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ARTICLE INFO ABSTRACT

Handling editor: Y Renaudineau Cutaneous (CLE) and systemic lupus erythematosus (SLE) are autoimmune diseases with a multifactorial path-
ogenesis. Ultraviolet radiation (UVR) is the most important trigger of CLE; however, the degree of photosensi-
tivity varies between the clinical subtypes. The expression of matrix metalloproteinases (MMPs)—important
enzymes involved in skin turnover and homeostasis—is modulated by UVR.

To investigate the causality of the clinically observed effects of UVR, sun-exposed lesional skin samples from
patients with different subtypes of lupus erythematosus (LE) were examined by immunohistochemistry for the
expression of MMP1 and MMP28 and compared with biopsies from polymorphous light eruption (PLE) and
healthy skin (HS). The expression of micro-RNAs (miR-31 and miR-150)—regulators of MMP expression and
cellular metabolism—in the samples was determined by in-situ hybridization and correlated with the expression
of the glucose transporter 1 (GLUT1) receptor to examine potential metabolic regulation. To assess potential UVR
regulation of MMP28, we performed in vitro experiments in healthy keratinocytes and fibroblasts.

MMP28 expression was differentially affected by UVA1 and UVB irradiation in keratinocytes and fibroblasts.
Compared with all other LE subtypes, as well as PLE and HS samples, MMP28 expression in Chilblain LE skin
showed a distinct vertical distribution, reaching as far as the upper layers of the dermis. This vertical expression
pattern coincided with decreased GLUT1 levels and with increased expression of miR-31 and miR-150 in the
epidermis of patients with Chilblain LE. These data provide evidence for a potential metabolic dysregulation that
may play a role in the etiology of LE. Furthermore, our results suggest MMP28 as a novel complementary marker
in Chilblain LE diagnosis.
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1. Introduction

Cutaneous (CLE) and systemic lupus erythematosus (SLE) are
ultraviolet-A (UVA) (315-400 nm) and ultraviolet-B (UVB) (280-315
nm) radiation-associated autoimmune diseases with an incidence of 0.3/
100,000 person-years in Africa and up to 23.2/100,000 person-years in
North America [1]. Clinical manifestations of LE range from mild, such
as skin-only disease in CLE, to severe and potentially life-threatening in
SLE [2,3]. SLE is defined according to the 1982 criteria of the American
College of Rheumatology [4] and the revised version of The Systemic
Lupus Erythematosus International Collaborating Clinics criteria [5].

CLE is defined as isolated cutaneous lupus lesions occurring in the
absence of significant evidence of SLE and is further subdivided into
acute cutaneous lupus erythematosus (ACLE), subacute cutaneous lupus
erythematosus (SCLE), chronic cutaneous lupus erythematosus
(including discoid lupus erythematosus (DLE)), LE tumidus (LET), and
Chilblain lupus. The pathogenesis of both CLE and SLE is multifactorial
and includes genetic predisposition, environmental triggers, and ab-
normalities in the innate and adaptive immune response. The current
view is that UV radiation (UVR) triggers cell damage and apoptosis, with
LE being more sensitive to UVB than to UVA. Furthermore, T cell dys-
regulation, cytokine imbalances, B cell defects, and autoantibody
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production seem to contribute to the development of LE [2].

The pathogenesis of LE involves impaired keratinocyte clearance,
inflammatory events, and an impaired immune response that may be
mediated by the altered expression of various matrix metalloproteinases
(MMPs). MMPs are markers of UV-induced skin damage and, as pro-
teinases, are responsible for the degradation of extracellular matrix
proteins and contribute to UV-induced skin aging [6]. They also play a
crucial role in photocarcinogenesis by regulating processes related to
tumor progression, including tissue homeostasis as well as tumor
vascularization, invasion, and metastasis [7]. Since MMP expression is
regulated by UVR, MMPs may also play a role in the pathogenesis of LE
[8]. High intrathecal and serum MMP9 levels have been found in SLE
patients with neuropsychiatric symptoms [9], and the upregulation of
this protein may be responsible for the vascular damage in peripheral
neuropathy of SLE [10]. MMP1 (UVA and UVB regulated) and MMP9
(UVA and UVB regulated) activity is increased in the serum of SLE pa-
tients and may be associated with inflammatory activity [11,12]. In
addition, SLE patients show elevated serum and plasma levels of MMP3,
which may contribute to vascular wall damage in SLE neuropathy and in
the pathogenesis of lupus nephritis [13]. Elevated MMP2 (UVA and UVB
regulated) and MMP9 levels have previously been found in lesional CLE
skin and have been shown to correlate with disease activity [14].

In contrast to other MMPs, the role of MMP28 in LE is still unclear.
MMP28 is physiologically expressed in keratinocytes to promote wound
healing and tissue homeostasis [15]. It has been suggested that disrup-
tion of the clearance of UV-induced apoptotic keratinocytes may play a
role in LE inflammation [16], thus making MMP28— an epilysine
important for tissue homeostasis [17,18]—a suitable target for further
research in LE. Taken together, these findings suggest that MMPs play an
important role in the initiation and progression of inflammation and
tissue damage in both CLE and SLE.

