Assay ID (TagMan)

GADPH
NFKB1

MTOR

CXCL1

IL1B

ccL3

GATA3
TBX21 (T-bet)
TGFB1

IL-2

CXCL8 (IL-8)
TNF

PRKAA1 (AMPKa1)
IL-10

IFNAL

IL4

IFNG

PRF1

GRNZB

' Hs02786624 g1

Hs00765730_m1
Hs00234508_m1

| Hs00236937_m1

Hs01555410 m1
Hs00234142 ml

| Hs00231122_m1

Hs00894392 m1
Hs00998133_m1l
Hs00174114_m1

' Hs00174103_m1

Hs00174128 m1l

| Hs01562308_m1

Hs00961622_m1

' Hs04189288 gl

Hs00174122_m1

| Hs00989291 m1

Hs00169473 m1
Hs00188051_m1
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Table S5. Characterization of Cutaneous Lupus Erythematosus (CLE) includes 206
proteins distributed in the named motives.

MOTIVE NAME Number of proteins

Innate immune system activation 75
Keratinocyte apoptosis 23
Impaired apoptotic clearance ' 10
Autoantigen exposure 16
Lymphocyte recruitment and activation 44
Complement response and IgG complex 15
formation

Fibrosis — Discoid Lupus Erythematosus » 22
Angiogenesis ’ 1

20
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Table S6. Detail of the targets identified for thalidomide and the use of the targets in
the different project steps.

2 Gene  UniProt
Protein name Reference Use
name code

Protein cereblon CRBL  Q965W2 PMID: 27460676 Model training and MoA

target
DNA-binding IKZF1 Q13422 PMID: 27492707 Model training and MoA
protein lkaros » | A | target
Zinc finger protein | IKZF3  Q9UKT9  PMID: 27492707 Model training and MoA
Aiolos target
Interferon IRF4 Q15306 PMID: 26269456 Model training and MoA
regulatory factor4 target
Homeobox protein MEIS2 Q14770 PMID: 27492707 Model training and MoA
Meis2 | , 7 | target
Alpha-1-acid ORM1 P0O2763  PMID: 8755512 Model training
glycoprotein 1
Alpha-1-acid ORM2 P19652  PMID: 8755512 Model training
glycoprotein 2 | 7 7 _
Fibroblast growth FGF2  P09038 PMID: 26503997; Model training
factor 2 (FGF-2) PMID: 25053990

21
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Table S7. MoA included 27 proteins with 14 proteins related directly with CLE (in

bold).

PROTEIN

Relationship with CLE

VEGFA
VCAM1
MTOR

TLR4

TNF
IL6
CXCL8
TGFB
JUN
CD14
CCL3
MMPS

NFKB1

IRF4
AMPK
IKZF1
IKZF3
CHD4
ELAVL1
RPTOR
T5C1
TSQ2
AKT1S1
CRBN
SPI1
BCL6

RELA

238

Higher VEGF levels in CLE
High VCAM-1 expression on endothelium tissue in CLE lesions
MTOR is involved in UVB signaling in keratinocytes and is a potential target
for CLE
TLR4 increases inflammatory response and has been associated to
autoimmunity in CLE
TNF-a may have both inflammatory and immunomodulatory roles in CLE
Interleukins are induced by UVB in keratinocytes in CLE
Interleukins are induced by UVB in keratinocytes in CLE
High levels in DLE lesions
In CLE, JUN has been associate to UVB exposure
CD14+ macrophages are increased in DLE skin
CCL3 are found upregulated in CLE
MMP9 has been linked to a time-dependent TGF-B-related scarring process in
DLE
In CLE, NFKB1 has been associated to UVB exposure, and to UVB-induced
TNF-a expression
DC dysfunction in lupus-prone mice relies on IRF4 pathways

Not related
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Chapter 3: Evaluation of the identified miRNAs before and after
thalidomide treatment

The modulation of miRNAs expression in CLE following therapy has not been yet
investigated. In other skin conditions such as psoriasis, differences in miRNA profiles in
serum and in skin have been described after anti-TNFa biological treatment, although not
related to disease severity [245, 246]. In this part of the project, we performed a pilot study
to determine whether thalidomide therapy affects tissue miRNA levels in patients with CLE.
For this purpose, miR-31 and miR-485-3p, miR-885-5p, miR-139-5p expression has been
analysed in skin samples before and after thalidomide treatment (Table 12).

Thalidomide modulates miRNAs expression in CLE before and after thalidomide
treatment.

Since miR-31 and miR-485-3p were differentially upregulated in DLE (paper I), we
performed the analysis in this type of CLE in responder and non-responder patients.
Following thalidomide treatment, miR-31 and miR-485-3p expression levels decreased in
skin biopsies from paired responder patients, being this reduction more significant in
miRNA31 (p<0.001) (Fig 18), that is the keratinocyte-dependent miRNA. On the other
hand, non-responder DLE patients did not show a significant decrease of miR-31 and miR-
485-3p (Fig 18) following thalidomide treatment.

Results
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Figure 18. miR-31 and miR-485-3p skin expression levels from DLE al patients (n=8) and divided

in responder (n=5) and non-responder (n=3) before and after thalidomide treatment. Th:
thalidomide.
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Results

The other two miRNAs identified relevant in CLE, miR-885-5p and miR-139-5p were
downregulated in CLE both DLE and SCLE. MiR-885-5p was a keratinocyte dependent
miRNA whereas miR-139-5p could not be detected in skin following in situ hybridization
(paper Il). After being treated Thalidomide only showed an upregulation of miR-885-5p
(p<0.01). Regarding miR-139-5p, a tendency was observed but no significant changes
were encountered (Fig 19). On the other hand, non-responder patients did not show a
significant change in both miR-885-5p and miR-139-5p (Fig 19).
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Figure 19. miR-885-5p and miR-139-50 skin expression levels from DLE al patients (n=10) and
divided in responder (n=7) and non-responder (n=3) before and after thalidomide treatment. Th:
thalidomide.

Taken together, these results indicate that thalidomide exerts an accentuated effect mainly
in keratinocyte dependent miRNAs miR-31 and miR-885p and a slight effect in dermal
miR-485-3p. The observed changes were significant in the responder group, and non-
significant changes were observed in the non-responder group. These data suggest that
preliminary studies show these miRNAs as biomarkers of thalidomide response. These

results need to be taken with caution since the number of patients evaluated is small.
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Differentially expressed miRNAs expression in keratinocytes and PBMCs after
treatment in vitro

We next aimed to know if the changes observed in miRNAs following treatment were
specific of thalidomide or could be observed following HCQ, the standard treatment for
CLE. Healthy keratinocytes and PBMCs were cultured and treated with 100 ng/mL
thalidomide or 1 p g/mL of hydroxychloroquine in vitro. The miRNA expression was
analysed by RT-gPCR.

We found miR-31 expression levels in keratinocytes to decrease following both
treatments, thalidomide (p<0.0001) or hydroxychloroquine (p<0.0001), suggesting that
both treatments contribute to the regulation of this miRNA. However, miR-485-3p

decreased slightly in PBMCs only after hydroxychloroquine treatment (p<0.05) (Fig 20).
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Figure 20. mir-31 and miR-139-5p expression before and after thalidomide treatment in
keratinocytes and PBMCs respectively (n=3). HCQ: hydroxychloroquine.

On the other hand, regarding miR-885-5p expression, it was markedly upregulated only
when thalidomide was added in keratinocytes (2.3-fold, p<0.01). (Fig 21). mir-139 was not
further assessed as no significant changes were observed in skin from responder patients

treated with thalidomide.
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Results

Figure 21. miR-885-5p expression before and after thalidomide treatment in keratinocytes (n=3).
HCQ: hydroxychloroquine.

Taking together, the expression keratinocyte derived miRNAs miR-31 and miR-885-5p
was modulated by thalidomide addition in skin from responder treated patients and in
keratinocytes in vitro. Both microRNAs are involved in NF-kB signaling regulation,

therefore thalidomide markedly modulates keratinocyte dependent NF-kB microRNAs.
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5. Discussion

The pathogenesis of CLE is not fully understood, and it is likely to be multifactorial.
Although it is known that there is a genetic predisposition, environmental triggers and
abnormalities in the immune response, large gaps in knowledge remain regarding the
exact causes, mechanisms and biological interactions leading to the development of the
autoimmune attack to the skin. What is clear is the increasing evidence that demonstrates
keratinocytes to play an important role in the pathogenesis of CLE [247, 248]. These cells
after stimulation in an inflammatory environment or after UV are able to release
inflammatory cytokines IFNs, TNFa, IL-1, IL-6, IL-8, IL-10 and IL-17 which are important

for initiation, development and perpetuation of CLE [249].

The fact that the mechanisms involved in CLE pathogenesis are not well known, implies
that therapeutic options for this condition do not include approved specific drugs and most
of the time, treatments need to be empirically determined for individual patients. Currently,
approximately 40% of patients will be refractory to conventional therapy with antimalarials
and topical corticosteroids. For these patients, there is not a clear treatment algorithm and
treatment is based in a trial error, except by the use of thalidomide that has been proved
highly effective in CLE. Despite its proven efficacy its use is restricted due to its significant
side effects and by the lack of randomised controlled trials. Therefore, an enhanced
understanding of the molecular and genetic basis of the disease as well as thalidomide
mechanism of action in CLE is a requirement to improve the search for novel therapeutic

targets.

It is known that miRNAs are implicated in various cellular processes of both normal and
diseased skin. Some miRNAs appear to be consistently deregulated in several different
inflammatory skin diseases, including psoriasis and atopic dermatitis, indicating a common
role in fundamental biological processes [115]. The clinical implications of miRNAs are
intriguing, there is emerging evidence for their clinical potential as both biomarkers and
possible therapeutic targets in skin diseases. When we started this thesis, the role of

microRNAs in CLE was completely unexplored.

This thesis consisted of three different chapters that involved identifying a miRNA profile
in CLE and studying its role in the pathogenesis, exploring the mechanism of action of
thalidomide in CLE with the aim of identifying novel therapeutic targets and finally, how
this identified miRNA profile was modified by treatment. Each chapter is associated to

specific objectives.
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This is the first study to report a miRNA profile characteristic of DLE and CLE (paper I).

Although DLE and SCLE subtypes share histological similarities, clinically they differ in
their course and prognosis, suggesting a different pathogenesis [54, 140]. The previous
microarray study from our group identified a distinctive T-cell and a fibrotic TGF-—
dependent signature in lesional DLE [178]. Similarly, in this study we found DLE-affected
skin to have a specific differential microRNA expression profile compared with SCLE-
affected skin, with a predominant overexpression of miR-31 in keratinocytes and miR-485-
3p in PMBCs and dermal fibroblasts.

miR-31 has been widely studied and it is known to participate in several cellular processes
such as embryonic development, myogenesis, bone homeostasis or cancer [250]. In
cutaneous conditions is associated with activated keratinocytes such as psoriasis, non-
melanoma skin cancer and hair follicle growth [251]. Amongst the different functions , miR-
31 plays a role in restoring epidermal homeostasis, promoting keratinocyte proliferation,

apoptosis, differentiation as well as and contributing to skin inflammation [252, 253].

We showed miR-31 to be also upregulated in DLE lesional skin, specifically in the
epidermis. Using primary DLE keratinocytes, we identified in vitro TGFB-1, like in
Psoriasis, but also UVB radiation as the main regulators of miR-31 expression. Ultraviolet
(UV) light, particularly UVB (290-320 nm) plays an important role in the initiation,
development, and perpetuation of CLE. Exposure to UV light is one of the major factors
known to trigger cutaneous disease activity in patients, with photosensitivity ranging from
27-100% according to the clinical subtypes of CLE. UVB promotes development of
cutaneous lesions by triggering keratinocyte apoptosis, increasing the transport of
nucleoprotein autoantigens to the keratinocyte cell surface, lymphocytic recruitment, and

antibody-mediated cytotoxicity.

The specific miR-31 overexpression induced keratinocyte apoptosis in a capsase-3—
dependent pathway and by regulating the BIM/BAX axis. However, we did not observe
any effect on keratinocyte proliferation. We also showed that miR-31 contributed to skin
inflammation by regulating in DLE and SCLE primary keratinocytes the production of
inflammatory mediators via NF-kB signaling. As described previously in psoriasis, we
confirmed that miR-31 overexpression in vitro can lead to the increased NF-kB activity,
partially via targeting STK40 and PPP6C, negative regulators of the pathway [254],
following TGF-B1 and UVB radiation stimulation in CLE. Our data together with those

described in psoriasis [254, 255], show miR-31 as one of the key regulators in both
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conditions, with a common role in the development and maintenance of the inflammatory

skin process.

miR-31 was also shown to play a role in leukocyte chemotaxis. Following stimulation,
miR31 transfected primary a keratinocytes expressed CXCL1, CXCL5, and CXCLS8/IL-8,
a neutrophil chemotactic factor but no adhesion molecules, such as ICAM-1, VCAM-1, and
E- selectin [XU 256]. These chemokines are chemoattractants for multiple subsets of
leukocytes, especially neutrophil granulocytes, by binding to the cognate receptors
CXCR1 and CXCR2 [257]. By performing cross talking studies between miR31
transfected epidermal keratinocytes and PBMCs we showed an increased recruitment of

neutrophils, and intermediate and non-classical monocytes.

DLE lesions are histologically characterized by a strong lymphocytic infiltrate, but
neutrophil infiltration is hardly seen [54]. However, previous studies in non-lesional skin
from photosensitive SLE patients showed the existence of progressive neutrophil influx at
early stages following irradiation [258]. It is possible that the reason for not observing many
neutrophils in the skin biopsies is because these are usually performed after a
considerable time following the onset of the disease. Neutrophils play a role in CLE
pathogenesis as they participate in the formation of neutrophil extracellular traps that may
increase autoantigen presentation and the production of inflammatory signals [143]. Data
suggests that miR31 is involved in the crosstalk between keratinocytes and immune cells,

contributing to the recruitment and amplification of the immune response in CLE.

