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Abstract

High conservation of extracellular matrix proteins often makes the generation of potent species-specific
antibodies challenging. For collagen VIl there is a particular preclinical interest in the ability to discriminate
between human and murine collagen VII. Deficiency of collagen VIl causes dystrophic epidermolysis bullosa
(DEB) — a genetic skin blistering disease, which in its most severe forms is highly debilitating. Advances in
gene and cell therapy approaches have made curative therapies for genetic diseases a realistic possibility.
DEB is one disorder for which substantial progress has been made toward curative therapies and improved
management of the disease. However, to increase their efficacy further preclinical studies are needed. The
early neonatal lethality of complete collagen VIl deficient mice, have led researches to resort to using models
maintaining residual collagen VIl expression or grafting of DEB model skin on wild-type mice for preclinical
therapy studies. These approaches are challenged by collagen VIl expression by the murine host. Thus, the
ability to selectively visualize human and murine collagen VIl would be a substantial advantage. Here, we
describe a novel resource toward this end. By immunization with homologous peptides we generated rabbit
polyclonal antibodies that recognize either human or murine collagen VII. Testing on additional species,
including rat, sheep, dog, and pig, combined sequence alignment and peptide competition binding assays
enabled identification of the major antisera recognizing epitopes. The species-specificity was maintained after
denaturation and the antibodies allowed us to simultaneously, specifically visualize human and murine

collagen VIl in situ.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The recent clinical advances in gene therapy and
discovery of specific, potent gene-editing ap-
proaches with limited off-target events have led to
a surge in studies aiming to develop curative
therapies for orphan genetic diseases. Of these
efforts, the group of genetic skin blistering diseases
known as epidermolysis bullosa (EB) has enjoyed
notable success [1,2]. EB comprises a heteroge-
neous, in terms of severity and manifestations, group
of diseases caused by mutations in >20 genes [3,4].
Many EB variants also present extracutaneous

manifestations but the diseases are linked by a de-
stabilization of the dermal-epidermal junction (DEJ)
as a consequence of loss of abundance or function
of the affected proteins [3]. The skin manifestations
make topical curative therapies attractive for EB.
However, given the extracutaneous involvement for
most EB variants, systemic treatment would be
desirable. Some curative therapy efforts for laminin-
332 deficient junctional EB (JEB) and dystrophic
epidermolysis bullosa (DEB), caused by collagen VI
deficiency, have already advanced to later clinical
trial stages [5]. From the clinical trials on ex vivo
gene therapy by transplantation of gene-corrected
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epidermal grafts for JEB and DEB, it has emerged
that the curative effect is less sustained for DEB [6].
This is likely a reflection of key differences in the
biology and functions of the two proteins at fault [7],
and highlights the need to continue exploring
alternative or complementary therapeutic avenues
for DEB.

The development of therapies for DEB is
challenged by early neonatal lethality of complete
collagen VIl deficient mice [8]. A collagen VII
hypomorphic mouse model that presents most
manifestations of severe DEB has been devel-
oped [9] and has been widely used by us and
others for therapy development and to better
understand DEB pathobiology [10-15]. However,
for therapies aiming to restore collagen VII
abundance the remaining residual expression of
wild-type collagen VII can obscure the results.
Complementary to genetic mouse models, studies
on topical curative therapies, but also other lines
of therapies, have frequently used grafting of
human skin equivalents or similar onto immuno-
deficient mice [16—18]. Nevertheless, the evalua-
tion of collagen VIl abundance and deposition in
the grafts can be influenced by collagen VIi
expressed by the wild-type host [19]. In this
context — and for all other preclinical studies
introducing human collagen VIl in murine hosts —
tools to specifically detect human and murine
collagen VIl would be valuable.

We and others have shown that the mouse
monoclonal collagen VII antibody LH 7: 2 [20,21],
which is widely used for diagnostics to detect
human collagen VII, recognizes human but not
murine collagen VII [12,19]. However, commonly
used hosts for human skin and cell grafting such
as SCID or athymic nude mice [16—18] are leaky
or maintain production of immunoglobulins which
distorts staining with mouse monoclonal antibod-
ies. The generation of murine and human specific
collagen VIl antibodies is challenged by the rather
homogenous 84% sequence identity of human
and murine collagen VII over the entire
polypeptides.