UVR not only induces changes in the expression of MMPs but also
affects micro-RNAs (mi-RNAs) [19,20]. Mi-RNAs are a large group of
short, non-coding RNA molecules involved in the post-transcriptional
control of gene expression [21]. Their effects are exerted by base pair-
ing with messenger RNA (mRNA), resulting in enhanced mRNA decay
and/or attenuation of translation [22,23]. Mi-RNAs may be up- or
down-regulated in autoimmune diseases such as LE and may also be
affected by UVR. So far, mi-RNAs have been studied predominantly in
cell culture and serum from LE patients and rarely in lesional skin.

Among others, miR-31 showed lower expression in the plasma of SLE
patients and higher expression in in-situ hybridization of CLE patient
tissue. Dysregulation of miR-31 and its target Ras homolog family
member A (RhoA) could be a novel molecular mechanism underlying
the IL-2 deficiency in patients with SLE [24]. Overexpression of miR-31
contributes to skin inflammation in DLE lesions by regulating the pro-
duction of inflammatory mediators such as interleukin (IL)-1p, IL-12,
and IL-8 in keratinocytes and by attracting neutrophils and intermedi-
ate monocytes to the skin [25]. Besides its proinflammatory function,
miR-31 also interacts with MMP1 to promote epithelial-to-mesenchymal
transition [26]. Furthermore, miR-31 is known to regulate glucose
metabolism through the glucose transporter 1 (GLUT1) receptor [27].
Cell culture experiments have shown that UVA and UVB upregulate
miR-31 levels [20].

Pro-inflammatory miR-150 showed higher expression in patients
with SLE [28] but lower expression in patients with CLE [29]. Regarding
the critical role of miR-150 in skin biology, its downregulation has been
shown to promote keratinocyte proliferation under hypoxic conditions
by targeting hypoxia-inducible factor 1-alpha (HIF-la) and vascular
endothelial growth factor A (VEGF-A). Downregulation of miR-150 in
CLE may influence the activation of chronic inflammatory and
pro-fibrotic pathways [29]. So far, it is not clear whether miR-150 is
UVA and/or UVB regulated. Similar to miR-31, miR-150 can negatively
regulate GLUT1 expression in psoriasis and osteosarcoma [27,30] to
interfere with cellular glucose metabolism.

In the context of LE, an upregulation of GLUT1 has already been
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observed in patients with SLE [31]. Inhibition of GLUT1 using T
cell-specific knockouts or small molecules that inhibit glycolysis has
already improved the phenotypes of several murine autoimmune disease
models, such as arthritis, LE, and psoriasis. Deletion or inhibition of
GLUT1 blocked T cell proliferation and effector function, antibody
production by B cells, and reduced the inflammatory responses in
macrophages [32].

The objective of the current study was to investigate the differences
in molecular patterns associated with UV exposure in CLE subtypes and
SLE. As such, emphasis was put on MMPs (namely MMP1 and MMP28)
as drivers of tissue remodeling and homeostasis, and the glucose trans-
porter GLUT1 as regulator of MMP expression. We also wanted to
investigate possible aberrations in the skin patterns of miR-31 and miR-
150 in LE patients, considering their role in GLUT1 and immune
response modulation. As a final outcome, we hoped identify distinct
marker combinations that could help to better differentiate between the
subtypes of LE and even serve as foundation for improving the currently
available LE treatment strategies.

For this reason, skin biopsies from patients with CLE and SLE were
immunohistochemically analyzed for the expression of MMP1, MMP28,
and GLUT1. Furthermore, we used keratinocyte and fibroblast cell cul-
tures to assess MMP28 regulation before and after UVA1 and UVB
irradiation. Finally, we examined via base scope miR-31 and miR-150
and their correlation with MMP28 and GLUT1 expression patterns in
patients with CLE and SLE compared to polymorphic light eruption
(PLE) and healthy skin (HS).

2. Materials and methods

2.1. Acquisition of histological samples from lupus erythematosus patients
and healthy controls

We retrospectively analyzed paraffin-embedded skin biopsies that
had been taken consecutively from 2010 to 2022 from 49 patients with
CLE, SLE, and a control group with PLE (n = 5) and HS (n = 3). Skin
biopsy specimens were taken from untreated lesions on sun-exposed
body sites (fingers, arms, thorax, or scalp) of all patients with LE or
PLE. The study population included patients with ACLE (n = 3), SCLE (n
=12), DLE (n = 11), LET (n = 10), Chilblain LE (n = 10), and SLE (n =
3). The subtype of CLE was defined according to clinicopathologic cor-
relation. SLE diagnosis was made when at least 4 of the revised SLE
criteria of the ACR/EULAR (American College of Rheumatology/Euro-
pean League Against Rheumatism) were present. All patients underwent
a medical history, physical examination, and routine blood analysis.
Biopsies from 5 patients with PLE and 3 patients without skin disease
(healthy donors) were used as controls.

2.2. Immunohistochemistry staining

2.2.1. Deparaffinization of histological samples prior to
immunohistochemistry staining

Immunohistochemistry (IHC) was performed on formalin-fixed and
paraffin-embedded skin samples, from which 2 pm sections were used.
For all immunohistochemistry staining procedures, the samples were
dried at 60 °C for 1h and deparaffinized in a descending alcohol series as
follows: 3 x 10 min xylene, 2 x 5 min 100 % ethanol, 2 x 5 min in 96 %
ethanol, and 1 x 5 min 70 % ethanol. The subsequent staining steps are
described below individually for each antibody.

