A
AG30 (MIC:20)
123456
. AG30/5C (MIC:5)

Fig. 2 The antibacterial action of modified Y 2 3 4
AG30. The antibacterial action of modified
AG30 is evaluated to (A) P aeruginosa
(ATCC27853), (B) Candida (ATGG90028), B

() S. aureus (ATCG29213) and (D) MRSA.
MIC assays were performed in the concen-
tration range of 1.25-40 mg/mi of modified
AG30, LL37 against P. aeruginosa and
3.1—100 mg/m! against Candida, S. aureus
and MRSA. MIC was defined as the lowest
peptide concentration, which prevented
visible bacterial growth in the medium.
Lower panel shows representative pictures
of MIC assays with treatment of several
peptides.

antibacterial effects might occur through a ‘lytic’ mechanism that
results from the attachment of cationic peptides to the bacterial
membrane. To test this idea, we exogenously added cationic ions,
such as CaClo or MgClo, and examined whether the antibacterial
effect of AG30/5C was inhibited. Indeed, the addition of CaClz or
MgClz (both at 3 and 6 mM) completely blocked the antibacterial
effects of AG30/5C (Table 2). These results suggest that AG30/5C
kills bacteria through a lysis-based mechanism that may be differ-
ent from the actions of other antibiotics.

Based on these results, we selected molecules to which five
cationic amino acids has been added (/.. compound AG30/5C) as
lead compounds for the next stage of investigation and further
evaluated the function of AG30/5C.

®© 2011 The Authors
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P. aeruginosa
AG30/2C (MIC:5) AG30/2H (MIC:10}
2 Shp e 1. 40 pg/mlL
2. 20 pg/mL
3. 10 ug/mbL
4, 5 pgfmb
5. 2.6 pgfmlL
i — — 6. 1.25 pgimL
123 456 123 4586
AG30/5H {MIC:>40)  AG30+Cap (MIC:10)

123 466

1. 100 pg/mL 4. 12.5 pg/imb
2. 50 pgfmb 5. 6.3 pg/mt.
3. 25 pgiml. 6. 3.1 pg/mb

Candida

S.aureus
AG30/2C (MIC:50)

MRSA

3

6 1 2 4
AG30+Cap (MIC:50)

Development of a production system for modified
AG30 (AG30/5C)

To facilitate the eventual clinical investigation/application of
these compounds, we developed a large-scale procedure for the
synthesis of AG30/5C that employed the conventional solution
method and met Good Manufacturing Practice guidelines. The
AG30/5C molecule was assembled from four segments, that is
(1-10), (11-17), (18~23) and (24-30), as shown in Figure 4A.
The carboxyl terminus of each of the segments was protected
by a phenacyl ester (Pac) group, except for the C-terminal
segment that was instead protected by a benzyl ester group.
All of the side-chain functional groups were protected as follows:
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2-chlorobenzyloxycarbonyl (CIZ) for Lys, benzyloxymethyl (Bom)
for His, p-toluenesulfonyl (Tos) for Arg, formyl (CHO) for Trp and
2-hromobenzyloxycarbonyl (Brz) for Tyr. Each segment was elon-
gated stepwise using the EDG/HOBt coupling reagent method.
During the chain assembly, the common starting material (ie.
Boc-Arg(Tos)-Leu-OPac) could be used for preparing segments
(1-10), (11-17) and (18-23) bhecause AG30/5C contains an
Arg-Leu sequence at positions 9-10, 16-17 and 22-23. This facil-
itated the preparation of these segments. Before heing subjected
to segment condensation reactions, each segment was treated
with zinc powder in acetic acid to remove the Pac group from the
C-terminus. The C-terminal segment was elongated in a sequential
manner with segments containing a free carboxylic acid at the

C-terminus by applying the EDC/HOOBt method in DMF to obtain
the fully protected AG30/5C peptide. After subsequent removal of
the A*-Boc group and the CHO group on Trp using TFA and 10%
piperidine/DMF, all of the protecting groups were removed by
HF/p-cresol (v/v, 85/15) in the presence of methoxyamine-HCI and
2-mercaptopyridine at —2°C to —5°C for 1 hr [17]. After conver-
sion of the peptide from the HF form to the AcOH form using a
Muromac (acetate form) column, the crude product was purified
by ion-exchange chromatography on a CM-Sepharose column
using a gradient of 20 mM AcONHg4 buffer to 2 M NaCl/20 mM
AcONH4 buffer (pH 5.0). This was followed hy RP-HPLG on an
YMC-Pak ODS column using a gradient of 20% CHsCN/0.1% TFA
to 40% CHsCN/0.1% TFA. The purified product was passed
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Table 1 MIC of AG300r AG30/5C to antibiotics-resistant starain
(A-E) of P. aeruginos

AG30 20 10 40 20 10

+5C 10 5 20 20 10

CAZ <8: 8 <8:8 <8: S <88 >32: R
CFPM <8: S <8:S <8S <88 >16: R
CPZ <16:§ 32 <16:5 <16:5  >32R
1PM/GS <4: 8 <4: 8 <4: 8 >8R <4: S
AZT <8: S >16:R <8:S <8: S >16: R
TOB >8: R <4: 8 >8: R <4: 8 <4: S
GM >8. R <48 >8: R <4: 8 8

FOM >16: R >16:R >16: R >16: R >16: R
LVEX <2: 8 <2:§ <2:S 4.8 >4: R
CPFX d:§ <SS <hS <SS 2R

The score shows MIC (mg/ml) for . aeruginosa (A-E). R indicates
resistance and S indicates sensitive to P agruginosa.

CAZ: ceftazidime hydrate; CFPM: cefepime hidrochloride hydrats; CPZ:
cefoperazone sodium; IPM/CS: imipenemy/cilastatin sodium; AZT: azire-
onam; TOB: tobramyecin; GM: Gentamicin sulfate; FOM: fosfomycin
sodium; LVFX: levoflosacin hydrate; CPFX: Ciprofloxacin hydrochloride.

successively through columns of Muromac (acetate form) and
Sephadex G-10 using dilute acetic acid as an eluant, which was
summnarized in Figure 4B. We confirmed that the antibacterial and

A Frag.1: Boe-Mer-Lou-Lyst Ol Flvu- e Phe-Lea- s Bemab-Ang Tosh Lei-{HPac

Frag.2: Bew-LysfUh 2 R Argt Teat-Met-ArgTes) Lol 120 A gl Tesd-Leu-0Pae

Fig. 4 The scheme for the synthesis of
AG305C. (A) The AG30/5C molecule was
assembled from four segments, that is
(1-10), (11-17), (18-23) and (24-30), and
each segment was celongated stepwise
using the EDC/HOBt method as coupling
reagents. (B) A large-scaled procedure

Metied A Zain Se0ll

J. Cell. Mol. Med. Vol XX, No X, 2011

Tahle 2 Effect of cationic ions or FBS on MIC of AG30 or AG30/5C to
P, aeruginosa

Frag.d: Roe-LasilhZ R Arp(Tes L CR 23 Lew Arg Tosy Len (i Pac

Frgd: Rag-Trpi CHOY-Hig Bom)- Argl Tesk-Lys CL-2 b Arg Tos k- Tarl Br2 - LysiO1-2 0B

Dethond e WSO, HOGH i DM

L ~ AGB0  AG3OBC
No treat 20 5
+1 mM MgCl2 80 20
+3 mM MgCl2 >80: R >80: R
+6 mM MgClz >80: R >80: R
+1 mM CaClz 40 20
+3 mM CaCl2 >80: R >80: R
+6 mM CaClz >80: R >80: R
+10% FBS >80:R >80:R

The score shows MIC (mg/ml) for P. aeruginosa. R indicates resistance
to P. agruginosa (ATCC27853).
FBS: foetal bovine serum.

angiogenic functions of the peptides synthesized using the con-
ventional solution method were similar to those synthesized by the
previous solid method (data not shown). The advantages of this
method include reduced synthesis cost and GMP grade applicabil-
ity. Indeed, the cost to produce this peptide at a 10 g scale was
roughly hundred thousand dollars, more than 10-fold reduction in
price in comparison to the solid method. In addition, for GMP-
scale procedures, each peptide-synthesis process is the same in
the initial steps, and the final coupling reaction will be performed
in the GMP facility. Based on this method, we will commence with
large-scale production of this peptide for use in clinical trials.

