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Abstract

Astacin-like proteinases (ALPs) are regulators of tissue and extracellular matrix (ECM) homeostasis. They
convey this property through their ability to convert ECM protein pro-forms to functional mature proteins
and by regulating the bioavailability of growth factors that stimulate ECM synthesis. The most studied
ALPs in this context are the BMP-1/tolloid-like proteinases. The other subclass of ALPs in vertebrates
— the meprins, comprised of meprin o and meprin f — are emerging as regulators of tissue and ECM
homeostasis but have so far been only limitedly investigated. Here, we functionally assessed the roles
of meprins in skin wound healing using mice genetically deficient in one or both meprins. Meprin defi-
ciency did not change the course of macroscopic wound closure. However, subtle but distinct contribu-
tions of meprins to the healing process and dermal homeostasis were observed. Loss of both meprins
delayed re-epithelialization and reduced macrophage infiltration. Abnormal dermal healing and ECM
regeneration was observed in meprin deficient wounds. Our analyses also revealed meprin o as one pro-
teinase responsible for maturation of pro-collagen VII to anchoring fibril-forming-competent collagen VII
in vivo. Collectively, our study identifies meprins as subtle players in skin wound healing.

© 2021 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 preservation of healthy skin is dependent on
balanced turnover of the majority of its proteome at
regular intervals [1,2]. Here, extracellular matrix
(ECM) proteins are no exceptions; compromised
balanced replacement of spent or functionally defi-
cient ECM proteins with fresh copies occurs in,
and may also be causal of, conditions spanning
from age-related skin fragility to fibrosis [3,4]. After
trauma to the skin such as wounding, the normal

fine-tuned turnover is temporarily replaced by
healing-stage-dependent shifts in the synthesis
and degradation balance. Failure to progress
through this transient imbalance of the ECM under-
lies chronic wounds and scarring [5].

Extracellular proteinases are crucially involved on
both ends to achieve homeostasis of the dermal
ECM. They remove damaged proteins but also
regulate synthesis and protein deposition by
controlling release of active growth factors and by
converting lesser biologically active pro-forms to
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mature, active ECM proteins. Members of the
astacin-like family of metalloendopeptidases
(ALPs) are notable players in the latter context. In
mammalian skin they comprise the BMP-1/tolloid-
like proteinases (BTPs) and the meprins. BMP-1,
mTLD, TLL1 and TLL2 belong to the BTPs and
the meprins comprise meprin o and meprin B. In
the skin, all but TLL2 appears to be expressed at
biologically relevant levels [6-9].

For regulation of ECM production and deposition
the BTPs have been considerably more
investigated than the meprins. Although, BTPs
may promote ECM gene expression through
cleavage of latent TGFp-binding or TGFp-
activating proteins facilitating subsequent release
of active TGFp [10,11], they are most known for
their ability to process and mature structural ECM
proteins, in particular collagen precursors. BTPs
may control all major steps of dermal collagen fibril-
logenesis [9,12—15]. Importantly, BTPs release the
N- and C-termini of laminin-332 and the C-terminus
of pro-collagen VII [8,16], both are core constituents
of the dermal-epidermal junction (DEJ) that are
essential for skin integrity [17].

Deletion of Bmp1/mTid (Bmp1 and mTId are
splice variants of the same gene [18]) and TIl1 in
adult murine skin results in thin and fragile skin with
abnormal collagen fibrillogenesis and retention of
fibrillar pro-collagens [9]. Histologically the collagen
matrix appeares more compacted and the average
diameter of individual collagen fibrils is reduced.
Wound healing of combined Bmp-1/mTId and TII1
deficient skin is significantly impaired with slower
re-epithelialization and impaired granulation tissue
formation [9].

The aforementioned study as well as other
investigations have also indicated that other
proteinases can, to some extent, perform similar
actions as BTPs in skin [8,9]. Given the conserva-
tion of the catalytic domains between meprins and
BTPs, meprins would be candidates to at least par-
tially contribute to such activities. Indeed, they cut
the laminin y2 chain of laminin-332 [19] and have
been identified to be able to process C propeptide
of collagen | and Ill [7,20] at distinct cleavage sites
including those used for BMP-1. Additionally,
meprins can also release the N propeptide of colla-
gen | and Il [7,20], thus they possess the ability to
fully mature collagen | and IIl.

BTPs and meprins share a preference for an
acidic residue at the P1’ position [21]. However,
the substrate repertoire for meprins appears
broader, they are also more catalytically active
and do not require enhancer proteins for efficient
removal of pro-collagen C-propeptide [22]. Meprins
not only act as activators of proteins but can also be
inactivators [22]. Meprin o and meprin B are
encoded by the MEP1A and MEP1B genes, respec-
tively. They are synthesized as pro-forms that
require activation by tryptic proteinases including
kallikreins, plasmin and trypsin [22]. Meprins exist

as membrane-bound forms or shed into the
microenvironment by furin-mediated release of
meprin o during the secretory pathway or by
ADAM10 and 17-mediated release of meprin B at
the cell surface [19,23,24]. Interestingly, meprin
can induce activity of ADAM10 and 17, indicating
a close relationship between these proteinases
[25]. In contrast to BTPs, meprins can form homo-
or hetero-dimers or even larger complexes in the
case of meprin o [22,26].

Apart from maturing ECM proteins, meprins are
closely linked to regulation of inflammation [27].
Meprins may stimulate inflammatory responses
through e.g. activation of interleukin (IL)-1p, IL-18
and through shedding of IL-6 and IL-11 receptor
ectodomains promoting trans-signaling [27-29].
However, they may also suppress inflammation
through inactivation of IL-6 and CCL2 [27,30]. Col-
lectively, this makes the outcomes of inflammation
modulation by meprins complex and contextual.

Both meprins are expressed in skin [6,7,20]. In
healthy human epidermis meprin o is most abun-
dant in the basal layer and meprin f is present in
the granular layer [6]. In hyperproliferative hyperk-
eratotic conditions this patterning is broken and
wider epidermal distribution of meprins occurs [6].
Additionally, the abundance of meprins in healthy
human dermis appears low but a marked increase
of meprin o has been observed in keloid scars [7].
Support of dermal activities of meprins comes from
abnormal collagen fibril formation and thinning of
dermis occurring in meprin o and meprin  deficient
mice [20].