The analysis of cultured PBMCs with the supernatant resultant from overexpressing miR-
31 in keratinocytes showed that miR31 also contributed to perpetuate skin inflammation
by promoting a swift towards a Th1 response with an increase of Th1 transcription factor
T-BET over GATA-3 (Th1/Th2 ratio) [259]. In addition, we observed an increased
expression of FoxP3. Whereas the number of FoxP3" Tregs in CLE has been found
significantly reduced compared with other chronic inflammatory diseases but no different
amongst CLE subtypes by Franz et al. [151, 260], our previous work showed DLE skin
lesions to have an increased number of regulatory T cells [178]. Increased Treg expression
might be the result of a regulatory mechanism to control an excessive inflammation or due
to an impaired immune suppressive capacity that contributes to the perpetuation of

inflammation. Their functionality and contribution in CLE remain to be explored.
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miR-485-3p was also differentially expressed in DLE and found to be mainly upregulated
in infiltrating lymphocytes and fibroblasts. MiR-485-3p has been described in cancer and
neurological diseases and is able to modify memory CD4" T cells in pancreatic cancer
[261-263]. However, its role in skin is unknown. miR-485-5p contributed to DLE skin
inflammation by activating T cells. Its overexpression in PMBCs produced an activation
of CD4" and CD8" T cells together with the an increase T cell activation genes PI3K1,
PKCO and NFKB1. Data showed that miR-485-3p contributed to DLE not only by
activating T cells but also contributing to the development of fibrosis, a signature of DLE.
miRNA-485-3p overexpression in fibroblasts induced an upregulation of fibrotic markers
SMAD3, COL3A1 and TGFBR. We hypothesized that the fibrotic effect might be via
peroxisome PPARGC1A, a negative regulator of fibrosis [264], since miR-485-3p targets

this gene [265] and was downregulated in dermal fibroblasts overexpressing miR-485-3p.

Taken together we showed that in DLE miR-31 and miR-485-3p are upregulated and
contribute to DLE pathogenesis by initiating and perpetuating the inflammatory
process and promoting skin damage. miR-31 promotes keratinocyte apoptosis,
epidermal inflammation by promoting the NF- kB pathway and increasing the
immune recruitment of neutrophils and monocytes into the lesional DLE sites. miR-
485-3p contributes to DLE pathogenesis by promoting T cell activation and fibrosis
(Fig 22).
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Figure 22. Role of microRNAs in the pathogenesis of DLE (miR-31 and miR-485-3p).
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We next focused in the differentially expressed microRNAs in lesional CLE (including DLE

and SCLE) when compared to non-lesional skin (Paper ll: manuscript in revision).

We found miR-885-5p to be downregulated in CLE epidermis. miR-885-5p was identified
as a keratinocyte-specific miRNA and no differences in expression were found between
DLE and SCLE subtypes, suggesting that miR-885-5p plays a role in common pathogenic
pathways. Its downregulation contributed to skin inflammation by increasing the
production of inflammatory mediators, keratinocyte proliferation and attracting leukocytes.
We identified PSMB5, a component of the 20S core proteasome complex involved in the
proteolytic degradation of most intracellular proteins, as a novel target for miR-885-5p in
keratinocytes and demonstrated that silencing PSMB5 reduces the NF-kB pathway
activation and keratinocyte proliferation. Furthermore, we identified TRAF1, as another
novel target of miR-885-5p in keratinocytes and demonstrated that silencing of TRAF1 can
rescue the effect of miR-885-5p on leucocyte migration. Finally, our results suggest a
model by which UVB and IFNa downregulate miR-885-5p in CLE keratinocytes leading to
an activation of NF-kB pathway through increasing PSMB5 and TRAF1. In turn, the

production of chemokines contributes to leukocyte attraction and skin inflammation.

In our study we found UVB and IFNa to be strong regulators of miR-885-5p in
keratinocytes in vitro. UVB was a regulator of miR-31 and miR-885-5p, both keratinocyte-
dependent miRNAs. Type | IFN signatures are increased in CLE lesions and contribute to
its pathogenesis [266-268]. Data shows IFNk is a key regulator of IFN responses in
keratinocytes. In CLE, keratinocytes are primed by an abundance of IFNk to generate
robust responses to exogenous type | IFNs, setting up a feed forward loop which promotes

exaggerated IFN responses and subsequent activation of the immune system [158].

In pathological conditions, miR-885-5p expression has been reported to be dysregulated
in several human cancer types, including liver, neuroblastoma and oncocytic follicular
thyroid carcinoma [269-272]. miR-885-5p can supress cell proliferation, migration,
invasion by regulating the cell cycle arrest, senescence and/or apoptosis [273]. However,
its role in skin diseases, particularly in CLE, was unknown. Inhibition of mIR-885-5p
promoted NF-kB and NF-kB-related cytokines and chemokines and contributed to some
degree of epidermal proliferation. CLE is not an hyperproliferative disease, but DLE lesions
show hyperkeratosis and atrophy, which reflect abnormal epidermal proliferation,
combined with normal early differentiation and premature terminal differentiation of

keratinocytes [274]. We did not find any effect on apoptosis.
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Our findings show that miR-885-5p regulates the activity of NF-«kB pathway in
keratinocytes. Since activation NF-kB is controlled by proteolysis of its inhibitors (IkBs) via the
ubiquitin-proteasome pathway we studied the mechanistic link between increased NF-kB
activity and PSMBS5 overexpression [243, 275-277]. IkBa expression levels decreased in
anti-miR-885-5p transfected keratinocytes in vitro whereas NF-kB increased. Silencing
PSMBS5 rescued the effect observed with anti-885-5p, indicating that the activation of NF-
kKB pathway observed in keratinocytes is PSMBS5 dependent.

Gene microarray in anti-miR-885-5p UVB keratinocytes revealed an increase of CCL5,
CCL20, CXCL8 and S1007A. Inhibition of miR-885-5p in keratinocytes increased
migration of leucocytes in vitro with co-culture experiments in a PSMB5-independent
manner. Study of the mechanisms involved in leucocyte migration in anti-miR-885-5p
transfected keratinocytes identified TRAF1 as another target of miR-885-5p responsible
of the regulation of migration. TRAF1 is member of the TNF receptor (TNFR) associated
factor (TRAF) protein family [278,279]. TRAF1 is upregulated in skin and primary
keratinocytes following UVB exposure [280]. When overexpressed in cells, TRAF1 protein
regulates inflammation by directly interacting with TNF-R2, TRAF2, TRIF, IKK2, NIK and
ASK1 [281]. Therefore, TRAF1 is able to regulate both canonical and non-canonical NF-
KB pathways as well as activation of the MAP kinases (JNK, p38, and ERK) to influence
pro-inflammatory cytokine production and inflammatory responses [282]. Our results
showed that silencing of TRAF1 decreases immune mediators and NFKB1. These data
are in line with previous studies which reported that TRAF1 deficiency led to the inhibition
of NF-kB-mediated inflammatory responses [283] and impairs attraction of lymphocytes,

neutrophils, myeloid dendritic cells and monocyte recruitment [244, 284].

Taken together we showed that in lesional CLE miR-885-p is downregulated,
specifically in keratinocytes. Low levels of miR-885-5p contribute to CLE
pathogenesis by promoting epidermal proliferation, inflammation and secretion of
inflammatory mediators and immune recruitment into the lesional sites through the
modulation of two novel target genes of miR-885-5p: PSMBS5 and TRAF1 (Fig 23).
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Figure 23. Role of miR-885-5p in the pathogenesis of CLE.

To date, during this period, only one study has also evaluated miRNAs in CLE. The study
identified a downregulation of miR-150, miR-1246, and miR-21 in both CLE
varieties compared to healthy donors. A difference from our study, they focused in finding
differentially expressed miRNAs as circulating biomarkers in PBMCs to distinguish CLE
patients and its subtypes but their possible participation in CLE pathogenesis was not
demonstrated [285].

In the second chapter, the thalidomide effect in CLE has been explored and a putative

mechanism of action has been proposed and validated.

Thalidomide has been used extensively in multiple myeloma (MM) and its mechanism of
action has been explored for this condition. In skin diseases thalidomide had been used
in HIV associated aphthous ulceration, nodular prurigo, Behget's disease, CLE, pyoderma
gangrenosum, actinic prurigo, graft versus host disease, polymorphic light eruption, lichen
planus, bullous pemphigoid and cutaneous sarcoidosis. In vitro studies using
keratinocytes have shown that thalidomide enhances keratinocyte migration and

proliferation [286] and inhibits the activation of Caspase-1 which is required for
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unconventional protein secretion of proinflammatory cytokines such as IL-1 [287]. In
view of our clinical experience showing thalidomide efficacy in CLE and due to the fact
that we do not know the exact mechanism by which thalidomide acts in CLE, we conducted

this study.

Studies in MM have shown that IMiDs possess pleiotropic anti-myeloma properties
including immune-modulation, anti-angiogenic, anti-inflammatory and anti-proliferative
effects. IMiDs enhance the anti-MM immune activity by costimulating T and NK cells
resulting in an increased production of Th1-type cytokines, IL-2 and IFNy [288, 289]. In
CLE, we observed that thalidomide induced a reduction of cytotoxic CD8" T cells,
increased the number of tissue and circulating iINKT cells and promote Th2 helper
responses. Cytotoxic CD8" T cells (CTLs) contribute to the inflammatory infiltrate in CLE
lesions. These cells express granzyme B, a serine protease which is able to prime cells
for apoptosis by activating caspases, contributing to basal keratinocyte damage and
inflammatory infiltration, especially at the dermo-epidermal junction. Granzyme B
expression is associated with the observed infiltrate and positively correlates with
expression of IFNa and damage extension [290]. Therefore, a reduction of cytotoxic T cell
numbers in blood and skin of CLE patients after thalidomide will contribute to the

amelioration of skin inflammation.

Enhancement of iINKT cells in vitro and in vivo following iMiDs treatment has been
described [291]. iINTK cells are a subset of unconventional T-cells which recognize the
MHC class I-like CD1d protein with the expression of an invariant TCR chain (Va24-Ja18)
paired with a VB11 chain [292]. iINKTs have a broad spectrum of functionality and are able
to promote or suppress inflammation. Whereas, iNKT cells participate in the pathogenesis
of several skin inflammatory disorders producing IFNy and IL-4 [293], that we did not find,
they can also act as potent downregulators of CD8" cytotoxic T cells [294]; they are
implicated in skin would healing [295, 296] and they alleviate lupus dermatitis in an MRL-
Ipr/lpr model [297]. The increment observed after thalidomide and after achieving clinical

remission, supports the beneficial effect of these cells in CLE.

Regarding Th subsets, IMiDs have also generated opposing data on Th modulation. While
some reports show that they promote Th1 responses [298], others found that they
switched from a Th1 to a Th2 response [299]. In our study, thalidomide induced a Th2
response both in vivo and in vitro. The Th2-thalidomide induced response may contribute

to skin repair as they are related to the expression of wound healing genes and growth
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factors such as GF-1, Arg1 and others involved in tissue regeneration [300]. Therefore, in

CLE, thalidomide may promote Th2 responses that contribute to skin repair.

We further investigate the thalidomide MoA. After combining system biology approaches
with CLE RNA-sequencing data we showed that thalidomide modulates CLE by targeting
two CRL4“R®N-dependent pathways, downregulating IRF4 via IKZF1/3 and mTOR through
regulation of AMPKa1. Within this approach, other drugs’ mechanism of action has been
identified [301, 302].

The expression of the primary target of thalidomide CRBN decreased following treatment
both in the dermis and epidermis of CLE skin. CRBN functions as a substrate receptor for
the cullin-4-containing E3 ubiquitin ligase complex CUL4-RBX1-DDB1 (CRL4A) and is
responsible for the recruitment of substrates for degradation by the ubiquitin-proteasome
pathway [303]. IMiDs bind to CRBN and alter the substrate specificity of CRL4-CREN
complex blocking the degradation of proteins involved in angiogenesis, tumour activity and
inflammation [304, 305], but also inducing teratogenicity [306]. We found in active CLE
lesions an increased expression of IRF4 in the dermis and mTOR in the epidermis. IRF4
and mTOR expression has been found in other inflammatory skin conditions like psoriasis
vulgaris, acne, atopic dermatitis, and hidradenitis suppurative [307]. Further in vitro
experiments confirmed the effect of thalidomide through the two different signaling
pathways, that was different according to the skin cell type. Thalidomide reduced IRF4

signaling in lymphocytes whereas the effect on mTOR was observed in keratinocytes.

IRF4 is a member of the IRF family that is a group of transcription factors related to the
regulation of gene expression and the immune response [308]. IRF4 is expressed in
immune cells and plays pivotal roles in the immune response. Its dysregulation has been
described in rheumatoid arthritis and SLE, being associated with disease initiation and
progression [309]. IMiDs inhibit IRF4 expression at transcriptional level, mainly via
downregulation of IKZF1/3 transcription factors [310]. We showed that thalidomide
modulates IRF4 in PMBCs in vitro and contributes to the resolution of inflammation by
reducing the expression of NF-kB and its dependent cytokines and chemokines IL-1f3, IL-
8, TNFa and CCL3. This data agrees with previous reports that describe that IRF4
inhibition downregulated inflammation by the downregulation of NF-kB activation in

inflammation [311].
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The other pathway by which thalidomide acts is the mTOR/AMPK signaling pathway.
AMP-activated protein kinase (AMPK) is an important intracellular energy sensor and is
activated by phosphorylation of threonine at position 172 (Thr 172) of the a subunit [312].
CRBN directly interacts with the catalytic a subunit of AMPK, reducing the phosphorylation
of AMPKa1, downregulating the enzymatic activity of AMPK [313]. In addition, the AMPKa
subunit and AMPKYy subunit are polyubiquitinated leading to their proteasomal degradation
and AMPK downregulation [314, 315]. Previous reports have shown that thalidomide
markedly stimulates the activation of AMPK in vitro and in vivo [316, 317] and it reduced
AMPK polyubiquitination [318]. Accordingly, we demonstrated that thalidomide reduced
the AMPKa1 ubiquitination in a CRBN-dependent manner and increased its expression.
Consequently, we observed an increase of RPTOR phosphorylation and a reduction of
mTOR.

mTOR is a serine threonine kinase crucial in skin homeostasis and morphogenesis,
especially in the regulation of keratinocyte differentiation and epidermal stratification [319].
mTOR pathway is involved in the pathogenesis of several dermatological conditions such
as epithelial tumors, psoriasis, acne, wound healing and hidradenitis suppurativa [320].
Our in vitro studies showed that treatment with thalidomide or simTOR significantly
reduced keratinocyte-derived cytokines TGF-B, IL-1B8, TNFa and CXCL1. In addition, we
showed that thalidomide addition and specific inhibition of mMTOR decreased NF-kB
expression in keratinocytes. The existence of a crosstalk between mTOR and NF-kB has
been previously described in other cellular types. Dai et al. demonstrated that mTOR is
upstream of NF-kB, and that silencing of mTOR inhibited NF-kB activation, leading to a

reduction of inflammation in macrophages [321].

