
C Ganier et al.
In Vivo Bone Marrow MSC Therapy for RDEB
tissue under stress. J Invest Dermatol 2014;134:
1119e27.

Norris DA, Clark RAF, Swigart LM, Huff JC,
Weston WL, Howell SE. Fibronectin fragment(s)
are chemotactic for human peripheral blood
monocytes. J Immunol 1982;129:1612e8.

Pankov R, Yamada KM. Fibronectin at a glance.
J Cell Sci 2002;115:3861e3.

Payne GA, Li J, Xu X, Jackson P, Qin H,
Pollock DM, et al. The matrikine acetylated
proline-glycine-proline couples vascular
inflammation and acute cardiac rejection. Sci
Rep 2017;7:7563.
Abbreviations: AF, anchoring fibril; BM, bone marro
junction; hBM-MSC, human bone marrow mesenchy
dystrophic epidermolysis bullosa; SE, skin equivalent

Accepted manuscript published online 11 May 2018

ª 2018 The Authors. Published by Elsevier, Inc. on b
Singer II, Kawka DW, Kazazis DM, Clark RA.
In vivo co-distribution of fibronectin and actin
fibers in granulation tissue: immunofluores-
cence and electron microscope studies of the
fibronexus at the myofibroblast surface. J Cell
Biol 1984;98:2091e106.

Tester AM, Cox JH, Connor AR, Starr AE,
Dean RA, Puente XS, et al. LPS responsiveness
and neutrophil chemotaxis in vivo require PMN
MMP-8 activity. PLoS One 2007;2(3):e312.

Wells A, Nuschke A, Yates CC. Skin tissue repair:
matrix microenvironmental influences. Matrix
Biol 2016;49:25e36.
w; C7, type VII collagen; DEJ, dermal-epidermal
mal stromal cell; ID, intradermal; RDEB, recessive

; corrected proof published online 12 July 2018

ehalf of the Society for Investigative Dermatology.
Yamada KM, Clark RAF. Provisional matrix. In:
Clark RAF, editor. Molecular and cellular
biology of wound repair. 2nd ed. New York:
Plenum Press; 1996. p. 51e93.

Yi M, Ruoslahti E. A fibronectin fragment
inhibits tumor growth, angiogenesis, and
metastasis. Proc Natl Acad Sci USA 2001;98:
620e4.

Zhu J, Lin F, Brown DA, Clark RAF. A fibronectin
peptide redirects PDGF-BB/PDGFR complexes
to macropinocytosis-like internalization and
augments PDGF-BB survival signals. J Invest
Dermatol 2014;134:921e9.
Intradermal Injection of Bone Marrow Mesenchymal
Stromal Cells Corrects Recessive Dystrophic
Epidermolysis Bullosa in a Xenograft Model

Journal of Investigative Dermatology (2018) 138, 2483e2486; doi: 10.1016/j.jid.2018.04.028
TO THE EDITOR
Recessive dystrophic epidermolysis
bullosa (RDEB) is caused by loss-of-
function mutations in COL7A1 encod-
ing type VII collagen (C7) that forms
anchoring fibrils (AFs), structures
essential for dermal-epidermal adher-
ence (Uitto et al., 2017). Patients with
RDEB suffer from skin and mucosal
blistering and develop severe compli-
cations including invasive squamous
cell carcinoma, resulting in a poor
prognosis (Guerra et al., 2017).
Different therapeutic strategies have
been explored, including gene-, pro-
tein-, cell-based, and pharmacological
therapies that have shown promising
preclinical or transitory clinical benefits
(Rashidghamat and McGrath, 2017). To
date, there is no specific treatment for
RDEB.