To functionally assess the roles of meprins in skin
from injury to re-establishment of homeostasis, we
carefully followed wound healing in mice with
single or combined meprin deficiency. Our data
indicate that meprins have modest but distinct
roles during skin wound healing. Complete
absence of meprin delays re-epithilailzation and
reduces macrophage infiltration in wounds. Meprin
o appears to play the most prominent role in
dermal ECM regeneration. Notably, our studies
disclose meprin o as a physiological processer of
pro-collagen VII.

Results

Meprins are minor ALPs of the skin

Meprins had previously been described to be
expressed in skin [6,7]; however, their relative
expression in skin to the other class of ALPs the
BTPs had not been determined. Toward this end,
we examined gene expression in human epidermal
keratinocytes and dermal fibroblasts of all six ALPs
- BMP1 (BMP1), mTLD (mTLD), TLL1 (TLL7Y),
TLL2 (TLL2), meprin oo (MEP1A) and meprin B
(MEP1B).

In accordance with previous studies [8], BMP1
and mTLD were the major BTPs expressed in
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human skin cells (Fig. 1A); significantly lower but
specific expression of TLLT1 and TLL2 was
observed in both human keratinocytes and fibrob-
lasts (Fig. 1A). Compared to BMP1 and mTLD the
gene expression of both meprins in keratinocytes
and fibroblasts was substantially lower (Fig. 1A).
MEP1B was significantly higher expressed than
MEP1A in both keratinocytes and fibroblasts
(Fig. 1B), whereas both cell types expressed
meprins at similar levels (Fig. 1B). These observa-
tions differ from previous reports but align with
recent RNAseq data [7,31].

Next, in order to find a suitable in vivo model that
could be used for translational interrogation of the
roles of meprins in skin, we analyzed ALP
expression and meprin distribution in murine wild-
type (WT) skin. As in human, Bmp1/mTIld was
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the most abundantly expressed BTP (Fig. 1C).
Low expression of both meprins was detected
(Fig. 1C). Importantly, staining of murine tail skin
for meprin o and meprin B revealed similar
epidermal distribution as in healthy human skin
[6]. Meprin o was most abundant basal and spi-
nous layers and meprin B being present in more
superficial layers (Fig. 1D). Furthermore, specific
staining for meprin o was seen in the dermis
(Fig. 1D arrows). This was again similar to human
skin where meprin o but not meprin B is detected
in healthy dermis [7]. Collectively, these analyses
show conserved expression profiles and distribu-
tion of meprins in human and murine skin. Thus,
mouse represents a suitable animal model for
translational assessment of meprin function in
skin.

MEP1A MEP1B

Fibroblasts

Gene expression
normalized to GAPDH

Fig. 1. ALP expression in human skin cells and murine skin. A, Gene expression of ALPs in human epidermal
keratinocytes and dermal fibroblasts analyzed by real-time qPCR. B, Values from analyses in A shown for MEP1A
and MEP1B Kera, keratinocytes; Fibro, fibroblasts. C, Murine adult WT back skin analyzed for ALP gene expression
by real-time qPCR. D, Staining of murine WT tail skin for meprin o and meprin  discloses similar distribution as
previously reported for human skin [6], localization of meprin o primarily to basal and spinous layers and meprin
primarily to granular layers of keratinocytes. In addition meprin o is seen in the dermis (arrows), also similar to
previous staining of healthy human skin [7]. Nuclei were counterstained with DAPI (blue). Rabbit pre-immune sera
was used as isotype (Iso) control. Scale bar = 50 um. A-C, individual values from different donor cells (n = 4-7),
mean + S.D. are shown, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 as analyzed by one-way ANOVA with
Tukey’s correction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Macroscopic wound healing
progresses with normal rate in meprin
deficient skin

Skin of meprin single or double deficient mice
appears macroscopically normal. Challenges are
often needed to reveal functions of proteins for
which some redundancy and compensation occur.
Given their association with inflammation and ECM
maturation,  alongside  reported increased
abundance of meprins in selected fibrotic disease,
wound healing was deemed as a relevant challenge
for meprin deficient skin. Staining for meprins in WT
mouse skin wounds confirmed that meprins were
dynamically present in epidermal tongues. At day 3
meprin o was abundant in the epidermal tongues,
whereas meprin 3 was lowly present. After re-
epithelialization had been achieved and epidermal
differentiation occurred, meprin o became more
confined to the basal and spinous layers and
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meprin B abundance re-emerged in the more
superficial epidermal layers (Fig. 2A). At day 7 they
were also present in granulation tissue (Fig. 2A).
Following the confirmation of dynamic expression
of meprins during wound healing, 7-week-old WT
mice and mice with single or combined meprin
deficiency were punched with a 6 mm punch
biopsy tool through a skin fold, creating two
wounds per mouse. Macroscopically, the wounds
closed with a largely similar speed for all
genotypes (Fig. 2B and C). However, careful
analysis of the raised wound tissue disclosed that
in Mepila” mice the healed wounds needed
significantly fewer days to flatten and return to the
level of surrounding unwounded skin (Fig. 2D).

Combined meprin deficiency slows wound re-
epithelialization

Next, we performed histological analyses. These
revealed reduced epidermal coverage in 3-day-old
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Fig. 2. Meprins are expressed in healing murine wounds and their absence does not alter the speed of macroscopic
wound closure. A, 3- and 7-day-old dorsal skin wounds from WT mice stained for meprin o and meprin . Drawn white
line indicates epidermal tongue and arrows show meprin positivity in granulation tissue. Nuclei were counterstained
with DAPI (blue). Scale bar = 50 um. B, Photographs of the same wounds in WT, Mep1a~'~, Mep1b~'~, and combined
Mep1a~'~/Mep1b~~ 3,7 and 11 days after wounding. C, Graph showing macroscopic wound closure for a total of 18
wounds per genotype. Values represent mean = S.D. D, The quantification shows the days after wounding until re-
leveling of the raised wound to the level of the surrounding unwounded skin occurred. Individual values for individual
wounds (n = 4-15), mean + S.D. are shown, **P < 0.01 as analyzed by one-way ANOVA with Tukey’s correction. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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wounds with combined meprin deficiency (Fig. 3A
and B). This reduced re-epithelialization was due
to shortened epidermal tongues (Fig. 3A). It was a
transient delay and by day 7 all analyzed wounds
from all genotypes were fully covered with new
epidermis (Fig. 3A). Furthermore, single or
combined meprin deficiency had no obvious
influence on differentiation of the newly formed
epidermis (Supplemental Fig. S1A).