2.2.2. Immunohistochemistry staining of MMP28

After deparaffinization and rehydration, the sections were incubated
with 3 % Hs0; (in ethanol) for 10 min to block unspecific reactions.
After a brief wash in dH»0, the slides were placed in a steamer in citrate
buffer (pH 6) (Zytomed Systems GmbH, Germany) for 20 min, followed
by 30 min cooling to room temperature and a brief wash in HyO. Tissue
sections were contoured with an ImmEdge barrier pen (Vector
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Laboratories, USA). The tissue slides were incubated in blocking solution
(Zytomed Systems GmbH, Germany) for 10 min, rinsed in phosphate-
buffered saline (PBS) for 5 min, and incubated with an anti-MMP28
antibody (1:400 dilution, PA5-100157, Thermo Fisher Scientific, USA)
overnight at 4 °C. After 5 min washing with PBS, slides were incubated
in an anti-rabbit Histofine® (Medacshop, Hamburg, Germany) at room
temperature for 30 min, rinsed in PBS for 5 min, and incubated with AEC
substrate chromogen (ready-to-use; Dako/Agilent, USA) at room tem-
perature. The staining reaction was stopped with HO, and counter-
staining was performed with hematoxylin. Aquatex (Sigma-Aldrich/
Merck, Germany) was used for mounting the coverslips.

2.2.3. Immunohistochemistry staining of MMP1

After deparaffinization and rehydration, the tissue sections were
incubated with 3 % H0; (in ethanol) for 10 min to block unspecific
reactions. After a brief wash in dH30O, the slides were placed in a steamer
in citrate buffer (pH 6) (Zytomed Systems GmbH, Germany) for 20 min,
followed by 30 min cooling to room temperature and a brief wash in
H>0. Tissue sections were contoured with an ImmEdge barrier pen
(Vector Laboratories, USA). The tissue slides were incubated in blocking
solution (Zytomed Systems GmbH, Germany) for 10 min, rinsed in PBS
for 5 min, and incubated with an anti-MMP1 antibody (1:200 dilution;
IMG-80426, Imgenex/Novus Biologicals, USA) overnight at 4 °C. After 5
min washing with PBS, slides were incubated with an anti-rabbit sec-
ondary antibody (Zytomed Systems GmbH, Germany) at room temper-
ature for 30 min. Samples were washed again with PBS and incubated
with an HRP-conjugate (Zytomed Systems GmbH, Germany) at room
temperature for 30 min. After a final washing step, the samples were
incubated with AEC substrate chromogen (ready-to-use; Dako/Agilent,
USA). The staining reaction was stopped with Hy0, and counterstaining
was performed with hematoxylin. Aquatex (Sigma-Aldrich/Merck,
Germany) was used for mounting the coverslips.

2.2.4. Immunohistochemistry staining of GLUT1

After deparaffinization and rehydration, the sections were placed in
a steamer in Tris-EDTA buffer (pH 9) (Zytomed Systems GmbH, Ger-
many) for 20 min, followed by a 30 min cooling to room temperature
and a brief wash in H30. Tissue sections were contoured with an
ImmEdge barrier pen (Vector Laboratories, USA). The tissue slides were
incubated in blocking solution (Zytomed Systems GmbH, Germany) for
10 min, rinsed in PBS for 5 min, and incubated with an anti-GLUT1
antibody (1:500 dilution; ab115730, Abcam, UK) overnight at 4 °C.
After a 5-min wash with PBS, slides were incubated with an anti-rabbit
secondary antibody (Zytomed Systems GmbH, Germany) at room tem-
perature for 30 min. Samples were washed again with PBS and incu-
bated with an HRP-conjugate (Zytomed Systems GmbH, Germany) at
room temperature for 30 min. After a final washing step, the samples
were incubated with AEC substrate chromogen (ready-to-use; Dako/
Agilent, USA). The staining reaction was stopped with H50, and coun-
terstaining was performed with hematoxylin. Aquatex (Sigma-Aldrich/
Merck, Germany) was used for mounting the coverslips.

2.2.5. Scoring of the immunohistochemistry staining for MMP1, GLUT1,
and MMP28

Experienced dermatopathologists from the Department of Derma-
tology visually evaluated the immunohistochemically stained samples
by applying the immuno-reactive score described in Table 1.

In MMP28 staining, the vertical distribution of the marker in the
histological samples was determined. The skin sections were subdivided
into upper epidermis, whole epidermis without Stratum (S.) basale,
whole epidermis with S. basale and dermis; the marker distribution was
assessed and scored in accordance with Table 2.

2.2.6. Imaging of the immunohistochemistry samples
Images of the immunohistochemical stainings were taken at 40x and
20x magnification using BZ-X810 inverted combined fluorescence and
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Table 1
Immuno-reactive score, calculation of marker expression, and assigned numer-
ical values for the IHC staining of MMP1 and GLUT1.

A: Percentage of B: Intensity of ~ Evaluation of Assigned numerical

tissue stained the stain results (AxB) value for statistical
calculations

0-0 % 0 — no stain 0-1 negative 0
1-<10% 1 - weak 2 very weakly 1

positive
2-10-50 % 2 - mild 3-4 weakly 2

positive
3-51-80 % 3 - strong 6-8 moderately 3

positive
4->80% 9-12 strongly 4

positive

The immuno-reactive score was derived from the publications of Fedchenko
et al., 2014 and Remmele et al., 1987 [33,34].

