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Background: Recessive dystrophic epidermolysis bullosa (RDEB) is a hereditary blistering disorder due to
a lack of type VII collagen. At present, treatment is mainly supportive.

Objectives: To determine whether intravenous allogeneic bone marrow—derived mesenchymal stromal/
stem cells (BM-MSCs) are safe in RDEB adults and if the cells improve wound healing and quality of life.

Methods: We conducted a prospective, phase I/II, open-label study recruiting 10 RDEB adults to receive 2
intravenous infusions of BM-MSCs (on day 0 and day 14; each dose 2-4 X 10° cells/kg).

Results: BM-MSCs were well tolerated with no serious adverse events to 12 months. Regarding efficacy,
there was a transient reduction in disease activity scores (8/10 subjects) and a significant reduction in itch.

One individual showed a transient increase in type VII collagen.

Limitations: Open-label trial with no placebo.

Conclusions: MSC infusion is safe in RDEB adults and can have clinical benefits for at least 2 months. (J Am

Acad Dermatol 2020;83:447-54.)
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Epidermolysis bullosa (EB) encompasses a group
of rare inherited skin fragility disorders characterized
by trauma-induced blistering of the skin and mucous
membranes.' Biallelic loss-of-function mutations in
COL7A1, encoding the anchoring fibril protein type
VII collagen (C7), result in the recessive dystrophic
EB (RDEB) subtypes. In addition to blistering and
ulceration from birth, severe
forms of RDEB are associated
with scarring, contractures,
increased risk of squamous
cell carcinoma (SCC), sys-
temic inflammation, and
symptoms such as itch and
pain that collectively have a
profound impact on quality
of life.”™

Currently there is no cure
for RDEB, and management
is based on symptom relief,
nutritional  support, and
management of  disease
complications such as hand
contracture release and esophageal dilatation.”
Nonetheless, some progress has been made in the
development of new treatments, including gene
correction, protein replacement, cell therapy, and
pharmacologic approaches.””

With regard to cell therapy for RDEB, early-phase
human clinical trials have been reported using
allogeneic fibroblasts (intradermal injections),”"”
mesenchymal stromal/stem cells (MSCs; intradermal
or intravenous),'"'* and bone marrow (BM) trans-
plantation.'” MSCs are known to secrete a spectrum
of cytokines, chemokines, hormones, growth factors,
microvesicles, and exosomes that participate in tissue
repair and regeneration, mostly through paracrine
actions that mediate cell-to-cell signaling."" In vitro,
MSCs have also shown a capacity to transport C7
protein and COL7A71 mRNA to neighboring cells via
extracellular  vesicles.'”” Moreover, intradermal
injections of MSCs can correct RDEB in a xenograft
model.'® However, for allogeneic cells, which are
unlikely to persist after administration, it is possible
that the MSC secretome is most relevant to enhancing
wound healing'” and potential reduction of
fibrosis,'® although other mechanisms, including
MSC apoptosis-induced immunomodulation, may
also contribute to clinical benefit."”’

To date 2 clinical trials of intravenous MSCs in RDEB
have been reported.' "' In those studies 24 individuals
were treated, 23 of whom were children. Both trials
reported clinical benefits in terms of better wound
healing and symptom improvement that persisted for
several months in most individuals. However, the
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CAPSULE SUMMARY

« This clinical trial assesses the safety and
early efficacy of intravenous
mesenchymal stromal cell therapy in
adults with recessive dystrophic
epidermolysis bullosa for whom current
treatment options are limited.

« This form of cell therapy is safe and
improves patient symptoms, particularly
itch, and reduces skin inflammation and no.
total blister counts.
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current lack of data in adults with RDEB needs to be
addressed. Importantly, the disease biology of RDEB in
adults is somewhat different from that in children in
that adult RDEB is associated with much greater
systemic inflammation, more scarring, and a major
increased risk of developing SCC.” We have therefore
undertaken a phase I/1I single-center trial to assess use
of intravenous MSCs in adults
with RDEB, focusing on safety
and early efficacy data and
improving understanding of
how MSCs may affect disease
status and activity.

METHODS
Authorization was granted
by the UK Medicines
and Healthcare Products
Regulatory Agency (EudraCT
2014-004500-30). The
protocol was approved by
the UK National Research
Ethics Committee  North
East—York (REC no. 15/NE/006). After a site-specific
agreement, the trial was conducted in accordance
with the Declaration of Helsinki principles. The trial
was registered with ClinicalTrials.gov (NCT02323789)
on December 18, 2014, before the first patient was
enrolled on June 12, 2015.