After wounding downregulation of E-cadherin
normally occurs in epidermal tongues and forced
overexpression of E-cadherin delays re-
epithelialization [32,33], indicating that loss of E-
cadherin increases the mobility of cells. E-
cadherin has been identified in in vitro studies as
a substrate of meprin B [34]. Cleavage of E-
cadherin by meprin  evokes E-cadherin degrada-
tion and reduces cell-cell adhesion [34]. Therefore,
we analyzed wounds of different ages (3 and 7 days)
for E-cadherin appearance. For all genotypes, E-
cadherin was present at very low level in day 3
wound epidermis and epidermal tongues (Supple-
mental Fig. 1B). Consistent with the literature [32],
notable re-expression occurred in 7-day wounds.
Again, absence or presence of physiological meprin
expression did neither majorly influence distribution
nor staining intensity of E-cadherin (Supplemental
Fig. 1B).

We then asked if the slower re-epithelialization
observed during combined meprin o and meprin
deficiency was due to other cell-intrinsic changes.
Toward this end, we isolated keratlnocytes from
tail skin of adult WT Mep1a** Mep1b , and
Mep1a~"/Mep1b~~ mice. The isolated primary
keratinocytes were subsequently grown to
confluent monolayers, which were scratch
wounded. In this assay, keratinocytes of different
genotypes did not significantly differ in their ability
to close scratch wounds (Supplemental Fig. 2).
However, keratinocytes lacking both meprins
displayed, compared to WT keratinocytes, a mild
tendency to faster healing (Supplemental Fig. 2).

Collectively, our results indicate that meprin-
evoked autochthonous reduction in keratinocyte
mobility is not responsible for the mild, protracted
re-epithelialization of wounds lacking both meprins.

Combined meprin deficiency reduces
macrophage abundance in wounds

Since meprins have been implicated as both
positive and negative modulators of inflammation
[27] we next investigated this. By flow cytometry
we analyzed the abundance of neutrophils and
macrophages in 3day -old wounds from WT
Mep1a , Mep1b™~, and Mepla"/Mep1b~’~
mice. Neutrophils were most abundant but the
meprin status did not affect their numbers
(Fig. 3C). Contrastingly, in 3-day-old Mep1b~"~
wounds a tendency to decrease |n macrophages
was noted and Mep1a " /Mep1b~’~ wounds con-
tained significantly fewer macrophages compared

to their WT counterpart (Fig. 3C). Staining of
wounds revealed evenly distribution of macro-
phages in the wound bed of 3-day-old wounds of
all genotypes; however, fewer macrophages were
clearly Present in Mep1b~~ and Mepla”~/
Mep1b~~ wounds (Fig. 3D).

To find some indications to why inflammation was
altered in double meprin deficient wounds we used
a quantitative polymerase chain reaction (QPCR)
array to screen for altered expression of
inflammation-related factors. To reduce the
complexﬂy of the analyses we employed only
Mep1a~~ and Mep1b~’~ wounds vis-a-vis WT
wounds (Supplemental Fig. 3A and Supplemental
Table 1). We looked for genes that showed similar
tendencies to be increased or decreased in both
Mepia~~ and Mep1b~/~. Here, the IL-1 system
stood out (Supplemental Fig. 3A). gPCR analyses
of day 3 wounds revealed that expressmn of ll1a
was S|gn|f|cantly decreased in Mep1b~~ and
Mept1a~’~/Mep1b~"~ compared to WT
(Supplemental Fig. 3B). ll1b and li1rap — the
encoded protein IL-1 receptor accessory protein
initiates  signaling events after IL-1 ligands
associate with their cognate receptor — were also
significantly lower expressed in Mep1b~’~ wounds
(Supplemental Fig. 3B).

Meprins are players in dermal healing

The earlier flattening of Mepla~ deficient
wounds suggested changes in dermal healing
(Fig. 2D). Consequently, we analyzed granulation
tissue formation and dermal healing. Staining of
day 7 wounds rendered compared to WT relatively
stronger staining intensity for o-smooth muscle
actin (xSMA) positive myofibroblasts in Mep1a™~
wounds whereas this mtensﬂy was weaker for
Mep1b~~ and Mepia”’/Mep1b " wounds
(Fig. 4A). Lower abundance of aSMA in Mep1b™/~
and Mep1a’"/Mep1b~’~ wounds was confirmed
by western blotting (Supplemental Fig. 4A).
Although the distribution of oSMA positive
myofibroblasts was largely similar among the
different genotypes, the altered «SMA abundance
could indicate subtle differences in dermal healing.