Table 2
Numerical scores for the vertical distribution of MMP28 following the THC
staining.

Extent Assigned numerical value for statistical

calculation

Upper epidermis only (inclusive Stratum 1

granulosum)
Whole epidermis without S. basale 2
Whole epidermis with S. basale 3
Epidermis, S. basale and dermis 4

phase contrast microscope (Keyence, Germany). BZ-H4C imaging soft-
ware (Keyence, Germany) was implemented in the process.

2.3. miRNA in situ hybridization of miR-31 and miR-150

2.3.1. Sample preparation for in situ hybridization

In situ hybridization was performed on 4-pm histological samples
using the Base Scope System (Advanced Cell Diagnostics/Biotechne,
USA). The probes for two micro RNAs miR-31 (catalog number: 712631)
and miR-150 (catalog number: 710111) were hybridized according to
the manufacturer’s protocol, but with a slight modification. A PPIB
probe was used as a hybridization control.

Tissue permeabilization was performed with Protease IV (Advanced
Cell Diagnostics/Biotechne, USA) at 40 °C for 30 min. Probe hybridi-
zation was carried out in a Twin Tower Block of a PTC-200 DNA Engine
Cycler (Bio-Rad, Germany). The hybridization process followed the
manufacturer’s protocol for a Base Scope Detection Kit v2 RED
(Advanced Cell Diagnostics/Biotechne, USA) up to the AMP7 hybridi-
zation step, in which the incubation time was set to 1 h at room tem-
perature. After incubation with AMP8 and a washing step in accordance
with the standard protocol, the slides were incubated in a Base Scope
Fast RED substrate at room temperature for 15 min. Subsequently, the
slides were washed, counterstained with hematoxylin, dried at 60 °C for
1 h, and mounted with VectaMount (Vector Laboratories, USA).

2.3.2. In situ hybridization scoring

An overview of each section was acquired at 10x magnification with
BZ-X810 inverted combined fluorescence and phase contrast microscope
(Keyence, Germany). Since hybridization was observed exclusively in
the epidermis, the area of the epidermis was calculated with ImageJ
1.54d (National Institute of Health, USA) and given in [mrnz]. Serial
images of the complete epidermis were made for each sample at 40x
magnification, and the number of positive hybridization events (dots)
was counted semi-quantitatively. The final hybridization results are
presented as [dots/mm?].
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2.4. Cell culture

2.4.1. Isolation and culturing of healthy primary human fibroblasts (Re5)

A healthy skin biopsy sample obtained from the University Medical
Center Regensburg was given the designation Re5 and was used for
harvesting primary human fibroblasts. The skin biopsies were placed on
a Primaria cell culture dish (Corning, Germany) with a single drop of
DMEM-Cipro medium (DMEM medium (P04-01548, PAN Biotech,
Germany) containing 10 % FCS (Anprotec, Germany), 1 g/L (5.5 mM)
glucose (Sigma-Aldrich/Merck, Germany), 1 mM pyruvate (Thermo
Fischer, Germany), and 2 mM L-glutamine (Sigma-Aldrich/Merck,
Germany), Ciprofloxacin 1 % (200 mg/100 mL infusion solution, Fre-
senius Kabi, Germany). The samples were and incubated at 37 °C for 30
min to ensure that the skin sample adhered to the dish surface. After-
ward, 3 mL DMEM-Ciprofloxacin was added to the skin sample culti-
vated in 5 % CO- at 37 °C until fibroblast outgrowth was sufficient for a
transfer to a T25 cell culture flask, in which the cells were cultured in
DMEM without Ciprofloxacin and used for further experiments.

2.4.2. Culturing of immortalized human keratinocytes (HaCaT)

Human immortalized keratinocytes (HaCaT) were purchased from
Cell Lines Service (Germany) and cultured in standard DMEM medium
at 37 °C, 5 % COa.

2.5. UV irradiation protocols

2.5.1. UVAI irradiation of cultured human fibroblasts and immortalized
keratinocytes

One day before irradiation, the cells were seeded on a 6-well plate in
DMEM without pyruvate at a density of 5 x 10* cells per well and
incubated overnight. The decision to maintain the cells in pyruvate-free
medium was based on the publication by O’Donnell-Tormey [35], who
showed that cells have the ability to self-equilibrate to serum pyruvate
levels in about 12 h. This ability makes the 0 mM pyruvate initial culture
medium closer to the physiological levels of pyruvate in the body than
the widely used 1 mM DMEM medium.

At the beginning of irradiation, the medium was aspirated from each
well. Cells were irradiated in 1 mL PBS. For a graphical representation of
the irradiation protocol, see Supplementary Figure S1 a. Thedose of
UVAL1 per single irradiation was provided by a Sellamed-Lamp (Sellas
Medizinische Gerate GmbH, Germany) with an emission spectrum of
340-420 nm (s ee Supplementary Figure S1 a) set at 6 J/em?. The PBS
was then aspirated, and 5 mL fresh medium with 0 mM pyruvate was
added to the corresponding wells after the first irradiation. Prior to all
subsequent irradiation procedures, the medium was aspirated and
collected in separate falcons and then returned to the corresponding
wells.

A total of 3 irradiations per day were performed, with a 4 h rest
period between each irradiation and an overnight rest period after the
last daily irradiation. The whole treatment lasted four days.