Methed A and B

(k1
AG30SEC

Muthecnd A ol B
I Buocq1.30)-008

(115801
Mothesd A and

Bue11-305-08a
{1823
Boe{18:303-QB2

(24-20)

emplying the conventional solution
method that is applicable for Good
Manufacturing Practice toward . clinical
appliation in both synthetic and purifica-
tion steps. The crude product was purified

B
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Purification step
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EDC, 105 . £-2M Naly20mM AcONH, (ph=35)

by im-exchange chromatograpy followed + ¥
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Fig. 5 Evaluation of the angiogenic effects
of AG30/5C in a wound-healing model. (A)
Cell growth of HaCaT cells in the presence
of AG30/5C (0, 0.1, 1 and 10 pg/mi). The
quantification is presented as a percent

P<0.05 ; !
increase. M = 8 per group and duplicated.
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(B, C) Blood flow was analysed by Laser
Doppler Image in mouse tails 3 days after
% induction of full thickness injuries with top-
ical application of AG30/5C (0, 1, 10 and
100 wg/ml). Low or no perfusion is dis-
played as dark blue, whereas the highest
perfusion interval is displayed as red; the

control 1 pgfml 10 pa/mL 100 pg/mlL control 1 10 100 gantification is presented as a fold
AG30/5C 0000 AG30ISC (ug/mL)  increase. N = 3-5 per group and dupli-

D E cated. *P < 0.05 vs. control. (D, E)
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mouse model treated with saline (control),
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AG30/5C or LL37. (D) The upper panel
shows representative immunostains using
anti-CD31 (PECAM) antibody (brown). The
lower panel shows representative pictures
after wound closure (day 24). Hair growth
was observed around the edge of wound.
(E) Capillary densities were quantified by
cross section of ischaemic tissues
immunostained with anti-CD31 (PECAM)
antibody. N = 6-10 per group and dupli-
cated. *P << 0.05 vs. control. (F) Blood flow
was analysed by LDI in mouse wound
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We further examined the stability of this peptide in saline solu-
tion at both 5°C and room temperature. RP-HPLC analysis
revealed that AG30/5C was fairly stable under 5°C for 12 months
(96% stability), although it was less stable at room temperature
(85% stability).

Effects of AG30/5C on murine
and porcine wound models

In the process of wound healing, epidermal cell growth as well as
angiogenesis is required to accelerate the time course of wound
healing. Thus, we tested to examine the direct effect of AG30/5C
on HaCaT cells. As shown in Figure 5A, the treatment of AG30/5C

.1

control  AG30/5C  LL37

3 days after operation with topical applica-
tion of AG30/5C (100 pg/ml). Low or no
perfusion is displayed as grey or dark blue,
whereas the highest perfusion interval is
displayed as yellow or red; the quantifica-
tion is presented as a fold increase. N =
5-6 per group and duplicated. *P < 0.05
vs. control.

induced cell growth of HaCaT cells in a dose dependent manner.
Thus, in the process of wound healing, AG30/5C can accelerate
epithelialization as well as angiogenesis.

To evaluate the suitable dose of AG30/5C using a wound
model [12], we measured the hlood flow of mouse tails 3 days
after inducing a full thickness injury. The topical application of
AG30/5C at a dose of either 10 or 100 wg/ml significantly
increased blood flow in a dose-dependent manner (Fig. 5B and
C). Based on these results, we evaluated the angiogenic effects of
AG30/5C and LL37 in a diabetic mouse wound-healing model.
Capillary density within the ischaemic thigh adductor skeletal
muscles was analysed to obtain specific evidence of vascularity
at the level of the microcirculation [13, 14]. In the analysis of
angiogenesis, microcapillary density was significantly increased

© 2011 The Authors
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Fig. 6 Evaluation of the effects of AG30/5C in a diabetic mouse wound-
healing model with or without MRSA infection. (A) Time course of the
quantification of wound size in diabetic mice with treatment of saline (con-
trol), AG30/5G or LL37 (100 w.g/ml, respectively). A/ = 6-10 per group and
duplicated. *P < 0.05 vs. AG30/5C, TP < 0.05 vs. LL37. (B, G) Evaluation
of infectious wound healing in a diabetic mouse model treated with saline
(control), modified AG30 or LL37. (B) Representative pictures of infectious
wounds at days 2, 9 and 14. (C) Time course of the quantification of infec-
tious wound size in diabetic mice treated with saline (control), AG30/5C or
LL37 (100 y.g/ml, respectively). A/ = 5-9 per group and duplicated. *P <
0.05 vs. AG30/5C, TP < 0.05 vs. LL37.

in the AG30/5C-treated -group in comparison to the LL37-treated
group (Fig. 5D and E). Interestingly, at day 28 the hair growth was
frequently observed in the AG30/5C-treated group (Fig. 5C). This

© 2011 The Authors
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result may support the angiogenic effects of AG30/5C because
perifollicular angiogenesis undergoes a hair-cycle-dependent
expansion and degeneration stage [20]. We further evaluated the
angiogenic property of AG30/5G by measuring the blood flow just
below the skin around wound. The evaluation of blood flow is
also useful to examine an angiogenic effect [18]. As shown in
Figure 5F and G, AG30/5C or LL37 treatment significantly
increased the blood flow around the wound, compared with con-
trol group. These results illustrate the angiogenic properties of
AG30/5C in wound-healing models.

Quantified analysis of the effect of AG30/5C in a
wound-healing model

To investigate the possible clinical applications of AG30/5C, we
guantified the effects of the peptide in a murine wound model.
Under dressing conditions either with or without AG30/5C or
LL37, the topical application of both compounds significantly
decreased wound size at day 14 (Fig. 6A). Furthermore, three of
the control-peptide-treated mice were afflicted with S. aureus
infections during these experiments; in contrast, none of the mice
in the AG30/5C- or LL37-treated groups became infected.

We also evaluated the antibacterial effects of AG30/5C using a
murine infectious wound model. After topical treatment of MRSA
on wounds, yellow pus was observed at day 2 and continuously
increased over the duration of the experiment (Fig. 6B). We con-
firmed the presence of S. aureus in this yellow pus. Indeed, the
infection delayed the time course of wound healing compared to a
non-infectious wound-healing model. Importantly, co-treatment of
either AG30/5C or LL37 attenuated the increase of yellow pus on
the wounds (Fig. 6B) and significantly decreased wound size at
days 11, 14 and 16 after treatment (Fig. 6C).

We further examined the effect of AG30/5C using a porcine
wound model. After the topical application of both compounds
gvery 2 days for 12 days under dressing condition, the diameter in
the longitudinal views was evaluated as follows (control: 16.2 =
0.5 mm, AG30/5C: 142 = 0.5 mm, LL37: 154 = 0.8 mm;
Fig. 7A). In the evaluation of angiogenesis using a porcine wound
model, microcapillary density was also significantly increased in
both AG30/5C- and LL/37-treated groups in comparison to a con-
trol group (Fig. 78 and C). These results suggest that AG30/5C can
potentially accelerate the wound-healing process.

Discussion

In this study, we modified a previously described functional pep-
tide, AG30, in an effort to develop novel wound-healing drugs that
could potentially be used for clinical applications. Historically,
many microbial peptides have failed to prove effective in clinical
applications; this is likely because such small peptides can be
easily degraded by peptidases in addition to their short half-lives.
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Fig. 7 Evaluation of the effects of AG30/5C
on a porcing wound-healing model. (A)
Representative pictures of H&E staining on
full-thickness section with restored epithe-
lium, treated with saline (control), AG30/5C
or LL37 (100 pg/ml, respectively). In the

upper right corner, means = S.E.M. (mm)
were shown. (B) The upper panel shows
representative pictures of wound healing in
each group (day 9). The lower panel shows
representative immunostains using anti-
vWF antibody (brown). (C) Capillary densi-
ties were quantified by cross section of
ischaemic tissue immunostained with anti-

LL37

control AG30/5C

This study is a follow-up to a previous feasibility study aimed at
generating lead compounds from a foundation compound.