Fibronectin is one of the first ECM proteins
deposited in granulation tissue, and a substrate of
both meprins [27,35]. In early granulation tissue it
is a main transmitter of force, which promotes
myofibroblast formation [36,37]. 7 days after
woundin ng fibronectin was significantly reduced in
Mepi1b~ wounds compared to Mepla™~ or
Mep1a~'~/Mep1b~’~ wounds (Fig. 4A and Supple-
mental Fig. 4B). Although f|bronect|n was not
reduced in Mep1a~’~/Mep1b~’~ wounds, its deposi-
tion in granulation tissue appeared heterogeneous
with thick fibronectin-rich structures mixed with
areas devoid of fibronectin. After 14 days, Mep1b -
~ wounds compared to WT or Mep1a’~ displayed
normal fibronectin levels but significant increase
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Fig. 3. Combined loss of meprins delays re-epithelialization. A, Hematoxylin & eosin (H&E) staining of sections from
the middle of the wounds 3 or 7 days after wounding or keratin 14 (K14) staining to better visualize the epidermal
tongue in 3-day-old wounds. White line indicates the epidermal tongue. Nuclei were counterstained with DAPI (blue).
Scale bar = 50 um for the two top panels and = 100 um for the bottom panel. B, Bar graph showing quantification of
percentage re-epithelialization of 3-day wounds as determined by histological measurements. Individual values for left
and right wounds of the same animals (n = 9-18), mean + S.D. are shown, **P < 0.01 as analyzed by one-way
ANOVA with Tukey’s correction. C, Flow cytometry analysis for the abundance of neutrophils and macrophages in
healthy 3-day wounds. Values for individual wounds (n = 4—10), mean + S.D. are shown, *P < 0.05 as analyzed by
one-way ANOVA with Tukey’s correction. D, Staining of 3-day wounds for the macrophage marker F4/80. Nuclei were
counterstained with DAPI (blue). Scale bar = 50 um. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Meprins are involved in granulation tissue formation and dermal healing. A, 7-day wounds stained for a-
smooth actin («®SMA) (red) and 7- and 14-day wounds stained for fibronectin (green). Asterisks indicate non-specific
staining of the scab. Nuclei were counterstained with DAPI (blue). Scale bar top panels for «SMA and
fibronectin = 200 um, mid and bottom panels for «SMA and fibronectin = 50 um. B, Hematoxylin & eosin staining
of sections from the middle of healing wounds 35 days after wounding. Scale bars = 200 um. C, Bar graph showing
quantification of dermal thickness in 35-day wounds. N = 3—4 wounds per genotype, values represent mean + S.D.
*P < 0.05; ***P < 0.001 as analyzed by one-way ANOVA with Tukey’s correction. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

was observed in combined meprin deficient wounds
(Fig. 4A and Supplemental Fig. 4B).

35 days after wounding the healed dermis was
thinner for all meprin deficient wounds compared
to WT — a tendency for Mep1b~~ and significant
for Mep1a~~ and Mepla " /Mep1b~~ (Fig. 4B
and C), with Mep1a~~ having the thinnest dermis.

This observation prompted us to next investigate
the appearance of the dermal collagen matrix.
Day 35 wounds were analyzed by transmission
electron microscopy. Lower magnifications
indicated loose and patchy appearance of the
dermal collagen matrix in single meprin deficient
mice (Fig. 5A). Whereas, interestingly, in wounds



D. Kruppa, F. Peters, O. Bornert, et al.

Materials Biology 11 (2021) 100065

A

WT Mep1a™

Brieds
WT & eﬂ@& en"

'33 h\u ‘:;?“ “.ﬂ Mep1a*/Mep1b” -

Mep1a™”

Mep1b™ /Mep1b™

*
*

Mep1b* -

ep1b ——’- % *

* =]
* [

Mep1a” = -’— * 2
*
*
*

WT- B L
T T
0 20 40 60 80 100 120 140

Collagen fibril diameter (nm)

Fig. 5. Altered appearance of the dermal collagen matrix in healing single meprin deficient wounds. A, Low power
transmission electron microscopy images of 35-day wounds. Note the looser and less connected arrangement of
collagen bundles in single meprin deficient wounds. Scale bar = 500 nm. B, Higher power magnification of dermal
collagen fibrils in wounds described in A. Scale bar = 100 nm. C, Graphs shows quantification of the diameter of
dermal collagen fibrils in wounds described in A. Indicated in the graph are median, 25th and 75th percentiles.
**P < 0.01; ***P < 0.001; ****P < 0.0001 as analyzed by one-way ANOVA with Tukey’s correction.

from combined meprin deficient mice it appeared as
in WT (Fig. 5A). Quantification of individual collagen
fibrils at higher magnification revealed significantl )/
thinner fibrils in 35-day wound dermis of Mep1a~
mice (Fig. 5B and C). The diameter of collagen
fibrils in wounds from combined meprin deficient
mice was also significantly smaller than those of
single Mep1b~~ mice (Fig. 5B and C).
Collectively, these data show that meprins are
involved in dermal healing and regulate de novo
collagen fibrillogenesis.

Meprin o is a physiological processor of pro-
collagen Vi

Studies of healing skin in mice with Bmp1/mTIld
and TI1 deficiency had revealed expected
disturbance of maturation of many BTPs
substrates including fibrillar collagens and laminin-
332 [9]. However, despite the ability of BMP1 to
mature collagen VIl in vitro [8], pro-collagen VIl to
collagen VIl conversion still occurs in BTP deficient
mice [9]. This together with previous reports of
retained collagen VII maturation in Bmp1/mTId defi-
cient embryonic skin [8] and shared substrates
between BTPs and meprins, prompted us to inves-

tigate potential meprin-mediated maturation of col-
lagen VII.

First, recombinant human pro-collagen VIl was
incubated with or without human meprin o or
meprin B at a ratio of 10:1 (40 nM:4 nM) for 2 h at
37 °C and analyzed by gel electrophoresis
(Fig. 6A). This revealed that both meprin o and
meprin B were able to convert pro-collagen VIl to
a slightly faster-migrating protein (Fig. 6A, left).
Subsequently, meprin-digested collagen VII and
undigested collagen VIl were subjected to mass
spectrometry analyses to identify cleavage sites.
Focusing on C-terminal processing,
LPSY5g19/0800AADTAGSQ was disclosed a
potentially specific cleavage site of meprin o in the
non-collagenous (NC) 2 domain. For meprin 3 two
sites were identified in the NC2 domain, the same
as for meprin o and in addition the site previously
repor‘ted for BMP1 LPSYAA2821/2822DTAGSQ [8]
(Fig. 6A and Table S2). Additionally, in the NC2
domain of the meprin a-digested collagen VI, cleav-
age between Rogo7/2928R was found (Table S2).
However, these amino acids are outside the region
identified through natural mutations to contain the
site processed during collagen VII maturation [38].
Furthermore, the relatively low preference of meprin
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Fig. 6. Meprin o is a physiological maturing proteinase of pro-collagen VII. A, Coomassie-stained gels onto which
human recombinant collagen VII —/+ prior incubation with meprin o and meprin B was loaded. The two right panels
show the same gel as presented to the left but with the cleavage sites identified with mass spectrometry listed. B,
Western blotting of fibroblast cell and matrix lysates from WT murine fibroblasts or murine fibroblasts over-expressing
(OE) meprin o (Mep1a) and meprin B (Mep1b). The blots were probed with a collagen VII antibody only recognizing
pro-collagen VII. B-Actin was used as loading control. C, Staining of 3-day wounds for collagen VII. The antibody is
directed to the NC1 domain and detects both pro- and mature collagen VII. Arrowheads indicate deposition of
collagen VIl under the epidermal tongues. Scale bar = 50 pum. D, Western blotting of lysates from 7-day-old wounds.
The blots were probed with an antibody detecting both pro- and mature collagen VIl or only pro-collagen VII. B-Tubulin
was used as loading control. E, Quantification of the ratio of mature- vs. pro collagen VII detected by western blots as
in D and expressed as the percentage found in WT wounds. Individual values from different mice (n = 5-9), mean = S.
D. are shown, *P < 0.05 as analyzed by one-way ANOVA with Tukey’s correction. F, Hematoxylin & eosin staining of
sections from 14-day wounds. Scale bar = 50 um. G, Western blotting of protein lysates extracted from paw skin of
mice with advanced RDEB or WT littermates. The blots were probed for meprin o and meprin . B-Tubulin was used
as loading control.

