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Antibody gene transfer treatment drastically improves
epidermal pathology in a keratitis ichthyosis deafness
syndrome model using male mice
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Summary

Background Keratitis ichthyosis deafness (KID) syndrome is a rare disorder caused by hemichannel (HC) activating
gain-of-function mutations in the GJB2 gene encoding connexin (Cx) 26, for which there is no cure, or current
treatments based upon the mechanism of disease causation.

Methods We applied Adeno Associated Virus (AAV) mediated mAb gene transfer (AAVmAD) to treat the epidermal
features of KID syndrome with a well-characterized HC blocking antibody using male mice of a murine model that
replicates the skin pathology of the human disease.

Findings We demonstrate that in vivo AAVmAD treatment significantly reduced the size and thickness of KID lesions,
in addition to blocking activity of mutant HCs in the epidermis in vivo. We also show that AAVmAD treatment
eliminated abnormal keratinocyte proliferation and enlarged cell size, decreased apoptosis, and restored the normal
distribution of keratin expression.

Interpretation Our findings reinforce the critical role played by increased HC activity in the skin pathology associated
with KID syndrome. They also underscore the clinical potential of anti-HC mAbs coupled with genetic based delivery
systems for treating the underlying mechanistic basis of this disorder. Inhibition of HC activity is an ideal therapeutic
target in KID syndrome, and the genetic delivery of mAbs targeted against mutant HCs could form the basis of new
therapeutic interventions to treat this incurable disease.
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Introduction

Genodermatoses are inherited skin diseases that often
present with multisystem involvement leading to
increased morbidity and mortality.! Mutations in five Cx
genes expressed in the epidermis (GJAI, GJB2, GJB3,
GJB4 and GJB6) can cause a variety of rare geno-
dermatoses for which there is no cure, ranging in

severity from mild increases in skin thickness to life-
threatening and fatal barrier break down.” For these,
as well as all other numerous Cx-related diseases, there
is a compelling need to develop specific therapeutics.’
Increasing evidence points to leaky or hyperactive
HCs as a common gain-of-function etiopathogenetic
mechanism for a subgroup of Cxrelated
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Research in context

Evidence before this study

Mutations in connexin26 (Cx26, or GJB2) that increase
hemichannel activity underlie skin diseases that include
keratitis-ichthyosis-deafness syndrome (KID). For diseases like
KID syndrome, there is no cure, there are limited options for
palliation, and the combined impact of hearing loss,
disfigurement, and blindness greatly diminishes the quality of
life for the affected individuals who survive infancy. (x26
mutations causing KID syndrome induce increased
hemichannel activity as their main functional change, and
specific monoclonal antibodies have been developed to block
this acquired activity.

Added value of this study
In this study, we have shown that the epidermal pathology
can be alleviated in a mouse model that replicates the skin

genodermatoses with autosomal dominant inheritance
and an overlapping spectrum of cutaneous clinical fea-
tures, which may drastically compromise quality of life
and life-long health.** HCs are large pore hexameric
structures that, when inserted in the cell plasma mem-
brane, may selectively open to exchange inorganic cat-
ions and anions, as well as larger metabolites and
signalling molecules between the cytoplasm and the
extracellular milieu.”® Bidirectional fluxes activated by
the unregulated opening of HCs may deeply affect
cytosol composition and cell viability.* In particular, the
Cx26 (GJB2) variants p.G12R, p.N14K, p.N14Y, p.A40V,
p-G45E, p.D50A, p.D50N and p.A88V generate leaky
HCs that have been causally linked to KID syndrome
(OMIM #148210)*”'; reviewed in.””

In general, the prognosis for KID syndrome is vari-
able, with patients suffering from blindness, deafness,
and disfigurement.”” Skin abnormalities include un-
usually thick skin on the palms of the hands and soles of
the feet (palmoplantar keratoderma), thick, red patches
of skin (erythrokeratoderma), and dry, scaly skin (ich-
thyosis). Ichthyotic skin has decreased barrier function
and a propensity for trans-epidermal water loss and in-
fections. Eye problems are caused by keratitis (corneal
inflammation) which can lead to pain, sensitivity to
light, extra blood vessel growth, scarring, and eventual
vision loss. KID syndrome can also lead to an aggressive
form of squamous cell carcinoma.?*** The KID syn-
drome variants p.G45E and p.A88V of Cx26 have been
shown to result in 100% lethality in infancy/early
childhood.>=°

The overall goal of this study was to test the feasi-
bility of a treatment for KID syndrome based on
abEC1.1, an antagonist mAD targeting the extracellular
domain of Cx HCs that has been a previously charac-
terized and validated both in vitro and in vivo.' >
abEC1.1 and other mAbs are promising drug

disease associated with human KID syndrome by systemic
administration of a monoclonal antibody that blocks
connexin hemichannels.

Implications of all the available evidence

These results confirm the hypothesis that increased
hemichannel activity is a significant contributor to
epidermal pathology in KID syndrome, and further show the
potential use of specific monoclonal antibodies to inhibit
hemichannel activity as a new therapeutic intervention to
treat this disease. Since hemichannel dysfunction
contributes to disease mechanisms in additional
connexinopathies beyond KID syndrome, these findings
could have broad impact for treating other hemichannel-
dependent human disorders.

candidates for the treatment of genodermatoses.***
Seminal work in mice treated with a recombinant
mAb-encoding adeno-associated virus (AAV) vector
showed sustained mAb levels in the circulation, using
the AAV8 serotype that efficiently transduces the liver.*
This procedure, known as antibody gene transfer, allows
direct antibody production and secretion within the
body that necessitates treatment.***

In the current study, we developed an antibody gene
transfer approach for abECI1.1 and tested it in
Cx26G45E mice (MGI:5635532), a well characterized
inducible mouse model of KID syndrome.>*** Condi-
tional expression of the p.G45E variant (and down-
stream EGFP) in the epidermis of heterozygous
transgenic Cx26G45E mice leads to development of skin
abnormalities within a few days of induction with
doxycycline (dox), and epidermal pathology worsens
progressively when mice are maintained on dox for
longer periods. Histopathology shows papillomatosis
and acanthosis, increased cell size and osteo-
obstruction, increased apoptosis occurring primarily in
the dermis and increased cell proliferation in the
epidermis, related to increased HC currents measured
by patch clamp in primary keratinocytes isolated from
Cx26G45E mice.>*"** We found that in vivo AAVmADb
treatment with abEC1.1 reduced all of these features of
the epidermal pathology in this mouse model.

Methods

Study design

The experimental unit for the present study was a single
animal. The objectives of our study were (i) to determine
whether caudal vein injection of an AAVmAD in the
Cx26G45E mouse model of KID syndrome achieved
therapeutic levels of abEC1.1 in the circulation, (i) to
characterize the therapeutic effect of the mAb on skin
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pathology in this mouse model, and (iii) to assess the
effect of the in vivo produced mAb on Cx HCs. The first
objective relied on quantification of abEC1.1 serum
concentration by ELISA (n = 18). The second objective
required a multifaced analysis based on in vivo imaging
of lesional skin area, skin histopathology and confocal
immunofluorescence imaging with a variety of markers
(n = 30). The third objective required an in vivo DAPI
uptake assay (n = 15) and locomotion analysis (n = 12).
Sample sizes were determined based on pilot studies to
achieve 80% statistical power with a 95% confidence
interval. Mice for these studies were randomly assigned
to control and treatment groups (as described in the
Results) by using the random number generator
[X = rand(n)] of Matlab (R2019a, The MathWorks, Inc.,
Natick, MA, USA). To minimise potential confounders,
the order of treatments and measurements, as well as
cage location were also randomized in the same way.
Experimenters were unblinded to group assignment
and outcome assessment, for all experiments.

