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1 | INTRODUCTION

Gap junctions are dynamic hexameric protein channels formed by
ubiquitously expressed proteins called connexins. They allow the
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Abstract

Background: Connexin 43 (Cx43) plays a central role in the inflammatory response
and wound healing. Targeting Cx43 expression reduces inflammation in a variety of
injuries. The expression pattern of Cx43 has not been described for many inflamma-
tory skin diseases.

Objectives: To describe the expression patterns of Cx43 in eczema, psoriasis,
Steven-Johnson syndrome/toxic epidermal necrolysis.

Methods: Archival skin biopsies from patients with eczema, psoriasis, and Steven-
Johnson syndrome/toxic epidermal necrosis were identified and examined, with sis-
ter sections stained for Cx43 and imaged by confocal microscopy. All samples were
compared to age and site-matched normal skin controls.

Results: Epidermal Cx43 is reduced in acute eczema, absent in regions of spongiosis,
and is highly elevated in subacute and chronic eczema. In plaque psoriasis, Cx43 is
overexpressed in areas with psoriasiform hyperplasia with a fish-scale-like appear-
ance but is lost in regions surrounding neutrophil microabscesses. Cx43 staining is
strong in the neutrophils within these microabscesses. In SJS/TEN, Cx43 expression
is elevated in areas bordering normal tissue but is rapidly lost in areas of keratinocyte
necrosis.

Conclusions: Dynamic changes in Cx43 levels are seen in inflammatory skin diseases

and may represent future potential therapeutic targets.
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passage of small molecules and ions between neighboring cells and
have important roles in cell-cell communication and propagation of cell
death signals.}® They are found in many tissues in the body including
skin, neural system, heart, muscle, activated leukocytes, and platelets.
Connexin 43 (Cx43) is the most widely expressed gap junction

protein in the human skin, with epidermal expression mainly located
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in the stratum spinosum.® Studies have shown that expression
patterns of connexins alter dynamically during development and
differentiation of the epidermis and dermis.? Loss-of function muta-
tions of skin-expressed connexins result in well-characterized
genodermatoses such as keratitis-ichthyosis deafness syndrome (KID)
and oculodentodigital dysplasia (ODDD).*>

In addition to its role in skin development, connexins have been
shown to mediate epidermal healing in cutaneous wounds and cellular
apoptosis in the skin and neural tissue.>** In acute skin injury, Cx43 is
initially downregulated at wound edges, but levels increase during
wound closure, particularly in areas where there is cell differentia-
tion.®. Wound closure is shown to be significantly faster in Cx43
knockout mice® as well as in murine wound-healing models using a
single topical application of Cx43 antisense gel.®

Gap junctions allow the passage of death signals from injured
cells to healthy neighboring cells.*>*® In skin burns and spinal cord
damage, elevated Cx43 expression leads to exacerbation of the initial
injury.®’”

While connexin 26 (Cx26) and Cx43 were found to be
upregulated in psoriasis, the expression and role of Cx43 in other skin
diseases have not been described.’* We hypothesize that there is a
role for Cx43 in the pathogenesis of inflammatory skin diseases. If
proven so, Cx43 can be a novel target for therapeutic intervention for
these conditions. In order to determine if Cx43 expression is altered
in inflammatory skin conditions and skin conditions characterized by
marked epidermal apoptosis, we conducted an exploratory pilot study
to describe the expression of Cx43 in eczema, psoriasis, Steven-

Johnson syndrome (SJS), and toxic epidermal necrolysis (TEN).

2 | PATIENTS AND METHODS

21 | Tissue selection

Ten archival skin biopsies on paraffin blocks for the three conditions
(eczema, psoriasis, SJS (defined as body surface area with skin denu-
dation <10% on clinical assessment), SJS/TEN overlap syndrome
(body surface area 10-30%), and TEN (body surface area skin denu-
dation >30%) were retrospectively identified through histological
diagnostic codes over a 10-year period (2006-2016). The pathologi-
cal diagnosis for each skin biopsy was confirmed by a derm-
atopathologist (SSJL). Skin biopsies were not included in the study if
the clinic-pathological diagnosis was not established or if the tissue
sample was unsuitable for Cx43 immunostaining due to degradation.
All specimens were matched 1:1 for age, skin type, and biopsy site
with a normal skin control. Immunostaining for Cx43 expression was
performed on all samples. A retrospective medical record review of
the selected subjects was undertaken for demographic data includ-
ing age, gender, duration and severity of disease, treatment of dis-
ease, and mortality. Ethical approval for this study was obtained

from the National Health Group Domain Specific Review Board

(NHG DSRB) in September 2016 (DSRB Reference Number:
2016/00954).