In an effort to generate a potent collagen VII body
we previously cloned a 246-amino acid peptide of
the central non-collagenous (NC)-1 domain of
human collagen VII reported to harbor the epitope
of LH 7:2 [22] and raised a rabbit polyclonal
antiserum against this peptide [12]. The resulting
antiserum was highly potent in western blotting,
ELISA and immunofluorescence, unexpectedly —
because of the large size of the peptide used for
immunization and the homology of human and
murine collagen VII — we noted low reactivity to
murine collagen VII [12]. Here, we re-raised the
antibody in multiple rabbits and observed persistent
high human collagen VIl and low murine collagen VI
reactivity of the generated antibodies. This indicated

intrinsic properties of the peptide used for immuni-
zation favoring human but not murine collagen VII
recognition. Based on this observation and in silico
prediction suggesting divergence of the most anti-
genic sequence between human and murine colla-
gen VI, we raised antibodies against the
corresponding murine peptide. The resulting anti-
bodies reacted strongly with murine but not human
collagen VIl in cell and tissue staining and western
blotting. Together these antibodies thus constitute a
unique, useful tool to distinguish human and murine
collagen VIl in situ which we practically showed by
injection of human collagen VIl into wild-type mouse
skin.

Results and discussion

The high amino acid sequence conservation
between mouse and human collagen VII makes
generation of polyclonal antibodies that show pref-
erence for reactivity with one of the species
challenging (Fig. 1A). The most sequence-
divergent part of human and murine collagen VIl is
in the C-terminal NC-2 domain, in which an
additional stretch of 11 extra amino acids is found
in the murine collagen VIl alpha 1 chain. However,
since the NC-2 domain is cut during maturation of
pro-collagen VIl to anchoring fibril forming-
competent collagen VIl [23], even if successfully
generated, antibodies directed against the afore-
mentioned amino acid sequence would not detect
mature murine collagen VII.

The large N-terminal NC-1 domain of collagen VI
has high antigenic properties, as evidenced by many
potent monoclonal collagen VIl antibodies recogniz-
ing epitopes within this domain, as well as antibodies
occurring in the autoimmune skin blistering disease
epidermolysis bullosa acquisita frequently targeting
the NC-1 domain [24]. The collagen VII NC-1 domain
is well conserved between mouse and human (Fig.
1B). To generate a potent rabbit polyclonal collagen
VIl antibody, we previously immunized rabbits with a
246-amino acid peptide reported to contain the
epitope of the powerful mouse monoclonal collagen
VIl antibody LH 7:2 [12,20,22]. During the charac-
terization of the resulting rabbit antiserum we
unexpectedly noted minimal reactivity to murine
collagen VIl but persistent potent recognition of
human collagen VII at higher dilutions [12]. To
investigate if this response was individual to the
rabbit used or was due to intrinsic properties of the
peptide used for immunization, we here re-raised the
antibody in three additional rabbits (rabbit 1 to 3).
The antibodies were highly specific for human
collagen VIl in western blot and immunofluores-
cence staining of cultured keratinocytes and skin
(Supplemental Fig. 1 and data not shown). Interest-
ingly, when staining wild-type human skin vis-a-vis
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Fig. 1. Comparison of the murine and human collagen VIl alpha 1 chains. A, Schematic illustration of the organization of
the collagen VIl alpha 1 chain polypeptide with comparison of sequence identity between murine and human. B, Alignment
of the human and murine LH 7:2 peptide. Asterisks indicate identical amino acids; the yellow boxes indicate sequences
predicted by the BepiPred Linear Epitope prediction algorithm with a specificity of 0.96 (C) to be potential epitopes. Dotted
lines within the yellow boxes indicate the prediction results from the BepiPred-2.0 algorithm with a specificity of 0.96. C,
Plot of the epitope prediction score from the BepiPred Linear Epitope prediction algorithm with a specificity of 0.96. Peaks
(yellow) over cutoff suggest potential epitopes. D, Coomassie brilliant blue-stained gels of purification of GST-tagged
human and murine LH 7:2 peptides show that the murine peptide exhibits similar migration as human LH 7:2.