o for arginine in the P1’ position calls for caution of  blotting of fibroblast cell and matrix lysates with an
the specificity of this cleavage [39]. It cannot be  antibody directed to the part of the NC2 domain
excluded that the detection was caused by back  that is removed during maturation of pro-collagen

exchange of '®0 to 'O after proteolysis. VII to collagen VI, indicated increased processing
To analyze collagen VIl processing in a contextin ~ upon meprin o overexpression (Fig. 6B).
which competition from other potential meprin Next, we investigated collagen VII in murine WT

substrates occurred, we assessed pro-collagen and meprin-deleted skin wounds. In day 3 wounds
VIl to collagen VII conversion in murine fibroblasts  of all genotypes, linear deposition of collagen Vi
overexpressing meprin o or meprin . Western below the epidermal tongues was seen (Fig. 6C).
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Importantly; however, western blotting of protein
lysates from 7-day wounds revealed significantly
lower conversion of pro-collagen VII to mature
collagen VIl in meprin o deficient wounds (Fig. 6D
and E). Slight but not significant tendencies to
reduced processing of collagen VII in meprin  or
combined meprin deficient wounds were also
observed. Improved collagen VII processing in
combined meprin deficient wounds compared to
meprin o deficient wounds could indicate
compensation by other proteinases. Indeed,
increase of BTP and MMP gene expression
occurs in single meprin deficient skin [20]. Analysis
of Bmp1/mTId gene expression showed that in skin
wounds there was a non-significant trend toward
increase in Bmp1/mTId upon single meprin deletion
(Supplemental Fig. 5). This was not observed in
Mep1a~’~/Mep1b~’~ skin wounds (Supplemental
Fig. 5).

Clinical observations have shown that mutations
leading to disruption of the NC2 domain cleavage
site, and consequently inability to convert pro-
collagen VIl to collagen VII, impairs the formation
of stable anchoring fibrils causing genetic skin
fragility recessive dystrophic epidermolysis
bullosa (RDEB) [38]. Anchoring fibrils are extracel-
lular suprastructures that attach the epidermal
basement membrane to the underlying papillary
ECM [40]. Histological assessment of healed
wounds revealed no obvious epidermal-dermal
separation — a histological hallmark of RDEB — in
re-epithelialized 14-day single or combined meprin
deficient wounds (Fig. 6F).

Meprins are reduced in RDEB skin

As introduced above, genetically evoked collagen
VIl deficiency causes RDEB. It progresses from
skin blistering that occurs at the level below the
epidermal basement membrane to dermal fibrosis
[41]. Strategies to treat the disease include cellular
therapies or protein-replacement therapies that
supplement the skin with pro-collagen VII [42].
Since inability to mature collagen VIl impairs the for-
mation of functional anchoring fibrils [38], it may be
important for maximal efficacy of such strategies
that the capability to mature collagen VIl is not
altered in RDEB skin. Toward this end, we
assessed meprin abundance in skin from mice with
advanced RDEB. Interestingly, we noted compared
to locoregional matched WT skin dramatic reduc-
tion in the abundance of both meprins in RDEB skin
(Fig. 6G), which at least in part was caused by
reduced gene expression (data not shown). Fur-
thermore, previous mass spectrometry-based pro-
teomics has revealed that the abundance of
natural inhibitor of meprins but not BTPs — fetuin
B [43] — is significantly increased in fibrotic RDEB
mouse skin compared to WT mouse skin [44]. Col-
lectively, this suggested reduced meprin activity in
RDEB. Indeed, measurement of meprin B activity
confirmed significant reduction of its activity in fore-
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paw skin from RDEB mice with advanced fibrosis
(Supplemental Fig. 6).

To gain insight whether the cause was cell
intrinsic or microenvironmental we analyzed
meprin o and meprin § abundance in cultured WT
and RDEB keratinocytes and fibroblasts. Human
donor-derived cells were used because of their
phenotypic stability. Here, the RDEB donor-
derived keratinocytes and fibroblasts showed
similar meprin o and meprin  abundance as their
WT counterparts (Supplemental Fig. 7), alluding to
non-cell intrinsic cause of meprin deficiency.

Collectively, these observations suggest
generalized impaired meprin activity in RDEB skin
with advanced diseased.

Discussion

Here, we show that meprins are dispensable in
mice for macroscopic wound healing to progress
in an appropriate timely manner. On more detailed
levels; however, it is clear that meprins support
the various pharts of wound healing.

Combined meprin deficiency yielded transiently
reduced re-epithelialization of wounds. Although
we did not determine the mechanistic cause to the
delayed re-epithelialization one influencing factor
may be the reduced infiltration of macrophages in
wounds [45]. Both meprins can activate pro-IL-13
[27]. IL-1 cytokines, their receptors and regulators
are heavily interconnected and co-regulation of
gene expression occurs [46]. Expression of IL-1
cytokines is induced by inflammatory factors,
including auto-induction [46]. Thus, changed gene
expression levels could be a consequence of
altered pro-cytokine activation. This could influence
the inflammatory response and recruitment of
immune cells after injury.

An interesting observation from our studies,
which has also been made in previous
investigations [47], is the unpredictable outcome
of single vs. double meprin deficiency. Loss of both
meprins in some cases, including dermal thickness
and collagen fibrillogenesis, morphologically nor-
malized abnormalities observed by single meprin
deficiency. This highlights compensation and intri-
cate connections within the proteinase web.