Interactions between keratinocytes and mononuclear cells via cytokines and adhesion
molecules are thought to play a crucial part in inflammatory skin diseases. We showed the
ability of thalidomide-treated or silRF4 PBMCs to reduce the expression of mTOR and

related cytokines in keratinocytes in co-culture studies.

Taken together, we demonstrated that thalidomide’s immunomodulatory anti-
inflammatory effect in CLE comprises several mechanisms that include a reduction
of predominantly CD8" T cells, an increase of iNKT cells and a switch from Th1 to
Th2 response. Furthermore, thalidomide reduced NF-xB related inflammatory
cytokines and chemokines via the modulation of IRF4 and AMPK/mTOR-signaling

pathways in a CRL4-°FBN dependent manner in immune and epidermal cells (Fig 24).
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Figure 24. Thalidomide effects in CLE treated skin.

Our work is the first to provide a mechanism of action for thalidomide in CLE. Only one
study has examined its role in another dermatological condition, rosacea during this
period. In rosacea, thalidomide is not indicated and only few case reports in recalcitrant
cases had been reported [322]. In line with our results, Chen et al. [323] showed that
thalidomide ameliorates inflammation by suppressing NF-kB activation in vitro and in

rosacea-like mouse model.

In the 3™ Chapter, the expression of the miRNAs of interested have been analysed in skin

samples from CLE patients and in vitro in primary cells before and after receiving

thalidomide.

So far, our data converge to demonstrate a key role for NF-kB in the pathogenesis of CLE.

The nuclear factor-kappa B (NF-kB) family of transcriptional regulators is essential for
transcription of a variety of genes involved in the immune response, cell survival,
proliferation, and differentiation [324]. The NF-kB activation pathways are classified as the
canonical and non-canonical pathways, depending on whether activation involves kB
degradation or p100 processing [325]. In the canonical pathway, which is the predominant
NF-kB signaling pathway, different stimuli, such as cytokines, growth factors, mitogens,

microbial components, and stress agents, activate in the cells the IKK complex that is
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composed of two catalytic subunits IKKa and IKKB and a regulatory subunit NEMO (also
known as IKKy). Genetic experiments have demonstrated that IKK(B, but not IKKa,
phosphorylates IkBa at two N-terminal serine residues. This signal-induced
phosphorylation targets IkBa for polyubiquitination and subsequent degradation by the
proteasome, thus releasing NF-kB to be translocated into the nucleus and be active [326].
Whereas NF-kB activation occurs transiently during a normal immune response, it is
chronically activated in the affected tissues of autoimmune diseases. A pathological action
of NF-«kB is the induction of proinflammatory cytokines and chemokines, which mediate

the recruitment of immune cells and the establishment of inflammation [327].

Since NF-kB is a key player in CLE pathogenesis its inhibition is an attractive approach as
an anti-inflammatory therapy. Although NF-kB inhibition could be beneficial in treating
inflammatory diseases, there are obvious questions regarding the balance between
efficacy and safety since NF-kB function is also required for maintaining normal immune
responses and cell survival. Accumulating studies suggest that global inhibition of NF-kB
signalling may cause severe side effects. Several categories of inhibitors have been
developed to block different steps of NF-kB signalling: selective IKK inhibitors to block the
catalytic activity of IKK and prevent IkBa phosphorylation, proteasome inhibitors, such as
Bortezomib which blocks PSMB5 and posterior IkBa degradation in the proteasome,
inhibitors that block nuclear translocation of different NF-kB subunits, such as tacrolimus
(FK-506) and IkBa super-repressor and drugs that inhibit the DNA-binding activity of NF-
KB, such as glucocorticoids [328]. However, while significant progress has been made in
designing approaches to inhibit NF-kB, complexities exist for the development of clinically

available NF-kB-based drugs.

For these reason, new alternatives need to be explored. In that sense, miRNA therapeutics
are the most recent of a range of RNA therapies that have emerged over the last 10-15
years including short interfering RNA (siRNA) and short hairpin RNA (shRNA). Many
studies showed that modulating specific miRNAs had therapeutic effect on keratinocytes.
Xu et al [329]. reported that downregulated miR-125b was involved in mediating the
pathological proliferation and differentiation of keratinocytes in psoriasis, while the
overexpression of miR-125b inhibited keratinocyte proliferation and promoted

differentiation via inhibiting its direct target, FGFRZ2, in primary human keratinocytes.
Our study showed that thalidomide could contribute to CLE resolution by modulating
keratinocyte derived microRNAs, miR-31 and miR-885-5p, that in turn modulated the NF-

kKB activity. The modulation of microRNAs by thalidomide has only been previously
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investigated by Zheng et al. in which they focused in evaluating the microRNA signatures
of paraquat induced lung injury in a rat model. Similarly, they found that that there was a
modulation of one microRNA that had protective functions by inhibiting NF-kB pathway.
Into detail, thalidomide upregulated miR-141 which suppressed inflammation through
IkBa-NF-kB axis [330]. We observed that hydroxychloroquine modified miR-31 and
moderately miR-485-3p miRNAs. The fact that thalidomide modified markedly
simultaneously the two highly dysregulated miR-31 and miR-885-5p could explain its high
efficacy. These preliminary data show that another way to modify NF-kB would be through

direct modulation of miRNAs relevant to the disease.

Limitations

One of the limitations is that most of the results were obtained by in vitro experiments. In
vitro experiments present some advantages as control of chemical and physical
environment and reduction of environmental variability [331]. However, isolated and
cultivated primary cells could differ from the corresponding cell type in an organism,
limiting the value of in vitro data to predict in vivo behavior. The skin is an organ that has
several cell types that coexist and communicate in the environment. We attempted to
overcome this limitation with co-culture experiments in order to analyze the interaction
between epidermal and immune cells [332]. Co-cultures provide a more representative
human in vivo-like tissue model than animal models, however low complexity was

achieved with only two populations settled up in our experiments.

This limitation in the future could be overcome for example, by using in vivo experimental
models, using a more complex in vitro system such as a skin 3D equivalent models which
permit to construct the epidermal and dermal layers and also the addition of immune cells,
or using skin organoids which may be derived from pluripotent stem cells and present the

complexity of native skin [333].

The second limitation is in the thalidomide-miRNA relationship studied in chapter 3, the
therapeutic group in which we measured microRNAs is a small sample as a pilot study.
Further validation in a larger cohort is required to validate these results. For the same
reason there is not enough data to use these miRNAs as a biomarkers of disease or

response to therapy.
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Novel Research Lines

As a result of the data obtained in this thesis, next steps and new research lines have

emerged. We propose:

256

Investigate the potential of the discovered miRNAs as biomarkers. MicroRNAs
applicability as biomarkers has been explored, especially in cancer. MiRNAs meet
most of the required criteria for being an ideal biomarker, such as accessibility,
high specificity, and sensitivity [334], although its applicability in the clinical practice
might be difficult because of their fragility and instability overtime. They can be
used as biomarkers for differential diagnosis, disease severity/prognosis
assessment, and to monitor treatment response. Validation in a larger cohort of
patients is required and to establish correlations with parameters of disease activity

and severity such as CLASI index, laboratory or co-morbidities.

Evaluate the applicability of the identified miRNAs as therapeutics. Several in vivo
studies have been conducted to evaluate miRs as potential therapeutic agents in
skin disorders [335, 336]. There are two strategies to use microRNAs as genetic
modulators: miRNA inhibitors and miRNA mimics. miRNA inhibitors bind
complementary to the endogenous mature miRNA molecules and as a result the
interaction of the miRNA of interest with its target is prevented. Instead, miRNAs
that are downregulated in disease may be replaced transiently by miRNA mimics
which are chemically synthesized miRs, restoring miRNA expression levels to
normal. In addition, to treat dermatological conditions, miRNA therapeutics can be
topically administrated to avoid toxicity. If administered in nanoparticles, their

degradation is prevented.

Novel therapies for CLE based on NF-kB modulation: We have demonstrated the
relevance of NF-kB in CLE via the miRNAs studies as well as by revealing the
mechanism of action of thalidomide in CLE. Therefore, a NF-kB modulation may
be a promising therapy for CLE (Fig 25). Selectively targeting specific NF-kB
subunits or signaling components relevant to a particular disease might be of utility
minimizing toxicity [337-339]. Topical application of an NF-kB inhibitor improved
atopic dermatitis in NC/NgaTnd mice [340]. Therefore, further study of NF-kB

signaling as novel a therapeutic target in CLE has emerged.
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Figure 25. NF- kB signaling pathway a as novel strategy for CLE treatment.
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6. Conclusions

CLE is a chronic heterogenic autoimmune disease that affects the skin in which
pathogenesis is not completely understood and no specific treatments have yet been

developed.

Within this thesis, the role of miRNAs has been examined in CLE and also in one of the
most common subtype, DLE. MicroRNAs may provide insights into disease pathogenesis
deregulating cell signaling pathways. A microRNA signature in CLE lesional skin has been
identified and three microRNAs have been extensively studied. From this study it can be

concluded the following:

- Lesional skin from DLE patients presents a miRNA signature that differs from lesional
SCLE.

- mir-31 and miR-485-3p have been identified as the most upregulated miRNAs in DLE

lesional skin.

- miR-31 is found in epidermal keratinocytes in DLE lesional skin and its upregulation in
DLE promotes keratinocyte apoptosis, epidermal inflammation by NF-kB upregulation and
subsequent secretion of inflammatory effectors IL-8, IL-12, IL-13 and monocyte and

neutrophil attraction to the DLE lesional sites.

- miR-485-3p is found in immune infiltrates and fibroblasts in DLE lesional skin and its

upregulation in DLE promotes T cell activation and fibrosis.

- Lesional skin from CLE patients (DLE and SCLE) present differentially expressed
miRNAs when compared with non-lesional skin from paired patients and miR-885-5p and

miR-139-5p are downregulated.

- miR-885-5p is downregulated in lesional CLE. From non-lesional skin we found this
mMiRNA to be predominantly expressed in epidermal keratinocytes. Low levels promote
epidermal inflammation by promoting NF-kB activation and epidermal proliferation via

PSMBS5. It also promotes immune cell recruitment to lesional sites via TRAF1 modulation.

Regarding the treatment, thalidomide drug presents a high clinical efficacy around 90% in

refractory CLE however its use is restricted to its important side effects. Its mechanism of
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action in dermatologic CLE condition was not previously explored. Within this thesis, a
mechanism of action in CLE is proposed and validated by in vitro functional studies. It can

be concluded that:

- Thalidomide immunomodulatory properties in CLE are characterised by a reduction of
CD8" T cells, promotion of Th2 responses and an increase of iNKT cells in both blood and

skin from CLE treated patients.

- After RNA-sequencing and TMPS protocol analysis a putative thalidomide mechanism
of action in CLE has been identified. It acts in CLE by modulating two CRBN-CRL4
dependent pathways IRF4/NF-kB and mTOR/AMPK.

- IRF4 expression was found in immune infiltrates of lesional CLE skin and decreases
significantly after thalidomide treatment. Thalidomide ameliorated inflammation in PBMCs
by modulating IRF4 and subsequent modulation of NF-kB and related inflammatory

effectors.

- mTOR was found in CLE lesional epidermis and decreased after thalidomide whereas
AMPKA1 was found increased after receiving the treatment. Thalidomide anti-
inflammatory effect in keratinocytes is mediated by mTOR modulation. In addition, there
is a crosstalk of mTOR and NF-kB pathway that results in NFKB1 and related cytokines

reduction.

- Co-culture studies showed that modulation of IRF4 by thalidomide reduces inflammation
in keratinocytes by reducing mTOR, increasing AMPKa1 and decreasing NF-kB and

related cytokines.

- Thalidomide has an effect in NF-kB keratinocyte derived miRNAs modulation in CLE. It
promotes a significant downregulation of miR-31 and an upregulation of miR-885-5p in

skin lesions from responder patients and in treated cells in vitro.

- Both deregulated miRNAs miR-31 in DLE and miR-885-5p promote NF-«kB activation. In
addition thalidomide anti-inflammatory effect in CLE is mediated by a reduction of NF-kB
signaling. Therefore NF-kB seems to be a crucial signaling pathway in CLE and therapies

addressed to inhibit this pathway may be beneficial for CLE treatment.
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7. Annex

Annex 1. CLASI (Cutaneous LE Disease Area and Severity Index)
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Annex 2. miR-139-5p in situ hybridization in skin biopsies from CLE lesional and
non-lesional skin (10x magnification).
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Annex 3. Microscopy images bright field of immune migration experiments in anti-
miR-885p and siTRAF1 keratinocytes at 24h (20x magnification).