Short cationic amphipathic peptides with antimicrobial and/or
immunomodulatory activities are important components of the
innate immune response and provide a template for two separate
classes of antimicrobial drugs. Rapid acting and potent antimicrobial pep-
tides are promising targets for investigation in the development of
clinical treatments. In our modifications of the foundation peptide,
we addressed the net positive charge and the amphipathic three-
dimensional structure of AG30, and designed to modulate the bal-
ance hetween a net charge and o-helical structure hy replacing a
few amino acids. As a result, AG30/5C, replaced of five cationic
amino acids, exhibited increased angiogenic and antimicrobial
activities. Although AG30/5C showed the lowest ratio of a-helical
the structure is still helical, and the three-dimentional structure of
AG30/5C showed the broad cationic peptide surface. Thus, we
speculate that AG30/5C can keep the cationic surface, which leads
to increased activity, even though «-helical structure is not tightly
fixed. Balancing these two parameters, thus enabling the net pos-
itive charged surface to attach and accumulate at the cell surface,
was critical for the activity of this peptide. Indeed, the antibacter-
ial action of this peptide was antagonized by the addition of diva-
lent cations such as Mg?* and Ca**. Some studies have modified
antimicrobial peptides to develop new classes of antibiotics; how-

10

control

* VWF antibody. *P < 0.05 vs. control. N =
6 per group and duplicated.

AG30/C  LL3Y

ever, this is the first report to modulate both antibacterial and
angiogenic actions while maintaining activity and structure. The
strategies and methods presented here could be useful in the
further modifications of potential peptides in the early stages of
clinical development.

Cationic antimicrobial peptides have a mixed history in clini-
cal trials. The cationic peptides polymixin B and gramicidin S
have long been used both in the clinic and as topical over-the-
counter medicines. However, despite several clinical trials over
the past ten years, the clinical success of cationic antimicrobial
peptides has been limited [20]. To date, four cationic peptides
have advanced into phase-1ll clinical trials. These peptides have
heen designed for treating impetigo and diabetic foot ulcers (the
frog magainin derivative MSI-78; Pexiganan), oral mucosaitis
(the pigprotegrin derivative 1B-367; Iseganan), sepsis (the
human bactericidal permeability protein derivative rBPlzs;
Neuprex) and catheter-associated infections (the cattle indoli-
cidin variant CP-226; Omiganan). Among them, Omiganan has
achieved statistically significant success hoth in reducing infec-
tions that tunnel in from the catheter ingertion site and in reduc-
ing catheter colonization during phase lla trials [21].
Importantly, all four peptides are derivatives that were generated
from original cationic peptides. Thus, in this study, we employed
a feasibility study to develop lead compounds. Using an animal
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wound-healing model, we utilized simple topical application
without ointment or cream; this provided insight into the effec-
tiveness of our peptide as a therapeutic drug and revealed some
important limitations. To improve the effectiveness of the peptide
as a therapeutic drug, it is possible that production of AG30/5C
as an ointment or cream might enhance the local accumulation
and structural stability of the peptide. The other aspect of pep-
tide modification for eventual clinical development is fo consider
the cost of generating a peptide at the GMP level. In this study,
we atfempted to develop a large-scale procedure for the synthe-
sis of AG30/5C that employed a conventional solution method
applicable to Good Manufacturing Practice; importantly, we suc-
ceeded in generating a therapeutic peptide for use in pre-clinical
trials. Furthermore, we tried to shorten the peptide while main-
taining both its angiogenic and its antibacterial actions in an
effort to minimize costs.

Based on these results, we have now fransitioned into a
pre-clinical study that includes evaluations of toxicity at single or
repeated doses, genotoxicity and examination using local stimula-
tion while monitoring serum concentrations of AG30/5C. We will

J. Cell. Mol. Med. Vol XX, No X, 2011

continue to propose AG30/5C as a wound-healing drug for the
treatment of ischaemic ulcers of diabetes patients or peripheral
arterial diseases.
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The role of bone marrow cells in repairing ectodermal tissue, such
as skin epidermis, is not clear. To explore this process further, this
study examined a particular form of cutaneous repair, skin graft-
ing. Grafting of full thickness wild-type mouse skin onto mice that
had received a green fluorescent protein-bone marrow transplant
after whole body irradiation led to an abundance of bone marrow-
derived epithelial cells in follicular and interfollicular epidermis
that persisted for at least 5 mo. The source of the epithelial pro-
genitors was the nonhematopoietic, platelet-derived growth fac-
tor receptor a-positive (Lin”/PDGFRa*) bone marrow cell population.
Skin grafts release high mobility group box 1 (HMGB1) in vitro and
in vivo, which can mobilize the Lin /PDGFRa* cells from bone mar-
row to target the engrafted skin. These data provide unique in-
sight into how skin grafts facilitate tissue repair and identify
strategies germane to regenerative medicine for skin and, per-
haps, other ectodermal defects or diseases.

epidermolysis bullosa | skin injury | stem cells | keratinocyte | tissue
regeneration

Bone marrow (BM) cells contribute a substantial proportion of
cells, both inflammatory and noninflammatory, that have
roles in tissue homeostasis, repair, and regeneration. Such cells
‘may be derived from either hematopoietic or mesenchymal stem
cell populations, and subpopulations thereof can differentiate
into both hematopoietic and mesenchymal lineage cells (for re-
view, see refs. 1 and 2).

In skin, studies have shown that BM provides fibroblast-like
cells in the dermis (of hematopoietic and mesenchymal lineages)
and that the number of these cells increases after skin wounding
(3, 4). BM can also generate epithelial cells, i.e., keratinocytes, in
the epithelia, although the precise derivations and mechanisms
to raise BM-derived keratinocytes are not fully known (3, 5-16).
Human/mouse studies involving transplantation of sex-mismatched
or genetically tagged BM cells have shown that keratin-positive
bone marrow-derived cells can be found in skin epidermis, hair
follicles, and sebaceous glands (6, 8, 9, 11, 12, 14, 16), sites that
harbor skin stem cell niches (17). Moreover, in humans who have
undergone BM transplantation (BMT), donor cells that have
differentiated into keratinocytes can be detected in the epider-
mis for at least 3y (8).

BM cells also contribute to skin development: Infusion of
green fluorescent protein (GFP) BM cells in utero in mice leads
to accumulation of a subpopulation of GFP-positive cells in
nonwounded skin dermis, particularly in association with de-
veloping hair follicles (18). With regard to skin injury, both
embryonic and postnatal transplantation of BM cells into mice
lacking the skin protein, type VII collagen (Col 7) as well as
postnatal studies in mice lacking type XVII collagen, basement
membrane components that normally help secure adhesion be-
tween the epidermal and dermal skin layers, have demonstrated
the capacity of BM to promote skin wound healing and to correct

www.pnas.org/cgi/doi/10.1073/pnas. 1016753108

the intrinsic basement membrane defect (18-20). Most recently,
a clinical trial of allogeneic whole BMT in humans lacking Col 7
(who have the inherited blistering skin disorder, recessive dys-
trophic epidermolysis bullosa, RDEB; OMIM226600) (21) has
demonstrated that BM cells can repair fragile skin and restore
Col 7 expression in skin basement membrane (22).

Collectively, however, these animal and human studies have
shown that BM-derived keratinocytes are an extremely rare
finding in the epidermis. Indeed, analyses in two different murine
models have shown that BM-derived keratinocytes comprise only
~0.0001-0.0003% of all keratinocytes in the new epidermis (13).
The relative scarcity of such cells therefore raises questions
about their biological significance. For example, it is not known
whether these cells have a physiological role in epithelial re-
generation and, if they do, under what circumstances? Moreover,
it is not clear which particular cells in BM contribute to the
epithelial repair. Furthermore, there is little awareness of the
mechanism(s) through which the damaged epithelium signals to
invoke mobilization and recruitment of the key BM cells. In this
study, we have begun to address these questions, and here report
identification of a specific subset of BM cells with epithelial
differentiation potential as well as a unique in vivo mechanism
through which these cells contribute to epithelial regeneration
and maintenance.