wild-type murine skin collagen VII we consistently
noticed a high reactivity to human collagen VIl but
low reactivity to murine collagen VIl with antisera
from all three rabbits (Supplemental Fig. 2). At
dilutions >1:2000 antisera from all rabbits strongly
stained collagen VIl at the DEJ in human skin but
negligible in murine skin (Supplemental Fig. 2).

The consistent preference of reactivity to human
collagen VIl suggested divergence in human and
mouse of predominant immunoepitopes in the
peptide used for immunization (from hereon called
human LH 7:2 (hLH 7:2) and mouse LH 7:2 (mLH
7:2)). The hLH 7:2 peptide and the corresponding
murine peptide mLH 7:2 show 83.3% sequence
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identity (Fig. 1A and B). Antibody epitope prediction
of hLH 7:2 and mLH 7:2 using the BepiPred Linear
Epitope prediction algorithm with a specificity of
0.96, predicted one predominant immunoepitope for
mLH 7:2 which was at the same location as one of
the two epitopes above the cutoff for hLH 7:2 (Fig.
1C). In these sequences (11 and 9 amino acids for
mouse and human, respectively) two amino acids at
the C-termini differed. The BepiPred-2.0 algorithm
with a specificity of 0.96 indicated the same epitope
but narrowed it to 8 amino acids, consequently 2 of 8
amino acid differed between mouse and human in
the sequence. Since the in vitro analyses provided
some support for sequence difference in potential
dominant immunoepitopes in murine and human LH
7:2 peptides, we cloned, purified and immunized two
rabbits with the mLH 7:2 peptide (Fig. 1D).

The resulting antisera, named mLH 7:2 polyclonal
antibody (mLH 7:2pAb), was highly specific for
collagen VIl in western blotting and immunofluores-
cence staining, as assessed using skin samples
from wild-type and collagen VII hypomorphic mice
(Supplemental Fig. 3A and B). Notably, the mLH
7:2pAb was potent in western blots and the residual
abundance of collagen VII in collagen VIl hypo-
morphic mouse skin [9] was clearly detected.

Next, we tested antisera raised against hLH 7:2
(named hLH 7:2pAb) vis-a-vis mLH 7:2pAb at
different dilutions on murine and human wild-type
keratinocytes. Interestingly, for mLH 7:2pAb at
dilutions >1:5000 reactivity to human collagen VII
was lost but strong recognition to murine collagen VII
retained (Fig. 2A and Supplemental Fig. 4). These
findings were replicated on wild-type human and
murine skin (Fig. 2A). Based on these observations
we thus concluded that hLH 7:2pAb and mLH
7:2pAb recognize human but not murine collagen
VIl, and vice versa, under native conditions. We
were then interested in determining if this specificity
was kept under denaturing conditions. It was a
possibility that denaturing collagen VIl would disrupt
the predominant immunoepitope which could impact
recognition and species-specificity of the antibodies.
Toward this end, we tested the antibodies on
western blots of protein lysates from normal human
keratinocytes, keratinocytes from donors with com-
plete collagen VII deficient recessive DEB (RDEB),
wild-type mouse skin and collagen VII hypomorphic
mouse skin (Fig. 2B). Importantly, in this assay at
dilutions >1:5000 hLH 7:2pAb detected only human
collagen VI and conversely mLH 7:2pAb only murine
collagen VILI.