Bone marrowemesenchymal stromal
cells (BM-MSCs) have shown thera-
peutic potential for RDEB patients
through BM transplantation and intra-
dermal (ID) and intravenous injections
(Conget et al., 2010; El-Darouti et al.,
2016; Petrof et al., 2015; Tamai et al.,
2011; Tolar et al., 2009; Wagner et al.,
2010). Human bone marrowe
mesenchymal stromal cells (hBM-
MSCs) form a heterogeneous cell pop-
ulation that can self-renew or differen-
tiate into mesenchymal lineages
(Caplan, 1991). hBM-MSCs display
properties that could potentially
improve wound healing in RDEB:
immunomodulation; anti-inflammatory,
angiogenic, and antifibrotic properties;
secretion of trophic factors; improve-
ment of tissue repair; and the capacity
to induce protein expression in the host
tissues through a paracrine effect
(Nuschke, 2014; Qi et al., 2014).

Herein, we assessed the long-term
capacity of hBM-MSCs to survive,
produce, and deposit C7 at the dermal-
epidermal junction (DEJ) after ID
injection into human RDEB skin
equivalents (SEs) transplanted onto
immune-deficient nude mice that
reproduce the skin defect observed in
RDEB (Titeux et al., 2010).

Phenotypic analyses of hBM-MSCs
from healthy donors showed that they
were positive for well-established
surface markers (CD105, CD90,
CD73, CD29, and CD44) and negative
for potential hematopoietic contami-
nants (HLA-DR and CD45) (see
Supplementary Figure S1 online). The
capacity of these hBM-MSCs to
differentiate in vitro into osteoblasts,
adipocytes, and chondrocytes was pre-
viously shown (Peltzer et al., 2015).

Then, we compared COL7A1
expression in hBM-MSCs from several
donors cultured with 5% human
platelet lysate or 10% fetal calf serum
(see Supplementary Figure S2a and b
online). C7 expression by hBM-MSCs
from donor 1 was similar to human
healthy fibroblasts when grown in
human platelet lysate, whereas
hBM-MSCs from other donors
showed lower amounts of C7 (see
Supplementary Figure S2c, d, and e).

We next tested the capacity of hBM-
MSCs to synthesize C7 able to form AF
structures in vivo in a xenograft model.
We ID injected hBM-MSCs beneath
RDEB SE completely devoid of
C7 expression (see Supplementary
Figure S3 online), thus excluding any
possible paracrine effect of hBM-MSCs
on hRDEB fibroblasts and/or keratino-
cytes, leading to increased production
of endogenous mutant C7. The dose of
2 � 106 of hBM-MSC was chosen based
on a previous preclinical study (Kuhl
et al., 2015). We collected SE samples
from the injected area at 1, 2, 4, and 6
months after treatment. Immunofluo-
rescence staining of SE sections showed
linear staining of human C7 (see
Supplementary Figure S4 online) along
the DEJ up to 6 months in healthy SEs
and in hBM-MSCeinjected RDEB SEs,
whereas vehicle-injected RDEB SEs
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Figure 1. In vivo rescue of C7 expression and AF formation in RDEB SEs injected with hBM-MSCs. (a) Immunofluorescence staining of human C7 in

noninjected healthy SEs (6 months after grafting); vehicle-injected RDEB SEs (1 month after injection); and RDEB SEs at 1, 2, 4, and 6 months after hBM-MSCs ID

injection. hBM-MSCeinjected RDEB SE showed re-expression of C7 at the dermal-epidermal junction compared with vehicle-injected RDEB SE. Staining of the

stratum corneum with the C7 antibody is nonspecific. Nuclei are stained blue by DAPI. Scale bar ¼ 20 mm. (b) Ultrastructural analysis of grafted SE by TEM.