Animals

Mice were caged individually and bred under controlled
pathogen-free conditions at the National Research
Council-Institute of Biochemistry and Cell Biology
(CNR-IBBC), Infrafrontier/ESFRI-European ~ Mouse
Mutant Archive (EMMA), Monterotondo, Rome, Italy.
For all experiments on animals, we used Cx26-G45E
double transgenic mice (MGI:5635532).* When a doxy-
cycline (dox) containing diet is administered (625 mg/
kg, Mucedola, Settimo Milanese, Italy), these mice ex-
press the mutant p.G45E of Cx26 and EGFP as inde-
pendent proteins in epidermal keratinocytes. Animals
were genotyped by PCR amplification of tail genomic
DNA as previously described.”” TheCx26G45E mouse
model is characterized by a large phenotypic viability,
such that only about 3% of the bred animals can be used
for experiments, as reported previously.” Accordingly,
more than 400 mice had to be screened over a 3-year
period to achieve the cohorts with similar disease pro-
gression used for the present experimental studies. The
limited sample size presented does not reflect this huge
screening effort. During the screening process aimed at
isolating animals with similar disease progression, we
noted that female mice showed a significantly milder
epidermal expression of pathological lesions. This is
probably related to our mating strategy. For this reason,
only adult male mice, aged between 5 and 17 weeks,
were used for experiments. Weight data are provided in
the Supplementary Material. The total number of mice,
including breeders, used for this study was n = 1681.

Ethics

All animal procedures were agreed upon, reviewed and
approved by local animal welfare oversight bodies and
were performed with the approval and direct supervi-
sion of the CNR-IBBC/Infrafrontier — Animal Welfare

www.thelancet.com Vol 89 March, 2023

and Ethical Review Body (AWERB), in accordance with
general guidelines regarding animal experimentation,
approved by the Italian Ministry of Health, in compli-
ance with the Legislative Decree 26/2014 (ref. Project
license 603/2018-PR and 632/2019-PR), transposing the
2010/63/EU Directive on protection of animals used in
research) and in adherence to the NIH Guide for the
Care and Use of Laboratory Animals and recommen-
dations from both ARRIVE and PREPARE
guidelines.**

mAb and AAVmADb production

The abEC1.1 mAb was isolated and produced as previ-
ously described.’’ Briefly, we first selected Cx-binding
human antibody fragments by screening a vast library
expressed in phage® with a bait peptide
(pepEC1.1 = KEVWGDEQADFVCNTL). The selected
fragments comprised a heavy chain variable domain
(Vu) and a light chain variable domain (Vi) connected
by a 7 a.a. flexible spacer to create a scFv complex
(Protein Data Bank accession code 5WYM). Next, we
formed abEC1.1 by cloning the coding sequence of the
Cx-binding scFv in the pFUSE-mIgG1-Fc2 expression
vector (4187 bp, Cat. No. pfuse-mglfc2, InvivoGen, San
Diego, CA, USA). Purified scFv-Fc polypeptides formed
homodimers with a MW of ~103 kDa (the abEC1.1
proper)’! through a diabody interaction between Vi and
Vi* and disulphide bonds in the hinge region.”” Purified
abEC1.1 mADbs were used to construct ELISA standard
curves as described below.

AAV2 inverted terminal repeats (ITRs)* were used in
the custom-made (Project Tracking No. T200422-1004wrt,
Vector Builder, Chicago, IL, USA) vector plasmid (pAAV
[Exp]-CAG>[CodOpt-abEC1.1-mFc:WPRE  (VB200421-
1436tku), Vector Builder, Fig. S1). Virions with an AAV8
capsid® were produced at a concentration of 6.24 x10"
genome copies/ml (Cat. No. AAVSLP(VB200421-
1436tku)-C, AAV8 virus large-scale packaging and
ultra-purification service for pAAV[Exp]-CAG>[CodOpt-
abEC1.1-mFc]:WPRE (VB200421-1436tku),  Vector
Builder), shipped on dry ice and used within one year
from production. The ITR sequence of AAV2 was used as
a target to quantify the amount of viral genome by
quantitative polymerase chain reaction (qPCR) after
extracting viral DNA from viral particles.

In vivo AAVmAb treatment

Cx26G45E double transgenic mice (3540 days of age)
with comparable level of pathology expression were
partitioned into three different experimental groups:
control (-dox), untreated (+dox) and treated
(+dox + AAVmAD); each group comprised n = 6 males.
Each + dox + AAVmAD animal was injected into
the caudal vein with 120 pl of phosphate buffered saline
solution (PBS) containing 1.25 x 10" virus genome
copies. Untreated —dox and +dox mice were injected with
120 pl of PBS alone (vehicle). +dox and +dox + AAVmAD
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animals were induced with dox three weeks after AAV-
mAb injection and imaged at 0, 3, 7, 11, 14, 17, 21, 28
days after induction. Age-matched -dox animals
(not induced with dox) were imaged in parallel. At the
end of the 4-week observation period, all mice were
deeply anesthetized and euthanized with carbon dioxide
for tissue harvesting and ex vivo analyses. The sacrifice
was performed according to the law, without suffering
for the animal.

Quantification of circulating mAb levels by ELISA
The biotinylated pepEC1.1 bait peptide that binds
abEC1.1*" (produced and lyophilized by Genosphere
Biotechnologies, Paris, France) was diluted in a solution
of PBS containing 0.1% Tween 20 (Cat. No. P1379,
Sigma—Aldrich, St. Louis, MO, U.S.A). Streptavidin-
coated ninety-six-well ELISA plates (Cat. No. MGOSTE-
SA5/200 Biomat, Ala, Italy) were incubated at room
temperature (RT) for 30 min with 100 pl/well of this
solution (equivalent to 0.1 pg/well of peptide). Plates
were then washed three times with 200 pl/well of PBST
buffer (0.005% Tween 20 in PBS).

To construct an ELISA standard curve,” the purified
abEC1.1 mAb at the maximum concentration of 10 pg/
ml in PBS buffer was diluted stepwise, by a 2" factor in
PBS, down to a minimum concentration of 0.15 pug/ml.
100 pl of each diluted abEC1.1 solution was added in
triplicate and incubated for 2 h at 37 °C. Plates were
then washed three times with PBST buffer and incu-
bated with 100 pl/well of Goat Anti-Mouse peroxidase-
conjugated secondary antibody (Cat. No. 115-035-071,
Jackson Immuno-Research, Ely, Cambridgeshire, UK)
diluted 1:5000 in diluent for HRP solution (Cat. No.
400-2, Biomat) at RT for 30 min. Plates were washed
again 3 times with PBST, thereafter 100 pl/well of
chromogen substrate (TMB, Cat. No. 002023, Thermo-
Fisher Scientific, Waltham, MA, USA) was added and
plates were incubated at RT for 15 min. Finally, 100 pl/
well of stop solution for TMB substrate (Cat. No. 600-1,
Biomat) was added and the absorbance at 450 nm was
read out immediately with a plate reader (Varioskan
LUX, Cat. No. N16045, Thermo-Fisher Scientific). The
relationship established between absorbance and the
known antibody concentration provided the standard
curve.

To quantify antibody concentration in blood serum
following AAVmAD or LVmAB administration, based
on the ELISA standard curve, blood samples (=200 pl)
were withdrawn from the mouse caudal vein and
transferred to 1.5 ml tubes and maintained for 1 h at RT
to promote phase separation. Tubes were centrifuged at
12,000 rpm at RT for 5 min. The supernatant serum was
transferred to fresh 1.5 ml tubes and stored at —20 °C.
After thawing and proper dilution in PBS, the amount
of antibody in mouse serum samples was quantified by
ELISA, according to absorbance at 450 nm and standard
curve, as described above for purified antibody samples.

All + AAVmAD animals included in this study had
serum concentration sampled at weeks 3 and 8 after
infection. Animals with abEC1.1 serum concentration
below 35 pM at any one of these two time points were
excluded from this study (n = 3). For measurements of
serum antibody concentration, n = 12 animals were
injected and divided into two groups of n = 6 mice per
group to perform blood withdrawal every other week
after viral infection; the first group was sampled on
weeks 1,3,5,7,9, second group on weeks 2,4,6,8,10.