2.5.2. UVB irradiation of cultured human fibroblasts and immortalized
keratinocytes

One day before irradiation, the cells were seeded on a 6-well plate in
DMEM without pyruvate (0 mM) at a density of 1 x 10° cells per well
and incubated overnight. The decision to maintain the cells in a
pyruvate-free medium was based on the publication by O’Donnell-Tor-
mey [35] (see UVA1 irradiation).

At the beginning of the irradiation, the medium was aspirated from
each well. Cells were irradiated in 1 mL PBS. For graphical representa-
tion of the irradiation protocol, see Supplementary Figure S1 b. The dose
of UVB per single irradiation was provided by a UV Crosslinker (Vilber
Lourmat, France) set at 10 mJ/cm?. The PBS was then aspirated, and 5
mL fresh medium with 0 mM pyruvate was added to the corresponding
wells after the first irradiation. Prior to all subsequent irradiation pro-
cedures, the medium was aspirated and collected in separate falcons and

Journal of Translational Autoimmunity 10 (2025) 100265

then returned to the corresponding wells.

A total of 2 irradiations per day were performed, with a 4 h rest
period between each irradiation and an overnight rest period after the
last daily irradiation. The whole treatment lasted three days.

2.6. RNA extraction from cultured cells and subsequent qPCR analysis of
MMP28 expression

RNA was extracted from the treated cells using the NucleoSpin RNA-
isolation kit (Machery-Nagel, Germany) according to the manufacturer’s
protocol. For reverse transcription, 500 ng RNA per sample was used. A
master mix was prepared for reverse transcription, containing 1 pL
random primer (Roche, Germany), 4 pL 5x buffer (SuperScript II, Invi-
trogen/Thermo Fisher, Germany), 1 pL dNTPs (New England Bio Labs,
Germany), 1 pL DTT (SuperScript 1I, Invitrogen/Thermo Fisher, Ger-
many), and 2 pL water per sample. Up to 10 pl RNA was added to the
mix, and the rest of the volume up to 19 pl was filled with water. The
RNA was stretched at 70 °C for 10 min. Afterward, 1 pL SuperScript
enzyme (SuperScript II, Invitrogen/Thermo Fisher, Germany) was
added to each sample at room temperature followed by incubation at
42 °C for 45 min and subsequently at 70 °C for 10 min. At the end of
reverse transcription, the samples were cooled and stored at 4 °C.

For gPCR analysis, each sample contained 10 pL SybrGreen (Roche,
Germany), 0.5 pL forward primer, 0.5 pL reverse primer, 8 pL water, and
1 pL cDNA. For negative control, 1 pL of water was used instead of
cDNA. 20 pL of each sample were pipetted in duplicates on a 96-well
LightCycler plate (Roche, Germany). Optimal annealing temperatures
were determined for each gene of interest as shown in Table 3 qPCR
reaction was performed in Roche LightCycler 96 (Roche, Germany),
programmed for 45 cycles of amplification.

The results were evaluated with LightCycler 96 software, and the
MMP28 expression was calculated as a ratio to the housekeeper (b-
actin). For subsequent evaluation, MMP28 expression was presented as
fold change compared to control (treated with 0J/cm? UVA1 and
cultured in 1 mM pyruvate).

2.7. Statistical analysis

Prior to the study initiation we determined an effect size between 0.8
and 1.2 to be suitable for calculating our minimal group size in accor-
dance with the publications of Sullivan and Feinn from 2012 [36],
Sawilowsky 2009 [37], and Cohen 1988/2013 [38]. Using G*Power
3.1.9.7 (Heinrich-Heine-Universty Dusseldorf, Dermany), we calculated
the minimal group size for a one-way ANOVA at alpha error 0.05 and
power of 0.8 to be 3 probands.

Statistical analysis was performed with GraphPad Prism 9.5.1
(Graphpad Software Inc, USA). A One-Way ANOVA test was used, and
results were considered significant at a p-value <0.05.

Ethical approval

All experiments were approved by the Institutional Review Board of
the University of Regensburg, Germany (Permit Number: 22-2890-101).
The collection and propagation of primary human fibroblasts was

Table 3
Product size and annealing temperatures of the used primers (Sigma-Aldrich,
Germany).

Gene of Primer sequence: forward/reverse Size of Annealing
interest product temperature
(bp-base
pairs)
MMP28 GTGCAGAGCCTGTATGGGAA/ 172 60 °C
TGCCTGTCTACAGTGATGGC
b-Actin CTACGTCGCCCTGGACTTCGAGC/ 385 bp 54-65 °C

GATGGAGCCGCCGATCCACACGG
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approved by the Institutional Review Board of the University of
Regensburg (Permit Number: 14101 0001).

7. Results

7.1. Lupus erythematosus and healthy skin showed differences in the
expression patterns of MMP1 and MMP28

We analyzed the expression patterns of MMP1 and MMP28 (Fig. 1).
Most CLE subtypes, as well as SLE and PLE, showed a statistically sig-
nificant upregulation of MMP1 expression compared to HS. MMP1 levels
in Chilblain LE and ACLE were elevated but not statistically significant
compared to HS (Fig. 1a). MMP1 was mainly detected in the cytoplasm,
but there was also sporadic nuclear staining independent of the LE
subtype (Supplementary Fig. S2).