Patient selection

Adults of either sex aged 18 to 65 years with RDEB
were invited to take part. The London EB registry
(St Thomas’ Hospital) was used as the starting point
for recruitment and screened against the eligibility
criteria for the trial at Guy’s and St Thomas’ National
Health Service Foundation Trust, London. Patients
with any malignancy, current or previous, including
SCC, were excluded (Fig 1 and Supplemental Table I,
available via Mendeley at https://doi.org/10.17632/
378kbmxw068.1).

Donor and allogeneic MSCs

Production of BM-MSCs was subject to advanced
therapy medicinal product guidelines, and BM-MSCs
were manufactured and expanded according to
Good Manufacturing Practice regulations. BM-MSCs
(not pooled) from 3 healthy unrelated donors were
isolated, expanded, cultured, and packaged at the
Cell Therapy Facility at University Medical Center
Utrecht, Netherlands. The cells were screened
against a robust infectious disease panel in
accordance with the EU directive 2006/17 (EUD
2006/17/EC). DNA from the donors was screened
for COL7A1 mutations (all negative).
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Abbreviations used:

BM: bone marrow

C7: type VII collagen

CI: confidence interval

EB: epidermolysis bullosa

HMGB-1: high-mobility group box 1

MSC: mesenchymal stromal/stem cell

RDEB: recessive dystrophic epidermolysis
bullosa

SCC: squamous cell carcinoma

SD: standard deviation

SEM: standard error of the mean

Clinical procedures

Eight visits were conducted over 8 or 12 months.
Monitoring for the occurrence of adverse events
was performed at each visit using The Medicine for
Human Use (Clinical Trials) Regulations 2004 and
Amended Regulations 2006 to define adverse
events. Each trial participant received 2 separate
intravenous infusions of same donor BM-MSCs on
day 0 and day 14 (24 X 10° cells/kg).
Cryopreserved BM-MSCs were thawed and
immediately infused via a peripheral cannula. The
infusions were given as a day-case procedure; vital
signs were checked before MSC administration and
at 15, 30, 45, and 60 minutes afterward. The
Birmingham  Epidermolysis Bullosa  Severity
Score,”’  Epidermolysis Bullosa Activity and
Scarring Index,”' Quality of Life in EB,” and
Leuven Itch Scale®®' questionnaires were
completed to assess clinical responses. Blister
counts and clinical photographs were completed
by participants during dressing changes, and the
data and images were reviewed during each visit.
Suction blister induction times were performed at
each visit (except on the days of MSC infusion).
This measurement was performed on the same site
of the same limb using a negative pressure
device (Electronic Diversities, Finksburg, MD)
(Supplemental Table II, available via Mendeley at
https://doi.org/10.17632/378kbmxw68.1).

Laboratory assessments

Blood samples for hematology and biochemistry
were taken at all visits. Blood samples were also
taken to assess inflammatory markers, and skin
biopsies were obtained for immunofluorescence
microscopy and transmission electron microscopy
(for details see Supplemental Material, available via
Mendeley at https://doi.org/10.17632/378kbmxw68.
1). To assess gene expression and gene pathways
that may be differentially expressed after MSC
infusion, RNA and micro-RNA sequencing was
performed (for details see Supplemental MateriaD).
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RESULTS
Patients

Twelve adults with RDEB were screened against
inclusion and exclusion criteria (Supplemental Table
D. Of the 12 subjects, 1 was excluded because of the
development of SCC during the screening phase and
1 withdrew consent. Ten adults were enrolled in the
trial after written informed consent was obtained
(Fig 1 and Table I). Adults were recruited between
June 2015 and July 2016. All 10 adults received the
first infusion of BM-MSCs. The renal profile of 1
patient with known renal impairment showed a
deterioration before the first infusion and so was
withdrawn; therefore, 9 patients received the second
infusion of BM-MSCs. All follow-up visits were
completed for all patients in person.

Safety data and adverse events

There were no serious adverse events, and a total
of 9 adverse events were experienced by 3 partici-
pants (Supplemental Table III, available via Mendeley
at https://doi.org/10.17632/378kbmxw68.1). None of
the adverse events was related to the BM-MSC
infusions, and all adverse events resolved before the
end of the study. Two participants (patients 5 and 9)
developed SCC during the study period 6 months and
7 months after first MSC infusion, respectively.