22 | Eczema

A total of 10 subjects with a histological diagnosis of spongiotic der-
matitis and clinical diagnosis of eczema were identified for this study.
Age range was 22 to 82 years old (median age = 51.5 years). Six sub-
jects were female. Three subjects had acute eczema (based on clinical
history), two subjects had subacute eczema, while five subjects had
chronic eczema. Biopsy sites included the arms (five subjects), abdo-
men (two subjects), and lower limbs (three subjects). Three patients
received oral corticosteroids, one patient received phototherapy and
topical corticosteroids. The remaining patients received only topical
treatment. The subjects' demographic and clinical data are presented
in Table 1.

2.3 | Psoriasis

Ten subjects with a clinicopathological diagnosis of psoriasis were
included in this study, including one subject with pustular psoriasis,
and three with guttate psoriasis. Age range was 22 to 87 years old
(median age = 57 years), with equal numbers of female and male sub-
jects. Two biopsies were performed on the upper limbs, two were per-
formed on the abdomen, and the remainder from the lower limbs. All
patients only received topical treatment at time of biopsy. The sub-

jects' demographic and clinical data are presented in Table 1.

24 | SJSand TEN

Seven subjects with a clinicopathological diagnosis of SJS and three
with SJS/TEN overlap syndrome were included in this study. Age
range was 17 to 92 years old (median age = 51 years), eight sub-
jects were female. Two biopsies were performed on the upper
limbs, five on the abdomen, and three were performed on the lower
limbs. The subjects' demographic and clinical data are presented in
Table 1.

2.5 | Haematoxylin and eosin staining

All hematoxylin and eosin reagents were procured from Leica (Leica,
Germany). Slides were dewaxed in clearene and rehydrated through
a graded series of ethanol to water. Slides were then immersed in
Haematoxylin stain for 30 to 45 seconds. To remove the excess
stain, slides were rinsed in acid alcohol followed by an immediate
rinse in Scott's water for 5 minutes. Slides were then immersed in

Eosin for 1 minute. After a quick dip into Scott's water, the slides
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(Continued)

TABLE 1

Treatment

Clinical findings and history

Age Diagnosis

34

Gender

Patient code

IV hydrocortisone + topical corticosteroids

TBSA involved <10%, likely due to Viral infection, unable to

SJS

S3

exclude co-amoxiclav and ibuprofen; survived

IV hydrocortisone + topical corticosteroids

TBSA involved 10%, likely due to Paracetamol and amoxicillin;

SJS

38

S4

survived

Intravenous immunoglobulin

TBSA involved 25%, likely due to allopurinol and omeprazole;

SJS/TEN overlap

80

S5

died
TBSA involved 23%, likely due to allopurinol and omeprazole;

Intravenous immunoglobulin + IV hydrocortisone

SJS/TEN overlap

53

Sé

survived

Clarithromycin + topical corticosteroids

TBSA involved 7-8%, likely due to mycoplasma infection;

SJS

51

S7

survived

IV hydrocortisone

TBSA involved <10%, likely due to tolterodine, mirtazapine,

SJS

51

S8

duloxetine, alprazolam; survived

Oral Prednisolone + topical corticosteroids

TBSA involved <10%, likely due to viral infection, lamotrigine;

SJS

17

S9

survived

Open Access

Oral Prednisolone + topical corticosteroids

TBSA involved 20-30%, likely due to piperacillin-tazobactam,

SJS/TEN overlap

92

S10

TAN ET AL

co-amoxiclav and clarithromycin; survived

Abbreviations: F, female; M, male; MTX, methotrexate; SJS, Steven-Johnson syndrome; TBSA, total body surface area; TEN, toxic epidermal necrolysis.

underwent a dehydration process through a series of ethanol, and
then followed by a further 5 minutes in fresh clearene. Slides were
mounted and cover-slipped using Limonene mounting medium
(Sigma-Aldrich, United States). When dry, bright-field images were
acquired using the Zeiss Axio Scan microscope at 20x magnification
(Zeiss, Germany).