Control miR Anti-MiR-885-5p

Control siRNA SiTRAF1
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Annex 4. INKT cells in CLE skin biopsy before and after thalidomide treatment (10x

magnification).
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Abstract: MicroRNAs (miRNAs) are endogenous small non-coding RNA molecules that regulate
the gene expression at a post-transcriptional level and participate in maintaining the correct cell
homeostasis and functioning. Different specific profiles have been identified in lesional skin from
autoimmune cutaneous diseases, and their deregulation cause aberrant control of biological pathways,
contributing to pathogenic conditions. Detailed knowledge of microRNA-affected pathways is of
crucial importance for understating their role in skin autoimmune diseases. They may be promising
therapeutic targets with novel clinical implications. They are not only present in skin tissue, but they
have also been found in other biological fluids, such as serum, plasma and urine from patients,
and therefore, they are potential biomarkers for the diagnosis, prognosis and response to treatment.
In this review, we discuss the current understanding of the role of described miRNAs in several
cutaneous autoimmune diseases: psoriasis (Ps, 33 miRNAs), cutaneous lupus erythematosus (CLE,
2 miRNAs) and atopic dermatitis (AD, 8 miRNAs). We highlight their role as crucial elements
implicated in disease pathogenesis and their applicability as biomarkers and as a novel therapeutic
approach in the management of skin inflammatory diseases.

Keywords: microRNAs; skin autoimmunity; nanoparticles; biomarkers; pathogenesis; psoriasis;
atopic dermatitis; cutaneous lupus erythematosus

1. Introduction

MicroRNAs, also known as miRs or miRNAs, are small, highly conserved, non-coding RNA
sequences that range from 19 to 25 nucleotides [1]. In recent years, thousands of miRNAs have been
discovered employing new advances in molecular biology and bioinformatics, achieving relevance in
translational research. miRNA biogenesis has been broadly investigated to establish that most miRNAs
are transcribed from DNA sequences in the nucleus by RNA polymerase 11 (Pol 1I). Drosha, a member
of the RNase III family, with protein DiGeorge syndrome critical region gene 8 (DGCRS), constitute
the microprocessor complex that cleaves the primary miRNAs to generate a 70-nucleotide sequence
called miRNA precursor [2,3]. This is exported by exportin-5 to the cytoplasm and then processed by
RNase III endonuclease dicer. After processing, the terminal loop is removed resulting in a miRNA
duplex that will be incorporated into the argonaute (AGO) family of proteins. The directionality of the
miRNA determines the name of the mature form. Both 5-p and 3-p strands can be loaded into the AGO
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proteins; however, the selection of the 5p or 3p is based on the thermodynamic stability at 5" ends of
the miRNA duplex or a 5’ U at nucleotide position 1. Usually, strands with lower 5’ stability or 5" uracil
are preferentially loaded into AGCO and are named “guide strands”. The unloaded strand is called a
“passenger strand”, and it is degraded. After the miRNA duplex is unwound, it is incorporated into
the RNA-induced silencing complex (RISC), forming the minimal miRNA-induced silencing complex
(miRISC), and then, the miRN A 20 nucleotide’s (nt’s) mature form is able to recognise and target
complementary mRNA sequences (Figure 1).
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Figure 1. MicroRNA (miRNA) biogenesis and regulation of gene expression. miRNAs are transcribed
from the genome into a pre-miRNA. The pre-miRNA is a smaller stem-looped structure that is
transported from the nucleus to the cytoplasm by Exportin 5. Once in the cytoplasm, it is cleaved
by DICER and TRBP and results into a small mRNA duplex that is around 20-25 nucleotides of
length. The duplex is separated, and one of the strands is incorporated into the RISC, formed by AGO
member proteins. The mature miRNA is then generated and binds specifically the mRNA transcript by
complementary target recognition. The mRNA-miRNA union prevents the mRNA translation or leads
into mRNA degradation and subsequent gene silencing. AGO: argonaute protein family and RISC:
RNA-induced silencing complex.

MicroRNAs can modulate the gene expression at the same cell where they are being synthetised,
or they can be secreted, enveloped in extracellular vesicles (EVs), transported from a parental cell to
neighbouring cells and regulate important biological functions in the recipient cells [4]. Moreover,
a single miRNA may have multiple target genes, and a single gene may be targeted by multiple
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miRNAs [5], making them a powerful system for modulating and adjusting the gene expression,
as they approximately regulate around 60% of all the protein-coding genes [6].

miRNAs are involved in development, organogenesis, proliferation and apoptosis, among other
cell processes [7,8]. Under normal physiological conditions, microRNAs are regulating correct cell
functions. However, in disease, microRNAs may change, inducing an altered gene expression that
leads into an aberrant phenotype [9]. When they are dysregulated, they may alter relevant cellular
processes, favouring pathogenic conditions. On the other hand, they may also play protective roles by
trying to re-establish cell homeostasis. A miRNA balance is key for the correct functioning of cell and
tissue physiology.

2. Role of miRNAs in the Skin Pathogenesis of Cutaneous Immune Disorders

Skin is the largest organ in the human body, and its development and morphogenesis require a
highly regulated and undisrupted miRNA profile. miRNAs' role in skin physiology is well-known [10,11],
as they are involved in epidermal and dermal proliferation, pigmentation, aging, wound healing,
skin microbiome and skin immunity, among other processes [12]. Recent findings show that miRNAs
have a role in skin carcinogenesis [13] and in the pathogenesis of chronic inflammatory skin diseases,
presenting lesional specific miRNA expression profiles that differ from healthy skin [14-16]. A better
understanding of the role of miRNAs in autoimmune cutaneous diseases will enhance our knowledge
of skin disease pathology. In this section, the most important miRNAs associated with psoriasis,
cutaneous lupus disease (CLE) and atopic dermatitis (AD) are described with special emphasis on
their role in the disease pathogenesis.

2.1. Psoriasis

Psoriasis is the most prevalent chronic inflammatory skin disease, with an estimated prevalence in
adults ranging from 0.91% to 8.5%, varying by country and ethnicity [17]. Genetic and environmental
factors in connection with abnormal regulation of the immune system are thought to be involved
in pathogenesis of the disease. It is characterised by hyperproliferation and altered differentiation
of epidermal keratinocytes and leukocyte infiltration—predominantly, neutrophils, myeloid cells
and T cells, causing the secretion of inflammatory mediators such as TNF-q, interferon-y (IEN-y),
interleukin (IL)-1, IL-17 and IL-22, which contribute to psoriatic inflammation [18]. Tt has been
identified that the IL-23/IL-17 axis is the primary signalling pathway, leading to characteristic molecular
and cellular changes in psoriatic skin [18]. It is widely accepted that psoriasis is a consequence of an
impaired crosstalk between the immune system and the structural cells of the skin. Several studies
have been conducted to reveal the role of miRNAs in psoriasis (Table 1 and Figure 2), highlighting
the value of miRNA analysis. The role of miR-203, miR-31, miR-146a, miR-155-5p and miR-21 are
described below.

The first study in 2007 that reported a distinctive skin miRNA signature in psoriasis was published
by E Sonkoly et al. [14]. The study identified miR-203 as a keratinocyte-derived microRNA related
to inflammation by targeting the SOCS3 gene. After that, further studies have confirmed the direct
targeting [19] and its role in the regulation of psoriatic cytokines such as TNF-a, IL-24 and IL-8 in
keratinocytes [20,21]. Moreover, in vitro experiments showed that miR-203 expression is upregulated
after IL-17 stimulation in HaCat cells and that miR-203 is involved in the activation of the JAK2/STAT3
signalling pathway, which contributes to VEGF secretion and the perpetuation of pathological
angiogenesis [19]. Recently, it has been described that miR-203 negatively regulates keratinocyte
proliferation through the direct targeting of NRTH3 and PPARG [22]. Therefore, in psoriasis, the data
suggest that miR-203 may be involved in skin epidermal hyperplasia, inflammation and angiogenesis
(Figure 2).
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Psoriasis Discoid Lupus Erythematosus

T miR-151a Supression of TH1 responses

Figure 2. Dysregulated miRNAs involved in Psoriasis, discoid lupus erythematosus and atopic
dermatitis and their roles in the disease pathogenesis. DLE: discoid lupus erythematosus and AD:
atopic dermatitis.

MiR-31 is known to be involved in normal skin physiology by regulating keratinocyte growth
and hair differentiation [23]. High miR-31 levels can be detected in blood and lesional psoriatic
epidermis, and its pathogenic role is primarily based on NF-kB signalling alteration [24,25]. NF-kB is a
crucial mediator in the pathogenesis of psoriasis and participates in inflammation, cell proliferation,
differentiation and apoptosis. Serine/threonine kinase 40 (STK4(), a negative regulator of NF-«B
signalling, has been identified as a direct target for miR-31 [26]. The study demonstrated that miR-31
promotes NF-kB via STK40 targeting and leads to the secretion of CXLC1, CXCLS, CXCLS5 and IL-1(3,
which promote vascular endothelial cell activation and attract leukocytes via chemotaxis into the skin.
Primary keratinocytes treated with TGFp1, which is highly expressed in psoriatic skin, showed an
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upregulation of miR-31 [26]. This effect was also observed when keratinocytes were treated with
psoriatic-relevant cytokines: IL-6, IL-22, interferon-y (IFN-v) and TNF-« [25], demonstrating its
importance in epidermal inflammation. This miRNA is also involved in keratinocyte proliferation,
as in vivo studies showed that miR-31 promotes epidermal hyperplasia via the direct targeting of
PPP6C, anegative regulator of the G1-S phase progression in the cell cycle [25]. Endothelin-1, a peptide
involved in cell proliferation and leukocyte chemotaxis, has been positively associated with high levels
of miR-31 in blood [24]. MiR-31 may play a role in dermal mesenchymal stem cells (DMSCs) [27],
as low levels in DMSCs of psoriasis patients versus healthy controls are found, but this needs
further investigation. Taken together, miR-31 has a crucial role in psoriasis by promoting epidermal
proliferation and inflammation in lesion sites.

MiR-146a is overexpressed in lesional skin and peripheral blood mononuclear cells (PBMCs) from
psoriasis patients [14,28]. It is known for its negative role in epidermal inflammation by targeting
NF-«kB mediators IRAK1 and CARDI0 and chemotactic attractant CCL5 [29-31]. Xia et al. [28] showed
that high levels of miR-146a in the skin and in PBMCs of psoriasis patients positively correlate with
IL-17 levels in the skin and serum, respectively. However, target gene IRAKT was downregulated in
PBMCs but not in the skin, showing the asynchronous expression of target genes in local lesions and
peripheral PBMCs. In vivo studies using mice models of Psoriasis showed that miR-146a inhibition
promoted earlier psoriasis-like onset, epidermal hyperproliferation, IL-17 skin inflammation and IL-8
secretion with the increased infiltration of neutrophils at lesion sites.

MiR-155-5p has been shown upregulated in blood and psoriatic lesional skin [32,33]. It is involved
in the keratinocyte cell cycle, as in vitro studies showed that miR-155 inhibition decreases keratinocyte
proliferation and increases the expression of PTEN, PIP3, AKT, BAX and BCL2 apoptotic genes [34].
Another study supported this finding by showing that miR-155-5p overexpression impairs keratinocyte
apoptosis possibly by targeting CASP3, a validated direct target of miRNA-155-5p [35]. This miRNA

is also involved in inflammation, as keratinocytes treated with TNF-« upregulated its expression.

Moreover, when cells were stimulated with LPS and overexpressed miR-155-5p, there was an increase
of TLR4; NF-kB proteins together with the levels of secreted TNF-« and [L-18, IL-6 and IL-1(3 via
inflammasome NLRP3/CASP1 activation [36]. CXCLS is also upregulated in miR-155-5p-overexpressed
keratinocytes via the GATA3/IL37 axis [37]. Elevated miR-155 levels have also been observed in
DMSCs [38]; however, further research is needed to establish its role. Overall, miR-155-5p is involved
in keratinocyte proliferation, apoptosis and inflammation in psoriasis.

Finally, epidermal cells and infiltrated T cells in psoriasis lesions have shown increased miR-21
expression [39]. In vitro, it is regulated by LncRNA MEG3 and regulates keratinocyte proliferation via
the direct targeting of CASP8 [40]. It also promotes proliferation by regulating the AKT/PI3K and TGF (3
signalling pathways [41,42]. Regarding its role in inflammation, UVB-exposure promoted miR-21-3p
upregulation in keratinocytes. This upregulation led to the production of proinflammatory cytokines
IL-6 and IL-13 and chemokines CCL5 and CXCL10 in keratinocytes [42]. The expression of miR-21 is
increased in both TH1 and TH2 differentiated T cells after activation with anti-CD3 and anti-CD28,
indicating that this miR is involved in T-cell activation regardless the T-cell subtype. Moreover, it has
an antiapoptotic effect on the activated T cells [39].

Therefore, this miRNA can contribute lo psoriasis pathogenesis by modulating the cell cycle and
inflammation in keratinocytes and T cells.

Twenty-seven further miRNAs have also been described in psoriasis pathogenesis. They are
detailed in Table 1 [43-70].
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2.2. Cutaneous Lupus Erythematosus (CLE)

Cutaneous lupus erythematosus (CLE) is an autoimmune chronic disease that includes a broad
range of dermatologic manifestations. CLE is divided into several subtypes, but discoid lupus
erythematosus (DLE) is consistently reported as the most common subtype, and this may be because,
as a chronic disorder, it is easier to identify compared to the more evanescent and nonscarring acute
cutaneous and subacute cutaneous forms (SCLE) [80]. The CLE overall prevalence is estimated
to be around 73.24 per 100,000 according to several USA studies [81]. The pathogenesis of CLE
is not completely understood. It seems to be multifactorial and involves genetic predisposition,
environmental triggers and abnormalities in the immune response. Findings indicate that UVB may act
asatrigger, promoting skin damage and keratinocyte apoptosis. Theremay be a defective apoptosis/cell
clearance, and the immune system is activated against autoantigens.

CLE lesions share extensive lymphocytic infiltrates with a high predominance of CD4 T cells
with an imbalance towards T-helper 1, cytotoxic CD8+ T cells, as well as interferon type 1 signature
and proinflammatory cytokines, IL-1¢, IL-1f3, IL-8, TNF- and IL-6 [82]. To date, we have published
the only microRNA study in CLE—in particular, discoid lupus [16]. The study identified in DLE
lesions a different microRNA signature (miR-31 and miR-485-3p) when compared to nonlesional sites.
The relevant identified miRNAs and their potential role in CLE pathogenesis are detailed below.

MiR-31 was identified as a keratinocyte-derived miR located in the DLE lesional epidermis.