Lentiviral production and administration

For LVmAD production, a third generation self-
inactivating HIV-derived lentiviral backbone vector
(kindly provided by L. Naldini, Universita Vita e Salute
San Raffaele, Milan, Italy),” was used to clone abEC1.1
under the transcriptional control of the human cyto-
megalovirus (HCMV) promoter using BamHI and Sall
restriction enzymes. Recombinant plasmids were veri-
fied by enzymatic restriction and correct clones were
further confirmed by Sanger sequencing. The generated
lentiviral vector DNAs were co-transfected along with
the packaging plasmids pMDL, pVSV-G, and pRSV-Rev
(a gift of L. Naldini) in 293T cells, by adopting calcium
phosphate reagents. Forty-eight hours post-transfection,
cell supernatants containing the recombinant lentiviral
particles (RLPs) were harvested, filtered with a 0.45 pm-
pore-size membrane (Millipore, Bedford, MA, USA),
and concentrated 100 times by ultracentrifugation
(27,000 rpm, 2 h, 4 °C in a Beckman SW28 rotor), or by
adopting VivaSpin columns (Sartorius, Goettingen,
Germany). RLPs expressing abEC1.1 were quantified by
measuring the amount of the HIV-1 capsid p24 protein
by ELISA assay (Cat. No. XB-1000, XpressBio, Frederick,
MD, USA). Titer of RLPs was then expressed in trans-
ducing units (TU)/ml by converting the obtained pg of
p24 per ml into TU/ml, following the manufacturer’s
instructions. For LVmAD treatment, mice at 35-40 days
of age were injected into the caudal vein with 120 pl of
PBS containing 2.96 x 10° LVmAb transducing units
(TUs). Blood withdrawals were performed every other
week and serum antibody concentration was estimated
with ELISA as described above.

In vivo imaging of lesional skin area

For these experiments, we developed a dedicated system
based on ratiometric reflectance imaging. The system
comprised a gaseous anaesthesia apparatus and a
feedback-controlled heating pad for homeothermic
regulation of mouse body temperature (Fig. S2). The
illumination source was a warm white light emitting
diode (Cat. No. MWWHEF2, Thorlabs Inc., Newton, NJ,
USA) coupled to a multimode fibre (#1000 pm, Cat. No.
M35L02, Thorlabs). We positioned the fibre output so as
to uniformly illuminate the mouse back skin. Images of
illuminated samples were collected by a digital camera
with a c¢cMOS colour sensor (Cat. No. DCC1645C,
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Solution  Substance(s) dissolved in Ca**-free PBS

1 EGTA (5 mM)

2 EGTA (5 mM), DAPI (10 uM), Dex.TR (1.78 uM)

3 EGTA (5 mM), FFA (400 pM)

4 EGTA (5 mM), FFA (400 pM), DAPI (10 pM), Dex.TR

(1.78 uM)

Table 1: List and composition of microinjection solutions used for in
vivo DAPI uptake assay.

Thorlabs) through an objective lens (TV Lens, F1.2
8 mm, Ernitec, Ballerup, Denmark). To ensure stability
and minimize light intensity fluctuation, the light
source was switched on 1 h before image acquisition. To
further reduce noise, the analysed image of each mouse
was obtained by averaging 20 frames acquired at 0.9
frames per second.

In vivo DAPI uptake assay

Mice were anesthetized with an intraperitoneal (i.p.)
injection of physiological solution containing 90 mg/kg
ketamine and 0.5 mg/kg medetomidine. Half-doses of
the anaesthesia were reinjected at 1.5-h intervals to
avoid mouse awaking. For intradermal microinjections,
the easily accessible mouse earlobe was selected after
noting that dox induction promoted strong EGFP
expression associated with epidermal thickening also in
earlobe skin of Cx26G45SE mice (Fig. S3). Injections
were performed using a 10 pl syringe (NANOFIL, World
Precision Instruments Inc., Sarasota, FL, USA) equip-
ped with a 33-gauge needle. We used 4 different PBS-
based microinjection solutions (Table 1).

The Ca®* chelator ethylene glycol-bis(B-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid (EGTA, 5 mM, Cat. No.
E3889, Sigma-Aldrich) was used in all solutions to
promote HC opening.”’ To confirm that DAPI uptake
was mediated by HCs, FFA (400 pM, Cat. No. F9005,
Merck) was added to Solutions 3 and 4.%

After injecting 5 pl of Solution 1 or Solution 3, to
estimate basal fluorescence levels, we waited 30 min.
Next, we injected 5 pl of Solution 2 or Solution 4,
respectively, in the same earlobe site, to measure DAPI
uptake through HCs. Solution 2 and 4 contained DAPI
(10 pM, Cat. No. D1306, Thermo-Fisher Scientific) and a
cell-impermeant high molecular weight (MW) dextran
(70,000 Da) conjugated to Texas Red (Dex.TR, 1.78 pM,
Cat. No. D1830, Thermo-Fisher Scientific). Dex.TR
served to visualize and delineate the tissue volume
reached by the injected solution, as well as to identify
cells with a compromised plasma membrane (which
were penetrated by Dex.TR, and therefore excluded
from the analysis).

Laser scanning intravital multiphoton microscopy in
mouse earlobe skin was performed as recently
described.”” Briefly, anesthetized mice were placed on
the stage of the microscope equipped with a feedback-
controlled heating pad (for homeothermic control of
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body temperature). Mouse earlobe skin was gently
cleaned with PBS, dried, and attached to the microscope
stage with double-sided tape. A drop of PBS was used
for optically coupling the 25 x water-immersion objec-
tive lens (XLPLN25XWMP2, NA 1.05, Olympus Corpo-
ration, Tokyo, Japan) with mouse earlobe. To determine
basal skin fluorescence, n > 3 through-focus image se-
quences (z-stacks) were collected, with steps of 1 pm
along the optical axis and with a pixel size of 619 nm.
Scanning speed was 12 kHz, and each frame was aver-
aged 20 times. Each FOV was imaged sequentially at
excitation wavelengths of 780 nm and 920 nm (see
below) and images were stored for off-line analysis.

After DAPI microinjection (Solution 2 or Solution 4),
we waited 45 min before acquiring more z-stacks, with
unchanged imaging conditions, in the Dex.TR-invaded
area of earlobe skin. DAPI fluorescence, excited at
780 nm, was collected through a 460/50 nm emission
filter. EGFP fluorescence, excited at 920 nm, was
collected through 525/40 nm emission filter. Dex.TR.
fluorescence, also excited at 920 nm, was collected
through a 612/69 nm emission filter. To estimate mAb
effect on DAPI uptake from keratinocytes in control
animals, we also injected AAVmMADb in 3 age-
matched —dox mice, that were tested and analysed as
described above. We pooled data from n = 3 mice and
m > 4 FOV/mouse/condition.

Evaluation of mouse locomotion activity

To evaluate locomotion activity, each mouse was caged
individually in a Digital Ventilated Cage (DVC) sys-
tem”** manufactured by Tecniplast SpA (Buguggiate,
Italy). Data collection was based on an electronic
sensing board placed underneath the cage and
comprising 12 electrodes connected to an integrated
circuit that sampled electrical capacitance of each elec-
trode at 250 ms intervals. When an animal moved over
one, or more electrodes, it caused a change in capaci-
tance. If the measured change exceeded a fixed
threshold, the event was counted as a valid activation of
the selected electrode. The number of suprathreshold
events averaged over the 12 electrodes in a selected time
interval was used in scoring system to generate an
“Animal Locomotion Index”. For system validation and
additional technical details, see.”***

Histology and immunofluorescence

Skin

Mouse skin biopsies were collected from the neck re-
gion and gently flattened on a sheet of paper (Tissue-Tek
11, Sakura Finetek USA, Inc., Torrance, CA, USA).