2.6 | Immunostaining

Slides were dewaxed in clearene and rehydrated through a graded
series of ethanol to water. This was followed by 3 x 5-minute incu-
bations in phosphate-buffered saline (PBS, 1X PBS). Tissue samples
were circled using a wax pen and covered with permeabilizing solu-
tion (0.05% Triton X-100 in 1X PBS, Sigma-Aldrich, United States)
and incubated for 60 minutes. This was followed by blocking with
1% BSA (Sigma-Aldrich, United States) and PBS for 45 minutes. The
primary antibody against Cx43 (Sigma C6289; Sigma-Aldrich,
United States) was applied at 1:1000 dilution and incubated over-
night. Negative controls were incubated overnight in blocking solu-
tion containing no primary antibody. Slides were washed
3 x 5 minutes in PBST (0.05% Tween 20 in 1X PBS, Sigma-Aldrich,
United States) before incubation for 1 hour at room temperature
with the secondary antibody (Alexa555 goat antirabbit 1:500; Ther-
moFisher, United States). A counterstain of DAPI (1:10 000 in PBS,
ThermoFisher, United States) was applied as a nuclear marker. After
a further 3 x 5 minutes PBS washes, the slides were coverslipped
using Citiflour (Citifluor Ltd, London, UK) mounting medium and
imaged on a confocal microscope (Leica SP8; Leica, Germany) at
40x magnification. All images were acquired using identical param-
eters and settings to allow for direct comparison of staining

intensity.

3 | RESULTS

31 | Eczema
Staining of Cx43 was visibly reduced in areas of epidermal spongiosis
in acute eczema specimens (Figure 1G,H; from subject E10). In biop-
sies from patients with subacute eczema, Cx43 staining was more
intense throughout the entire sample and formed larger continuous
gap junction plaques (Figure 11; from subject E6).

In chronic eczema specimens, where epidermal psoriasiform
hyperplasia predominates over spongiosis, Cx43 expression levels
were still elevated compared with normal. Cx43 levels were lower in

a few areas with spongiosis (Figure 1J; from subject E9).

3.2 | Psoriasis

In plague psoriasis specimens, Cx43 levels were highly elevated in the

spinous layers to granular layers, forming strong linear arrays of gap
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FIGURE 1 Downregulation of Cx43
expression in the spongiotic epidermis of eczema
patients. Representative images of Cx43 staining

of skin biopsy samples from normal skin (F) as et

well as patients with acute eczema (G, H; subject
E10), subacute eczema (l; subject E6), and
chronic eczema (J, subject E9). Corresponding
H&E images of Cx43 staining (A-E). Scale

bars = 50 pm, 40x images. Dotted line marks the
outline between the epidermis and dermis. Cx43
staining was visibly reduced in spongiotic areas,
which are more commonly found in acute
eczema samples. In subacute and chronic eczema
samples Cx43 staining was closer to normal Cx43
expression shown in control skin except in
regions where spongiosis could be observed

Control

Acute

Subacute

(E)

Chronic

junction plaques (Figure 2E; from subject P6) compared to the punc-
tate staining typically seen in normal skin controls (Figure 2D). In con-
trast, in areas of the epidermis where pockets of neutrophilic
microabscesses were present, the linear plaque staining of Cx43 was

lost from the cell membrane and was replaced with a diffuse

Open Access

x43 / DAPI

(F)

‘;’i%"""“"* - - (J)

cytoplasmic Cx43 stain. However, Cx43 was highly expressed within
the neutrophils themselves within the microabscesses (Figure 2F,
from subject P4). Cx43 also appeared to be elevated in the blood ves-
sels and neutrophils in the dermis and was particularly high in the

blood vessels between the rete pegs.
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Control

FIGURE 2 Upregulation of Cx43 in

(A) (D)