Results

We first examined the contribution of BM-derived cells to epi-
thelial regeneration in murine skin wounds. The wounds were
created by using a scalpel and involved excision of a piece of full-
thickness skin (i.e., including epidermis and dermis) thus creat-
ing an ulcer. The mice selected for wounding had received lethal
dose irradiation followed by GFP-BMT, thereby allowing us to
evaluate the contribution of GFP-BM cells to skin regeneration
after injury (Fig. 14). At 4 wk after the injury, GFP-positive
keratinocytes were not obvious (Fig. 1B), indicating a minimal, if
any, contribution of BM cells to epithelial regeneration, findings
consistent with previous data (13). We then used the same
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Fig. 1. BM-derived cells contribute to epidermal and follicular renewal in
skin grafts, but not in skin wounds. (4) Schematic outlining details of the
skin wound model on GFP-BMT mice. (B) Confocal-laser microscopy of skin
sections from the reepithelialized wounds. Green fluorescence in the dermis
represents BM-derived cells. Note that there is no GFP fluorescence within
the regenerated epithelia. (C) Schematic outlining details of the skin en-
graftment of GFP-BMT mice. (D) Confocal-laser microscopy of skin sections
from the 4-wk skin graft. Green fluorescence in the epidermis and the dermis
represent BM-derived cells. Arrows indicate EPU-like structures that are
composed of BM-derived epithelial cells emanating from the basal layer
(white arrows) within the epidermis to the horny layer (red arrowheads). (€)
Confocal-laser microscopy pictures of skin sections from the 5-mo skin graft.
Green fluorescence in the epidermis, the hair follicles, and the dermis rep-
resent BM-derived cells. Arrows in Upper indicate sustained BM-derived epi-
thelial cells emanating from the basal layer (white arrows) to the horny layer
(red arrows). White arrows in Lower indicate sustained BM-derived follicular
cells. Note that hair shafts show nonspecific auto-fluorescence (asterisks).
White dotted lines indicate the dermal-epidermal and dermal-follicular
junctions. (Scale bars: 50 pm.)

mouse model to examine a different form of skin repair, skin
grafting, to further explore the potential contribution of BM cells
(Fig. 1C). Surprisingly, we noted that significant numbers of
GFP-positive cells expressing skin-specific keratin 5 formed
epidermal proliferative unit (EPU)-like clusters in the epidermis

6610 | www.pnas.org/cgi/doi/10.1073/pnas.1016753108

of the skin graft in biopsies taken 4 wk after the engraftment
(Fig. 1D and Fig. S14). Furthermore, the BM-derived GFP-
positive keratinocytes were maintained in the epidermis and hair
follicles 5 mo after the engraftment (Fig. 1E and Fig. S1B).
Given that mouse epidermis is renewed every 2-3 wk by epi-
thelial stem cell-derived keratinocytes, those long-residing GFP
BM-derived epithelial cells in the 5-mo-old graft are likely to
contain epithelial progenitor/stem cells.

To assess whether the BM-derived epidermal cells might have
functional significance, we then searched for BM-derived cells in
the skin of Col 7-null mice engrafted onto the GFP-BMT mice
(Fig. 24). Because these mice have complete detachment of the
epidermis after birth due to extensive skin and mucous mem-
brane fragility (Fig. 24) (23), we anticipated a potentially greater
contribution of BM-derived cells in the regenerating epithelia of
the engrafted Col 7-null mouse skin. The engrafted Col 7-null
mouse skin initially showed extensive subepidermal detachment,
similar to the skin pathology seen in human patients with RDEB
(21). At 4 wk after the engraftment, we noted an even greater
contribution of GFP-positive cells expressing keratinocyte-
specific keratins in the regenerating epidermis and hair follicles
of the engrafted Col 7-null mouse skin (Fig. 2 B-D and Fig. S2).
Moreover, new Col 7 protein was present at the cutaneous
basement membrane zone in the engrafted Col 7-null mouse skin
(Fig. 2E). Notably, Col 7 labeling was maximal in the basement
membrane adjacent to GFP-BM-derived epithelial cells. Evi-
dence for BM-derived epithelial cells was further confirmed by
demonstration of GFP-positive individual keratinocytes from the
grafted skin by means of both flow cytometric analysis and cell
culture (Fig. 2 F and G).

Collectively, these data showed that a subpopulation of BM
cells contribute to epithelial regeneration and maintenance in
these murine skin graft models. Analyses of sex chromatin num-
bers and fusion-dependent enhanced GFP expression in BM-
derived epithelial cells in the grafted skin did not show any evi-
dence for cell fusion, suggesting differentiation of the BM-derived
cells as the likely mechanism for raising BM-derived keratinocytes
in the skin graft (Figs. S3 and S4). Reverse wild-type BMT in
a GFP mouse, followed by engrafting Col 7-null mouse skin onto
the back of this mouse, excluded other possible extrinsic sources of
keratinocytes in the skin graft besides the BM (Fig. S5).

We then investigated the subpopulation of BM cells that has
the potential for epithelial differentiation. Recent studies have
shown that the PDGFRo-positive nonhematopoietic BM cell
population contains ectoderm-derived mesenchymal stem cells
(MSCs) (24-26), indicating that pethaps PDGFRa™ BM cells might
be a putative source of BM-derived keratinocytes in the skin graft.
To test this hypothesis, we examined BM from a heterozygous
knock-in mouse in which a histone H2B-GFP fusion gene was
inserted into the locus of the PDGFRa gene (PDGFRa-H2BGFP
mouse); this knock-in results in accumulation of GFP fluores-
cence within the nuclei of PDGFRa-expressing cells. We found
that the PDGFRo™ BM cells were exclusively enriched in the
Lineage-negative (Lin™) cell population from the knock-in mouse
BM (Fig. 86) and that the Lin~ population provided proliferating
PDGFRoa* fibroblastic cells in culture (Fig. 34). Lin~ indicates
negativity for the cell surface antigens CD5, B220, CD11b, Gr-1
7-4, and Ter-119 and excludes mature hematopoietic cells, such
as T cells, B cells, monocytes/macrophages, granulocytes, and
erythrocytes/thelr committed precursors from BM. Flow cyto-
metric analysis indicated that the Lin~ and PDGFRa* ((Lm /
PDGFRa*) cells were independent from the Lin~/c-kit™ cell
population, which includes a hematopoietic stem cell pool (Lin™/
c- k1t+/Sca-1 ) in BM (Fig. 3B and Fig. S7). We found that Lin~

cell populations collectively accounted for =5.6% of the total
number of BM cells (Fig. 3B). The Lin"/PDGFRa /c-kit™ and
Lin"/PDGFRa™/c-kit™ BM cells comprised ~2.28% and ~3.11%
of total BM cells, respectively. We observed that the Lin™/
PDGFRa* BM cells (=0.22% of the total BM cells) could ex-
clusively generate BM-derived epithelial cells expressing keratin
5 in culture after supplementation with skin soaked buffer (SSB),

Tamai et al.

.H46_.



2
/]

Col7-null skin
Col7

A Col7-null skin

*
P

GFP-BMT-mouse!

*444*,

A
. Wild mouse
4 0.08

K5

e
B s

Fig. 2. BM cells substantially contribute to the repair of grafted Col 7-null
epidermis. (A) Schematic picture of the Col 7-null skin engraftment on GFP-
BMT mice (Left); hematoxylin-eosin staining of Col 7-null mouse skin (Left
Center). Asterisks indicate separation of the epidermis (€} from the dermis
(D); Col 7 immunostaining in the Col 7-null skin (Right Center). (Right)
Arrows indicate dermal-epidermal junction, Col 7 staining of wild-type
mouse skin. Green color indicates Col 7 staining. (B) Accumulation of GFP
fluorescence {Lower) within the region of the Col 7-null skin graft (Upper).
The white dotted line indicates the margins of the skin graft. (C and D)
Confocal-laser microscopy pictures of sections from the Col 7-null mouse skin
that had been surgically grafted. Biue color indicates DAPI staining. Green
fluorescence in the epidermis and the dermis represents BM-derived cells.
Red labeling indicates keratin 5 (K5; C) or keratin 10 (K10; D) immunofluo-
rescence. Yellow color image represents BM-derived cells that express both
GFP (green) and K5 (red; C) or K10 (red; D). (E) Col 7 expression in grafted
Col 7-null mouse skin. White dotted lines indicate dermal-epidermal and
dermal-follicular junctions. White arrows indicate immunofluorescence for
Col 7 (red) at the basement membrane zone. (Scale bars: 50 ym.) (F) Flow
cytometric analysis for K5 and GFP in the epidermal cell suspension of Col 7-
null skin engrafted onto a GFP-BMT mouse (Upper Left), wild-type mouse
skin (Lower Left), and the GFP-transgenic mouse skin (Lower Right). Upper
Right shows isotype control for K5 in the epidermis of the grafted Col 7-null
skin. (G) Confocal-laser micrographs of cultured BM-derived epithelial cells
isolated from the epidermis of the Col 7-null skin graft labeled with GFP or K5.