For cryosection preparation, samples were fixed in
4% paraformaldehyde (PFA) for 30 min, placed in Killik
embedding medium (Cat. No. 05-9801, Bio-Optica,
Milan, Italy), frozen and cut using a cryostat (CM 1850
UV, Leica Biosystems Nussloch GmbH, Nussloch,
Germany). Cryo-sections (8-pm thickness) were fixed in
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Antibody Concentration Host Class Cat. No. Supplier #RRID and reference

Anti-Cx26 1:200 Mouse polyclonal 71-0500 Thermo-Fisher Scientific AB_2533971
Ref. 41

Anti- Cx30 1:50 Rabbit polyclonal 71-2200 Thermo-Fisher Scientific AB_2533979
Ref. 55

Anti- Cx43 1:100 Rabbit polyclonal 71-0700 Thermo-Fisher Scientific AB_2533973
Ref. 56

Anti- E Cadherin 1:200 Rat monoclonal 13-1900 Thermo-Fisher Scientific AB_2533005
Ref. 57

Anti-Ki-67 1:50 Rabbit polyclonal PA5-19462 Thermo-Fisher Scientific AB_10981523
Ref. 58

Anti-Cleaved Caspase-3 1:400 Rabbit polyclonal 9661 Cell Signaling AB_2341188
Ref. 41

Anti- Keratinl 1:500 Rabbit polyclonal 905601 Biolegend AB_2565051
Ref. 59

Anti-Keratin14 1:50 Mouse monoclonal sc-53253 Santa Cruz Biotechnology AB_2134820
Ref. 60

Note: RRID = Research Resource Identifier (https://scicrunch.org/resources).

Table 2: List of primary antibodies used for immunofluorescence staining.

4% PFA for 15 min and permeabilized for 1 h at room
temperature with 0.25% Tryton X-100 (Cat. No. 9002-93-
1, Sigma-Aldrich) in Tris-buffered saline 1X (TBS, Cat.
No. 1706435, Bio-Rad) supplemented with 5% goat
serum (Cat. No. G9023, Sigma-Aldrich). Samples were
incubated overnight in a humidified chamber at 4 °C
with primary antibodies (Table 2) diluted in blocking
buffer (5% goat serum in TBS). The next day, slides
were washed 3 times with washing buffer (i.e. TBS 1X
containing 0.2% Tween 20, Cat. No. P1379, Sigma-
Aldrich), incubated for 1 h with cross-adsorbed fluo-
rescent secondary antibodies (Table 3) and washed 3
times with washing buffer. Nuclei were counterstained
with DAPI (5 pM, dissolved in PBS). After adding an
anti-fade mounting medium (ProLong Gold, Cat. No.
P36934, Thermo-Fisher Scientific), slides were cover-
slipped and sealed with nail polish. For immunostain-
ing with anti-Ki-67 and anti-CC3 primary antibodies,
actin filaments were stained with fluorescent phalloidin
(ActinGreen, Cat. No. R37110, Thermo-Fisher
Scientific).

Confocal fluorescence images were acquired with a
TCS SP5 microscope (Leica) equipped with a 40 x (HCX
PL Apo, UV optimized, NA 1.25) or 63 x (HC PL Apo,
UV optimized, NA 1.4, Leica) oil immersion objective.
DAPI fluorescence was excited by a 405-nm UV laser

and collected between 415 nm and 475 nm; EGFP and
actin fluorescence was excited by a 488-nm Ar laser and
collected between 500 and 540 nm; red fluorescent
secondary antibodies were excited by a 543-nm HeNe
laser. Emission was collected between 600 nm and
660 nm (for Alexa Fluor 568 conjugated antibodies), or
between 570 nm and 635 nm (for Alexa 546 and Alexa
555 conjugated antibodies). Images were acquired by
averaging each line 16 times (total pixel dwell time:
0.7 ms; pixel size: 120 nm, unless otherwise stated)
using a sequential line-by-line protocol.

For histology, skin samples were fixed overnight in
4% PFA at 4 °C, dehydrated in increasing alcohol con-
centrations and embedded in paraffin. Samples were
then cut in 8-um sections with a microtome (RM2135,
Leica). Slices were deparaffinized, rehydrated and
stained with hematoxylin and eosin. Bright field im-
ages were acquired using an inverted microscope
(LMD7000, Leica) equipped with a 40 x objective (HCX
PL Fluotar, NA 0.6, Leica) and a colour camera (DFC310
FX, Leica).

Liver

Livers from age-matched —dox and —dox + AAVmAD
mice, euthanized four months after caudal vein injec-
tion of the AAVmAD, were dissected, placed in Killik

Antibody Concentration Species reactivity Class Host/Isotype Cat. No. Supplier #RRID

Alexa Fluor 568 1:500 Mouse polyclonal Goat/IgG A-11004 Thermo-Fisher Scientific AB_2534072

Alexa Fluor 546 1:500 Rat polyclonal Goat/IgG A-11081 Thermo-Fisher Scientific AB_2534125

Alexa Fluor 555 1:500 or 1:300 Rabbit polyclonal Donkey/IgG A-31572 Thermo-Fisher Scientific AB_162543

Alexa Fluor 488 1:300 Mouse polyclonal Goat/IgG A-11029 Thermo-Fisher Scientific AB_2534088
Table 3: List of secondary antibodies used for immunofluorescence staining.
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embedding medium (Cat. No. 05-9801, Bio-Optica,
Milan, Italy), frozen and sectioned (8 pm sections) us-
ing a cryostat (CM 1850 UV, Leica Biosystems). For
immunostaining, tissue slides were fixed in ice cold
acetone for 20 min at —20 °C, washed 3 times for 5 min
with 1xPBS and incubated for 30 min at room temper-
ature in blocking buffer containing 5% normal donkey
serum (Cat. No. S30, Millipore) and 1% bovine serum
albumin (BSA, Cat. No. A4503, Sigma-Aldrich). Sam-
ples were then incubated for 1 h at room temperature
with an anti-Cx26 primary antibody (Table 2), diluted in
blocking buffer, followed by washing and incubation
with an Alexa Fluor 555-conjugated secondary antibody
(Table 3). Nuclei were stained with DAPI (5 uM, dis-
solved in PBS), followed by Actin green to label actin
filaments. Finally, slides were mounted with ProLong
Gold.

Brain

Brains from age-matched —dox and —dox + AAVmAD
mice, euthanized four months after caudal vein injec-
tion of the AAVmADb, were dissected and post-fixed
overnight in 4% PFA in PBS at 4 °C. Upon embed-
ding in 2% agar, tissues were serially sectioned (50 pm
sections) using a Vibratome (VI1220s, Leica Bio-
systems). For immunostaining, sections were per-
meabilized with 0.5% Triton for 1 h at room
temperature, incubated for 1 h in blocking buffer con-
taining 5% normal donkey serum (Cat. No. S30,
Millipore), 3% bovine serum albumin (BSA, Cat. No.
A4503, Sigma-Aldrich) and 0.05% Tween-20 (Cat. No.
1706531, Bio-Rad Laboratories).

To evaluate gap junction formation, samples were
then incubated overnight at 4 °C, with an anti-Cx30
primary antibody (Table 2) diluted in blocking buffer
without BSA, followed by washing and incubation with
an Alexa Fluor 555-conjugated secondary antibody
(Table 3). Nuclei were stained with DAPI (5 pM, dis-
solved in PBS). Finally, slides were mounted with Pro-
Long Gold.

To evaluate mAb distribution in brain areas
following intracerebroventricular (ICV) injection of
5 x10" GC of AAVMADb in PO mice” (used as
positive controls), animals were euthanized four
weeks after ICV injection, and brains were dissected
and processed as described above. Samples were
then permeabilized with 0.3% Triton for 1 h at
room temperature followed by incubation with an
Alexa Fluor 488-conjugated secondary antibody
(Table 3) overnight at 4 °C. Nuclei were stained
with DAPI (5 pM, dissolved in PBS). Finally, slides
were mounted with ProLong Gold.

Antibody validation

For commercial antibodies (Tables 2 and 3) we provide
relevant documentation in the Supplemental Data (Re-
agent Validation file). As for abEC1.1, the mADb has been
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a previously characterized and extensively validated both
in vitro and in vivo.”'* Further characterization for its
administration as an AAVmAD is provided in this
article.