The purpose of this study was to gain insight into
the role of meprins in dermal healing. On the one
hand, potential pro-healing, pro-fibrotic actions
would be suspected because both meprin o and
meprin B had been reported to be elevated in
keloid scars, as well as elevated in natural and
experimentally-induced fibroproliferative conditions
[48]. On the other hand, meprin o expression in
the aforementioned conditions could potentially be
tissue preservative, as meprin o could limit fibrosis
through generation of the inflammation-reducing
peptide Ac-SDKP from thymosin-4 [49] — an axis
also active in skin [50]. Our data indicate that in
the context of physiological wound healing meprin
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o supports dermal healing by promoting dermal
growth and formation of a collagen matrix.

Previous studies have shown that pro-collagen
VIl can be converted by BMP-1 to collagen VII
[8,51]; however, in vivo collagen VII maturation still
occurs in murine skin deficient of multiple BTPs [9].
To our knowledge, we show for the first time
reduced collagen VIl maturation in vivo in a pro-
teinase deficient model. Meprin o appears to be
the main meprin responsible for collagen VII matu-
ration, which is reasonable, given its localization to
basal keratinocytes and weak but noticeable abun-
dance in homeostatic dermis, which is highly
increased after injury.

It is important to say that meprin o alone is not
solely responsible for collagen VII maturation in
skin, ast his still occurs when meprin o is absent,
albeit at a lower level. Despite reduced collagen
VIl processing linear deposition of collagen VII
was seen under epidermal tongues in healing
meprin o-deleted wounds. This is in accordance
with maturation of pro-collagen VII not being
strictly needed for deposition at epidermal
basement membrane zone, since linear deposition
of maturation-deficient collagen VIl occurs [38].
The absence of conspicuously impaired epidermal
to dermal cohesion in healed wounds and skin lack-
ing meprin o could be accounted for by that, as sta-
ted, collagen VIl is still partially matured. However, it
is possible that under conditions where the abun-
dance of collagen VIl is restricted this reduced pro-
cessing of collagen VII could manifest in reduced
strength of dermal-epidermal cohesion and skin
blistering. Therefore, this may need to be consid-
ered when optimizing RDEB therapies, which are
based on delivering pro-collagen VIl to RDEB skin.

Collectively, our study shows that meprins fill
minor but distinct and partially non-redundant
functions during skin wound healing. Although lack
of meprin-evoked activities were insufficient to
cause a clinically notable wound healing
impairment, it is possible that their dysregulation
could act as confounding factors to wound healing
pathologies. Future studies are needed to
elucidate such possible links. Our findings
underscore meprin activities in dermal ECM
homeostasis.

Materials and methods

Ethics

The wound healing studies in WT and meprin
deficient mice, and RDEB mouse breeding and
sample collection were approved by the regional
review board (Regierungsprasidium Freiburg,
Freiburg, Germany; approval number G17-86,
G14-93 and G15-140). Studies using human-
derived material were approved by the ethics
committee of the University of Freiburg (approval
nos. 425/14 and 318/18).
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Human cells

Human keratinocytes and fibroblasts were
isolated from skin biopsies using routine protocols
[52]. Briefly, after epidermal dermal separation with
dispase, epidermal sheets were dissociated to sin-
gle cells with trypsin and keratinocytes were then
seeded on collagen-coated cell culture plates.
Fibroblasts were isolated from outgrowths of
explant cultures. The identity of keratinocytes and
fibroblasts were confirmed by staining of ker-
atinocyte and fibroblast-specific markers including
keratin 14 and fibroblast activation protein, respec-
tively. Human Kkeratinocytes were cultured in
Keratinocyte-SFM medium (Gibco), with addition
of supplements according to the manufacturer’s
instruction and 0.2% Pen/Strep (Gibco). Fibroblasts
were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) (Gibco) containing 4.5 g/L glucose,
10% fetal bovine serum (FBS) (Sigma Aldrich),
1% Pen/Strep (Gibco) and 1% L-Glutamine (Gibco).
Cells from donors with RDEB were selected based
on absence of collagen VIl in western blotting
analyses.

Murine cells

Fibroblasts were isolated from newborn murine
skin of WT or meprin deficient mice by separation
of the epidermis and dermis through incubation in
dispase (2.5 U/ml), followed by digestion of the
dermis with collagenase type | (1 U/ml) (Serva).
Murine primary fibroblasts from skin were cultured
in DMEM/F-12 medium (Gibco) with 10% FBS
(Sigma Aldrich), 1% Pen/Strep (Gibco) and 1% L-
Glutamine (Gibco). Keratinocytes were isolated
from adult tails by incubating tail skin with 1%
trypsin/DMEM for 1 h at 37 °C following physical
separation of the epidermal and dermal sheets.
The epidermal sheet was grinded through a 40 um
cell strainer and cells seeded on collagen I-coated
dishes. Murine keratinocytes were cultured in
CnT-57 medium (CellInTec).

Wound healing experiments

All mice were on the C57BL/6 background and
the generation of the mice has previously been
described [47,53-55]. Mep1b*/* were bred as
homozygous, and due to the lower fertility
Mepia '~ mice were generated from heterozygote
mice. WT mice from these breedings were used
as control for all experiments. All mice were kept
in special-pathogen-free animal facilities and pro-
vided food and water ad libitum. The mice were bred
in an animal facility at the University of Kiel before
shipping to an animal facility at University of Frei-
burg for the analyses. Before the experiment the
mice were given one week to acclimatize. The study
was designed to comply with the ARRIVA guideli-
nes [56]. The sample size was calculated on the
variance from previous studies [57] by performing
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a Log-Rank test with a power of 80% and for a P
value <5%.

Back skin of 7-week-old mice were and punched
through a fold with a 6 mm punch biopsy tool to
create two full-thickness wounds on the mid back
as previously described [58]. Photos were taken
immediately after wounding and then every-other
day until the wounds had closed. For each photo
a sticky ruler was placed next to the wound as a size
reference. Selected mice per group, 4—8 mice per
timepoint, were sacrificed at 3, 7, 14, 21 and 35 days
after wounding for genetic, histological and bio-
chemical analyses. In total 132 mice were used.