in which excised newborn mouse skin had been soaked in phos-
phate buffer saline (PBS) for 24 h (Fig. 3C and Fig. S8). The
Lin"/PDGFRo” cell population also contained adherent and
proliferative cells in culture, but none of these cells showed
differentiation into keratin S-posmve keratinocytes with SSB
supplementation (Fig. S8). These data suggest that the BM-
denved keratinocytes are not of hematopoietic origin, but instead
are derived from a specific subpopulation of Lin /PDGFRa* BM

Tamali et al.
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—— PDGFRa-GFP
Fig. 3. Characterization of BM cells of the PDGFRa knock-in mouse dem-
onstrates that PDGFRa* subpopulation give rise to epithelial progenitors. (A)
Phase-contrast (Left) and GFP-fluorescent (Right) micrographs of the Lin™ BM
cells in culture. All adherent and proliferating Lin™ cells were positive with
PDGFRa-GFP labeling in their nuclei. (B) Flow cytometry analysis for PDGFRo:-
GFP and c-kit expression on the Lin™ cells in total BM cells of the PDGFRa
knock-in mice. The number (%) in the chart represents the population of
each fraction in the total number of BM cells. Note that there is no pop-
ulation in the PDGFRa-positive and c-kit-positive fraction (upper right cor-
ner) in BM. (C) Confocal-laser micrographs of cultured bone marrow cells
(BMCGs) from a heterozygous knock-in mouse with a histone H2B-GFP fusion
gene inserted into the PDGFRa gene locus. PDGFRa promoter-dependent
H2B-GFP expression was noted by accumulation of GFP fluorescence in the
nuclei (PDGFRo/H2B-GFP, indicated by white arrows; Upper Right) of cells
expressing K5 (Lower Left).

cells. In this context, additional flow cytometry analysis of the
Lin"/PDGFRa" BM cells did not show expression of CD146 or
CD271 (Fig. S9), both of which are established markers of human
BM MSCs (27), indicating different cell surface molecule profiles
for human BM MSCs and mouse Lin"/PDGFRa* BM cells.

We then mvestlgated the mechanism through which the
transplanted skin graft is able to recruit Lin™ /PDGFROc cells
from the BM. First, we established a Boyden chamber migration
assay to demonstrate that Lin”/PDGFRoat BM cells migrate
toward one or more chemoattractants in SSB (Fig. 44). We then
assessed which molecules in the SSB have the capacity to induce
migration of Lin”/PDGFRa™* BM cells. We noted that a heparin-
binding fraction of SSB was able to induce robust migration of
the Lin~/PDGFRa* BM cells (Fig, 4B). This finding supports the
notion that the excised skin graft can release heparin-binding
molecules capable of attracting these particular BM cells. To find
the precise molecules involved, we fractionated SSB by heparin-
affinity chromatography and obtained several fractions with
strong activity for inducing Lin”/PDGFRa* BM cell migration
(Fig. S10). Some fractions had strong cell-migrating activity but
comparatively less protein expression: These fractions were then
subjected to SDS/PAGE analysis (Fig. 4C). Three prominent
silver-stained proteins were observed in the gel, which were then
further analyzed by liquid chromatography/tandem mass spec-
trometry. They were identified as nucleolin, anti-thrombin III
(AT-III), and high mobility group box 1 (HMGBI1) (Fig. 4C).
Nucleolin is a eukaryotic nucleolar phosphoprotein that is in-
volved in the synthesis and maturation of ribosomes in nucleoli
(28). AT-III is a well-characterized anticoagulant molecule gen-
erated in the liver, and which exists in blood plasma (29).
HMGBI, also known as amphoterin, is a nuclear protein that can
regulate chromatin structure and gene expression (30). It is also
released from necrotic cells and some apoptotic cells and acts
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as an inflammatory regulator. Other studies, however, have in-
dicated that HMGB1 may also act as a local chemo-attractant for
various hematopoietic and nonhematopoietic cells that can reg-
ulate tissue remodeling (31).

The next objective was to determine the time course for re-
lease of the proteins from excised skin graft into the buffer (Fig.
4D). Of note, both HMGBI and AT-III were rapidly released
within a few minutes into the SSB fraction that demonstrated
strong chemoattractant activity for Lin"/PDGFRa* BM cells.
AT-III secretion continued at similar levels for at least 48 h,
whereas HMGBI1 release gradually declined after ~8 h—a time
course that paralleled the chemoattraction findings. With regard
to nucleolin, its presence in the SSB only started 2 h after in-
cubation, possibly reflecting the consequences of necrosis in the
excised skin. To evaluate the chemoattractant properties, we
expressed mouse HMGB1 in HEK293 cells and compared the in
vitro activity of the purified recombinant protein to induce Lin™/
PDGFRa" BM cell migration. Recombinant AT-III and nucle-
olin were also assessed, but cell migration assays demonstrated
that only HMGBI1 could induce migration of these particular BM
cells (Fig. 4E). We also explored the nature of the receptor on Lin™/
PDGFRa* BM cells relevant to the cell migration and excluded
a role for two known receptors that can mediate the extracellular
cytokine effects of HMGBI, the receptor for advanced glycation
endproduct (RAGE) and toll-like receptor (TLR) 4 (32-34) (see
SI Results and Discussion and Fig. S11 for details).

Next, we explored the source of HMGBI in the grafted skin.
Immunofluorescent microscopy analysis of HMGBI protein in
the skin graft showed abundant staining in the epidermis and
much less in the dermis, reflecting the higher cellularity in the

6612 | www.pnas.org/cgi/doi/10.1073/pnas.1016753108
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right. (D) Western blot against nucleolin, AT-lI, and
HMGB1 in the SSB obtained at sequential time
periods. The lowest blot shows Lin"/PDGFRa* cell
migration activities in each SSB. (£) Lin"/PDGFRa*
cell migration assay in a Boyden chamber with
recombinant HMGB1, AT-ll, and nudeolin. (F)
HMGB1 levels in mouse sera after full-thickness
skin grafting with newborn wild-type mouse skin.
Asterisks (*) indicate statistical significance vs. Day
0 (P < 0.05, n = 4). (G) Flow cytometric analyses
of Lin"/PDGFRo*/CD44" cells of peripheral blood
mononuclear cells of mice 12 h after systemic ad-
ministration of HMGB1 (10 pg in 400 pl of PBS) or
PBS (400 pi). Asterisk (*) represents statistical sig-
nificance (P < 0.01, n = 4). (H) Intravital two-photon
imaging of the calvaria BM in PDGFRa-H2BGFP mice
12 h after systemic administration of PBS (400 pi;
Left) or HMGB1 (10 pg in 400 pL of PBS; Right) via
the tail vein. Green color, GFP expressed under the
promoter of PDGFRe; red color, BM microvascula-
ture visualized by i.v. injection of 70-kDa dextran-
conjugated Texas Red. (Scale bar: 50 pm.)
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epidermis (Fig. S12). We then analyzed Col 7-null mouse skin for
HMGBI release and noted that the detached epithelia (blister
roofs) released significant amounts of HMGBI after soaking in
PBS (Fig. S13 A and B). These observations suggest that the
epithelial tissue in the skin graft could be a significant source of
HMGBI in vivo. Further support for damaged epithelium as a
source of HMGB1 was demonstrated by finding elevated HMGB1
in freshly generated subepidermal blister fluid of human subjects
with RDEB (n = 3) (Fig. S13C). We then investigated the sys-
temic effects of HMGBI after skin injury. We first measured
HMGBI levels in the sera of mice that had received a skin graft of
wild-type newborn mouse skin (Fig. 4F). We observed a marked
increase in HMGB1 serum levels 3 d after grafting. Of note,
however, no increase in serum HMGBI was noted in mice with
full thickness wounds but no skin graft (Fig. SI3D), suggesting that
the transplanted epithelial tissue is likely to be the source of the
elevated HMGBI in the sera. We also detected ~60-fold higher
levels of HMGBI in the sera of individuals with RDEB (n = 3)
compared with similarly aged normal control subjects (n = 3)
(Fig. SI3E). These observations led us to hypothesize that sys-
temic elevation of HMGBI in the blood might positively induce
recruitment of Lin"/PDGFRa* cells from BM to raise BM-de-
rived keratinocytes (as well as fibroblasts) in the regenerating
injured skin, and that this might be one mechanism through
which the practice of skin grafting achieves its clinical goals.