Image processing and quantification

For image processing we used the open-source soft-
ware Image]/Fiji (ImageJ-win64) and related plugins.
For data analysis and plotting we used Matlab
(R2019a).

To quantify lesional skin area, the 3 colour chan-
nels (R, red; G, green; B, blue) of each acquired mouse
image were separated, thus generating 3 correspond-
ing 8-bit images, each one with pixel intensity values
comprised between 0 and 255. For automated lesion
identification, we calculated the pixel-by-pixel ratio of
the R channel divided by the B channel (R/B intensity
image). To verify uniformity and stability of image
acquisition, we placed a white reflective target in a
fixed position close to mouse location and verified that
the mean R/B value measured within the target area
did not change more than 0.5% over time. Next, we
applied a 60 x 60 pxl median filter to the R/B image,
thus generating a heavily low pass (Ip) filtered version
of it (R/B_lp) which was subtracted from the R/B
image. Next, we applied an intensity threshold to the
resulting high-pass (hp) filtered image (R/B_hp = R/
B — R/B_lp) and we fed the result to the “Analyze
particle” plugin to determine lesion contours. We
manually discarded the contours outlining ears, paws
and tail. We measured the extension of ROIs encom-
passed by all the remaining contours using the “Multi
Measure” plugin.

To quantify epidermal thickness, we used the
“Wand” plugin to select the epidermis. We then
measured the local thickness of the epidermis using the
“Distance Map” plugin, which generated a distribution
of values for each image. The mean of this distribution
for each image was retained as the measured parameter.
The shown data are the distributions of these mean
values, converted from pixel to real distances after image
calibration.

To estimate Cx26 density, we applied a threshold to
the red channel of immunofluorescence images. We
then counted the number of suprathreshold pixels in
cells that exhibited a Cx26 punctuate immunolabelling
signal and evaluated Cx26 density as the number of
counted pixels divided by the number of immunola-
belled cells.

To quantify in vivo DAPI uptake, we selected 23 cell
nuclei in each image and measured nuclear fluores-
cence as the average signal intensity within the nucleus-
containing ROI using the “Measure” plugin. We then
estimated the DAPI signal as AF = F-F, where Fy and F
are the average nuclear fluorescence and the single cell
nuclear fluorescence measured before and after DAPI
injection, respectively.
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To quantify cell size, we applied a threshold to the
red channel of immunofluorescence images. We then
applied a sequence of image filters (“Smooth”, “Erode”
and “Dilate”) to enhance the E-cadherin signal. To
extract cell border contours, we used the “Analyze par-
ticle” plugin. Finally, we used the “Measure” plugin to
quantify the encompassed area.

To count the number of cells expressing a given (red
fluorescent) marker, we applied a threshold to the red
channel of immunofluorescence images to generate
binary masks of the areas of interest. We applied the
masks to the corresponding DAPI fluorescence channel
and counted the number of DAPI positive cells in the
masked area using the “Analyze particle” plugin.

To quantify CC3 expression, we calculated the
number of pixels with CC3 signals as the pixels in the
red fluorescence channel whose intensity exceeded a
given threshold.

Statistics

Sample sizes (n) for each analysis are stated in the figure
legends. The null-hypothesis of normally distributed
samples was verified using the Shapiro-Wilk test. For
multiple comparison, parametric analysis of variance
was performed by one-way ANOVA; for pairwise com-
parisons, the two-tailed t-test was used. In the case of
multiple comparison testing, a Bonferroni correction
was applied after the ANOVA test. Non-parametric sta-
tistical analysis of variance for pairwise comparison was
performed using the Mann—-Whitney U test. In all sta-
tistical analysis, a p-value (P) < 0.05 indicates statistical
significance. All statistical analyses were conducted us-
ing Matlab (R2019a).

Role of funders

This research was supported by Fondazione Telethon
grant GGP19148 (FM), the University of Padova grant
Prot. BIRD187130 (FM), the Foundation for Ichthyosis
and Related Skin Types (FIRST, TWW), and the Na-
tional Institutes of Health grant EY 026911 (TWW).
Funders had no role in the study design, in the collec-
tion, analysis and interpretation of data, in the writing of
the report and in the decision to submit the paper for
publication.

Results

In vivo AAVmAD treatment reduced visible
manifestations of epidermal pathology in KID
syndrome

We designed a codon optimized®* AAV transfer vector'
expressing a single chain fragment variable-fragment
crystallizable (scFv-Fc) format” of abEC1.1 **, with a
mouse Fc, under the CAG promoter.* We used this
vector to generate virions with an AAVS8 capsid,* and
administered 1.25 x 10" genome copies (GC) of the

abEC1.1-encoding AAVS vector to Cx26G45E mice via
caudal vein injection. We refer to this procedure as
in vivo AAVmAD treatment. We then monitored
abEC1.1 (mADb) concentration in the circulation by
enzyme-linked immunosorbent assay (ELISA) on serum
samples” over a period of 70 days post-injection.
Injected mice produced the encoded mADb at serum
concentrations that peaked within 21 days, reaching
values in excess of 50 pg/ml, and this level of expression
was maintained for at least 3 more weeks (Fig. 1a). To
determine which tissues were transduced by the virus,
we performed caudal vein injections in a separate group
of mice with an equal number of genome copies of a
control AAV8 expressing the EGFP. Four weeks later,
we detected high levels of EGFP expression in liver,
back paw muscle and abdominal fat (Fig. S4). No sig-
nificant EGFP signal was detected in other tissues, such
as bone, bladder, intestine or brain.

Given that lentiviral vectors have shown some po-
tential for gene delivery targeted to the liver in animal
models,” and are investigated in clinical trials for gene
therapy,”® we also tested a lentivirus (LV) encoding
abEC1.1 (LVmAD, see Methods section). The maximum
mAD level detected after caudal vein injection of the
LVmAD (Fig. S5) was more than 10-fold lower than the
level achieved with the AAVmADb (Fig. 1a). Based on
these results, we decided to initiate dox induction (and
therefore pathology) in Cx26G45E mice 21 days after
caudal vein injection of the AAVmADb. We then
compared the skin pathology of dox-induced untreated
(+dox) and treated (+dox + AVVmAD) mice over a 4-
week period (Fig. 1b) using an ad-hoc developed, auto-
mated and quantitative method based on ratiometric
reflectance imaging (Fig. S2, see Methods). In untreated
mice, the percentage of skin area bearing KID lesions
increased steadily from zero to about 27% within 4
weeks of induction, in accord with previous reports.**
In contrast, skin pathology in +dox + AVVmAb mice
levelled off at <7% of lesional skin area within 3 days of
induction. The differences between + dox + AVVmADb
mice and +dox untreated mice became significant after
14 days of induction (Fig. 1c). These results showed that
expression of the AAV-encoded abEC1.1 mAb drastically
improved the visible manifestations of epidermal pa-
thology in the Cx26G45E mouse model of KID
syndrome.

In vivo AAVmAD treatment reduced epidermal
thickening in KID syndrome

To further characterize the effects of in vivo AAVmAD
treatment on Cx26G45SE mice, we examined histological
sections of neck skin and quantified epidermal thick-
ness (excluding the stratum corneum) from image
analysis of haematoxylin and eosin (H&E) stained
samples (Fig. 2a). Sections obtained from non-induced
(—dox) mice showed mnormal thickness, whereas
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Fig. 1: Effect of AAVmADb treatment on epidermal pathology. (a) Serum antibody concentration vs. days after AAVmADb injection, estimated
by ELISA. The red inset delimits the time interval of doxycycline (dox) induction during which the cutaneous phenotype was quantified. Shown
are pooled data from n = 6 animals. (b) Representative examples of epidermal lesions automatically detected by ratiometric reflectance image
analysis at indicated time points after dox induction. Top: untreated dox-induced Cx26G45E transgenic mouse (+dox) showing typical KID
pathology worsening over time. Skin lesions are shown contoured by yellow lines automatically drawn by the analysis algorithm. Bottom: dox-
induced Cx26G45E transgenic mouse treated with AAVmAD (+dox + AAVmADb); treatment limited the growth of skin area affected by lesions.
(c) Quantification of the lesional skin area vs. days on dox. Data are shown as mean = standard error of the mean (s.e.m.) for untreated (n = 6)
and treated (n = 6) animals; p-values (P) were computed with Mann-Whitney U statistical test. *, P < 0.05; **, P < 0.01; ***, P < 0.005; P > 0.05

was considered not significant (n.s.).