It is involved in epidermal apoptosis by promoting the upregulation of apoptotic genes (BIM, BAX,
P53 and CASP3) when overexpressed. Moreover, as in previous reports, we also found that it
enhances NF-«B activation and the secretion of inflammatory cytokines such as IL-1§3, IL-12 and IL-8
in keratinocytes. The crosslink between keratinocytes and lymphocytes is of critical importance in
cutaneous autoimmune diseases, and it was found that miR-31 promotes the attraction of neutrophils
and intermediate monocytes; therefore, it enhances the recruitment of immune cells into the DLE lesion
sites, perpetuating inflammation.

MiR-485-3p was found in the infiltrating lymphocytes and fibroblasts in DLE lesions. It is involved
in the activation of CD4+ and CD8+ T cells and, also, in promoling fibrosis by enhancing fibrotic genes
SMAD3, COL3A1 and TGFER in fibroblasts. This fibrosis may occur, as miR-485-3p may be targeting
peroxisome PPARGC1A, which is known for exerting a protective function of fibrosis development [83]
and was found downregulated in fibroblasts that overexpressed miR-485-3p. Studies showing the
direct target of PPARGC1A by miR-485-3p support this finding [71].

2.3. Atopic Dermatitis (AD)

Atopic dermatitis is a complex, systemic inflammatory disorder associated with a variety of
clinical features [72]. It is the most common chronic inflammatory skin disease, with a prevalence of
15-20% of children and 1-3% of adults worldwide. It has high heritability; occurs frequently with
other atopic diseases (asthma, allergic rhinitis and food allergies) and its incidence has increased two
to three-fold in recent years in industrialised countries [73].

AD is characterised by an epidermal barrier disruption, activation of a T-helper 2 response and
alteration of the skin microbiome [72]. IgE and eosinophils are increased, which, in turn, are thought to
boost inflammation and skin damage through the production of reactive oxygen species, inflammatory
cytokines and the release of toxic granule proteins [74]. miRNNA expression profiles in the skin lesions
of AD patients have been determined by microarray. The elevated expression of let-7i, miR-24,
miR-27a, miR-29a, miR-193a, miR-199a and miR-222 was reported [15]. Gu et al. also reported
a multitude of dysregulated miRNAs (e.g., upregulation: miR-4270, miR-211, miR-4529-3p and
miR-29b and downregulation: miR-184, miR-135a and miR-4454) in AD skin biopsies [76]. From the
identified miRNAs, we describe below the functional role of some of the most relevant in the skin
pathogenesis of AD.

MiR-155-5p in AD lesional skin is predominantly expressed in infiltrating immune cells. This miR
playsa role in the regulation of allergen-induced inflammation by targeting CTLA4, a negative regulator
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of T-cell activation [15]. It affects T-cell proliferation and differentiation by shifting towards a TH17
response [54]. The expression of this miR has been analysed in different disease stages in an AD mice
model, and it was found to be increased in the elicited phase of the disease compared to controls [85].
Increased levels of miR-155-5p have also been detected in vitro in HaCAT cells stimulated with TNF-«,
and it promotes inflammation and epithelial tight junction (T]) changes by the direct binding of
PKIA [86]. Taken together, miR-155-5p promotes T-cell activation, epidermal inflammation and TJ
disruption in AD.

Previous studies have demonstrated that miR 146a is involved in the inflammatory response of
atopic dermatitis (AD). MiR-146a expression is increased in keratinocytes and the chronic lesional skin
of patients with AD expression. MiR-146a may have an anti-inflammatory role, alleviating chronic skin
inflammation in atopic dermatitis through the suppression of innate immune responses in keratinocytes.
It inhibited the expression of numerous proinflammatory factors, including IFN-y-inducible and
AD-associated genes CCL5, CCL8, and ubiquitin D (LUBD) in human primary keratinocytes stimulated
with [FN-y, TNF-« or IL-1f3. Studies demonstrated that miR-146a-mediated suppression in allergic skin
inflammation partially occurs through the direct targeting of the upstream NF-«B signal transducers
caspase recruitment domain, containing protein 10 and IL-1 receptor-associated kinase 1. In addition,
CCL5 was identified as a novel, direct target of miR-146a [31]. It is worth mentioning that the
upregulation of miR-10a-5p, miR-29b, miR-223 and miR-151a have also been described in the
inflammatory response and keratinocyte apoptosis for AD patients [75-78] (Table 1).

Finally, miR-143 has been found downregulated in the lesional skin from AD patients [7Y].
It targets IL-13 receptor alpha 1 (IL13R), modulating IL-13 activity. IL-13 is a cytokine involved in
TH2 responses that is highly expressed in AD skin lesions. Therefore, miR-143 may contribute to AD
pathogenesis by favouring TH2 responses.

3. Common Deregulated miRNAs in Skin Autoimmune Conditions

Skin lesion transcriptome studies in different autoimmune skin diseases have described unique
expression signatures for specific diseases but have also established a common cross-disease gene set
among inflammatory skin diseases [87]. The comparative transcriptomic analyses of atopic dermatitis
and psoriasis conducted by Choy D.F et al. revealed a shared neutrophil-attracting profile, which may
be due to the underlying commonalities in IL-17 signalling [88]. The comparison of DLE and psoriatic
lesions revealed differential clustering upon dimensionality reduction, although a certain overlap
was observed, pointing toward the existence of a common cross-disease profile. Through a gene set
enrichment analysis, the differential T-cell polarisation toward Th17 in psoriasis and Thl in DLE was
supported [39].

Since miRNA studies have become of interest in inflammatory skin disease research; we sought to
clarify common and unique molecular and pathophysiologic features in inflamed skin by comparing
psoriasis, CLE and AD. The comparison showed miR-31 to be upregulated in both psoriasis and DLE
lesional skin, suggesting a shared NF-«B signalling inflammation pathway, a dysregulated keratinocyte
apoptosis process and epidermal hyperplasia. On the other hand, miR-155 and miR-146a were found
to be upregulated in psoriasis and AD. It seems they may share a regulation of Th17 and the production
of chemoattractant cytokines such us CXCL8 fundamental for these conditions.

As miRNA expression profiles are tissue-specific and, in many cases, define the physiological
nature of cells, the fact that they are commonly dysregulated among skin conditions (Figure 3) indicates
that miRNAs may exert similar pathogenic roles, and dysregulated signalling pathways may be shared
between skin conditions. Studies comparing the miRNA profile between autoimmune skin disorders
may be of value to understand their pathogenesis and to promote novel therapies.
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Common deregulated miRNAs
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Figure 3. Commonly dysregulated miRNAs and their role in skin autoimmune diseases. MiR-31
is upregulated in both DLE and psoriasis; it participates in keratinocyte proliferation, apoptosis,
inflammation and immune cell recruitment. MiR-155 and miR-146 are upregulated in both psoriasis and
atopic dermatitis. MiR-155 is involved in keratinocy te proliferation, inflammation and TJ disruption,
whereas, in T cells, it promotes proliferation and TH17 responses. MiR-146 has a protective effect and,
when upregulated in keratinocytes, promotes a reduction of inflammation and immune chemoattraction.
DLE: discoid lupus erythematosus, AD: atopic dermatitis and TJ: tight junction.
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4. miRNAs as Potential Biomarkers in Skin Inflammatory Diseases

Circulating miRNAs have been described as biomarkers, since they are found in different body
fluids such as serum, plasma, urine, saliva, tears, amniotic and cerebrospinal fluid. Some of the innate
properties of miRNAs make them highly attractive as potential biomarkers. They are accessible, stable
and resistant to ribonuclease degradation and easily detected in small volumes of samples using
standard RT-qPCR [90]. Itis not yet clear their origin or function; however, changes in a circulating
miRNA profile have correlated with a large number of medical conditions, like gastrointestinal and
cardiovascular diseases and primary and metastatic cancers [91]. However, miRNAs with important
immunological modulation effects in pathogenesis are not necessarily the best biomarkers; for example,
miRNAs in circulation show limited or no correlation with miRNA expression in skin, a difference
from other conditions. Moreover, whether the dysregulated miRNAs in blood are disease-specific or
related to systemic inflammation is unclear. To date, despite several miRNAs being studied, none of
them are used as biomarkers in routine clinical practice.

In this section, we review potential miRNAs as biomarkers in skin inflammatory diseases for
early diagnosis, assessment of disease severity/activity, treatment response monitoring and associated
comorbidities.

4.1. miRNAs as Diagnostic Biomarkers

Studies in pathogenesis and biomarker research are most developed in psoriasis. Since there is a
specific miRN A expression profile different from other skin diseases and healthy controls, miRNAs
may be used as diagnostic markers. MiR-223 and miR-143 were found to be significantly upregulated
in PBMCs from patients with psoriasis. A ROC analysis showed that miR-223 and miR-143 have the
potential to distinguish between psoriasis and healthy controls [92], suggesting that miR-223 and
miR-143 may serve as novel diagnostic biomarkers for psoriasis. In the same way, high levels of
miR-369-3p in the serum and skin were also distinctive in psoriasis patients compared with healthy
controls [93]. Hair studies have shown miR-424 levels to be significantly upregulated in the hair
shaft of only patients with psoriasis compared with normal controls and those with atopic dermatitis.
A receiver—operator curve analysis of hair shaft miR-424 to distinguish psoriatic patients from normal
subjects showed an area under the curve of 0.77 [94]. Hair root levels of miR-19a were also significantly
upregulated only in psoriasis compared with normal controls. In a characteristic (ROC) curve analysis
for hair root miR-19a, to distinguish psoriasis patients from normal subjects, the area under the curve
(AUC) was 0.87 [95]. The results support a putative use as noninvasive diagnostic markers for psoriasis.
Finally, another study found that, by real-time PCR study, levels of miR-125b, miR-146a, miR-203 and
miR-205 in the serum were significantly decreased in patients with psoriasis compared with normal
subjects [96].

Several studies have been performed analysing the microRNA profile in systemic lupus
erythematosus patients but fewer in CLE. In SLE, miRNAs have been analysed in the serum, plasma
and urine, and their relation has been established with several lupus manifestations, such as nephritis,
oral ulcers and lupus anticoagulant, among others [97]. Concerning cutaneous lupus, only one study
that included SCLE and DLE patients and healthy donors screened a selected panel of miRNAs related
with inflammation and fibrosis in the serum [98]. The study showed that miR-150, miR-1246 and miR-21
are downregulated in both SCLE and DLE compared to healthy controls; therefore, these miRNAs could
be of use for CLE diagnosis. Regarding differences between CLE subtypes, no DLE-specific miRNAs
were discovered; however, low levels of miR-23b and miR-146 appear characteristic of SCLE [99].

While miRNAs have been extensively investigated as biomarkers in allergic inflammatory
conditions like asthma and allergic rhinitis, only a few studies have been conducted in atopic dermatitis.
Lv Y et al. [100] focused on paediatric AD and found that miR-203 and miR-483-5p were upregulated
in the serum from children with AD and showed areas under the ROC curve (AUC) > 0.7. Surprisingly,
miR-203 was also found differentially expressed in urine from these patients, but in this case, it was
downregulated. Another study analysing miRNAs in the plasma of children with AD concluded that
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miR-194-5p was downregulated in AD when compared with the control group, suggesting that it may

be a valuable biomarker for AD diagnosis [101]. MiR-155 plays an important role in AD pathogenesis.

Its expression was analysed in peripheral CD4+ T cells, and they found that miR-155 was significantly
elevated in AD patient CD4+ T cells compared with healthy subjects, indicating that it may be a useful
biomarker of the disease as well [15].

4.2. miRNA as Disease Activity and Severity Biomarkers

The present data suggest that certain miRNAs could potentially serve as psoriasis activity markers.
To date, the disease severity of psoriasis is assessed by a PASI score and BSA [102]. However, serum
markers reflecting disease activity have not been of clinical use in psoriasis. MiR-223 and miR-143,
as previously described, are increased in PBMCs from psoriasis patients and positively correlated
with the PASI score and with an area under the ROC curve (AUC) > 0.8 [92]. MiR19a upregulated in
hair roots inversely correlated with duration onset and first visit to the hospital [95]. High levels of
miR-1266 in the serum [103], reduction of miR-126 and upregulation of miR-200c in plasma [104,105]

and elevated miR-146a and miR-155 in PBMCs can also be indicators of psoriasis activity [33,103].

On the other hand, miR-99a in PBMCs are negatively correlated with disease severity [103]. Finally,
the serum and skin miR-369-3p levels were detected, and their correlations with disease severity were
confirmed [106], in which miR-369-3p levels in skin had a positive linear relationship with the PASI
scores [93,106]. Conversely, low miR-369-3p and miR-135b levels in the skin have been associated with
disease improvement and lower severity [93,107].

To date, the disease activity in CLE is assessed by the Cutaneous Lupus Erythematosus Disease
Area and Severity Index (CLASI) [108]. Only serum miR-150 levels have been identified to be inversely
correlated with a CLASI activity score in SCLE patients. Since this miRNA has been associated with
dermal and renal fibrotic processes, we can also infer that it may be involved in the activation of
inflammatory and profibrotic pathways [109,110]. Therefore, miR-150 may be a good candidate to
assess disease severity in SCLE. Further analyses of miRNAs in the plasma or in other biological fluids
may yield interesting biomarker targets in CLE.

One study aimed to identify a prognostic miRNA signature in children with AD from serum and
urine by a genome-wide miRNA profiling analysis. MiR-203 levels were significantly upregulated in
the serum of children with AD compared with healthy controls, and they were significantly associated
with increased sTNFRI and sTNFRII. However, miR-203 was markedly decreased in the urine of
children with AD [100]. Therefore, miR-203 is proposed as a potential biomarker for the severity of
inflammation in childhood AD. It is not clear if the data can be extrapolated to adults, since children
with AD may have different miRN A expression profiles compared to their adult counterparts. Research
is needed in order to establish biomarkers in the adult population, to be able to predict disease
prognosis and, importantly, AD biomarkers may help in the rapid detection of the relapse phase of the
disease and treatment outcomes.