To confirm this hypothesis, we systemically administered re-
combinant HMGBI at levels similar to that seen in the sera of
skin grafted mice to wild-type mice. We observed that this action
could mobilize Lin”/PDGFRa" BM cells into the blood circu-
lation (Fig. 4G). Lower doses of HMGBI1 failed to mobilize
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these cells (Fig. S14). We noted no local or systemic inflam-
mation or other potentially adverse effects in the mice, despite
the high doses of systemic HMGBI administered (Fig. S15).
To further investigate the mechanics of this mobilization by
HMGBI in vivo, we performed intravital two-photon imaging
of calvaria BM in living PDGFRa-H2BGFP mice. This experi-
ment showed that HMGBI1 could mobilize PDGFRa-positive
cells, allowing them to congregate around blood vessels and,
thereby, allow egress into the circulation in vivo (Fig. 4H).

To confirm that the mobilized BM-derived PDGFRa™" cir-
culating cells provide the epithelial cells in vivo, we combi-
ned FACS-sorted PDGFRa*/GFP* BM cells with wild-type
PDGFRo” BM cells and transplanted these cells to lethally ir-
radiated mice, which then received skin grafts of Col 7-null mouse
skin (Fig. 54). Very few cells were GFP-positive in the peripheral
blood mononuclear cell populations of the PDGFRa*/GFP* BM
transplanted mice (Fig. 5B). However, those GFP-positive cir-
culating cells that originated from the transplanted PDGFRa*
BM cells had adherent and proliferative capacities in culture (Fig.
5B). Four weeks after the Col 7-null skin engraftment, multiple
foci of GFP-positive cells expressing keratin 5 were observed in
the epithelia of the engrafted skin (Fig. 5C), suggesting that the
BM-derived PDGFRa™ circulating cells contain a population
that can differentiate into epithelial cells in the skin graft.

A Col7-null skin
¥

PDGFRe'/GFP-BMT

Fig. 5. Mobilized Lin"/PDGFRo* BM-derived cells in circulation contribute to
epithelial regeneration of the skin graft in vivo. (A) Schematic illustration
showing Col 7-null skin graft on a mouse transplanted with PDGFRo-positive/
GFP-BM cells (Left); bright field (Center) and dark field (Right) stereomicro-
scopic pictures of femoral BM in a PDGFR«*/GFP-BMT mouse. Green fluores-
cence indicates PDGFRa™/GFP-BM cells. (B) Bright field (Upper) and dark
field (Lower) fluorescent microscopic pictures of cultured peripheral blood
mononuclear cells that were obtained from the PDGFRa*/GFP-BMT mouse
engrafted with Col 7-null skin. (Left) A single PDGFRa/GFP-BM-derived cell in
culture (Day 1). (Center) Proliferation of the single PDGFRa*/GFP-BM-derived
cell in culture (Day 5). (Right) Dividing adherent cells indicated in the white
lined box in Lower Center. (C) Confocal-laser microscopic pictures of a section
of grafted Col7-null skin onto a PDGFRa"/GFP-BMT mouse. GFP fluorescence
was merged with the red immunofluorescence of K5 to provide the yellow
color, DAPI staining (Upper Left), GFP fluorescence (Upper Right), K5 staining
(Lower Left), and a merged image (Lower Right). (Scale bar: 50 um.)
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Discussion

This work clearly demonstrates that Lin"/PDGFRa* cells from
BM significantly contribute to the regeneration of the epidermis
after skin grafting in vivo, and that one biological repair mech-
anism involves the key cells being mobilized in response to ele-
vated HMGBI levels in serum, the source of which is the skin
graft. The observation that tissue damage can recruit BM stro-
mal cells for tissue repair is well-established (35), but here we
have defined a subpopulation of cells that have the capacity to
repair skin, including epidermis. The Lin/PDGFRa" BM cell
marker profile is not unique to one particular cell population,
and our data suggest that it is shared by =1 in 450 BM cells.
PDGFRa is not expressed by hematopoietic stem cells but by
MSCs in bone marrow that can give rise to mesenchymal lineage
cells as well as neuroepithelial and neural crest lineage cells (24—
26), suggesting that the Lin /PDGFRa* BM cells contain an
MSC fraction (discussed further in SI Results and Discussion).
Our study has shown that in situations in which there is sig-
nificant damage to the epidermis, such as Col 7 deficiency leadin,
to subepidermal blistering, at least some of the Lin”/PDGFRa
cells have the plasticity to become BM-derived epithelial pro-
genitors, to generate and sustain new keratinocytes, and to cor-
rect the intrinsic lack of Col 7. Moreover, we have identified
HMGBI as a specific factor involved in Lin”/PDGFRa" BM cell
responses. Our data indicate that HMGBI, which is rapidly re-
leased from the detached or blistered Col 7-deficient epithelia,
can mobilize Lin"/PDGFRa" BM cells into the circulation and
accelerate regeneration of the skin by recruiting these cells to
raise BM-derived epithelial cells and BM-derived mesenchymal
cells in the epidermis and dermis of Col 7-null skin, respectively.
HMGBI is a highly conserved, abundant, and ubiquitously
expressed 30-kDa nonhistone protein with diverse biologic func-
tions (36, 37). With regards to human and murine HMGBI, only 2
of 215 amino acids show species differences (>99% identical) and
both reside in the C-terminal region outside of the known re-
ceptor- and DNA-binding motifs (38, 39). HMGB1 can act as
a mobile and dynamic nucleo-cytoplasmic protein influencing
multiple processes in chromatin such as transcription, replication,
recombination, and DNA repair (39, 40), but HMGBI can also
be secreted into the extracellular milieu as a signaling molecule
when cells are stressed (41). HMGBI1 can bind exogenous
and endogenous agents such as endotoxin, microbial DNA, and
nucleosomes, and induces adaptive and innate immune responses
via TLR2/4/9 followed by NF-«B activation (42, 43), contributing
to inflammation, autoimmune dysregulation, and carcinogenesis.
However, purified recombinant HMGBI has little, if any, proin-
flammatory activity (44). Indeed, free HMGBI, that is unbound to
endogenous/exogenous inflammatory factors, is able to suppress
inflammatory reactions in noninjured tissues by inhibiting TLR-~
mediated NF-xB signaling (33). Biologically, HMGBI1 can be
regarded as a critical factor for maintaining tissue homeostasis in
cleaning damaged/infected tissues (i.e., promoting intralesional
inflammation), but also in protecting surrounding noninjured tis-
sues (i.e., suppressing inflammation), and accelerating regen-
eration of damaged tissues by mobilizing and recruiting specific
BM cells, that include epithelial progenitors when there is ex-
tensive epithelial injury, such as in Col 7-deficient RDEB skin.
The concept that a particular threshold concentration of
HMGBI in serum is relevant to mobilizing Lin"/PDGFRa™ BM
cells and targeting them to damaged tissue also offers unique
possibilities to augment a variety of other tissue repair mecha-
nisms. It is likely that, in several other situations, systemic ad-
ministration of HMGBI to achieve serum levels similar to those
observed in RDEB could be used as a therapeutic strategy to re-
cruit stem/progenitor cells to accelerate regeneration of damaged
tissue. Precisely which tissues might benefit from HMGBI-induced
mobilization of Lin"/PDGFRa” BM cells remains to be de-
termined. What has also not been determined thus far are the
dynamics of both the release of the Lin"/PDGFRa* cells from the
BM and the events that promote recruitment and migration within
the target tissue and the other potential local microenvironment-
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induced and biochemical processes that contribute to improved
wound healing (35) (discussed further in SI Materials and Meth-
ods). Nevertheless, we believe our data represent a significant
advance in identifying a direction for potentially bringing stem/
progenitor cell regenerative medicine to a broader clinical arena.

Materials and Methods

BMT. BM cells were isolated under sterile conditions from 8- to 10-wk-old male
C57BL/6 transgenic mice that ubiquitously expressed enhanced green fluo-
rescent protein (GFP). Recipients were 8- to 10-wk-old female C57BL/6 mice
that were lethally irradiated with 10 Gy of X-rays, and each irradiated re-
cipient received 5 x 10° BM cells from GFP transgenic mice kindly provided by
Masaru Okabe (Osaka University). Experiments were performed on the BMT
mice at least 6 wk after the BMT.