Absence of Intra-Epidermal

3/ DAPI

intraepidermal neutrophilic abscesses and
downregulation in surrounding epidermis
of patients with psoriasis. Representative
images of Cx43 staining of skin biopsy
samples from normal skin (D) as well as
patients with psoriasis either in the
absence of neutrophilic abscess (E;
subject P6) or in the presence of
neutrophilic abscesses (F; subject P4).
Corresponding H&E images of Cx43
staining (A-C). Red circle marks areas of
neutrophilic abscess. Dotted line marks
the outline between the epidermis and
dermis. Scale bars = 50 pm. In the
absence of neutrophilic abscesses, Cx43

Neutrophilic Abscesses
(B) (E)

Presence of Intra-Epidermal

Neutrophilic Abscesses

(F)

33 |
necrolysis

Steven-Johnson syndrome/toxic epidermal

Biopsies from SJS/TEN patients demonstrated varying degrees of
epidermal injury. In skin specimens showing focal keratinocyte
necrosis, there was a hyper-expression of Cx43 levels at the adjacent
normal appearing epidermis, predominantly at the apical surface of
the keratinocytes, forming almost continuous fish scale-like gap
junction plaques (Figure 3H,l; from subject S8). In skin samples that
showed larger areas of keratinocyte necrosis, the punctate membra-
nous Cx43 staining seen in the epidermis of normal matched con-
trols was lost and Cx43 staining became more cytoplasmic and
diffuse (Figure 3J, from subject S1). However, Cx43 remained ele-

vated in the dermis in blood vessels, fibroblasts, and leukocytes. In

3/ DAPI

appears to be upregulated in the spinous
to granular layer forming linear arrays of
gap junction plaques compared to normal
punctate staining shown in control skin.
With the appearance of neutrophilic
abscesses, Cx43 expression is found in
the neutrophils, however Cx43
downregulation was observed in the
surrounding epidermis

3/ DAPI

areas where leucocyte infiltration was observed, Cx43 levels were
high in the leukocytes (Figure 3K; from subject S10). In skin speci-
mens showing pan-epidermal necrolysis, Cx43 expression was
completely lost at these areas of necrotic detached epidermis but
was strong in dermal leukocytes, fibroblasts, and blood vessels
(Figure 3L from subject S5).

4 | DISCUSSION

The dynamic expression of Cx43 has previously been shown to affect
skin physiology, leading to changes in wound healing and susceptibil-
ity to skin disease. Here, we describe the changes in Cx43 in eczema,
psoriasis, and SJS/TEN.
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FIGURE 3 Change in Cx43 expression
in patients with SJS/TEN. Representative
images of Cx43 staining of skin biopsy
samples from normal skin (G) and patients
with SJS or SJS/TEN overlap showing mild
focal keratinocyte necrosis (H, I; from
subject S8), patchy areas of keratinocyte
necrosis (J; from subject S1), widespread
keratinocyte necrosis (K; from subject
$10), and pan-epidermal necrosis (L; from
subject S5). Corresponding H&E images of
Cx43 staining (A-F). Arrows mark
infiltration of leucocytes. White and red
dotted line marks the epidermis and
dermis, respectively. Scale bars = 50 um,
40x images. Cx43 expression is elevated
in the epidermis showing focal
keratinocyte necrosis. As the keratinocyte
necrosis becomes more widespread in the
epidermis, Cx43 expression becomes
cytoplasmic compared to normal punctate
staining in control skin. In the sections
showing pan-epidermal necrosis Cx43
expression is lost at areas of epidermal
detachment

Normal

Mild focal
keratinocyte necrosis

Patchy
keratinocyte
necrosis

Widespread
keratinocyte
necrosis

necrosis

Pan-epidermal

Membranous Cx43 expression was elevated in the epidermis in con-
ditions with more psoriasiform hyperplasia and less spongiosis, such as
subacute and chronic eczema. This is consistent with previous findings
of elevated Cx43 mRNA in the skin of eczema patients and is reminis-
cent of the elevated Cx43 levels seen at the edges of chronic
wounds.'®*>% |n contrast, in acute eczema, membranous Cx43 protein
levels were generally reduced or completely absent in areas of
spongiosis. This may be related to the disruption of connexons that are

unable to dock and form gap junctions due to intercellular edema. Loss

Open Access

Cx43 / DAPI

of gap junctional communication in areas of spongiosis may also impede
between
keratinocytes.r” Alterations in Cx43 may also interfere with the skin's

the transfer of nutrients and signaling molecules
barrier function, given that the cytoplasmic tail of Cx43 binds to and reg-
ulates zonula occludin 1 (ZO1), a tight junction protein.'®? Indeed,
genetically modified mice, which have the cytoplasmic tail of Cx43
deleted, suffer from epidermal barrier defects, supporting the notion that
normal Cx43 interactions are required to maintain the skins barrier.2° In

these mice, the epidermis was thicker than normal and the level of Cx43



8of 9 i
o WI LEY—Health Science Reports

TAN ET AL

Open Access

was elevated and expressed in more layers than normal. Along with this,
there was an elevation in the levels of ZO-1, filaggrin, and Cx26.