Cx26G45E mice induced for 28 days (+dox) had a
3.5-fold increase in mean epidermal thickness. In + dox
antibody treated mice (+dox + AAVmAD), the mean
epidermal thickness was significantly reduced
compared to untreated + dox littermates, and not
significantly different from that of —dox littermates (not
induced with dox and injected with vehicle, Fig. 2b).
These data showed that expression of the AAV-encoded
abEC1.1 mAb had a beneficial effect, reducing the
epidermal thickening promoted by dox induction in the
Cx26G4E mouse model of KID syndrome.
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In vivo AAVmAb treatment did not interfere with
Cx26 expression in lesional epidermis

Maintenance of a normal and healthy epidermal barrier
relies on a delicate balance between proliferation and
differentiation of epidermal stem cells,”** two cellular
processes that are critically influenced by Cx expres-
sion.”* In prior work, skin disease development in
Cx26G45E mice correlated with mutant connexin
expression induced by dox.* Here, we confirmed by
immunofluorescence analysis of neck skin cryosections
that Cx26 was expressed at undetectable levels in —dox
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Fig. 2: Transverse sections of neck skin from treated and un-
treated animals stained with haematoxylin and eosin (H&E). (a)
Representative microphotographs from (x26G45E transgenic mice
not induced with dox (-dox, n = 5), induced with dox for 28 days
(+dox, n = 6), induced with dox for 28 days and treated with
AAVmMAb (+dox + AAVmMAD, n = 5). Epidermal layers are shown
encompassed between dashed green lines. Scale bar, 40 pm; objec-
tive: 40 x . (b) Box plots showing distributions of epidermis thick-
ness estimated from H&E image analysis; shown are pooled data
from the given number of mice and m > 3 fields of view (FOVs)/
mouse/condition. The midline in each box represents the median
whereas whiskers correspond to the first and third quartile. P de-
notes p-values, computed with ANOVA statistical test.

Cx26G45E mouse epidermis. Following dox induction,
the commercial anti-Cx26 selective antibody used for
these experiments (which did not distinguish between
the wild type and the p.G45E variant of the protein)

revealed a well-defined punctuate pattern of Cx26
expression throughout the EGFP-expressing thickened
epidermis (Fig. 3a). In + dox + AAVmAD mice, Cx26
immunolabeling persisted with unchanged density in
the epidermis (Fig. 3b), whose thickness was signifi-
cantly reduced by AAVmAD treatment (Fig. 2). There-
fore, in vivo AAVmAD treatment did not reduce Cx26
expression in lesional epidermis, presumably achieving
improvement of pathology through blocking the activity
of mutant HCs.

In vivo AAVmADb treatment reduced dye uptake
through epidermal HCs

In prior work we showed increased HC currents in
transgenic keratinocytes obtained from Cx26G45E
mice.” Furthermore, by overexpressing the p.G45E
pathological variant of Cx26 in HaCaT cells (a sponta-
neously immortalized line of aneuploid human kerati-
nocytes”) we previously showed that the purified
abEC1.1 mAb inhibited mutant leaky HCs, as assessed
by measurement of whole cell currents® and
ionized calcium (Ca?*) uptake.” Here, we used 4,6-
diamidino-2-phenylindole =~ (DAPI) to determine
whether in vivo AAVmAD treatment reduced HC func-
tion in keratinocytes. For these in vivo dye uptake ex-
periments, we exploited the property that DAPI
permeates though open HCs and is non fluorescent
unless bound to nucleic acids.” Following DAPI intra-
dermal microinjection in the earlobe skin (see
Methods), we performed intravital multiphoton fluo-
rescence microscopy’’ and detected low levels of DAPI
uptake in both —dox mice and —dox + AAVmAD mice
(Fig. 4a). This background DAPI uptake was likely due
to Cx43 HCs, given that (i) Cx43 is the prevalent isotype
expressed in mouse interfollicular epidermis™ and (ii)
Cx43 HCs are insensitive to abEC1.1.*> Pathology in-
duction with dox (+dox) resulted in a 6.8-fold increase of
the mean DAPI uptake (Fig. 4b), consistent with over-
expression of Cx26 (Fig. 3). DAPI uptake was reduced
2.6-fold in +dox + AAVmAD mice (Fig. 4b). DAPI uptake
was also reduced 12-fold by co-microinjection of flufe-
namic acid (FFA, 400 pM), a well-known and widely
used non-specific blocker of HCs,” in +dox mice
(+dox + FFA, Fig. 4b). Together, data in Figs. 3 and 4
suggest that (i) improvement in skin pathology impar-
ted by in vivo AAVmAD treatment was not due to off-
target interference with the transgenic expression of
the mutated connexin and (ii) the abEC1.1 therapeutic
mechanism of action entails blockade of HCs, in accord
with prior in vitro*'** and in vivo work.*

The fact that DAPI was uptaken equally in —dox and
—dox + AAVmAD mice (Fig. 4), supports the tenet that
in vivo AAVmAD treatment did not modify the baseline
expression level of epidermal HCs. On the other hand,
FFA microinjection in earlobe skin (+dox + FFA con-
dition in Fig. 4), which aspecifically blocks several
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Fig. 3: Effect of AAVmADb treatment on Cx26 expression in the epidermis. (a) Representative confocal immunofluorescence images of neck
skin transverse sections from -dox, +dox and +dox + AAVmAb mice. Samples were labelled with a selective anti-Cx26 antibody (red) directed
against the protein C-terminus. As such, the antibody did not discriminate between wild type and mutant (x26. Nuclei were counterstained
with DAPI (cyan). The green signal in the thickened epidermis of +dox animals is due to EGFP expression downstream of the Cx26G45E coding
sequence. Note the punctate pattern of (x26 staining in +dox mice, which was undetectable in -dox mice and reduced in +dox + AAVmAb
animals. Scale bar, 50 pm; objective: 63 x . (b) Box plots showing distributions of (x26 density in cells labelled by the commercial anti-Cx26
antibody for each condition. Shown are pooled data from n = 3 mice and m = 4 FOV/mouse/condition. The red cross represents an outlier. P

denotes p-values computed with ANOVA statistical test.

different types of HCs, reduced DAPI uptake more than
in vivo treatment with the AAVmAD, suggesting that HC
isoforms not targeted by abECI1.1 (most likely, Cx43)
were upregulated by dox induction. To test this hy-
pothesis, we performed immunofluorescence analysis
of skin samples and found that dox exposure increased
the expression not only of Cx26 (Fig. 3) but also of Cx43
(whose HCs are not blocked by abEC1.1) and Cx30
(whose HCs are blocked by abEC1.1) (Fig. S6). There-
fore, Cx43 HCs could account for the different blocking
efficacy of in vivo AAVmAD treatment vs. FFA micro-
injection in the earlobe skin of +dox animals.
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In vivo AAVmAD treatment significantly reduced
keratinocyte size and number

To better characterize the effects of AAVmAD treatment
at the cellular and molecular level, we performed
immunofluorescence studies with selected markers, as
detailed hereafter. In human KID patients carrying the
p-G45E mutation of Cx26, it has been shown that ker-
atinocyte size was increased within lesional skin bi-
opsies.” Similarly, it was previously reported that
keratinocytes from +dox Cx26G45E mice were signifi-
cantly larger than those from —dox littermate controls,
and that cell size increased with disease progression.