Quality of life and clinical severity assessments

Change in clinical features was assessed with
photographs (Supplemental Fig 1, available via
Mendeley at https://doi.org/10.17632/378kbmxw68.1)
and showed little improvement between time points.
The mean Birmingham Epidermolysis Bullosa
Severity Score decreased slightly at day 28 (0.33; 95%
confidence interval [CIl, —0.3 to 0.97) and day 60
(1.61; 95% CI, —0.05 to 3.27) when compared with
baseline (Supplemental Fig 2, available via Mendeley at
https://doi.org/10.17632/378kbmxw68.1). The Quality
of Life in EB scale showed a mean reduction in scores at
days 28 and 60 of 1.89 (95% CI, —0.87 to 4.65) and
3.13 (95% CI, —0.26 to 6.51) lower than baseline,
respectively (Supplemental Fig 2). The Epidermolysis
Bullosa Activity and Scarring Index scores overall
showed minimal change over time. The activity
subscale on average decreased by 4.89 (95% CI,
—2.42 to 12.20) and 7.0 (95% CI, —1.59 to 15.59) at
days 28 and day 60, respectively, when compared with
baseline (Supplemental Fig 2).

Regarding itch, the Leuven Itch Scale is made up
of 6 dimensions: frequency, severity, consequences
of itch, duration, distress, and body surface area. A
reduction in itch frequency was observed at days 28,
60, and 100 and month 6 compared with baseline.
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47 patients on London EB
registry with RDEB

12 patients screened

10 consented to enter
trial
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Fig 1. Flowchart for recruitment and trial procedures. BEBSS, Birmingham Epidermolysis
Bullosa Severity Score; EB, epidermolysis bullosa; EBDASI, Epidermolysis Bullosa Disease
Activity and Scarring Index; ELISA, enzyme-linked immunoabsorbent assay; IMF, immunoflu-
orescence; LIS, Leuven Itch Scale; MSC, mesenchymal stromal/stem cell; QOLEB, Quality of Life
in EB; RDEB, recessive dystrophic epidermolysis bullosa; SAE, serious adverse event;
SBT, suction blister time; SCC, squamous cell carcinoma; 7EM, transmission electron

Mmicroscopy.

The mean reduction at these times, respectively, was
13.89 (95% CI, 3.76-24.02), 1875 (95% ClI,
9.07-28.43), 15.63 (95% CI, 4.81-26.44), and 12.50
(95% CI, 1.33-23.67). Itch severity scores also
showed a decrease, with a mean difference of
15.44 (95% CI, 4.47-26.42) at day 28 and 15.16 (95%
CI, —1.74 t0 32.05) at day 60 compared with baseline.
At day 100 and month 6 the severity of
itch returned to levels similar to baseline.
Consequences of itch similarly decreased, and the
mean difference from baseline was 12.64 (95% CI,
0.40-24.88), 17.21 (95% CI, 6.40-28.01), 14.26 (95%
CI, 4.51-24.0), and 10.95 (95% CI, 0.78-21.12) at days
28, 60, and 100 and month 6, respectively. Duration
of itch, distress, and body surface area stayed
relatively static between time points (Supplemental
Fig 3, available via Mendeley at https://doi.org/10.
17632/378kbmxwo68.1).

Total blister count over the entire body surface
area showed a decrease on average at days 28 and 60
compared with baseline. The average decrease was
2.78 (95% CI, —1.67 to 7.22) at day 28 and 2.88 (95%
CI, —2.01 to 7.76) at day 60 (Fig 2). Suction blister
time on average was slightly longer at day 28
compared with baseline, with an average difference

of 10.11 seconds (95% CI, —164.40 to 184.63). Wide
variations across patients and within patients were
observed. The median suction time was lowest at day
14, highest at day 28, and moderate fluctuation was
observed thereafter (Fig 2).

Direct immunofluorescence and
ultrastructural microscopy assessment

Of the 9 patients that completed the trial, at
baseline 4 individuals had linear and bright C7
expression, similar to control skin, and 5 patients
had partial reduction or complete absence of C7
expression (Table ). One patient (patient 6) showed
a slight transient increase in C7 expression at the
dermal—epidermal junction at days 28 and 60 when
compared with baseline; this was associated with an
increase in the patient’'s own (mutant) COL7AT
mRNA (Supplemental Fig 4, available via Mendeley
at https://doi.org/10.17632/378kbmxw68.1) but no
new anchoring fibrils. C7 expression in all other
participants showed no change (Supplemental Fig 5,
available via Mendeley at https://doi.org/10.17632/
378kbmxw68.1). Mean fluorescence intensity for C7
immunoreactivity in patient 6 measured 5.44
(standard deviation [SD], 2.55; standard error of the
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Table I. Recessive dystrophic epidermolysis bullosa
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Patient identification no.