Macroscopic wound healing was calculated from
photographs by measuring the wound size with
Image J (NIH) and expressed as the percentage
of the size of the wound directly after wounding,
which was set to 100%.

Histological analyses

Wounds were harvested using an 8 mm punch
biopsy tool and immediately fixed in formalin for at
least 12 h. The wounds were dehydrated and
paraffin embedded, sectioned, rehydrated, stained
with hematoxylin and eosin and dehydrated before
mounting. The stained sections were analyzed

and photographed using an Axioplan 2
fluorescence  microscope (Zeiss) and a
monochrome Axiocam camera (Zeiss). For

examination of wound re-epithelialization,
sequential sections spanning the middle of the
wound were analyzed to find the largest gap. Two
sections per wound and both wounds per mouse
were analyzed. Using Image J the total wound
length and the length of the epidermal tongues
were measured. The mean value per wound was
plotted. Re-epithelialization was expressed as the
percentage of wound covered by new epithelium
as previously described [59].

Immunofluorescence staining

Tissue, either embedded in optimal cutting
temperature medium (OCT) (Sakura) and snap
frozen or paraffin-embedded, was sectioned and
stained. Before staining frozen sections were fixed
in ice-cold acetone for 5 min, for sections of
paraffin-embedded material heat-mediated
antigen retrieval with sodium citrate buffer was
performed.

Sections were blocked with 4% bovine serum
albumin (BSA) in phosphate-buffered saline (PBS)
or tris-buffered saline (TBS) for 30 min at room
temperature  before staining with  primary
antibodies at 4 °C overnight. Sections were
washed in PBS or TBS with 0.05% Tween-20 and
stained with fluorophore-coupled secondary
antibodies. Cell nuclei were counterstained with
4'- 6-diamidino-2-phenylindole (DAPI).

The stained sections were analyzed with an
Axioplan 2 fluorescence microscope and a
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monochrome Axiocam camera. For comparative
analyses images were captured at one session
with identical settings and exposure time.

Western blotting

Tissue lysates were prepared as previously
described [60] by crushing deep-frozen tissue with
a hammer on metal plates placed on dry ice. The
crushed tissue was boiled in 6X blue sample buffer
with 8 M urea. After centrifugation, dilution in TBS
and re-boiling the samples were loaded onto SDS-
PAGEs and western blotting performed under stan-
dard conditions. For western blotting either PVDF or
nitrocellulose membranes were used.

For analyses of RDEB model mice, collagen VI
hypomorphic mice were used [61]. Protein lysates
were prepared as described above from heavily
fibrotic forepaws of 12-week-old mice.

Antibodies

The following antibodies were used: Rabbit anti-
meprin o, rabbit-meprin B (both in house,
University of Kiel), rat anti-meprin p (MAB28951,
R&D systems), mouse anti-aSMA-Cy3 conjugated
(clone 1A4, Sigma-Aldrich), mouse anti-keratin-14
(ab7800, Abcam), rabbit anti-involucrin (ab28057,

Abcam), rabbit anti-loricrin (ab24722, Abcam),
mouse anti-E-cadherin (BD610181, BD
Biosciences), rabbit anti-fibronectin (ab2413,
Abcam), rat anti-F4-80 (Clone MA1, Roche),

rabbit anti-mouse collagen VII NC1 domain [62],
and a rabbit anti-mouse collagen VII NC2 domain
(pro-collagen VIl antibody).

Antibodies for flow cytometry analysis were: anti-
CD45 APC/Cy7 (clone 30-F11, BioLegend), anti-
CD11b (clone M1/70, BDHorizon), anti-F4/80
PerCP/Cy5.5 (clone BM8, BioLegend), anti-mouse
Ly6G Pe/Cy7 (clone 1A8, BioLegend) anti-Ly6C
PeLy7 (clone 1 HK1.4, BioLegend).

The pro-collagen VIl antibody was generated
based on amplified cDNA from murine WT skin
comprising the nucleotides encoding from amino
acid H-2820 to A-2944. A C-terminal GST fusion
protein was created by inserting the PCR product
in the PGEX6P1 plasmid (Thermo Fisher
Scientific). Protein was expressed in BL21-DE3
E. coli to allow high level of protein expression.
Antibodies were raised in rabbits by injecting of
the purified 200 pg NC2-GST fusion peptide
(Eurogentec). Specificity of the antibodies was
examined by western blotting of skin lysates from
WT and RDEB model mice.

Analysis of meprin processing of collagen VII

Recombinant collagen VIl was purified from HEK-
293 cells as previously described [63]. 40 nM
recombinant collagen VII was incubated with 4 nM
meprin o or meprin f for 2 h at 37 °C. After separa-
tion on SDS-PAGEs and staining with coomassie
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blue the bands corresponding to full-length and pro-
cessed collagen VII were cut out and subjected to
mass spectrometry-based analysis as previously
described [20]. Briefly bands for the C-terminal
analysis were dehydrated with acetonitrile. Five pl
trypsin (5 ng/pl in 50% H}20/10 mM ammonium
bicarbonate) was added and the gel bands were
allowed to rehydrate and digested over night at
37 °C. Peptides were extracted by sonication and
subjected to LC-MS/MS analysis using a Dionex
U3000 nanoUHPLC coupled to a Q Exactive Plus
mass spectrometer (both from Thermo Scientific).
The acquired MS/MS-spectra were searched with
the SequestHT and Mascot algorithm against the
entire reviewed database of homo sapiens with
common contaminants (cRAP, http://www.thegpm.
org/crap/) appended to the database (20,380
sequences). A MS mass tolerance of 10 ppm and
a MS/MS tolerance of 0.02 Da was used. Peptide
grouping was applied to group Peptide Spectral
Matches (PSMs) with the same modification under
the same peptide. The protein group identifications
were further filtered based on the following criteria:
Proteins must be identified with at least two pep-
tides of a false-discovery rate confidence <0.01.
C-terminal peptides are identified by the absence
of an '80- isotope at the C-terminal o-carboxyl

group.