4.3. miRNA Levels to Monitor Therapeutic Effects

Changes in miRNA expression following therapy have been studied in psoriasis. Pathological
T cells and dendritic cells can trigger abnormal keratinocyte proliferation in psoriasis progression via many
cytokines, especially TNF-«. Thus, TNF-« is essential for the pathogenesis of psoriasis. The anti-TNF-x
biological drug etanercept significantly suppressed a panel of 38 miRNAs, and validated serum levels of
miR-106b, miR-26b, miR-142-3p, miR-223 and miR-126 were significantly downregulated [111]. On the
other hand, adalimumab increased miR-23b. These data indicate that changes in the miRNA level
can reflect a previously unknown effect of anti-TNF-o therapy [112]. Interestingly, levels of those
miRNAs were not altered when patients were treated with methotrexate. Additionally, miR-146a-5p
in PBMCs has been described to correlate with clinical efficacy in psoriatic patients treated with
anti-TNF-« adalimumab [113] and miR-125a levels in plasma increased in etanercept-treated responder
patients [114].
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There are no studies evaluating the changes in miRNA levels in response to therapies in CLE or
AD. Prognostic or early response miRNAs in DLE may be useful to monitor the disease and avoid the
development of irreversible fibrotic scarring lesions.

4.4. Associated Comorbidity Biomarkers

Cardiovascular disease, obesity, diabetes and hypertension have been found at a higher prevalence
in psoriasis patients compared to the general population, suggesting that, although psoriasis affects
mainly skin, comorbid conditions are related with the underlying chronic systemic inflammation.
Studies have been conducted to evaluate miRNAs as biomarkers of comorbidities in psoriasis.
Garcia-Rodriguez S. et al. described the upregulation of miR-33 in the plasma of psoriatic patients
when compared to controls and correlated with elevated insulin blood levels [115]. Serum levels
of miR-126 are negatively associated with carotid intima-media thickness in psoriatic patients [104].
Plasma levels of miR-200c are upregulated in psoriasis and correlated with cardiovascular risk [105].
These results indicate miRNAs may be of value to assess possible comorbidities in psoriasis.

In AD children, miR-483-5p expression in serum has been found as an independent marker of IgE
levels. However, the upregulation of miR-483-5p has been significantly associated with the presence
of other simultaneous atopic conditions, such as rhinitis and/or asthma, in comparison with healthy
controls [100]. Therefore, miR-483-5p may reflect the multiorgan/tissue involvement of AD (Table 2).

Table 2. miRNAs as biomarkers and potential applications in autoimmune skin conditions (psoriasis,
cutaneous lupus erythematosus and atopic dermatitis).

miRNA Condition Tissue/Cell/Fluid Expression Potential Application Ref.
iR223 Diagnosis, assess discase severity and
:::R-‘l 13 Psoriasis PBMCs Upregulated monitor treatment (metotrexate) [92]
response
miR-424 Pscriasis Hairshaft Upregulated Diagnosis [94]
miR-1%a Psoriasis Hair roat Upregulated Diagnosis and duration of disease [95]

% T 2 Serum z 7 Diagnosis (skin and serum) and 93 106
miR:369-3p Feorissis Skin Upregulated severity of disease (skin) 12:100)
miR-1266 Psoriasis Serum Upregulated Diasease activity [116]

: i . -y Disease Severity
miR-126 Psoriasis Plasma Downregulated Comorbidities (carotid thickness) [104]
2 % 32 L Diseaase activity and Comorbidities
miR-200¢ Psoriasis TPlasma Upregulated (cardiavascular disease) [105]
miR-155 Psoriasis PBMCs Upregulated Disease activity [23]
Disease activity
miR-146a Psoriasis PBMCs Upregulated Monitor treatment response [96,103]
(adalimumab)

miR-99a Psoriasis PBMCs Downregulated Disease activity [103]
miR-135b Pscriasis Skin Upregulated Discase improvement [107)
miR-125a Psoriasis Plasma Downregulated Diagrosis, and ?/mmtur_ treatment [114]

response {etanercept)
3 Detection of comarbidities

miR-33 Psoriasis TPlasma Upregulated (Elevaied instilin levels) [115]
miR-150 CLE
mll}~1246 (SCLE and DLE) Serum Downregulation Diagnosis [98]

miR-21

miR-23b

miR1246 SCLE Serum Downregulated Diagnosis [991
miR-146

miR-150 SCLE Serum Downregulated Disease Seveity [109,110]
miR-203 AD inchildren Scmm Upregulated in_s_‘ru!n Diagnosis and Disease severity [100]

Urine Downregulatedin urine J
v N s ? Diagnosis and Detection of 30!
miR-483-5p AD inchildren Serum Upregulated comorbidities (asthma/rhinitis) [100]
miR-194-5p AD in children Plasma Downregulated Diagnosis [101]

miR-155 AD CD4* T cells Upregulated Diagnosis [15]

CLE, cutaneous lupus erythematosus; DLE, discoid lupus erythematosus; SCLE, subacute cutaneous lupus
erythematosus; AD, atopic dermatitis and PBMCS, peripheral blood mononuclear cells.
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5. Targeting miRNAs to Treat Skin Autoimmune Diseases

To date, there is no fully effective therapy for several skin autoimmune diseases, and the drugs
used are not exempt from significant side effects. In addition, there are refractory cases that do not
respond to conventional treatment, and their therapeutic options are limited. Most drugs may reverse
local skin inflammation, like in DLE, but they do not avoid the progression of fibrosis or irreversible
sequelae. Therefore, there is a need for novel specific and safe therapeutic agents to treat these chronic
skin inflammatory diseases. miRNA therapeutics are the most recent of a range of RNA therapies that
have emerged over the last 10-15 years [117].

There has been an increase of miRNA profiling studies in skin inflammatory diseases, leading to
the identification of differentially expressed miRNAs, key in disease pathogenesis. Data supports the
concept that miRNAs represent valid drug targets for treatment [118]. There are two strategies to use
microRNAs as genetic modulators: miRNA inhibitors and miRNA mimics [119]. miRNA inhibitors or
anti-miRNAs are chemically synthesised single-stranded nucleic acids designed to specifically bind to
endogenous mature miRNA molecules. When a miRNA inhibitor is administered, there is a reduction
of the targeted endogenous miRNA, and as a result, the interaction of the miRNA of interest with its
targets is prevented. This approach is used for those aberrant expressed miRs that are upregulated
in disease. Conversely, miRNAs that are downregulated in disease may be replaced transiently by
using miRNA mimics. The miRNA mimics are chemically synthesised miRs that mimic endogenous
miRNAs and are able to restore miRNA expression levels to normal. Therefore, when administered,
they can modulate the gene expression correctly and achieve appropriate cell functioning,.

5.1. In Vive Approaches of miRNA Therapy for Skin Autoimmune Diseases

In vivo studies have been conducted to evaluate miRs as potential therapeutic agents in skin
disorders, mainly in psoriasis. MiR-21 expression is increased in epidermal lesions of patients with
psoriasis, and this leads to reduced epidermal TIMP3 (tissue inhibitor of matrix metalloproteinase 3)
expression and the activation of ADAMI7 (tumour necrosis factor--converting enzyme), which
induces TNF-c shedding. The inhibition of miR-21 by locked nucleic acid (LNA)-modified anti-miR-21
compounds ameliorated disease, reducing hyperplasia in patient-derived psoriatic skin xenotransplants
in mice and in a psoriasis-like mouse model, suggesting that anti-miR-21 is a promising therapy
for psoriasis [120]. Similarly, in an imiquimod-induced psoriasis mouse model, the subcutaneous
administration of anti-miR-31 decreased acanthosis, dermal cellular infiltration and epidermal thickness
hyperplasia [25]. Treatment with mimic-340 alleviated the psoriasis severity in the same mouse model
through the downregulation of cytokine IL17A [121]. In addition, an intradermal injection of synthetic
miR-146 mimics efficiently inhibited the development of psoriasiform skin and reduced the epidermal
thickening and the number of infiltrating neutrophils [122]. These results highlight the potential of
miRNA mimics as a therapy to alleviate skin inflammation. The topical administration of nanocarrier
miRNA-210 antisense ameliorated the psoriasis-like dermatitis in mice, providing a potentially effective
topical drug for psoriasis [123]. The delivery of mimic-145-5p into the skin also decreased the epidermal
hyperplasia and ameliorated psoriasis-like dermatitis in mice [60].

In AD mice models, the treatment with anti-miR-155-5p inhibitors clearly reduced the thinning of
the epidermis and reduction of the inflammatory skin cell infiltrates accompanied by decreasing levels
of Th2 cytokines (IL-4, IL-5, IL-9 and IL-13) [85]. The results suggest that antimir-155 therapy would
help reducing AD-associated inflammation. The IL-32y inhibition of miR-205 led to an inactivation of
NF-kB in AD mice models, suggesting a promising therapy for further study [124].

Other miRs have been investigated as a therapy in skin diseases. miR-132 plays a role in the
wound-healing processes, and when liposome-formulated miR-132 mimics were topically applied in
human ex-vivo skin wounds, they promoted healing [125]. miR-203 also plays a role in scarring and
anti-miR-203 treatment accelerated wound closure and reduced scar formation in vivo in mice skin
wound models [126].
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So far, no in vivo miRNA therapy studies have been performed in CLE. miRNAs involved in skin
fibrotic processes may be potential targets in DLE in order to avoid scarring.

In vivo experiments have reported good results in Ps and AD, giving excellent expectative of
the clinical applicability of miRN As therapy for autoimmune skin diseases. However, experiments
performed using animal models not always translating the same positive results in human trials is
an important limitation. Currently, novel technologies are applied, such as 3D skin models (skin
organoids) using patients samples to validate in vivo results before performing human clinical trials.

5.2. Clinical Trials Using miRNA as a Therapy for Treating Skin Diseases

Since the discovery of miRNAs in 1993, a number of preclinical studies have been conducted.
Consequently, there has been an increase in the number of patient treatments over the last decade,
and some of them have progressed translationally, and phase I and phase II clinical trials are currently
ongoing. There are only two clinical trials involving the applicability of miR-29 mimics to treat lesional
skin. MiR-29 is known to have an antifibrotic role, and it may be helpful for the treatment of fibrotic
skin diseases. It is found at a lower level in cutaneous scars, keloids and in the lesional dermis of
scleroderma patients, as compared with healthy controls [127]. A double-blinded, placebo-randomised,
within-subject controlled clinical trial (ClinicalTrials.gov, ID NCT02603224) was performed with
Remlarsen (miR-29 Mimic) administrated intradermally in healthy volunteers. The study showed a
downregulation in collagen expression and a reduction in the development of fibroplasia in incisional
skin wounds, accompanied by a downregulation of miR-29 target genes COL1A1, COL1A2 and COL3A1,
strongly involved with fibrosis [125]. A phase II trial (ClinicalTrials.gov, ID NCT03601052) is ongoing
to study the efficacy and safety of Remlarsen, as well as its pharmacokinetics in patients with a history
of keloid scars.

However, there are not any clinical trials going on for psoriasis, atopic dermatitis or cutaneous
lupus. It would be necessary to perform complete clinical trials in order to guarantee the possible
clinical implementation of miRNA therapy into skin diseases treatments.

5.3. Topical Nanodelivery of miRNA

Topical-based miRNA administration may be an attractive approach for applying miRNA
therapy in skin diseases [129]. Off-target effects, dilution and toxicity, often associated with systemic
administration, may be avoided when miRNA formulation is applied directly on the lesional skin area.
The most significant limitation in the transdermal application of miRNAs is the skin barrier, since the
natural function of the skin is to protect the body from unwanted effects from the environment [130].
The stratum corneum is the primary barrier to the percutaneous absorption of compounds, as well
as to water loss, providing most of the epidermal barrier function. It is composed of nonviable
keratinocyte squames embedded in a lipid-rich matrix, making it nonpermeable and impedes the
absorption of hydrophilic and lipophilic substances greater than 500 Da [131]. In addition, inflamed
skin can complicate their penetration further [132]. Administration of the naked miRNA modulator
will result in a poor outcome due to inefficient tissue penetration and degradation. An option to
overcome this is to introduce chemical modifications that enhance their stability and delivery by
increasing their resistance to degradation by the nucleases that are present in the skin. Emerging
approaches for conveying small interfering RNA (siRNA) into the epidermis have been developed in
recent years, mostly focusing on nonviral vectors such us liposomal or elastic vesicles, metal, liquid
crystalline nanoparticles or with a peptide enhancer [133]. These studies showed the scope for the
topical nanodelivery of miRNA for skin treatments (Figure 4a).
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Figure 4. miRNA therapeutics for skin autoimmune diseases. (a) Dysregulated miRNAs in skin
disorders may be potential candidates to be modulated to re-establish their expressions to normal
conditions. Within this approach, anti-miRNA or mimics miRNA are encapsulated into nanovehicles to
favour their penctration, avoid its degradation and be able to target the desired cells. (b) Deregulated
miRNA in psoriasis miR-203 and miR-145 were selected, and therefore, anti-miR203 and miR-135
mimics were encapsulated in DDC624 liposome complexes, respectively, in a psoriasis tissue model.