Characteristic 2 4 5 6 7 8 9 10 11 12
Age, y 29 31 35 44 26 55 43 27 35 36
Sex F F F M M M F F M M
COL7A1 C.2044C>T, c.1732C>T, c.1732C>T, c.1732C>T; c.186delG; c.5047C>T, C.6637G>A, €.6205C>T, c.5047C>T, €.6205C>T,
mutation p.Arg682%, p.Arg578%, p.Arg578* p.Arg578%, p.Gly62fs*39, p.Arg1683*%, p.Gly2213Arg, p.Arg2069Cys, p.Arg1683*, p-Arg2069Cys,
exon 15; exon 13; exon 13; exon 13; exon 2; exon 54; exon 83; exon 74; exon 54; exon 74;
IVS87+4A>G €.7786delG, C.7474C>T; IVS20+2T>C IVS79+1G>C ¢.5720_ c.8372G>C, €.5662insG, €.5869C>T, €.6205C>T,
p.Gly2596Valfs*3, p.Arg2492* 5722GA>AT, p.Arg2791Pro p.Pro1888 p.Arg1957Trp, p.Arg2069Cys,
exon 104 exon 98 p.Gly1907Asp, exon 113 Alafs*27 exon 71 exon 74
exon 68
Collagen 7 Moderate Complete Complete Slight Complete Linear and Linear and Slight reduction  Linear and Linear and
expression reduction absence absence reduction absence bright bright bright bright
at dermal—
epidermal
junction
Type VI collagen 1 3 7 5 4 3 1 22 1 2
enzyme-linked
immunosorbent
assay
Indirect Negative Negative Negative Negative Negative Negative Negative Negative Negative Negative
immunofluorescence
microscopy
Clinical features Extensive; Extensive; Extensive; Extensive; Extensive; Inversa; Erosions Inversa; Inversa; Inversa;
pseudo partial pseudo partial pseudo flexural localized to flexural esophageal erosions
syndactyly pseudo syndactyly pseudo syndactyly erosions lower legs, erosions involvement limited to
with widespread syndactyly with erosions syndactyly large chronic mainly groin, mild axillary axillae, with mild perianal skin
erosions trunk with erosions scalp, trunk, with large erosion scalp, axillary and and submammary, erosions
and limbs; hands feet limbs chronic chest, back, perianal; submammary groin limbs
renal impairment chest erosion back; limbs hypertension involvement

erosions limbs

Clinical demographics of patients recruited to the trial and their COL7AT mutations.
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Fig 2. Recessive dystrophic epidermolysis bullosa. Changes in each participant’s blister counts
and suction blister time across trial visits. MSC, Mesenchymal stromal/stem cell.
mean [SEMI], *0.76) at baseline, increased to noted variable and transient improvements, maximal

8.22 (SD, 3.13; SEM, £0.74) at day 28, and measured around days 28 and 60 postinfusion of MSCs,
9.43 (SD, 4.58; SEM, *£1.27) at day 60 (Supplemental particularly in the reduction of pruritus. The activity

Table IV, available via Mendeley at https://doi.org/ subscale of the Epidermolysis Bullosa Activity and
10.17632/378kbmxw68.1);  mean  fluorescence Scarring Index also showed improvement as did
intensity measurements for other participants are quality of life, as indicated by a reduction in the
also included in Supplemental Table IV. Overall, no Quality of Life in EB score, particularly at days 28 and
patient had numeric or morphologic changes in 60. Total blister count showed a decrease in 7 of 9
anchoring fibrils at the dermal—epidermal junction subjects, with an increase in the median suction
after receiving MSCs. blister time that was highest at day 28. These

observations might be explained by the reduction
Laboratory results in itch, leading to less scratching and skin trauma. In