Compared to MMP1, MMP28 showed no difference in expression
intensity between LE and HS. However, MMP28 showed a very distinct
vertical distribution pattern. Of the LE and PLE samples assessed, Chil-
blain LE showed a broad distribution of MMP28 with scoring values of
3-4, reaching as deep as the S. basale and dermis (Fig. 1b and c). In
contrast, all other LE subtypes and the HS samples showed mostly
moderate spread of MMP28 in the upper layers of the epidermis without
involvement of the S. basale (Fig. 1b and c). Exceptions were the samples
from patients with PLE, where three out of five patients showed MMP28
expression similar to that seen in Chilblain LE. Interestingly, in cases in
which MMP28 was exclusively expressed in the epidermis, the staining
was cytoplasmatic (Fig. 1 ¢ LET, SCLE, DLE, SLE, ACLE, and NS).
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However, samples showing S. basale and dermal staining showed nu-
clear MMP28 expression in these two regions (Fig. 1 c¢ Chilblain and
PLE).

Overall, the histological analysis of MMP1 and MMP28 expression
revealed increased MMP1 levels in LE. Furthermore, a distinct vertical
distribution of MMP28 in Chilblain LE and PLE was observed.

7.2. UVAI and UVB had different effects on MMP28 expression in
cultured fibroblasts and keratinocytes

Our group and others have shown that UVA1 and UVB irradiation
influence the expression of MMP1 [39-41]. However, the influence of
UVR on MMP28 expression has been studied in less detail.

Although MMP28 expression has been described mainly in kerati-
nocytes [15,17,18], we observed sporadic nuclear staining in S. basale
adjacent dermal fibroblasts (Fig. 1 c). Therefore, we applied repetitive
low doses of UVA1 and UVB on both primary fibroblasts (Re5) and
immortalized keratinocytes (HaCaT) (for irradiation protocol see Sup-
plementary Figure S. 1).

In HaCaT cells, UVB had no influence on MMP28 expression. MMP28
levels in Re5 fibroblasts were increased after UVB treatment compared
to untreated controls, but the increase was not statistically significant
(Fig. 2 a).

Similar to UVB, UVAL1 had no significant effect on MMP28 expression
in HaCaT cells, despite a slight increase in mRNA levels compared to the
control samples (Fig. 2 b). In fibroblast samples, however, UVALI irra-
diation significantly increased MMP28 expression compared to

b MMP28 vertical distribution

*k
c
(] **
=
.g * kKK
T 5
® 4 am - . aka
5 1= -
w 3 = o> o -
"é 2 oy vllilw sesee OO0 BEE A& vlv
o
> 1 v
o
>0 T T T T T T T T
® Chilblain LET SCLE DLE SLE ACLE PLE HS
©
14
SCLE o
-

Fig. 1. Histological analysis of MMP1 and MMP28 reveals an increased MMP1 levels in LE and distinct vertical distribution of MMP28 in Chilblain LE and
PLE. (a) Most CLE subtypes, as well as SLE and PLE, show a statistically significant upregulation of MMP1 expression when compared to healthy skin. Chilblain LE
and ACLE show a not-significant increase in MMP1 expression compared to healthy skin (HS). (b) Chilblain LE and PLE show the deepest vertical distribution of
MMP28 compared to the other CLE sub-types, SLE, and healthy skin. (c) Representative histologic staining shows the vertical distribution of MMP28. Black ar-
rowheads show MMP28 expression in the dermis. Statistical analysis: One-way ANOVA with Dunnett’s multiple comparisons test; for significances: (ns) P > 0.05; (*)

P < 0.05; (**) P < 0.01; (***) P < 0.001; (****) P < 0.0001).
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Fig. 2. UV irradiation increases the expression of MMP28 in primary fibroblasts in vitro. (a) MMP28 expression measured in HaCaT and Re5 cells after UVB
irradiation. Although Re5 showed a tendency to increase MMP28, no significant expression of upregulation was observed after irradiation. (b) MMP28 expression
measured in HaCaT and Re5 cells after UVA1 irradiation. No significant differences in expression in HaCaT cells after treatment. Re5 cells show a significant increase
in MMP28 expression after UVALI irradiation. Statistical analysis: Student’s t-test; for significances: (ns) P > 0.05; (*) P < 0.05).

untreated controls (Fig. 2 b).
In conclusion, UVA had stronger influence on MMP28 up-regulation
than UVB, especially in primary fibroblasts.

7.3. Inverse correlation between MMP28 and GLUT1 expression in the
epidermis

MMP28 has shown a UVA1l-dependent expression pattern in fibro-
blasts (Fig. 2). However, we have previously shown that UVA1 irradi-
ation not only modulates MMP expression but also affects the cell
metabolism, in particular by increasing glucose metabolism [39].
Because of literature reports that glucose is a bona fide modulator of
MMP expression [42,43], we wanted to see whether the distinct vertical
distribution of MMP28 observed by immunohistochemistry (Fig. 1)
correlates with the expression of the glucose transporter GLUT1 (Fig. 3
and Supplementary Fig. S2).

As shown in Fig. 3 a, Chilblain LE had the lowest epidermal
expression of GLUT1 compared to HS, followed by PLE. All remaining LE
subtypes had GLUT1 levels higher than that of HS. In contrast, the
GLUT1 expression in the dermis of all LE patients was higher than that in
the dermis of healthy people (Fig. 3 b). PLE patients showed slightly
reduced dermal expression of GLUT1 (Fig. 3 b).