To our knowledge, one manuscript described a type of liposomal vesicle as a nanodelivery for
miRNAs in the treatment of psoriasis [134]. Liposomes are lipid-based carrier nanovehicles, stable
with a high loading efficacy and low cytotoxicity. Liposome formulation implies the formation
of amphiphilic phospholipid bilayers that entrap an aqueous core. In this work, Lambert et al.
combined DOTAP and sodium cholate and cholesterol as a stabiliser with 30% ethanol to create
surfactant-ethanol-cholesterol-osomes (SECosomes), a type of liposome with high penetration ability.
This system transmitted siRNA into a skin-humanised mouse model of psoriasis to silence the
expression of human beta-defensin 2 and, also, an antimicrobial peptide that is overexpressed
in psoriatic skin [134]. Altering the cholesterol composition and replacing sodium cholate with
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), they obtained a modified SECosome called
DDC642 that was capable of delivering pre-miR-145 or anti-miR-203 oligonucleotides in melanocytes
and keratinocytes, respectively, to modulate their target mRNA levels (Figure 4b). In addition, DDC642
complexes repress target genes in the epidermis of human 3D psoriasis skin models without targeting
the dermis or circulatory system [134]. This is a proof-of-concept that elastic liposomes could be used
as a topical delivery system for miRNA therapeutics in psoriasis.
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6. Conclusions, Limitations and Future Perspectives

miRNA profiling studieshave identified that skin immune diseases have specific miRNA signatures
and that miRNAs are playing pathogenic roles when dysregulated. Studying the effects of these
dysregulated miRNAs can enhance the understanding of the etiopathogenesis of psoriasis, cutaneous
lupus and atopic dermatitis. Moreover, the fact that they also are dysregulated in circulation makes
them candidate biomarkers for differential diagnosis, a disease severity/prognosis assessment, and they
may also be able to monitor the treatment response, which is of crucial importance to patients that may
be refractory to standard treatments. Since they play a role in pathogenesis, they have the potential
to be used as therapeutic targets. In vivo studies support that miRNAs are able to ameliorate skin
disorders after being topically or intradermally administered. Nanoparticle encapsulations may help
in their delivery, degradation avoidance and, specifically, cell uptake. MicroRNA-based therapy may
be able to treat refractory dermatologic immune conditions more effectively, avoiding current treatment
side effects. Although many preclinical studies have been conducted exploring the role of miRNAs
in autoimmune skin pathogenesis and their application as therapy, at the moment, there is only one
miRNA at the clinical trial stage. Their easy degradation, possible off-target effects and toxicity need to
be avoided to generate an effective, directed and safe microRNA-based therapy. Moreover, their uses
as biomarkers in clinic are still conditioned by the fact that there may be variability in detection assays
and nonstandardised normalisation and data statistical analysis. Therefore, further investigation needs
to be performed to be able to understand their role in pathogenesis and demonstrate their application
both as promising biomarkers and as an effective treatment for autoimmune dermatological conditions.
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Abstract

Background: Thalidomide has been used successfully in a
variety of chronic refractory inflammatory dermatological
conditions with underlying autoimmune orinfectious patho-
genesis. It was first used for refractory discoid lupus erythe-
matosus (DLE) in 1983 and has steadily grown since then.
Method: In this review, we describe the therapeutic benefits
of thalidomide for DLE treatment and its biological proper-
ties. We explain how new discoveries in DLE pathogenesis
are relevant to understand thalidomide's mechanism of ac-
tion and the need to find an alternative safe drug with similar
therapeutic effects. Summary: Thalidomide's efficacy in DLE
patients is significant, with 80-90% reaching clinical remis-
sion according to different studies. However, thalidomide’s
use is still limited by serious adverse effects such as terato-
genicity, neurotoxicity, and thrombosis. In addition, there is
a frequent rate of relapse and many patients require along-
term low dose of thalidomide as maintenance. The achieve-
ment of clinical response within weeks is key to avoid irre-

versible DLE fibrotic sequelae, making it critical to introduce
thalidomide earlier in the DLE treatment algorithm. Recent-
ly, microarray and miRNA screenings demonstrated a signif-
icant CD4™ T enrichment and T-helper 1 response predom-
inance with a dysregulation of requlatory T cell (Treg) ex-
pression in DLE lesions that induced high levels of
proinflammatory, chemotaxis, and apoptotic proteins that
induce the chronic inflammation response. Thalidomide's
anti-inflammatory, antiangiogenic, and T-cell co-stimulatory
effects may be beneficial for DLE since it promotes cytokine
inhibition, inhibits macrophage activation, regulates Treg
responses, inhibits angiogenesis, modulates T cells, and pro-
motes NK cell-mediated cytotoxicity. 20205, Karger AG, Basel

Introduction

Thalidomide is a derivative of glutamic acid, an oral
non-barbituric drug, with sedative and antiemetic activ-
ity, introduced in the 1950s as a sedative for its rapid ac-
tion and apparent safety [1]. However, teratogenicity of
the drug was quickly described, estimating that 5,000-
6,000 children suffered phocomelia secondary to its use
during pregnancy, usually accompanied by other malfor-
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mations. It was not until Sheskin [2] that beneficial effects
on erythema nodosum leprosum were reported. Since
then, there have been progressively more studies demon-
strating the immunomodulatory and anti-inflammatory
cffect of thalidomide and its possible application in im-
mune-mediated inflammatory diseases [3] and skin dis-
orders such as chronic refractory purigo nodularis, ery-
thema multiforme, Beh¢et’s syndrome, and cutaneous lu-
pus erythematosus (CLE) [4].

CLE is an autoimmune skin disease which includes a
broad range of dermatologic manifestations. It may be as-
sociated with systemic lupus erythematosus (SLE). It is
important to note that the skin is the second most fre-
quent organ affected in SLE and that around 75% of SLE
patients present skin manifestations atsome point during
the course of the systemic disease [5]. CLE is classified
into several subtypes according to histological and clini-
cal features. Of the different clinical subtypes, discoid lu-
pus erythematosus (DLE) is one of the most prevalent
and refractory form. DLE lesions tend to appear in sun-
exposed skin, may be localized or generalized, and have a
chronic relapsing-remitting course over time, having an
important aesthetic and psychological impact and hence
an impaired quality of life.

First-line therapies for DLE include antimalarial
agents and/or topical steroids, together with sun protec-
tion. Although most patients respond to this regimen, ap-
proximately 30-40% of cases will be refractory [6]. For
this significant minority, thereis no consensus algorithm,
and a trial and error approach using multiple systemic
agents has shown a variable response. Thus, there is a
need for new treatments.

Rapid improvement of subacute lesions of 2 CLE pa-
tients was first observed using thalidomide as treatment
in 1983 [7]. Since then, further studies in CLE have shown
its efficacy [8-22]. Currently, it is used in severe CLE, es-
pecially in profundus and discoid lupus. However, de-
spite its efficacy, its use is limited because large-scale clin-
ical trials have not been conducted and due to the serious
adverse events that include teratogenicity, peripheral
neuropathy, and thrombotic events. Patients need base-
line nerve conduction studies given the high risk of poly-

neuropathy (20-30%), which may be irreversible [23].
Thalidomide’s Efficacy for DLE Treatment
The effectiveness of thalidomide has been reported by

several cohort studies of more than 60 patients; however,
despite its proven clinical efficacy, it is still considered
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second-line therapy. Our experience confirms that tha-
lidomide is effective for the treatment of refractory DLE
[14]. We reported 60 patients with refractory CLE of
whom 25 were diagnosed with refractory DLE. Most pa-
tients (98%) improved following therapy and 85%
achieved complete remission over a period of 8 years of
follow-up. Clinical improvement was observed within the
first 2 weeks of treatment, although a complete response
usually occurred between weeks 4 and 8. Although no
studies have established an induction and maintenance
dosage for the control of skinlesions, the different studies
have used between 100 and 400 mg/day. Our experience
has been with an initial dose of 100 mg/day to better with-
stand the drowsiness that can occur, and subsequently,
the dose was raised according to clinical response, not
exceeding 400 mg/day [21].

Since 1983, several series of patients with different
CLE subtypes have been published with good results (Ta-
ble 1). The majority of the included patients were those
with DLE, to a lesser extent with subacute cutaneous lu-
pus (SCLE), and much less frequently acute lupus, pro-
fundus lupus, lupus tumidus, or non-specific lesions such
as pyoderma gangrenous [21]. The response rates were
significantly higher in DLE and SCLE (98%), whereas in
the other CLE subtypes the response rates only reached
50%. Among patients with DLE, the generalized subtype
tended to recur more than the localized one (92 vs. 73%,
p=0013),

Relapse was frequent after thalidomide’s withdrawal
and most common in DLE. Kyriakis et al. [24] were the
first to highlight the best and sustained response of pa-
tients with SCLE vs. DLE. In our series, recurrence
reached 70% of all cases (35 of 50) [21], occurring mainly
when decreasing or interrupting treatment [24]. Relapse
occurred between 4 and 8 weeks after the interruption of
thalidomide, but all cases responded to the drug reintro-
duction. In some cases of DLE, low-dose maintenance, 50
mg/day or even every other day, was sufficient to main-
tain the remission of the cutaneous disease to avoid future
scars and side effects. In our studies, up to 16% of patients
with DLE required long-term treatment but at lower
doses.

One of the limitations of the retrospective studies has
been the lack of use of validated scales to assess clinical
response, such as the Cutaneous Lupus Erythematosus
Discase Arca and Severity Index (CLASI) that allows us
to assess the extent, activity, and sequelae of skin lesions
objectively during treatment [25]. This is key to evaluate
the effectiveness of new drugs in future clinical trials in

CLE.

Domingo/Solé/Moliné/Ferrer/Ordi-Ros/

Cortés-Herniandez



Table 1. Clinical studies of thalidomide and analogue lenalidomide for refractory cutaneous lupus erythematosus

Annex

Reference Drug

Condition

N Efficacy, 1 (%)

complete response partial response

Relapse after
thalidomide
withdrawal, 71 (%)

Knop et al. [8], 1983 Thalidomide

60 DLE

60 54/60 (90, complete/partial response)

30/41 (71)

Hasper [9], 1983 Thalidomide

7DLE
4SCLE

11 7/11(64) 2/11(18)

6/11(54)

Naafs and Faber [10], 1985 Thalidomide

5DLE

4SCLE

3 disseminated CLE
11lupus profundus
5SLE

1MCTD

19 17/19 (89, complete/partial response)

117 (6)

Alra and Sato [11],1993 Thalidomide

20 refractory CLE

20 18/20 (90) 2/20 (10)

N.D.

Stevens etal. [12], 1997 Thalidomide

11 DLE

3SCLE

1 SCLE/malar rash
1 chronic erythema

16 7116 (44) 6/16 (37)

6/8 (75)

Satoetal.[13], 1998 Thalidomide

2DLE
3SCLE

13 rash and/or vasculitis

18 13/18(73) 5/18 (28)

18/18 (100)

Ordi-Ros et al. [14], 2000 Thalidomide

9DLE

7SCLE

4lupus profundus
2rash

22 12/16 (75) 416 (25)

9/16 (65)

Thomson etal. [15], 2001 Thalidomide

20DLE
2SCLE
5SLE

27 7127 (26) 11/27 (41)

4/11 (36)

Housman et al. [16], 2003 Thalidomide

8CCLE

1 CCLE/lupus profundus

3SCLE
4lupus profundus
13 SLE

29 17/23 (74) 3/23(13)

N.D.

Brianietal. [17], 2005 Thalidomide

5CCLE

1 CCLE/vasculitis
4SCLE

2 SCLE/vasculitis
1 ACLE/SCLE

1 vasculitis

14 14/14 (100, complete/partial response)

N.D.

Coelho et al. [18], 2005 Thalidomide

19DLE

15 DLE/SLE
155CLE

12 SCLE/SLE
3lupus profundus
1 bullous lupus

65 63/65 (97, complete/partial response)

23/27 (85)

Cuadrado et al. [19], 2005 Thalidomide

18 DLE
6 SCLE
24 SLE

48 29/48 (60) 10/48 (21)

26/39 (67)

Lyakhovisky et al. [20],2006  Thalidomide

10 DLE

10 9/10(90) 1/10 (19)

5/10 (50)

Thalidomide Mechanism of Action in
DLE
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Table 1 (continued)

Reference Condition

N Efficacy, n (%) Relapse after
thalidomide

withdrawal, # (%)

complete response partial response

Cortés-Hernandez Thalidomide

etal. [21], 2012

25DLE

18 SCLE

6 ACLE

5lupus profundus
3chilblain LE
2lupus tumidus

1 pyoderma gangrenasum

60 50/59 (85) 8/59 (14) 35/50 (70)

Wang et al. [22], 2016 Thalidomide 9DLE
12 vasculitis

48 facial rash

69 49/69 (71) 20/69 (29) N.D.

Shahetal. [67], 2009 Lenalidomide 2DLE

2 0/2(0) 1/2 (50) N.D.

Cortés-Hernandez Lenalidomide

et al. [68], 2012

9DLE

2SCLE

1 ACLE

2lupus profundus
1 lupus tumidus

15 12/14 (86) 2/14 (14) 9/12(75)

Braunstein et al. [69], 2012 Lenalidomide 3DLE
1 SCLE/lupus tumidus

1 DLE/SCLE

4/5 (80) N.D.

[

0/5 (0)

Kindle et al. [70], 2016 Lenalidomide 6DLE
1SCLE

2 profundus lupus

9 5/9 (56) 2/9(22) N.D.

Fennira etal. [71], 2016 Lenalidomide 14DLE

2SCLE

16 2/14(14) 12/14 (86) 0/13 (0)

Wuetal. [72], 2017 Lenalidomide 10 recalcitrant CLE/SLE

10 10/10 (100 complete/partial response) N.D.

CLE, cutaneous lupus erythematosus; DLE, discoid lupus erythematosus; SCLE, subacute cutaneous lupus erythematosus; ACLE, acute cutaneous lupus

erythematosus; SLE, systemic lupus erythematosus; N.D., Not detailed.

Described Biological Properties of Thalidomide

Thalidomide is known for its anti-inflammatory, anti-
angiogenic, and immunomodulatory properties.

Anti-inflammatory. In 1991, it was discovered that
thalidomide inhibited the synthesis of tumour necrosis
factor-a (INF-a) [26]. Both soluble and membrane-
bound TNF bind to 2 transmembrane receptor mole-
cules: TNFRI and TNFR2, which are present in almost all
cells, giving the cytokine a broad function according to
the tissue and/or organ where it acts. TNF-a induces an
increased vascular permeability leading to a greater re-
cruitment of inflammatory cells, immunoglobulins, and
complement, as well as causing activation of T and Blym-
phocytes. Thalidomide’s effect on TNF-a release plays an
important role in its ability to modulate the immune sys-
tem [27]. Activated macrophages are the main producers
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of TNF-a and also highly reactive to it, although it can be
produced by many other cell types. It has been demon-
strated that thalidomide inhibits the alternative activa-
tion of macrophages accompanied by a reduction of
TNEF-aq, interleukin (IL)-4, IL-5, IL-13, and IL-17 [28]. It
can also modulate other inflammatory cytokines such as
IL-1, IL-2, IL-6, IL-8, IL-10, IL-12, and interferon-y
(IFN-y) [29].