Electron microscopy

For analysis of collagen fibril diameter and
organization by electron microscopy, samples
were cut into 5 x 5 mm pieces and submerged in
3% Gilutaraldehyde in 0.1 M phosphate buffer (pH
7.4). The phosphate buffer contained 0.1 M
KH,PO4 and 0.1 M Na,HPO4-2H,0 in a proportion
of 4:21. They were then washed 0.1 mol/l
cacodylate buffer and incubated in 1% osmium
tetroxide solution. Samples were dehydrated in
ethanol (25, 50, 75, 90, 100%) and propylene
oxide, and embedded in an epoxy resin. Ultrathin
(50 nm) sections (Ultracut S microtome; Leica
Microsystems) were visualized using a Tecnhai12
electron microscope operating a LaB6 electron
source (FEIl). Feret’'s diameter of dermal collagen
fibrils was measured using Image J.

Flow cytometry analysis

Skin samples or full thickness wounds were
collected in 1 ml PBS and placed on ice. Next,
they were transferred into FACS-tubes and cut
into small pieces with a pair of scissors. After this
500 ul of LiberaseTM (Roche) were added and
incubated for 1 h at 37 °C. Following digestion the
solution was passed through a 40 um strainer and
washed with 10 ml PBS and cells pelleted by
centrifugation. The cell pellet was re-suspended in
100 pl of PBS with 3% FBS and all samples were
transferred into the wells of a 96-well plate. After
pooling parts of all samples from 1 to 3 wells the
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plate was centrifuged at 300x g for 3 min and the
supernatant was discarded again. Next, the
pellets were dissolved and blocked for 10 min in
10 pl Mouse BD Fc BlockTM (BD Bioscience) at
4 °C. Cells were stained with the indicated
directly-conjugated antibodies at 4 °C run on a BD
FACSCantoTM Il cytometer. Data were acquired
with the DIVA software and analyzed by FlowJo.

Real-time qPCR analyses and inflammatory
gene array

Cells or 30 ng of tissue was collected and crushed
while frozen, using mechanical force, until it had a
homogeneous appearance. Afterwards, RNA was
extracted using the RNeasy® Fibrous Tissue Mini
Kit (Thermo Scientific) following the
manufacturer's instructions. RNA was diluted in
40 pul RNA-free water and stored at —80 °C for
further steps. RNA was reverse transcribed with
First strand cDNA Synthesis Kit K1612 (Thermo
Scientific) and used for either real-time gPCR
analyses or the inflammatory gene array.

gPCR analyses were performed using SYBR
green (Bio-Rad) and a CFX96 Real Time system
(Bio-Rad). The following primers were used:
Bmp1 forward CGCCTGTGCTGGTATGACTAT,
reverse CACATCGCCACCGCAAATG; T
forward GGTTGGTGGTCTCGGGTATTG, reverse
TAGGCTCCGTTTTGTCCTCTT; Tl2 forward
CCCCTTGCGACCACTCTTG, reverse CCAGAGC
AATATCTCCCCA-GAA; Mepia forward AATG
CTTTGGATACAACCTGCG, reverse TCCATC
TGCTT GAGGGATCTC; Mepi1b forward GGA
TTCTGGCATGAGCAGTCA, reverse TGGAAA
GCGGTTTTACTGTAGTG; ll1a forward TCTC
AGATTCACAAC TGTTCGTG, reverse AGA
AAATGAGGTCGGTCTCACTA; li1b forward GAA
ATGCCACCTTTTGACAGTG, reverse TGGATG
CTCTCATCAG-GACAG; Il1rap forward GGAAC
TGGTTATTCCCTGCAA, reverse GCTCGGTG
CATCCATTACCTT; Gapdh forward TTGATGG
CAACAATCTCCAC, Gapdh reverse: CGTCCC
GTAGACAAAATGGT; BMP1 forward GGGTC
ATC CCCTTTGTCATTG, reverse GCAAGGT
CGATAGGTGAACACA; mTLD forward GTTC

TGAGA-AGCCCGAGGTC, reverse GCACTCA
TAACTGCCGAACG; TLL1 forward TTGTTTTC
TACGGGGAGCTATGG, reverse ATATCG

CCCCA AAATACAGCG; TLL2 forward GCCAT
GTGGTTGGGTTTITGG, reverse TGTCAA
AGTCGTATG TCTCTCCC; MEP1A forward GCT
TGGACCTC TTTCAAGGGG, reverse GACG
GAACATCTCAAAGGCAT; MEP1B forward GCTA
AGGGAGTTA TCCTCAATGC, reverse CCCAAC
CCGCCTATTTCCTAC, GAPDH forward CCCATC
ACCATCTTCCAG; GAPDHR reverse ATGAC
CTTGCCCACAGCC.

To gain an overview of inflammation-related
changes in wounds of meprin knock-out mice
cDNA from 3-day-old wounds of WT, meprin o
and meprin B deficient mice was analyzed by a
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RT2 Profiler™ PCR Array Mouse Inflammatory
Response & Autoimmunity, Qiagen, Cat. No.:
PAMM-077ZD. The arrays were run and analyzed
following the manufacturers on a CFX96 Real
Time system.

Enzymatic activity assay

Protein lysates of WT and RDEB paws were
generated by grinding paws in a liquid nitrogen-
cooled mortar and incubation of the grinded tissue
in lysate buffer containing 1% triton x-100 and
cOmplete® protease inhibitor cocktail without
EDTA (Roche) for 8 h at 4 °C with mild shaking.
Meprin B activity was measured in 200 pg protein
lysate using a specific meprin  fluorogenic peptide
substrate (mca-EDEDED-dnp; Genosphere
Biotechnologies) in final concentration of 50 pM.
The peptide consisted of a fluorophore (mca), a
specific substrate peptide for meprin § (EDEDED),
and a quencher (dnp). Fluorescence intensity was
detected at 37 °C every 30 s for 120 min using a
spectrophotometer (Tecan, Mannedorf,
Switzerland). For data analysis, slope of equal
linear activity range of duplicates was compared
between individual animals.

Statistical analysis

The GraphPad Prism 9 software was used for
statistical analysis. The datasets were tested for
normality and equal variance using Shapiro-Wilk
and F tests. Statistical analyses were performed
using one-way ANOVA with Tukey’s correction,
two-way ANOVA with Bonferroni correction or
unpaired two-tailed Student's ttest. For all
analyses, P < 0.05 was considered statistically
significant.
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