A correlation was found between the expression levels of GLUT1 and
the vertical distribution of MMP28 (Fig. 3 c). The lower GLUT1 levels in

the epidermis observed in Chilblain LE and PLE resulted in increased
vertical distribution of MMP28. The remaining LE subtypes with high
levels of epidermal GLUT1 had a flatter MMP28 distribution. In HS,
GLUT1 and MMP28 levels were uniformly low and did not show the
inverse correlation observed in the LE samples.

In summary, GLUT1 levels in the dermis of all LE patients were
elevated compared to HS. In the epidermis, GLUT1 expression and
MMP28 vertical distribution showed an inverse correlation.

7.4. Inverse correlation between miR-31/miR-150 and GLUT1 expression
in the epidermis

Glucose uptake can be regulated by miR-31 and miR-150 via the
GLUT1 receptor [27,30,44]. Furthermore, these two micro RNAs are
also differentially expressed in patients with SLE [24,25,45]. We
therefore investigated the expression of miR-31 and miR-150 in relation
to GLUT1 in our study cohort using in situ hybridization and immuno-
histochemistry (Fig. 4).

Most LE subtypes showed levels of miR-31 expression similar to
those observed in HS (Fig. 4 a). Only Chilblain LE showed a statistically
significant increase in miR-31 expression, up to 100-fold compared to
other LE subtypes. In the case of miR-150 (Fig. 4 b), Chilblain LE again
showed the highest expression of all LE subtypes. Furthermore, only
Chilblain LE had significantly higher miR-150 levels than HS controls.
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For both miR-31 and miR-150, expression was detected only in the
epidermis of the tested samples, but not in the dermis.

We subsequently compared the in situ hybridization data for miR-31
and miR-150 with the expression of the GLUT1 glucose transporter in

*) P < 0.0001).

the epidermis (Fig. 4 ¢). HS had overall low levels of miR-31, miR-150,
and GLUTL. The results for Chilblain LE differed again from all
remaining LE subtypes. While the majority of LE had low levels of miR-
31 and miR-150, similar to HS, which correlates with low GLUT1
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expression, Chilblain had low epidermal values for GLUT1 and high
expression of miR-31 and miR-150.

The inverse correlation between the expression of GLUT1, miR-31,
and miR-150 observed in the LE samples was also detected histologi-
cally (Fig. 4 d). Interestingly, PLE samples, which previously showed an
MMP28 and GLUT1 correlation similar to that in Chilblain LE (Fig. 3 c),
had low levels of epidermal GLUT1 that did not coincide with a notable
increase in miR-31 or miR-150.

Overall, Chilblain LE had the highest expression of miR-31 and miR-
150 of all LE subtypes. The expression patterns of both miR-31 and miR-
150 inversely correlated with the GLUT1 levels observed in the
epidermis.

8. Discussion

Exposure to the sun, and UVR in particular, can trigger a wide range
of processes in the skin, negatively affecting tissue homeostasis. Major
contributors to the structural remodeling of the skin are MMPs.

As shown in this and other studies [6,39,46], UV exposure can in-
crease MMP expression even in HS, specifically in fibroblasts and ker-
atinocytes. As such, it is an important finding that the samples taken
from UV-induced lesions in patients with LE and PLE showed a signifi-
cant increase in MMP1 compared to HS controls, which were also taken
from light-exposed areas. Interestingly, Chilblain LE showed the lowest
MMP1 expression of the LE subtypes investigated, although the finding
was not statistically significant. An increase in MMP1 expression may
indicate active tissue rearrangement and aberrant immune cell migra-
tion as observed in LE lesions [47,48]. The sporadic nuclear localization
of the marker, observed mainly in LE and PLE samples, could be an
indication of the initialization of a skin cell survival mechanism after
UVR since nuclear MMP1 has been reported to have an anti-apoptotic
function [49]. However, sun-exposed HS samples showed almost no
MMP1 staining and no nuclear localization of the marker. The absence
of nuclear MMP1 in HS compared to LE and PLE casts doubt on the
anti-apoptotic function of MMP1 in these photosensitive diseases,
especially since keratinocyte apoptosis is the major factor for LE initi-
ation, development, and perpetuation [48]. Further studies are needed
to clarify the function of MMP1 in LE.

In the case of MMP28, the most prominent difference between LE,
PLE, and HS was the spatial distribution of MMP28, not only in the form
of the vertical distribution depth in the tissue but also in the sub-cellular
distribution of the marker. Of all samples tested, Chilblain LE and PLE
samples had the deepest vertical distribution of MMP28, coupled with
nuclear localization of the marker in the S. basale of the epidermis and in
cells in proximity to the papillary dermis. No explanation has yet been
found for this distribution pattern, as these two diseases differ signifi-
cantly in their pathogenesis. This finding will be investigated in up-
coming studies. As far as we know, this is the first time that nuclear
localization and dermal distribution of MMP28 have been observed in
the skin of patients with LE. Nuclear expression of MMP28 has been
previously described in pulmonary fibrosis [50] and during wound
healing [15], consistent with its ascribed functions as a driver of cell
proliferation and epithelial-to-mesenchymal transition. These functions
may correlate closely with the clinical manifestations of Chilblain LE
including plaque-like infiltrates and fissural hyperkeratosis accompa-
nied by small ulcerations [51]. In addition, the fact that Chilblain LE had
low MMP1 expression in contrast to significantly elevated MMP28 levels
compared to all other LE subtypes could be an indication of a designated
disease-specific function of MMP28. Further studies are needed to
determine whether MMP28 could serve as a supporting diagnostic
marker for Chilblain LE.