Pictures display the presence of AF showing typical loop-shaped structures inserted into lamina densa in hBM-MSCeinjected RDEB SE up to 6 months. From 2

to 6 months, the lamina densa is continuous, and AFs are structurally similar to healthy SE. AFs are indicated by red arrowheads. Scale bar ¼ 200 nm. (c) Mean

average of fluorescence intensity of human C7 protein production over 3 � 5-mm areas in each sample � standard error of the mean. (d) Mean average of

number of AFs � 4 in areas of 10 mm of the basement membrane in each sample � standard error of the mean. Nonparametric Mann-Whitney test. *P < 0.05,

**P < 0.01. n � 3 mice for each time point. AF, anchoring fibril; C7, collagen type VII; hBM-MSC, human bone marrow mesenchymal stromal cell; ID,

intradermal; ns, not significant; RDEB, recessive dystrophic epidermolysis bullosa; SE, skin equivalent; TEM, transmission electron microscopy.
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showed no detectable C7 staining
(Figure 1a). Semiquantitative analysis of
C7 fluorescence signal showed that
hBM-MSC injection induced a signifi-
cant increase in C7 deposition (up to
30%e40% of the level of healthy con-
trol SE) compared with vehicle-injected
RDEB SE (Figure 1c), which is consid-
ered to be sufficient to prevent loss of
dermal-epidermal adhesion (Fritsch
et al., 2008). Similar results were
observed after injection of hBM-MSCs
Journal of Investigative Dermatology (2018), Volum
from donor 5 in RDEB SEs (see
Supplementary Figure S5 online).

Transmission electron microscopy
showed the presence of AFs up to 6
months with typical loop-shaped
structures inserted into the lamina
densa in ID hBM-MSCeinjected RDEB
SEs and in healthy SEs, but no AF
structures were found in vehicle-
injected RDEB SEs (Figure 1b).
Morphometric analyses showed a sig-
nificant increase of AF number,
e 138
especially at 2 months, a time when AF
density was similar to healthy SE (95%
of healthy control) (Figure 1d, and see
Supplementary Figure S6 online).

The fate of injected hBM-MSCs in the
RDEB SEs was assessed by fluorescent in
situ hybridization using probes specific
for human X and Y chromosomes
(see Supplementary Figure S7 online),
because RDEB SEs were made from
human female cells and were injected
with hBM-MSCs arising from a
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Figure 2. Injected hBM-MSCs are detectable until 4 months in RDEB human SEs. (a) FISH analysis of female RDEB SEs at 1, 2, 4, and 6 months after injection of

male healthy donor hBM-MSCs, and 1 month after vehicle injection. Because nude mice do not reject human cells, we could follow hBM-MSCs maintenance

over time after a single ID injection. Fluorescent X (red) and Y (green) probes in situ hybridization showed detectable X and Y chromosome-positive hBM-MSCs

(yellow arrowheads) in the dermis. Nuclei were DAPI stained and considered positive if they contained two nuclear fluorescent spots. The X-probe (red) is

the internal positive control. Scale bar ¼ 10 mm. (b) Mean average of X and Y chromosome-positive hBM-MSCs over 3 � 5-mm areas in each sample � standard

error of the mean. (c) Immunostaining of the active form of caspase-3 was used to detect apoptotic cells in the dermis of RDEB SE injected with hBM-MSCs.

Images show nuclei in blue and activated caspase-3 in red for selected time points. Cells positive for active caspase-3 (yellow arrows) show red stain in the

cytoplasm. Scale bar ¼ 10 mm. (d) Mean average of positive cells for the active form of caspase 3 over 3 � 5-mm areas in each sample � standard error of

the mean. Nonparametric Mann-Whitney test. *P < 0.05. n � 3 mice for each time point. FISH, fluorescent in situ hybridization; hBM-MSC, human bone