11
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Fig. 4: In vivo DAPI uptake. (a) Representative fluorescence images of earlobe skin from -dox, +dox, +dox + AAVmAb and -dox + AAVmAb
mice. Images were acquired 45 min after intradermal injection of Ca**-free PBS supplemented with EGTA (5 mM), DAPI (10 pM, cyan) and
Dextran Texas Red (1.79 pM, magenta); +FFA denotes addition of FFA (400 pM) to the injection solution. The green signal in +dox images is
due to EGFP expression downstream of the (x26G45E coding sequence. Scale bar, 50 pm; objective: 25 x . (b) Box plots showing distributions
of DAPI fluorescence (F) intensity change (AF = F-F,), where Fy is background fluorescence level, measured before intradermal injection of DAPI.
Shown are pooled data from n = 3 mice and m = 4 FOV/mouse/condition. P denotes p-values computed with ANOVA statistical test.

Therefore, after 28 days of dox induction, we quantified
keratinocyte size and number in skin cryosections
immunolabelled with an anti-E-cadherin antibody that
clearly delineates cell contours in the epidermis
(Fig. 5a). In + dox mice, keratinocyte cross sectional area
increased significantly, by 1.5-fold, compared to —dox
mice and was reduced to pre-dox levels
in +dox + AAVmADb mice (Fig. 5b). In addition, the
number of keratinocytes in fixed-size microscope field
of views (FOVs) comprising the epidermis increased
significantly, by 3.0-fold, and was reduced to pre-dox
levels by AAVmAD treatment (Fig. 5c), in good agree-
ment with the results of Figs. 2 and 3. These results
suggest that the epidermis was returning to a non-
disease state, characterized by normal sized keratino-
cytes, following expression of the AAV-encoded abEC1.1
mAD.

In vivo AAVmADb treatment restored expression
levels of proliferation and apoptosis markers

It was previously reported that both cell division and cell
death were modulated in the diseased skin of Cx26-
G45E animals, with elevated staining for phospho-
histone-3 observed in the epidermis, and increased
expression of cleaved caspase-3 (CC3) in the dermis.”
To confirm that epidermal thickening correlated with
abnormal keratinocyte proliferation, we examined the
expression of Ki-67 protein, a widely used proliferation
marker” (Fig. 6a). Dox induction increased the mean
level of Ki-67 expression by 3.5-fold, and in vivo AAV-
mADb treatment recovered a normal Ki-67 level (Fig. 6b).
We further confirmed that apoptosis was elevated in the
dermis and that dox induction increased the mean level
of CC3 by 23-fold (Fig. 7a). Once again, AAVmADb
treatment reduced CC3 expression by 10.5-fold
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Fig. 5: Effect of AAVmAb treatment on size and number of epidermal keratinocytes. (a) Representative confocal immunofluorescence
images of neck skin transverse sections from -dox, +dox and +dox + AAVmAb mice (see caption of Fig. 2). The green signal in the thickened
epidermis of +dox animals is due to EGFP expression downstream of the (x26G45E coding sequence.** Samples were labelled with a selective
anti-E-cadherin antibody (red), and nuclei were counterstained with DAPI (cyan). Images in the right columns (scale bar, 10 pm) are magnified
views of the areas contoured by squared yellow ROIs in the corresponding images at left (scale bar, 100 pm); objective: 40 x . (b, c) Box plots
showing distributions of keratinocyte cross sections, estimated as the area encompassed by the E-cadherin labelled cell contours (b) and number
of keratinocytes per field of view (FOV, c). Shown are pooled data from n = 3 mice and m > 4 FOV/mouse/condition. P denotes p-values

computed with ANOVA statistical test.

compared to the +dox untreated animals (Fig. 7b). These
data confirm restoration of the normal epithelial pro-
liferation, and cessation of elevated apoptosis after
expression of the AAV-encoded abEC1.1 mAb.

In vivo AAVmAD treatment recovered expression
pattern of epidermal keratins

Keratins (Ks), the major components of the epithelial
cytoskeleton, are well known diagnostic markers
important for maintaining keratinocyte integrity and
structural stability.”” Type I and type II Ks form heter-
odimers and characteristic heterodimer patterns are
found within a given epidermal cell layer, according to
the degree of differentiation. Thus, K14 and K5 consti-
tute the prevalent type I-type II heterodimer expressed
in proliferative basal keratinocytes of interfollicular
epidermis. In contrast, differentiated keratinocytes of
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the suprabasal layers express K10-K1 as the major het-
erodimer, and downregulate the K14-K5 pair.”* Expres-
sion levels, cellular localization or posttranslational
modifications of Ks are altered by injury and/or
disease.”

To analyse changes in the epidermis structure due to
pathology induction, we quantified K1 and K14 expres-
sion as a measure of keratinocytes organization in
suprabasal and basal epidermal layer, respectively, using
selective anti-Ks antibodies to immunolabel neck skin
cryosections from Cx26G45E mice. We thus determined
that dox induction caused complete disarray of K1 and
K14 expression, with both markers expressed
throughout the thickened epidermis of +dox Cx26G45E
mice. In vivo AAVmAD treatment recovered the normal
expression pattern of both markers (Fig. 8a). The mean
number of cells expressing K1 increased 3.3-fold after

13


www.thelancet.com/digital-health

Articles

14

a Ki-67/ / b

100 um

- dox—fﬂ}{—mmemo-s

+doxr }—

= +dox
+AAVMADb| "

P=2.5x10"

2 4 6 8 10 12 14 16
Percentage of Ki-67+ nuclei
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nofluorescence images of neck skin transverse sections from -dox, +dox and +dox + AAVmAb mice. Samples were labelled with a selective anti-
Ki-67 antibody (red), nuclei were counterstained with DAPI (cyan) and actin filaments were labelled by fluorescent phalloidin (green). Scale bar,
100 pm; objective: 40 x . (b) Box plots showing distributions of percentage of Ki-67 positive (+) nuclei. Shown are pooled data from n = 3 mice
and m = 4 FOV/mouse/condition. P denotes p-values computed with ANOVA statistical test.

dox induction and was reduced 2.6-fold by AAVmAD
treatment (Fig. 8b). Likewise, the mean number of cells
expressing K14 increased 4.1-fold after dox induction
and was reduced 4.7-fold by AAVmAD treatment
(Fig. 8c). Together, data in Figs. 5-8, showed that
expression of the AAV-encoded abEC1.1 mAb had a
beneficial effect on selected molecular markers of skin
homeostasis and structure.

In vivo AAVmAb treatment had no adverse effects
In theory, an antibody might interact with committed
HCs preventing the formation of intercellular gap
junction channels, and this may potentially cause un-
wanted side effects.”* Given that the liver had the

highest level of viral transduction following caudal vein
injection of the EGFP-encoding AAVS8 control vector
(Fig. S4), we examined gap junctions in liver of treated
and untread mice. Quantitative image analysis of liver
cryosections immunolabelled with a commercial anti-
Cx26 selective antibody showed in vivo AAVmAD treat-
ment affected neither the individual size nor the overall
number of Cx26 gap junctions in ~dox + AAVmAD mice
compared to age-matched untreated controls (—dox,
Fig. S7).