Considering the histologic detection of MMP28 in fibroblasts and
bearing in mind the role of UVR as a trigger for LE, we wanted to test its
influence on cultured fibroblasts and keratinocytes. UVB and short-wave
UVA2 (320-340 nm) are known to promote LE flare-ups [52], while low
doses of long-wave UVA1 (340-400 nm) have shown beneficial effects in
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patients with LE [52,53]. Taking into consideration the dual effect of
UVR to either exacerbate or alleviate LE effects, we chose to use both
UVB and UVAL sources in our in vitro experiments. The increase in
MMP28 transcription after UVA1 irradiation matched the immunohis-
tochemistry findings. Compared to UVB, UVA1 can penetrate deeper
into the skin, reaching the dermis and resident fibroblasts [54,55]. Ac-
cording to the current literature, this is the first time that
UVA1l-mediated regulation has been described for MMP28 in fibroblasts.

Knowing that UVAI irradiation modulates both MMPs and skin
glucose metabolism [39] and considering the function of glucose as a
bona fide modulator of MMP expression [42,43], we investigated a
possible connection between MMP28 expression patterns and the dys-
regulation of glucose metabolism in LE and PLE samples. Indications of a
higher prevalence of metabolic syndrome, which includes elevated
fasting glucose levels, have been observed for patients with SLE and
Lupus nephritis [56,57]. However, since other organs such as the heart
and kidneys were the focus points of those studies, little is known about
the metabolic balance in the skin of LE patients. As such, a possible
correlation between tissue remodeling, in the form of MMP28 expres-
sion, and skin metabolism, in the form of GLUT1 expression, is impor-
tant in the context of LE. GLUT1 is one of the major glucose transporters,
and its upregulation correlates with increased glucose uptake [58].

We have shown that all LE subtypes and PLE have increased GLUT1
levels in the dermis compared to HS. In the epidermis, Chilblain LE and
PLE had low GLUT1 expression while the other LE subtypes showed
elevated GLUT1 levels compared to HS. These findings indicate poten-
tial metabolic aberrations in the skin of LE patients. The observed
distinct compartmentalization of glucose transporters in the skin layers
between different photosensitive diseases and disease sub-types may
indicate different functions of glucose in the context of LE. Still, further
and more precise studies are needed to examine the metabolic finger-
print of the skin between different LE subtypes.

We further observed an inverse correlation between GLUT1 expres-
sion levels in the epidermis and MMP28 distribution depth in LE and PLE
compared to HS. Considering that GLUT1 overexpression corresponds to
increased glucose uptake [58], the observed inverse correlation between
GLUT1 and MMP28 may represent a novel glucose-regulated pathway of
MMP28 expression. Such metabolic regulation of MMP28 is in accor-
dance with the already published scientific data, showing that glucose
concentrations not only upregulate [43] but also downregulate [42]
MMPs.

Since miR-31 and miR-150 are established aberrant markers in LE
[25,59] and can also regulate GLUT1 expression [27,30], we compared
the epidermal expression of these two miRs with the data on GLUT1.
Chilblain LE showed the highest expression of miR-31 and miR-150 of
all LE subtypes. In most Chilblain LE samples as well as PLE, miR-31 and
miR-150 levels did not increase above those found in HS. Usually, high
levels of miR-31 and miR-150 correspond to low levels of GLUT1 as
shown by Wan et al. and Yuan et al. [27,30]. It is possible that
miR-regulated GLUT1 expression is a predominant characteristic of LE
with PLE skin regulating glucose uptake by other mechanisms, consid-
ering that PLE samples showed low levels of GLUT1 but almost no
miR-31 or miR-150 expression.

In summary, the novel MMP28 expression pattern we describe and
its inverse correlation with GLUT1 expression in the epidermis present
new opportunities in LE diagnostic and treatment. However, further
studies are needed to confirm MMP28 as an additional diagnostic
marker for Chilblain LE and PLE. Larger patient cohorts will be neces-
sary to validate its robustness and suitability for clinical application.

Additionally, further in vitro and in vivo experiments are essential to
explore the metabolic component of MMP28 regulation and its role in
UV-induced skin or systemic symptoms in LE patients. Analysis of the
glucose flux as well as enzyme and transporter activity need to be con-
ducted on top of histological assays in order to elaborate and reinforce
the data presented in this work. Such studies would expand on the
simple correlation between MMP28 and GLUT1 established in the
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current paper, investigating a causal link between those markers and LE
symptoms — an essential step for developing new LE treatments.

Nevertheless, we believe the data presented in this study provides a
strong foundation for future advancements in LE understanding and
treatment.

9. Conclusion

We have shown a novel MMP28 expression pattern in Chilblain LE
and PLE and a UVAl-dependent regulation of MMP28 in human fibro-
blasts for the first time. Furthermore, our results suggest a metabolic
component of MMP28 regulation with a glucose-dependent mechanism.
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