In plaque psoriasis, Cx43 was overexpressed in areas with
psoriasiform hyperplasia and was distributed in a fish-scale like pattern,
particularly in areas without neutrophilic abscesses. This is similar to the
pattern seen in hyperplastic edges of chronic wound biopsies from
venous leg ulcers and diabetic foot ulcers.”1® The similarity of expression
patterns of Cx26 in psoriasis and chronic wound edges lends credence
to our observations in this study. Cx26 has been reported to be over-
expressed in chronic plaque psoriasis and chronic wound edges.”1#2!
Interestingly, the overexpression of Cx26 in the epidermis of transgenic
mice resulted in hyperplasia of the epidermis and a breakdown of barrier
function to produce a psoriasis-like appearance to the skin.??

In areas with neutrophilic abscesses within psoriatic plagues, Cx43
staining was lost from the membrane of the surrounding keratinocytes
and a diffuse cytoplasmic signal can be seen in the keratinocytes
instead. However, Cx43 was highly expressed within the neutrophils in
these clusters, suggesting that upregulation of Cx43 may play a role in
the pathogenesis of psoriasis. Upregulation of Cx43 has been shown to
recruit neutrophils and facilitate the release of proinflammatory signals,
and ATP Cx43 staining was also strong in blood vessels in the dermis

23.24 Elevation of Cx43 in blood vessels has been

7.25

between rete pegs
shown to promote blood vessel leakiness.

Gap junctions have been shown to mediate the spread of cell
death following injury by allowing the passage of death signals from
injured cells to healthy neighboring cells.2>31> The elevated levels of
Cx43 seen on normal-appearing epidermis surrounding focal apopto-
tic keratinocytes in SJS specimens suggest that Cx43 may play a role
in the spread of apoptotic death signals between keratinocytes,
resulting in further damage to neighboring healthy keratinocytes and
eventual progression to pan-epidermal necrolysis. Our study suggests
a therapeutic opportunity whereby downregulation of Cx43 at the
interface between normal and dying keratinocytes may help prevent
the spread of apoptotic and inflammatory signals, and eventually halt
disease progression. However, the delivery of agents that target Cx43
through the intact epidermis may prove to be challenging as most of
these agents that are currently being developed are too large
(>500 Da) to penetrate the intact epidermis. Given that leukocytes
are also involved in driving inflammation, downregulation of Cx43
within leukocytes may help break the pro-inflammatory cycle and
return homeostasis to the epidermis.”2¢-%0

There are several limitations to our study. The use of archival tis-
sue, which may have degraded over time, may alter the staining for
Cx43 and affect the accuracy of our observation. We attempted to
minimize this by screening the histology specimens, and visibly
degraded specimens on H&E were excluded from this study. As this is
an exploratory pilot study, we included only a small number of cases
for each condition. Our study involved patients of Asian ancestry, and
future studies in different ethnic populations are useful to confirm the
generalizability of our findings.

In conclusion, we have demonstrated the changes in Cx43
expression in inflammatory skin conditions such as eczema, psoriasis,
and SJS/TEN. In order to study the dynamic changes in Cx43

expression and confirm our observations, prospective studies are
required. These should ideally involve analysis of Cx43 expression in
sequential lesional and peri-lesional skin biopsies as the condition (eg,
Stevens-Johnson syndrome) evolves. Our observations identify sev-
eral instances in which Cx43 may be targeted therapeutically to
reduce inflammation in psoriasis or to prevent the spread of death sig-
nals in early SJS in an attempt to limit disease progression. More
research is required to look at the role of Cx43 in these diseases and

to confirm Cx43 as a viable therapeutic target in these conditions.
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