There is strong evidence that naturally occurring
AAV serotypes have severely limited transduction effi-
ciency in the brain owing to the stringency of the blood-
brain barrier.”” Consistent with this tenet, our
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Fig. 7: Effect of AAVmAb treatment on expression of apoptosis marker Cleaved-Caspase3 (CC3) in the epidermis. (a) Representative
confocal immunofluorescence images of neck skin transverse sections from -dox, +dox and +dox + AAVmAb mice. Samples were labelled with a
selective anti-CC3 antibody (red), nuclei were counterstained with DAPI (cyan) and actin filaments were labelled by fluorescent phalloidin
(green). Scale bar, 100 pm; objective: 40 x . (b) Box plots showing distributions of No. of suprathreshold CC3+ pixels. Shown are pooled data
from n = 3 mice and m = 4 FOV/mouse/condition. P denotes p-values computed with ANOVA statistical test.

immunofluorescence analysis of brain sections failed to
detect abEC1.1 expression in the brain of mice subjected
to in vivo AAVmAD treatment (Fig. S8a). To further
exclude that in vivo AAVmAD treatment interfered with
gap junction formation in the brain, we analysed a
major abEC1.1 target, Cx30,* with widespread brain
expression.”® In different areas of brain slices
immunolabelled with a commercial anti-Cx30 selective
antibody, there was no difference between treated
(-dox + AAVmAD) mice and age-matched controls
(—dox, Fig. S8D). Likewise, body weight, food, and
water consumption (Figs. S9 and S10), as well as
locomotion activity (Figs. S11 and S12) were sta-
tistically indistinguishable in treated and untreated
animals.

www.thelancet.com Vol 89 March, 2023

Discussion

Current treatments for KID syndrome are largely palli-
ative and include antibiotics, surgical debridement,
keratolytics, and retinoids.””’® The recent development
of specific antibody blocking agents that target Cx
HCs* allows treatment paradigms to move from
palliative to therapeutic.® In prior work with a related
mouse model of Cx-related genodermatosis (Clouston
syndrome),””** we demonstrated the in vivo efficacy of
the purified abEC1.1 mADb delivered systemically, via
intraperitoneal (i.p.) injection, or topically, in a cream
formulation.” In the current study, we have attempted
to use antibody gene transfer’** to treat the epidermal
features of KID syndrome in a mouse model that rep-
licates the human disease.”*
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Fig. 8: Effect of AAVmADb treatment on cytokeratin 1 (K1) and cytokeratin 14 (K14) distribution in the epidermis. (a) Representative
confocal immunofluorescence images of neck skin transverse sections from -dox, +dox and +dox + AAVmAb mice. Samples were labelled with
selective anti-K1 (left) and anti-K14 (right) antibodies (red) and nuclei were counterstained with DAPI (cyan). The green signal in the thickened
epidermis of +dox animals is due to EGFP expression downstream of the (x26G45E coding sequence. Scale bar, 50 pm; objective: 63 x . (b, c)
Box plots showing distributions of number (No.) of K1 positive (+) cells (b) and No. of K14+ cells (c). Shown are pooled data from n = 3 mice
and m = 4 FOV/mouse/condition. P denotes p-values computed with ANOVA statistical test.

Our results show that AAVmAD treatment signifi-
cantly reduced the size and thickness of KID lesions,
and blocked dye uptake through mutant HCs in the
epidermis in vivo. In addition, AAVmAD treatment
restored normal keratinocyte proliferation and cell size,
reduced apoptosis, and re-established normal patterns
of keratin expression. These findings provide further
support for the view that increased HC activity is a
significant driver of skin pathology in KID syndrome.* %
They also highlight the potential of anti-HC antibodies
and genetic based delivery systems for new therapeutic
interventions aimed at treating the mechanistic basis of
this disease.

The AAV vector approach can be used to maintain
therapeutic levels of mAb over extended periods of
time.*" In fact, AAV vectors are widely recognized for
their ability to direct long term stable expression of both
intracellular and secreted proteins. Factors that can
impact sustained vector expression include serotype of

the vector, the promoter utilized to direct expression,
and route of delivery.*' Using AAV8 vectors encoding a
vector that encoded both a heavy and light antibody
chains for anti VEGFR2 under the control of the CAG
promoter, sustained expression around 600pg/ml was
demonstrated for at least 4 months following hepatic
portal vein delivery.”® More recent studies report
expression for the life of the mouse using a tandem
liver-muscle promoter.* Although in our study the level
of expression showed some decline, it is possible the
steady state levels is sufficient for a corrective pheno-
type. In addition, further vector optimization could
improve our results.*’

To further support the clinical potential of our
approach, we showed that prolonged exposure to mAb
had no effect on gap junction formation in liver and
brain. In addition, there are two major factors that
argue that interference with Cx26 gap junctions by the
antibody may not occur or may not be pathologically
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relevant. First, the antibody is directed to an epitope in
the extracellular loop of Cx26, which is exposed in the
HC configuration, but bound to the opposing HC in
the gap junction channel configuration. Related to this,
there would be significant steric hindrance to getting
the antibody into the extracellular space in an intact
gap junction, which is very small, and often adjacent to
the tight junction barrier. Second, the most common
non-syndromic deafness causing mutation in the GJB2
gene (delg35) causes a premature truncation of the
Cx26 protein in the amino terminus. Many thousands
of living humans worldwide are homozygous carriers
of this allele and have no functional Cx26 channels of
any type. The patients have no-known liver or brain
pathologies, and only suffer hearing loss, suggesting
that total loss of Cx26 activity is not generally detri-
mental to human health. We also provided evidence
that prolonged expression of mAb did not affect body
weight, food or water consumption of treated mice up
to 4 months after AAVmAD injection. However, also
the effect of prolonged use of an antibody directed
against extracellular loops on gap junction function-
ality has to be investigated. This requires functional
dye transfer experiments in different organs that need
to be performed before any clinical application.

mAD therapy has changed the landscape of modern
medicine as mAbs have emerged as a major class of
therapeutic agents on the market, and have stimulated
intense and widespread interest in developing treat-
ments for diverse human disorders.** Several factors
contribute to the success of mAbs as therapeutics,
including high specificity, low toxicity and slow clear-
ance rates,* in addition to the rapidly advancing gene
therapy space,” the potency of viral vectors to mediate
expression of mAbs* as well as promising data from
long-lasting therapeutic levels of antibodies.*

Critical steps that need to be taken for these and
related results* to be applied in the clinic comprise
industry-standard mAb manufacturing and testing,
aiming to produce purified mAb material. This can be
done by generating suitable DNA constructs followed by
stable CHO cell pool generation to express the desired
antibodies.® Cell pools will have to go through a cloning
procedure and clones will be assessed regarding growth,
phenotype, and productivity. From top performing
clones, research cell banks (RCBs) can be generated and
undergo a stability study to assure productivity over
time. Lead clones will undergo upstream and down-
stream production processes, including 10-L fed-batch,
harvest and two step purification (protein A and
ion-exchange chromatography). Final products will be
stored in PBS to accommodate the needs for subsequent
studies.** To ensure the quality, safety, and efficacy
of biopharmaceutical products, it is necessary to
perform mAD testing for stability, toxicity, immunoge-
nicity, pharmacokinetics, pharmacodynamics and bio-
distribution in vivo assays, including all preclinical safety
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evaluation studies deemed necessary after careful reg-
ulatory assessment,” in line with good laboratory prac-
tice (GLP) and ICH S6(R1) directives.

A limitation of this study is that the pathogenetic
mechanism whereby HC opening leads to disruption of
epidermal homeostasis remains partially unaddressed.
The opening of HCs promotes the influx of ionized
calcium (Ca**)** as well as diffusive release of para-
crine messengers, including ATP.>*7 Therefore, our
working hypothesis is that, by binding to purinoceptors
expressed in keratinocytes,” extracellular ATP released
though HCs not only may trigger inflammation,” which
can lead to further HC opening and promote cell
death,”? but may also upset the delicate Ca**-
dependent proliferation/differentiation balance in the
epidermis,’”'* leading to breakdown of epidermal
integrity.'” This hypothesis is amenable to direct testing
by generating and using improved mouse models of
disease. For example, replacing the EGFP expressed in
Cx26G45E mice after dox induction with a genetically
encoded indicator of cytosolic Ca?*'*® would allow the
study of Ca’* signalling directly, by intravital multi-
photon microscopy of mouse skin.”” To unravel the
interplay between cytosolic Ca** and ATP release in vivo,
an even more sophisticated animal model could be
made to express also a spectrally separated indicator for
ATP' anchored to the extracellular leaflet of the kera-
tinocyte plasma membrane.

Dysregulated HCs are likely to play a pathogenic role
in several other connexin skin disorders.>!”#1%1% The
results presented here, and in previous studies,**
suggest that targeting this acquired activity could have
tremendous benefits in the development of novel ther-
apies for these genodermatoses. Since HC dysfunction
has been implicated as a pathological mechanism in
several connexinopathies beyond the skin, our findings
could also lead to new therapeutic approaches to treating
connexin disorders manifesting in a wide variety of or-
gans (summarized in Table 3 of Ref.*).
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