In an effort to find the predominant epitope
recognized by the antisera, and to assess the
wider applicability of the antisera for investigations
in other species that are either commonly used in
dermatological research such as pig [25] or in which
DEB have been reported to occur such as rat, sheep
and dog [26—30] we performed sequence analysis,

followed immunostaining of skin from these species.
The sequence analysis revealed that the most N-
terminal of the two predicted predominant immunoe-
pitopes in the human peptide was almost completely
conserved in the ovine, canine and porcine LH: 7.2
(Supplemental Fig. 5A). In contrast, as expected, the
corresponding epitope in rat showed most sequence
identity with the murine variant (Supplemental Fig.
5A). Next, staining of skin sections revealed strong
reactivity of hLH 7:2pAb to ovine, canine and porcine
skin but weak to rat skin. Conversely, mLH 7:2pAb
stained rat skin but not ovine, canine and porcine
skin (Supplemental Fig. 5B). The strong reactivity to
ovine skin suggested that the most C-terminal of the
two predicted predominant immunoepitope (Supple-
mental Fig. 5A and B) was not a major determinant of
reactivity, as addition of two amino acids in the ovine
sequence made this sequence divergent from
human.

To experimentally investigate the dependence of
the predominant immunoepitopes for recognition of
hLH 7:2pAb to collagen VII, we performed peptide
competition binding assay to recombinant human
collagen VIl spotted on nitrocellulose membranes.
Diluted hLH 7:2pAb was mixed with 0.1 mg/ml
peptides corresponding to the two predicted epi-
topes in human LH 7:2 (PTQQQELGP and
VVPTGPELP, respectively) and then incubated
with membranes. Intriguingly, pre-incubation with
the PTQQQELGP was able to dramatically reduce
hLH 7:2pAb recognition of human collagen VII
(Supplemental Fig. 5C). Collectively, these data
indicate that the predominant immunoepitope for
hLH 7:2pAb is located within or partially contained
within the PTQQQELGP sequence (Fig. 1 and
Supplemental Fig. 5).

The overarching goal was to develop a tool that
would allow simultaneous detection of human and
murine collagen VIl in situ. To put our antibodies to
test we injected wild-type mouse skin with human
recombinant collagen VII. Sequential staining of hLH
7:2pAb followed by mLH 7:2pAb could clearly
discriminate between the endogenous murine colla-
gen VIl and the injected recombinant human
collagen VII (Fig. 3).

To conclude we have generated antibodies allow-
ing specific detection of human and murine collagen
VII. To our knowledge one antibody, AP23437PU
from Acris raised against the amino acids 97—200 in
the NC1 VWFA1 domain, which show 88.6% identity
between mouse and human, was previously report-
ed to recognize mouse but not human collagen VIl in
immunofluorescence staining. Species specificity in
other analytical assays was not reported. The
antibody has been discontinued. The large size of
collagen VIl makes positioning of the antibody a
potential concern for recognition. Ideally, for best
comparative analyses the antibodies of human and
murine collagen VIl should targeted similarly
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Fig. 2. mLH 7:2pAb recognizes murine but not human collagen VII. A, Human and murine keratinocytes and human and
murine skin cryosections all wild-type stained with mLH 7:2pAb and hLH 7:2pAb at 1:20,000 dilutions. Note that at this
dilution hLH 7:2pAb recognizes human but not murine collagen VIl and mLH 7:2pAb recognizes murine but not human
collagen VII. Nuclei counterstained with DAPI, scale bar = 50 pm. B, mLH 7:2pAb and hLH 7:2pAb show species
selectivity in western blotting. Western blots of protein lysates from normal human keratinocytes or keratinocytes from
donors with complete collagen VIl deficient recessive DEB (RDEB), or protein lysates from wild-type or collagen VIl
hypomorphic mouse skin. The blots were probed with hLH 7:2pAb and mLH 7:2pAb as indicated at a dilution of 1:5000. 3-
tubulin was used as loading control.
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Fig. 3. hLH 7:2pAb and mLH 7:2pAb can be used to in situ simultaneously specifically visualize human and murine
collagen VII. Skin from newborn wild-type mouse pups received deep intradermal injections of 10 pg human collagen Vi or
PBS. The skin samples were sectioned and sequential staining of hLH 7:2pAb (green) followed by mLH 7:2pAb (red).