Mouse Skin Transplantation. Full-thickness skin from wild-type and Col 7-null
newborn mice (graft size 2 x 2 cm) was carefully isolated by excision after
the mice had been euthanized under systemic anesthesia, and engrafted
onto the backs of the GFP-BMT mice, wild-type BMT mice, and K5-Cre-GFP-
BMT mice, with grafting just above the muscular fascia.
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Immunofluorescent Microscopy Analysis. The engrafted skins were removed,
fixed with 2% paraformaldehyde, and subjected to immunofiuorescent
analysis. The excised skins were embedded in Tissue-Tec OCT Compound
(Sakura Finetek), frozen on dry ice, and stored at —20 °C. For immunofiuo-
rescence staining, 6-pm-thick sections were labeled with rabbit polyclonal
anti-mouse antibodies. Subsequently, sections were stained with goat anti-
rabbit 1gG secondary antibody.

Cell-Migration Assay. Chemokinetic migration of Lin"/PDGFRa* cells was
assayed by using a modified Boyden chamber. In brief, 1.0 pg of HMGB1 in
27 pl. of DMEM was added in the lower chambers, and 10° cells/mL of Lin™/
PDGFRa* cells suspended in 50 pl of DMEM containing 10% FBS were added
to the upper chamber. The cells on the lower side of the membrane were
stained with Diff-Quick (Sysmex).
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Summary Background. Recessive dystrophic epidermolysis bullosa (RDEB) is an autosomal
recessive skin disease caused by mutations in the type VII collagen gene (COL7A1),
resulting in detachment of the entire epidermis due to loss or hypoplasticity of the
anchoring fibrils that normally secure the basement membrane to the underlying
dermis. Trauma-induced blistering is often complicated by chronic erosions and
scarring. From that perspective, pregnancy in RDEB might be considered an indication
for elective caesarean section in a bid to minimize perineal blistering. To date, only four
cases of pregnancy and delivery in patients with RDEB have been reported.

Cases. We report three more women, each with RDEB-generalized other (RDEB-GO),
all of whom had successful vaginal deliveries without major cutaneous or mucosal
complications. One woman also had a second child, by vaginal delivery, indicating a
lack of vaginal stenosis after the first birth.

Conclusions. These cases show that RDEB-GO is not an absolute primary indication
for elective caesarean section and that, perhaps surprisingly, genital/perineal blistering
and scarring are not inevitable consequences of childbirth. Moreover, breastfeeding is
also feasible in women with RDEB-GO.

Introduction structural defects of the anchoring fibrils that normally
Epidermolysis bullosa (EB) comprises a heterogeneous ZZ?:;; zt_lie basement membrane to the underlying

group of inherited blistering skin diseases with widely
varying degrees of severity.! Recessive dystrophic
(RD)EB is an autosomal recessive disease producing
severe blistering beneath the lamina densa of the
dermoepidermal junction. It is caused by mutations
on both alleles of the COL7A1 gene, resulting in

Severe generalized RDEB (RDEB-SG), which was
previously known as the Hallopeau-—Siemens type of
RDEB, is generally caused by a combination of
premature termination codon mutations resulting
from nonsense, frameshift or splice-site mutations on
both COL7A1 alleles. These mutations lead to either
nonsense-mediated decay of the mRNA, or to truncated
polypeptides that are unable to assemble into functional
Osaka University Graduate School of Medicine, 2-2 Yamadaoka, Suita city, anchoring fibrils. Less severe forms of RDEB, called
Osaka 565-0871, Japan ' ' RDEB-generalized other (RDEB-GO), are often caused by
E-mail: tamai@gts.med. osaka-u.ac.jp compound heterozygous mutations such as one pre-
mature termination codon mutation and one missense
mutation. As a result, full-length type VII collagen
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polypeptides can be synthesized from the allele with the
missense mutation, but the substituted amino acid affects
the stabilization of the anchoring fibrils by disulfide
bonding, or results in other structural changes.*®

Because the skin fragility in RDEB is often followed by
delayed wound healing and scarring, pregnant women
with RDEB (or their carers) may be concerned about
vaginal delivery because of the possibility of severe
genital blistering and scar formation. However, caesar-
ean section is not a straightforward alternative in
patients with RDEB because there may be erosions on
the back that interfere with spinal anaesthesia, or
blisters/scarring in the mouth and upper airway that
compromise the safety or practicality of general anaes-
thesia. Guidelines for best practice and indeed sensible
advice for the management of pregnancy and childbirth
in RDEB are currently lacking. Moreover, only three
previously published reports have addressed pregnancy
and delivery in RDEB.'?7 We report three further
women with RDEB who had safe pregnancies and
vaginal deliveries.

Case reports

All three patients were Japanese, and all had been
monitored since birth. All three had generalized cuta-
neous blisters and scars at sites of minimal trauma that
had occurred since birth. Their fingers had adhered to
each other, resulting in pseudosyndactyly. Their nails
were deformed and some nail plates were lost.

Figure 1 Patient 1. Several days after
delivery: (a) anterior and (b) posterior
views showing extensive cutaneous
blisters.

© The Author(s)

Pregnancy and childbirth in RDEB e T. Hanafusa et al.

Patient 1

This patient had cutaneous blisters present from birth,
and over the years, many generalized cutaneous
blisters, erosions, ulcers and scars had developed as
a result of gentle mechanical trauma (Figs 1a,b). The
molecular diagnosis of RDEB-GO was based on the
detection of two compound heterozygous COL7A1
mutations, ¢.8644G>A (p.Glu2882Lys) and ¢.8569G>T
(p.Glu2857X), resulting in abnormal type VII collagen
production. The first mutation is a missense mutation
inherited from the patient’s mother, and the second is a
nonsense mutation inherited from her father.

The patient became pregnant at the age of 30 years.
Pregnancy was confirmed by ultrasonography examin-
ation, and during gestation, there were no major
complications or abnormalities related to the preg-
nancy. After 36 weeks and 6 days of gestation, the
patient was admitted because of severe general fatigue
and inability to manage her skin lesions by herself at
home. She had no genital mucosal ulcers, but the
number of skin ulcers around her lower abdomen had
increased as it became distended in pregnancy.

On admission, the patient had a poor appetite and she
had not been gaining weight during the latter part of
her pregnancy. Laboratory investigations revealed the
following: haemoglobin 9.0 g/dL (normal range 12.0-
15.0 g/dL), albumin 2.5 g/dL (3.6~4.7 g/dL), cholin-
esterase 1018 U/L (2700-5600 U/L), total choles-
terol 105 mg/dL (150-220 mg/dL), iron 30 mg/dL
(41-127 mg/dL), prothrombin international normalized
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ratio 1.35 (0.85-1.15), white cell count 7040/mm>
(3300-9400/mm?>), C-reactive protein 4.6 mg/dL
(£0.2mg/dL), and platelets 34.5 x 10*/mm’
(13.0-32.0 x 10*/mm?®). The patient’s Birmingham
Epidemolysis Bullosa Severity (BEBS) score was 19.0.%
Nevertheless, the growth of the fetus was normal.

On the estimated date of delivery (full term), the
patient delivered a healthy boy by vaginal delivery with
episiotomy. The baby was 2508 g (=1.6 SD) in weight,
and had no signs of EB on his skin or mucous
membranes.

The mother did not develop any major cutaneous or
vaginal ulcers, and the total course of her delivery was
similar to that of a woman without RDEB. The
episiotomized perineum healed normally, and there
was no stenosis of the patient’s vagina. We advised her
not to breastfeed the baby because his suckling might
have caused new blisters on her breasts. The mother
had no aftereffects of delivery, and the child developed
normally.

Patient 2

The second patient had many generalized cutane-
ous blisters present since birth (Fig. 2), and the
clinical diagnosis of RDEB-GO was confirmed by
detection of compound heterozygous COL7A1 muta-
tions, ¢.7741G>A (p. Gly2581Arg) and c.8329C>T
(p. Arg2777X), resulting in abnormal type VII colla-
gen production.

The patient was 27 years old when she became
pregnant, which was confirmed by ultrasonography
examination. She had no genital mucosal ulcers, but
she was admitted to our hospital for 2 weeks at
19 weeks gestation because of severe lower abdominal

pain induced by a threatened miscarriage. However, the
symptoms abated after bed rest and administration of
ritodrine and cefotiam. The growth of the fetus was
normal. The patient was admitted to our hospital at
38 weeks and 5 days of gestation in preparation for
delivery. Her BEBS score was 11.6.

On the estimated date of delivery, labour pains
started, and on the next day, a healthy boy, 2884 g
in weight, was delivered vaginally after episiotomy.
Significant bleeding accompanied the delivery, which
almost induced hypovolaemic shock, but which settled
after rapid infusion of intravenous fluids.