marrow mesenchymal stromal cell; ID, intradermal; ns, not significant; RDEB, recessive dystrophic epidermolysis bullosa; SE, skin equivalent.
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human male donor. Fluorescent in
situ hybridization analysis showed the
presence of human X-Y chromosomee
positive cells in the dermis at 1, 2, and
4 months after injection. No X-Y chro-
mosomeepositive cells were found in
the dermis of RDEB SE 6 months after
injection (Figure 2a). Therefore, injected
hBM-MSCs were observed in the
dermis of RDEB SEs up to 4 months after
injection, but their number clearly
diminished over time (Figure 2b).
Immunofluorescence staining of the
active cleaved caspase-3 showed that
hBM-MSCeinjected RDEB SEs displayed
numerous apoptotic cells in the dermis
from 2 to 4 months (Figure 2c), whereas
no cells were detected in vehicle-
injected RDEB SEs. The number of
apoptotic cells expanded up to 4 months
and decreased at 6 months, suggesting
that most of the injected hBM-MSCs
underwent apoptosis between 2 and
4 months after injection (Figure 2d).

Previous RDEB studies using hBM-
MSCs showed restoration of C7 at the
DEJ for at least 12 weeks, although C7
production decreased over time (Conget
et al., 2010; Kuhl et al., 2015). We show
a longer effect of hBM-MSCs on C7
production and AF formation (up to
6 months). This is likely due to the
extended survival time of injected hBM-
MSCs (up to 4 months) compared with
the 28 days previously reported (Kuhl
et al., 2015), attributable to the lack of
immune rejection in our immune-
deficient model.

Localized ID injections and the sur-
vival of injected hBM-MSCs may repre-
sent limitations to treating all symptoms
of RDEB. However, ID injections could
be repeated over time to sustain clinical
benefit in RDEB patients. In addition,
systemic delivery of hBM-MSCs could
be envisaged, although the extent to
which systemic delivery of hBM-MSCs
allows engraftment of injected cells in
the skin and restoration of C7 is not
known (Webber et al., 2017). Therefore,
if the treatment has to be repeated for a
long period, the risk of allo-reactions to
allogeneic hBM-MSCs through the
semidirect allorecognition pathway
(Alegre et al., 2016) may impair the
efficacy of these approaches. An alter-
native would be to use gene-corrected
autologous hBM-MSCs to improve
persistence of injected cells and to allow
repeated injections.
This study was conducted in accor-
dance with ethical principles stated in
the Declaration of Helsinki. Patient
consent for experiments was not
required, because the French law con-
siders human tissue left over from sur-
gery as discarded material. The mice
experiments were performed in
compliance with guidelines for animal
experiments in France and were
approved by the local animal research
ethics committee.
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TO THE EDITOR
In the epidermis, adenosine triphos-
phate (ATP) is released from keratino-
cytes (KCs) by various environmental
stimuli via nonlytic mechanisms, cell
damage, or acute cell death (Burnstock
et al., 2012). Because ATP is a potent
inducer of skin inflammation, it has to
be promptly hydrolyzed for the skin to
achieve homeostasis (Mizumoto et al.,
2003). All experiments that use hu-
man and murine materials were
performed under institutional approval,
and written informed consent was ob-
tained from all subjects. Intradermal
injection of ATP induced skin inflam-
mation accompanied by significant
neutrophil infiltration (see
Supplementary Figure S1a and b on-
line) (Takahashi et al., 2013). Five-
week-old BALB/c mice were fed a
zinc-deficient (ZD) or zinc-adequate
(ZA) diet. As we previously showed
(Kawamura et al., 2012), ATP release
from the skin in response to an irritant
(1% N,N0-Bis(acryloyl)cystamine) was
significantly increased in ZD mice
compared with ZA mice (see
Supplementary Figure S1c). However,
the amount of ATP contained in the
epidermis was comparable between
ZD and ZA mice (see Supplementary
Figure S1d). This suggests that ATP hy-
drolysis is attenuated in ZD mice. In
the epidermis, ENTPD-1 (CD39),
which potently hydrolyzes ATP into
AMP, is expressed in Langerhans cells
(LCs) in both mice and humans but not
in KCs (Georgiou et al., 2005; Ho et al.,
2013; Mizumoto et al., 2002). CD39-
expressing LCs disappeared from the
epidermis of ZD mice (Kawamura
et al., 2012). Therefore, the major
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