Nuclei counterstained with DAPI, scale bar = 100 pm.

(amino acids 334 to 579) from Col7a1 from wild-type
murine keratinocyte cDNA. The primers used were
forhuman: hLH 7:2_FR CCGGAATTCACCATCCA-
GAATACCACAG, hLH 7:2_RP CCGCTCGAGA-
CACCCGCACAGTGTAGCT and for mouse: mLH
7:2_FR CCGGAATTCAGCCTCCAGAACATCA-
CAT, mLH 7:2_RPCCGCTCGAGTCATCGAGCA-
GACACCCGCACC. PCR products were inserted in
the PGEX6P1 plasmid using EcoRl and Nhol
restriction site and T4 DNA ligase according to the
instruction from the manufacturer (Thermo Fisher
Scientific). Top10 chemically competent E.coli were
transformed with the different constructs and plas-
mids were then analyzed by sequencing. Plasmids
carrying the correct sequences were subsequently
then used to transform BL21-DE3 E.coli to allow
high level of protein expression.

Peptide purification

BL21-DE3 E.coli bacteria were grown in LB
medium and expression of hLH 7:2 and mLH 7:2
epitopes was induced at an optical density of 0.8
using 1 mM of isopropylthiogalactoside for 2 h at
37 °C. Bacteria were then pelleted, washed in
PBS and resuspended in 50 mM Tris-HCI pH 8.0,
150 mM NaCl, 1% Triton-X-100, 1 mM Pefabloc,
5mM EDTA and supplemented with complete
protease inhibitors (Roche). Lysis was performed
by sonication and the lysates were cleared by
centrifugation (10,000g, 15 min, 4 °C). GST-fused
peptides were purified using Glutathion sepharose
beads (GE Healthcare). First 400 pl of clarified
lysate was added to 50 pl slurry beads in 1 ml lysis
buffer. Tubes were then incubated for 2 h at 4 °C


Image of Fig. 3

Human and murine collagen VIl antibodies

with gentle agitation. After extensive wash, pep-
tides were eluted with a buffer containing 50 mM
Tris-HCI pH 8.0 and 10 mM reduced glutathione.
Purification efficiency and purity of the proteins
were analyzed by SDS-PAGE colored with Coo-
massie brilliant blue. Finally, Amicon ultra 0.5 ml
(Cut-off 10 kDa) was used to concentrate the
purified GST-tagged peptides and to exchange
buffer to PBS + 0.5 mM EDTA. Proteins were then
stored at -80 °C.

Rabbit immunization

Production of polyclonal antibodies targeting mLH
7:2 or hLH 7:2 peptides was done by Eurogentec
(Belgium) with immunization of 2 rabbits per peptide
following an 87 days protocol. Immunization was
performed at 5 times points (Day 0, 14, 28, 56 and
73) with injection of 200 pg peptides per rabbit. Sera
from blood was collected by centrifugation at day 87
and stored at -80 °C.

Sequence analysis and epitope prediction

Sequences were retrieved and aligned using
Uniprot (https://www.uniprot.org). Epitopes were
predicted using IEDB analysis resource (http://
tools.immuneepitope.org/bceell/).

Human and mouse samples

Human keratinocytes and skin samples were from
people with molecularly confirmed complete colla-
gen VIl deficiency (severe generalized RDEB) or
healthy control donors. The donors had given
written informed consent. Samples from mice were
from wild-type mice or collagen VII hypomorphic
mice [9]. Breeding and maintenance of collagen VI
hypomorphic mice were conducted in accordance
by ethical permit G14/93, issued by the regional
ethics review board (Regierungsprésidium
Freiburg).

Rat, sheep, pig and dog samples

Rat skin was from newborn wild-type Sprague
Dawley rats [26]. Cryosections of ovine and canine
skin were purchased from Zyagen. Fresh partly
de-epithelialized porcine skin was a kind gift from
Metzgerei Belledin, Merdingen, Germany.