General  inflammatory  markers  including addition, although there was no increase in C7 or
C-reactive protein and erythrocyte sedimentation anchoring fibrils at the dermal—epidermal junction,
rate showed no clear changes over time in any we noted increased expression of other junctional
participant (Fig 3). However, high mobility group adhesion proteins in skin post-MSCs that might
box-1 (HMGB-1) was lower at days 28 and 60 than at account, in part, for improved skin integrity.
baseline. The mean reduction between baseline and Infusion of MSCs may also reduce inflammatory
day 28 was 4.86 ng/mL (95% CI, 0.36-9.35) and mediators that indirectly contribute to dermal—
between baseline and day 60 was 7.19 (95% CI, epidermal junction adhesion. Notably, although the
1.26-13.11); this biomarker remained low at month 6 serum inflammatory markers C-reactive protein and
when the last measurement was taken (Fig 3). erythrocyte sedimentation rate showed no clear
Hemoglobin, white blood cell count, albumin, and change over time in any participant, measurement
creatinine remained similar over time before of HMGB-1 was mostly lower at days 28 and 60 after
and after MSC infusion. Mean tumor necrosis the MSC infusion when compared with baseline.
factor-a, interferon-vy, interleukin-17A, interleukin- HMGB-1, also known as amphoterin, is a mediator of
1, interleukin-10, matrix metallopeptidase-2, matrix inflammation®” that is released from necrotic
metallopeptidase-9, matrix metallopeptidase-11 and keratinocytes and is known to be elevated in adults
tissue inhibitor of metalloproteinase-1 showed little with RDEB.?® HMGB-1 is also known to mobilize a
change and great variability across patients (data not subpopulation of autologous MSCs to initiate tissue
shown). repair.”” Measurement of HMGB-1 may be worthy of

further study as an inflammatory biomarker in other
DISCUSSION cell therapy trials in adults with RDEB.

This trial explored the clinical use of intravenous As previously reported by Petrof et al,'' in
allogeneic BM-MSCs in 10 adults with RDEB, albeit children with RDEB the MSCs were well tolerated
with the limitation that this was an open-label trial with only mild adverse effects that were mostly
conducted at a single center with no placebo arm. transient, all of which were unrelated to the MSCs

Although the primary objective was safety, we also (Supplemental Table II). One new potential
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Fig 3. Recessive dystrophic epidermolysis bullosa. Changes
in each participant’s C-reactive protein, erythrocyte sedimen-
tation rate, and high mobility group box-1 levels across 8 trial
visits. MSC, Mesenchymal stromal/stem cell.

concern, however, was that 2 participants developed
SCC during the study period (patients 5 and 9 at 6 and
7 months after MSCs, respectively). Although
individuals with RDEB have a greatly increased
inherent risk of developing SCC,”>* a key question
must be whether the infusion of MSCs might have
caused or accelerated the occurrence of SCC. Thus
far, more than 700 clinical trials have been performed
using MSCs from various sources and for a variety of
diseases. Malignancy has not been an evident
concern in any of these trials, although recent
in vitro and animal model data have shown that
MSC exosomes can promote breast cancer cell
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proliferation and migration via Hippo signaling’;
no abnormalities in Hippo signaling, however, were
evident in our RNA-seq data (see Supplemental
Material).

Leuven Itch Scale subscales of frequency, severity,
and consequences of itch showed the most changes
with a significant reduction at days 28 and 60 after
MSC infusion. The mechanism underpinning the
improvement in pruritus is not clear. However, after
MSC infusion we noted an upregulation of TRPMG6
(RNA-seq blood data). TRPMG6 encodes transient
receptor potential cation channel subfamily M
member 6, a key regulator of cellular magnesium
homeostasis’"*** and relevant to pruritus.” From the
patients’ perspective, the improvement in itch after
MSC infusion was a major health benefit, as
noted previously in the pediatric population.'" In
contrast to pediatric studies, however, photographic
documentation of wounds before and after MSCs
showed highly variable responses, including no
change or enlargement of individual wounds
(Supplemental Fig 1).

Overall, the use of intravenous MSCs in adults
with RDEB appears to be safe, but with the caveat
that other similar clinical trials should carefully
monitor the potential complication of promoting
SCC development or progression. Clinically,
although optimal dosing of allogeneic cells is not
known, the infusion of 2 doses of MSCs
(2-4 X 10° cells/kg) given 14 days apart does have
some therapeutic benefit, particularly in reducing
itch. Future studies that look to optimize the number
and frequency of cell infusions or to address specific
subpopulations of MSCs or look to a better
understanding of the MSC secretome and the
particular role of its components in regenerative
medicine'" are likely to enhance the clinical benefit
of cell therapy in RDEB until more disease-specific
corrective therapies become available.
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