Antiangiogenic. It was in 1994 when the antiangiogen-
ic effect of thalidomide was discovered [30]. Angiogene-
sis occurs physiologically in wound healing, bringing ox-
ygen, nutrients, and cytokines involved in tissue repair.
Using a rabbit model, it was demonstrated that thalido-
mide could inhibit fibroblast growth factor and vascular
endothelial growth factor (VEGF) induced in angiogen-
esis. Due to its antiangiogenic effects, thalidomide is able
to alter foetal development in pregnant women, which

Domingo/Solé/Moliné/Ferrer/Ordi-Ros/
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leads to foetal deformity. However, at the same time this
effect is one of the mechanisms for its antitumour activ-
ity [31]. In vitro and in vivo studies suggest that immu-
nomodulatory drugs (IMiDs) may inhibit angiogenesis
by antimigratory rather than antiproliferative mecha-
nisms due to inhibiting the secretion of VEGF [32]. Tha-
lidomide reduces metastasis by reducing the expression
of proangiogenic cytokines such as VEGF that decreases
both capillary density and the number of adhesion cells.
Immunomodulatory. The process of co-stimulation of
lymphocytic T-cell populations is important for the acti-
vation of the immune system and the generation of anti-
bodies against relevant antigens. In particular, to avoid
immunological tolerance or anergy, activation of T cells
by antigen-presenting cells (APCs) requires the interac-
tion of the major histocompatibility complex with cellular
T receptors, and other secondary molecules such as B7 (in
APCs) with CD28 (in T cells). To date, immunomodula-
tory effect of thalidomide is poorly understood. In 1998,
it was discovered that thalidomide could co-stimulate T
cells independently of the secondary interaction between
B7 and CD28 molecules [33]. It has been shown that tha-
lidomide has a major effect on the immune response in
T-helper 1 (Thl) diseases by shifting Thl to a Th2 re-
sponse. A potential denominator to explain thalidomide’s
effect in the modulation of graft vs. host, erythema nodo-
sum leprosum, and auto-immune disorders would be the
activation of T lymphocytesleading to the synthesis of IL-
2, the expression of high-affinity IL-2 receptors, and the
induction of lymphocyte proliferation [34]. However,
Fernandez et al. [35] could not demonstrate a modulatory
effect on the immune response in human leukemia cell
line Jurkat cells via IL-2 production. In addition, drugs
derived from thalidomide, IMiDs such as lenalidomide
and pomalidomide, have been shown to have a clear co-
stimulatory effect in both CD4" and in CD8" T cells [36].
IMiDs exert their effects by activating protein kinase C
delta (PKC-8) and acting on AP-1 DNA-binding activity
in T cells, resulting in augmented IL-2 synthesis and acti-
vation of IL-2-dependent downstream effectors, such as
natural killer cells (NK) [37]. The increment of IL-2 pro-
duction by these drugs has been confirmed by several
studies [38]. Moreover, in 2010, cereblon (CRBN) was dis-
covered as the main protein target of thalidomide. CRBN
formsan E3 ubiquitin ligase complex with damaged DNA
binding protein 1 (DDBI1) and Cul4A thatis important for
limb outgrowth. When thalidomide binds to CRBN, the
associated ubiquitin ligase activity of CRBN is inhibited,
producing teratogenic effects [39]. Subsequently, it was
demonstrated that CRBN was also required for the anti-

Thalidomide Mechanism of Action in
DLE
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myeloma activity of thalidomide, and downstream targets
of CRBN were investigated in order to understand the rea-
son [40]. Two critical CRBN-mediated downregulation
genes have been identified: transcription factor Tkaros
(IKZF1) and Aiolos (IKZF3) [41]. Ikaros family genes reg-
ulate immune cell development [42] and the pathological
dysregulation of c-Myc and IRF4 [43].

Plausible Biologic Mechanism in DLE

Potential Biologic Thalidomide Mechanism of Action

in DLE

The pathogenesis of DLE is currently not completely
understood and likely to be multifactorial, involving ge-
netics, epigenetics, and environmental factors. The find-
ings indicate that there is an initial trigger in order to de-
velop the disease. UVB light is a known CLE trigger,
which causes apoptosis of keratinocytes and inflamma-
tion in CLE skin. The apoptotic keratinocytes release au-
toantigens which are recognized by APCs, and thereis an
activation of autoreactive B and T cells. This promotes an
immune cell recruitment and production of cytokines,
chemokines, and autoantibodies [44]. Deposition of IgGs
and C3 is frequently detected in DLE-affected skin. As a
result, the skin is damaged and inflamed leading to the
DLE lesions. Other potential DLE-described triggers are
viral infections, drugs, chemicals, and smoking habits.
However, further studies are required in order to obtain
clear evidence concerning their role in DLE [45].

Gene expression microarray analysis of DLE have
shown an increase in the IFN signalling pathway genes as
well as a significant CD4" T enrichment with a Thl re-
sponse predominance [46]. In addition, anincrease of the
apoptotic signalling molecules CD95, TRAIL-RI, and
caspase-8 has been identified by tissue microarray analy-
sis [47]. Microarray analysis comparing lesional and non-
lesional DLE areas showed an upregulation in lesioned
sites of IFN, apoptosis makers, NK, dendritic cell, chemo-
taxis genes, and leucocyte activation [48]. DLE periph-
eral blood gene expression has also been studied, reveal-
ing that IFN, immune response, and stress pathways are
significantly increased in comparison with healthy indi-
viduals [49]. Another study in which an miRNA screen-
ing profile was conducted in DLE showed that an overex-
pression of miR-31 in DLE lesional skin induced an in-
creased production of IL-8 and IL-12 in keratinocytes,
suggesting that these cytokines play a key role in the in-
flammatory environment of DLE lesions [50].
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Fig. 1. Plausible thalidomide mechanism of action in discoid lupus
erythematosus (DLE). 1. Anti-inflammatory: thalidomide may act
as an anti-inflammatory agent by inhibiting TNF-a production
that is essential for macrophage, T- and B-cell activation. [t could
also reduce cytokines present in DLE lesions, I1-8, and TL-12, and
as a result, there may be less immune cell recruitmentin the lesion
site. 2. Immunomodulatory effects: thalidomide induces ubiquiti-
nation of IKZF1/3 by targeting CRBN complex resulting in their
proteasomal degradation. Consequently, IRF4 transcription de-

Given thalidomide’s efficacy in the treatment of DLE,
the inhibition of IL-8 and IL-12 might be one of the pos-
sible anti-inflammatory mechanisms of action of this
drug (Fig. 1). However, no studies have assessed the effect
on these cytokines in patients with DLE. Regarding
TNE-aq, it is unclear if thalidomide acts by inhibiting its
production, since studies show contradictory results [51,
52]. In addition, anti-TNF-a drugs seem to induce cuta-
neous lupus lesions [53].

Thalidomide angiogenic properties may play arole in its
ability to treat DLE lesions as DLE patients present high
levels of VEGF in serum, and several chronic inflammatory
skin diseases such as atopic dermatitis and psoriasis are
characterized by altered angiogenesis and overexpression
of VEGF. Moreover, one of the beneficial effects of chloro-
quine treatment in DLE may be due to its antiangiogenic
properties reducing erythema, lowering photosensitivity
and decreasing blood vessel formation and telangiectasia

472 Dermatology 2020:236:467-476
DOIL 10.1159/00050867 2

296

creases and it could cause T-cell immunomodulatory effects and
dendritic cell dysfunction. IL-10 and TGF-p in DLE are induced
by regulatory T cells (Tregs) and initiate fibrosis. Thalidomide may
decrease IL-10 and TGF-p Treg production. 3. Antiangiogenesis:
thalidomide could improve DLE lesions, reducing erythema and
telangiectasiaand decreasingblood vessel formation by decreasing
vascular endothelial growth (VEGF). 4. Photoprotection: thalido-
mide photoprotective properties could contribute to its therapeu-
tic effects in UVB-exposed skin.

[54]. However, it is important to note that lesions of SCLE
have been reported as a response to bevacizumab, a recom-
binant humanized antibody against VEGF [55], therefore it
is not totally clear if the antiangiogenic properties of tha-
lidomide could be beneficial for DLE treatment (Fig. 1).

DLE skin lesions display a significant CD4* T-cell en-
richment with a high level of production of IL-2 and a
relative increase of Treg response [46]. 1L-2 is a relevant
cytokine and induces an expansion of Tregs. Some stud-
ies show that IMiDs have an inhibitory effect on Tregs
[56], and thalidomide regulates Treg activity [57]. So, a
reduction or regulation of Treg response in DLE lesions
may decrease 1L-10 and TGF-p production and slow
down the TGF-p-dependent mechanism of fibrosis, re-
ducing scarring (Fig. 1). But restoration of abnormal im-
mune function should be addressed more carefully in cu-
taneous and non-cutaneous lupus patients considering
the complexity of disease pathogenesis.
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Fig. 2. Novel safety thalidomide derivate
for refractory DLE treatment. Early resolu-
tion of inflammation in DLE is very rele-
vant toavoid irreversible sequelae. In many
cases, current treatments are not powerful
enough to prevent scarring in refractory
DLE patients. An alternative could be a
thalidomide derivate with a better safety
profile, avoiding serious adverse effects,
such as teratogenicity, peripheral neuropa-
thy, drowsiness, amenorrhea, and throm-
botic events, but preserving anti-inflam-
matory and immunomodulatory thalido-

Annex
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Polymorphisms in the IKZF1 and IKZF3 loci are as-
sociated with an increased risk of SLE, but their roles are
still being studied [58]. On the other hand, IRF4 plays a
fundamental role in dendritic cell differentiation, and it
hasbeen suggested that an IRF4-dependent pathway con-
tributes to their dysfunction in lupus [59]. Consequently,
thalidomide’s T-cell modulatory properties in DLE pa-
tients could also be related to the initial binding to CRBN
that induces proteasomal degradation of IKZF1/3 and in-
hibition of IRF4 transcription (Fig. 1). Further specific
study of CRBN downstream signalling in skin biopsies
will help to delineate the underlying mechanisms for tha-
lidomide’s efficacy in DLE treatment.

It has been described that thalidomide has a photopro-
tective effect by inhibiting acute UVB erythema in non-
lesional skin of DLE (Fig. 1). However, no differences
were observed in the frequency of apoptotic keratinocytes
in the UVB-exposed areas before and after thalidomide
treatment [60]. The authors conclude that these photo-
protective properties may partly contribute to the thera-
peutic effect of thalidomide in cutaneous UVB-related
diseases. As UVB exposure is an initial CLE trigger, this
needs to be investigated in order to get more insights into
the mechanism of action of thalidomide in DLE and oth-
er cutaneous diseases.

Limited Clinical Use of Thalidomide in DLE: Need of
Novel Safety Analogues

Around 25-30% of DLE thalidomide-treated patients
can develop minor side effects that resolve after its with-
drawal or dose adjustment. Drowsiness, dizziness, flatu-
lence, constipation, and dry skin are frequent and dose
dependent. However, side effects could be more serious,

Thalidomide Mechanism of Action in
DLE

such as an exfoliative dermatitis, toxic epidermolysis, and
exacerbation of psoriasis, allergic vasculitis, or hereditary
purpura caused by thrombocytopenia [61]. According to
several studies, peripheral neuropathy incidence ranges
from 20 to 30% for thalidomide-treated CLE patients
[23]. Other side effects that deserve to be mentioned in-
clude ovarian toxicity and the risk of thrombotic events
[62, 63]. Thalidomide could also induce a state of hyper-
coagulation [64], and this risk can increase significantly
inthe presence of concomitant oral contraceptive use and
antiphospholipid antibodies [65, 66]. For this reason, tha-
lidomide treatment is given only for refractory cases.
There is no clear definition of refractory cutaneous lu-
pus, nor is there consensus about when thalidomide
should be introduced. Thalidomide treatment always re-
quires an accurate analysis of each case, and it is impor-
tant to have its toxicity in mind. For this reason, ana-
logues of thalidomide have been developed in order to
avoid the undesired side effects. Of these, lenalidomide
displayed similar efficacy and relapse rates as thalidomide
[67-72], and iberdomide (CC-220) improved significant-
ly moderate-to-severe lupus skin manifestations [73]. Le-
nalidomide has greater immunomodulatory properties
than thalidomide, being more potent in the stimulation
of T-cell proliferation and [FN-y/IL-1 production [74].
CC-220 binds cereblon with a higher affinity than previ-
ous IMiDs, and degradation of Ikaros and Aiolos is more
potent [75]. In addition, thalidomide analogues seem to
be safer with less risk of developing side effects such ashas
been observed with lenalidomide-treated patients who
scemto presenta decreased risk of peripheral neuropathy
[68, 76]. Regarding CC-220, frequency of side effects and
its efficacy is still under investigation. IMiDs are an ex-
pensive therapeutic option compared to thalidomide.
There is a need to develop novel thalidomide analogues
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with a better safety profile that could be introduced at
early stages in the management of DLE after failure of
conventional standard therapy to avoid irreversible se-
quelae (Fig. 2).

Conclusion

Thalidomide isa notable drugto be used in human im-
mune complex diseases for its potential biological effect.
Its therapeutic efficacy has been described as anti-inflam-
matory, antiangiogenic, and T-cell co-stimulatory. In re-
cent years, data suggest that it is a successful treatment for
DLE. Its mechanism in DLE patients may be due to cyto-
kine inhibition, inhibition of macrophage activation,
Treg response regulation, inhibition of angiogenesis, T-
cell modulation, and promotion of NK cell-mediated cy-
totoxicity. Nevertheless, serious side effects of thalido-
mide limited its use for refractory cases only. In DLE,
where carly resolution of inflammation is so important to
avoid irreversible scarring and sequelae, it will be critical
to introduce a safe derivate of thalidomide earlier. Fur-
ther study with molecular biology techniques is required
in order to get more insights into the biological mecha-
nism of thalidomide in DLE and, therefore, be able to
discover and develop novel thalidomide analogues effec-
tive for DLE, safer and without side effects.
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