Western blotting

Proteins from cultured cells were extracted with
RIPA buffer and protein from whole skin after crushing
of snap-frozen skin and boiling with Laemmli loading
buffer containing 4 M urea. Western blotting was
performed as previously described [11].

Immunofluorescence

Staining protocol used in experiments presented in
Fig. 2 and Supplemental Fig. 4:

1 x 10° keratinocytes were seeded into p-Slide 8
well chamber slides (ibidi GmbH, Gréafelfing, Ger-
many) and grown to 70-100% confluence. Cells
were fixed with 4% formaldehyde solution (SAV
Liquid Production GmbH, Flintsbach am Inn, Ger-
many) for 10 min at RT. 8 pm cryosections from
samples frozen in OCT (Thermo Fisher Scientific)
were fixed in acetone-methanol (1:1) at —20 °C for
10 min. Permeabilization and staining of the cells
and cryosections were performed in a single step.
Anti-collagen VIl antibodies mLH 7:2pAb and hLH
7:2pAb were used at the indicated dilutions, diluted
in 0.3% Triton-X, blocking reagent (1:10) and TBS-T.
The primary antibodies were applied overnight at
4 °C. After 2 cycles of TBS-T wash, cells were
stained with an Alexa Fluor 488 goat anti-rabbit IgG
(H + L) secondary antibody (Thermo Fisher Scien-
tific) (1:300 in TBS-T) for 1 h at RT. Cells nuclei were
stained with DAPI (1:4000 in TBS-T) for 10 min at
RT. Cryosections were then mounted in Fluores-
cence Mounting Medium (Dako). Finally, cells and
cryosections were analyzed for collagen VIl staining,
using an inverted microscope system, which in-
cludes the laser scanning confocal microscope
Zeiss LSM 700 and the Axio Observer. Z1 (Carl
Zeiss).

Staining protocol used in experiments presented in
Supplemental Fig. 1, Supplemental Fig. 2 and
Supplemental Fig. 3:

Skin cryosections and cells were fixed in
acetone, blocked with 3% BSA in PBS and stained
with mLH 7:2pAb and hLH 7:2pAb at the indicated
dilutions. The slides were after washing in PBS-T,
subsequently stained with secondary antibodies,
counterstained with DAPI, and mounted in Fluo-
rescence Mounting Medium (Dako). Images were
acquired with an Axiocam MRm camera attached
to a Zeiss Axio Imager A1 fluorescence micro-
scope (Carl Zeiss), processed using Axiovision 4.9
and ZEN2012 software (Carl Zeiss).

Peptide competition binding assay

Peptides with the sequences PTQQQELGP and
VVPTGPELP were produced by Genecust, Boy-
nes, France. The peptides were dissolved to stock
concentrations of 1 mg/ml. 100 ng recombinant
human collagen VII, expressed and purified as
previously described [31], was immobilized on
nitrocellulose membranes using a dot blot appa-
ratus (Bio-Rad) and blocked in 5% milk in TBS-T.
hLH 7:2pAb at a dilution of 1:1000 in blocking
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buffer was incubated together with 0.1 mg/ml of
the peptides and these solutions were added to
the membranes. The membranes where subse-
quently processed as for western blots.

Injection of recombinant human collagen VIl

Human recombinant collagen VIl expressed in
HEK-293 cells was purified as previously de-
scribed [31]. 10 pg recombinant collagen VII in
PBS was injected deep intradermally in dorsal skin
from freshly euthanized wild-type mouse pups.
10 min after the injection the skin was embedded
in optimal cutting temperature medium (Sakura)
and cryosectioned. Skin cryosections were fixed in
100% ice-cold acetone, blocked with 3% bovine
serum albumin and then sequentially stained with
hLH 7:2pAb, Alexa-Fluor 488 rabbit anti-goat
antibody (Thermo Fisher Scientific), mLH 7:2pAb
antisera and Alexa-Fluor 594 rabbit anti-goat
antibody (Thermo Fisher Scientific). The sections
were rigorously washed in PBS-T between each
staining step. Images were acquired and proc-
essed as for Supplemental Figs. 1-3.
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