The mother's episiotomized perineum healed nor-
mally and there was no stenosis of her vagina. As there
were no skin blisters around the breast, we encouraged
her to breastfeed her baby. Breastfeeding was not
associated with blistering of the nipples or areolae; she
continued breastfeeding for 3 months and the baby
developed normally.

Two years later, in 2002, the patient became
pregnant for the second time. In week 27 of gestation,
mild anaemia was detected, with haemoglobin levels of
9.9 g/dl. Intravenous administration of iron main-
tained the patient’s haemoglobin levels. No significant
genital mucosal lesions or scar-induced stenosis were
noted before the birth, and the growth of the fetus was
normal. On the estimated date of delivery, the patient
was admitted to our hospital, and a healthy girl
weighing 3108 g was delivered vaginally after episiot-
omy. The patient did not develop any major cutaneous
or vaginal erosions or scarring during the subsequent
follow-up period she breastfed her second baby for
3 months as well.

Figure 2 Patient 2. Abdomen with extensive blistering at the
time the patient’s first pregnancy was confirmed.

Figure 3 Patient 3. Posterior view taken 3 years after delivery;
no cutaneous adverse events were seen.

© The Author(s)
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Table 1 Summary of RDEB pregnancies.
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Ref. Phenotype  Genotype Complications Delivery method ~ Adverse events
Bianca et al.’ RDEB-SG €.8441-14del21 Genital mucous lesions, fetal Caesarean Blistering around
growth retardation, premature caesarean scar
rupture of membranes
Baloch et al.? RDEB Unknown None Vaginal None
RDEB Unknown Strong fear of vaginal delivery Caesarean None
Buscher et al.” RDEB-SG Unknown Mild anaemia, polyhydramnios Vaginal (twice) None
Present study
Patient 1 RDEB-GO €.8644G>A and ¢.8569G>T  Severe general fatigue, Vaginal None
moderate anaemia
Patient 2 RDEB-GO c.7741G>A and ¢.8329C>T
First delivery Threatened spontaneous Vaginal Much bleeding
abortion
Second delivery Slight anaemia Vaginal None
Patient 3 RDEB-GO Unknown Moderate anaemia, HCV carrier ~ Vaginal None

HCV, hepatitis C virus; RDEB, recessive dystrophic epidermolysis bullosa; RDEB-SG, RDEB—severe generalized; RDEB-GO, RDEB-generalized

other.

Patient 3

The third patient also had many generalized cutaneous
blisters since birth (Fig. 3), and had been diagnosed
with RDEB-GO based on her clinical and skin biopsy
findings but without genetic testing. She was a carrier of
the hepatitis C virus.

At the age of 21 years, pregnancy was confirmed by
ultrasonography examination. The number of skin
ulcers around patient’s lower abdomen increased during
the pregnancy, but no genital mucosal ulcers occurred;
however, she was admitted to hospital for several weeks
to treat the skin ulcers. She was found to have moderate
anaemia, with a haemoglobin level of 9.0 g/dL at
10 weeks of gestation, and received an iron preparation.
Her BEBS score was 12.5. and the growth of the fetus
was norrmal.

At 39 weeks and 6 days, a 2996 g healthy boy was
delivered vaginally. The baby had no signs of EB on his
skin or mucous membranes. The patient did not develop
any major cutaneous or vaginal ulcers, and there was
no scarring noted in subsequent follow-up. In this case,
we recommended avoidance of breastfeeding because of
skin ulceration and pain around the nipple.

Discussion

We report three women with RDEB-GO who each had
successful vaginal delivery to give birth to healthy
children who had no signs of skin fragility. Of note, all
three women were engaged in sexually active relation-
ships, emphasizing that this form of mechanobullous
disease is not necessarily an impediment to regular
vaginal intercourse. As shown in the summary of RDEB

© The Author(s)

pregnancies, including our cases reported here
(Table 1), caesarean section was selected only in two
previously reported cases, because of presence of genital
blistering or a strong fear of the potential complications
that might follow vaginal delivery. Surprisingly, how-
ever, for those women who underwent vaginal delivery,
there were no major adverse sequelae such as vaginal
stenosis, even in an individual with RDEB-SG,” suggest-
ing that the genital mucosa in RDEB can withstand
vaginal delivery.

In general, caesarean section may be indicated for
pregnant women with a history of previous caesarean
section or dystocia, or in cases of fetal distress or breech
presentation. It may also be indicated for women with
placenta praevia, severe pre-eclampsia, eclampsia or
active genital herpes simplex virus infection.” Medical
considerations for caesarean section may also include
heart failure, which could be relevant in RDEB, as the
disease can be associated with dilated cardiomyopathy,
and therefore careful assessment of cardiac function is
advisable.*® None of our three patients had any general
obstetric indications for caesarean section, although all
presented with slight or moderate iron-deficiency anae-
mia, a common complication in RDEB.*! Heart function
was assessed and deemed normal in all cases, and none
presented with any local contraindication to vaginal
delivery such as any pre-existing genital mucosal ulcers

" or blisters. Taken together, our three cases suggest that
vaginal delivery can occur safely in patients with RDEB
in the absence of any other obstetric or medical
contraindications or concerns.

Another possible issue for mothers with RDEB is
whether breastfeeding is appropriate, given the possi-
bility of inducing significant blistering.” However, our
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second patient breast-fed without adverse conse-
quences, suggesting that it may not be necessary to
avoid breastfeeding if there are no pre-existing skin
lesions around the breasts or nipples.

Conclusion

We report three cases of successful vaginal delivery for
childbirth in pregnant mothers with RDEB-GO.
Although further cases will add to the clinical experi-
ence and help refine the advice, our observations
indicate that pregnancy, vaginal delivery and breast-
feeding are not specifically associated with major
problems or sequelae in women with RDEB-GO.
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Morphea on the Breast after a Needle Biopsy

Noriko Arase, M.D., Ph.D., Ken Igawa, M.D., Ph.D., Satoko Senda, M.D., Mika Terao, M.D., Ph.D.,
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Localized scleroderma (morphea) usually develops spon-
taneously, but the precise mechanisms underlying disease
development are obscure. However, a significant number of
cases suggest that morphea is induced by external stimuli.
Herein, we report a case of morphea that developed after a
needle biopsy. (Ann Dermatol 23(S3) S408~ 5410, 2011)
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INTRODUCTION

Localized scleroderma (morphea) usually develops
spontaneously. However, a significant number of reports
suggest that external stimuli can induce morphea.
Although trauma is reported as a morphea trigger, the
mechanism has remained unclear. Herein, we report a
case of morphea that developed after a needle biopsy and
discuss the mechanisms underlying these phenomena.

CASE REPORT

A 35-year-old Japanese female noticed a small breast
tumor and underwent a needle biopsy examination. Three
months later, she found an eggsized, slightly itchy
erythema on her left breast, around the needle biopsy
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scar. Subsequently, two walnut-sized erythemas developed.
A topical steroid was ineffective. Within a few months, the
erythema inflammatory reaction gradually attenuated but
sclerotic plaques with slight pigmentation remained. A
similar progressing sclerotic plagque had also developed
on her right upper arm. She was referred to our hospital
with the complaint of these sclerotic plagues.

A physical examination revealed an oval sclerotic plague
and two small round sclerotic plaques on her left inner
breast (Fig. 1A). An oval sclerotic plaque was observed on
her upper right arm (Fig. 1B). No physical findings relevant
to systemic sclerosis such as Raynaud’s phenomenon,
sclerodactyly, or internal organ dysfunction was observed.
A histopathological examination of the biopsy specimen
from the sclerotic lesion on the upper arm showed a
thickened reticular dermis consisting of closely packed,
homogenous collagen bundles. A significant number of
mononuclear cells had infiltrated the lower dermis (Fig.
10). Alpha-smooth muscle actin-positive cells had
increased significantly in the lower dermis (Fig. 1D).
Laboratory data including various auto-antibodies were
normal. From these findings, the patient was diagnosed
with morphea developing after a needle biopsy.

This patient was successfully treated with oral admini-
stration of both suplatast tosilate and tranilast, as well as
topical tretinoin tocoferil. Six months later, the first
sclerotic lesion on the left inner breast had improved.
Other sclerotic lesions on her breast and right arm had
completely disappeared.

DISCUSSION

Several studies have suggested that morphea begins with
unidentified antigens interacting with the host immune
system. Both endogenous and exogenous factors cited
previously may influence the disease. Several external
stimuli participate in morphea pathogenesis , including
trauma or operative stress', irradiation®*, infections (viral
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