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A fragment of secreted Hsp90a. carries
properties that enable it to accelerate
effectively both acute and diabetic
wound healing in mice
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Wounds that fail to heal in a timely manner, for example, diabetic foot ulcers, pose a health, economic, and
social problem worldwide. For decades, conventional wisdom has pointed to growth factors as the main driv-
ing force of wound healing; thus, growth factors have become the center of therapeutic developments. To
date, becaplermin (recombinant human PDGF-BB) is the only US FDA-approved growth factor therapy, and
it shows modest efficacy, is costly, and has the potential to cause cancer in patients. Other molecules that drive
wound healing have therefore been sought. In this context, it has been noticed that wounds do not heal with-
out the participation of secreted Hsp90c.. Here, we report that a 115-aa fragment of secreted Hsp90c. (F-5) acts
as an unconventional wound healing agent in mice. Topical application of F-5 peptide promoted acute and
diabetic wound closure in mice far more effectively than did PDGF-BB. The stronger effect of F-5 was due to
3 properties not held by conventional growth factors: its ability to recruit both epidermal and dermal cells;
the fact that its ability to promote dermal cell migration was not inhibited by TGF-f}; and its ability to over-
ride the inhibitory effects of hyperglycemia on cell migration in diabetes. The discovery of F-5 challenges the
long-standing paradigm of wound healing factors and reveals a potentially more effective and safer agent for

healing acute and diabetic wounds.

Introduction
According to the Wound Healing Society, about 15% of older adults
in the US suffer from chronic wounds, including predominantly
venous stasis ulcers, pressure ulcers (bedsores), and diabetic (neuro-
pathic) foot ulcers (1, 2). Every year 2 to 3 million more Americans
are diagnosed with various types of chronic wounds. For instance,
an estimated 18% of diabetic patients over the age of 65 in the US
have nonhealing foot ulcers (3). In this particular patient popu-
lation, the number of wound infection-caused leg amputations
is approaching 100,000 per year. Worldwide, it is estimated that
a lower limb is lost every 30 seconds as result of diabetic wound
infection (2). The surgical procedure, hospitalization, and after-
math of wound care can cost US taxpayers $100,000 per patient
(in a 24-month period) and, not to mention, compromise quality
of the patients’ lives. The collective health care cost of the various
chronic wounds exceeds $25 billion annually, a rapid increase due
to increasing health care cost, an aging population, and a rise in the
incidence of diabetes and obesity in the US. On top of the above,
the continued lack of effective treatments of chronic wounds has
further contributed to the scope of this devastating problem.
Since the discovery of the first growth factor in the late 1970s, it
has become conventional wisdom that locally released growth fac-
tors in an injured tissue constitute the main driving force to heal the
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wound (4, 5). Specifically, under this assumption, growth factors
are responsible for promoting the lateral migration of epidermal
keratinocytes to close the wound, the inward migration of dermal
fibroblasts to remodel the damaged tissue, and migration of micro-
vascular endothelial cells to rebuild vascularized neodermis in the
wounded space (6, 7). Since the first report of the EGF clinical trial
on wound healing in 1989 (8), more than a dozen growth factor
trials have been conducted. The list includes (a) EGF on partial-
thickness wounds of skin grafts (8), on traumatic corneal epithelial
defects (9), on tympanic membrane with chronic perforation (10),
and on advanced diabetic foot ulcers (11, 12); (b) bFGF on partial-
thickness burn wounds of children (13), on second-degree burns
(14), and on diabetic ulcers (15); (c) acidic FGF on partial-thick-
ness burns and skin graft donor sites (16); (d) GM-CSF plus bFGF
on pressure ulcers (17); and () PDGF-BB on chronic pressure and
diabetic ulcers (18-22). Despite the fact that most of these double-
blinded trials reported promising clinical efficacies in humans, only
the human recombinant PDGF-BB has received US FDA approval
for treatment of limb diabetic ulcers (Regranex, becaplermin gel
0.01%, Ortho-McNeil Pharmaceutical) (20). After its approval in
1997, multicenter, randomized, parallel trials showed that becapl-
ermin, at 100 ug/g of PDGF-BB, improved, at best, 15% of com-
plete wound closures (50% treated versus 36% placebo) (19-22).
These results are not considered to be a cost-effective benefit for
clinical practice (23, 24). In 2008, the US FDA added a black box
warning regarding increased risks for cancer mortality in patients
who need extensive treatments (>3 tubes) of becaplermin gel. This
significant side effect may not be surprising to cancer researchers,
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Figure 1

F-5 peptide retains the full promotility activity of full-length Hsp90a.. (A) A schematic representation of 7 human Hsp90a. proteins/peptides (wild
type and mutants). Each cDNA fragment by PCR was subcloned into pET15b and expressed in BL-21 bacteria, according to the manufacturer’s
protocol. Protein was sequentially purified by Ni* column and finally FPLC, prior to in vitro motility assays and in vivo wound healing assays. (B)
A Coomassie Blue-stained SDS-PAGE gel to show the proteins after FPLC (~3 ug/lane). The first lane on far left is molecular weight markers.
Mr, molecular weight. (C—F) Data of colloidal gold migration assay of serum-starved HDFs in response to PDGF-BB (15 ng/ml) and the full-length

and the various fragments of Hsp90a., with the indicated concentrations,

are presented. The negative results of F-1, F-3, and F-4 are not shown.

Only the migration index (see ref. 38) of the migration experiments (n = 4, *P < 0.05) is shown. Similar results were observed when in vitro wound

healing scratch and the transwell assays were used. FL, full length.

since it was already known, years before the FDA approval of beca-
plermin gel, that overexpression of PDGF-BB (c-sis) or autocrine of
its viral form, v-sis, will cause cell transformation (25), and yet the
recommended dosage of PDGF-BB in becaplermin gel is more than
1,000-fold higher than the range of the physiological PDGF-BB
levels in human circulation (26).

So, what was against the conventional wisdom? Initially, in an
entirely isolated study of ours, we noticed that FBS or its equivalent
has been widely used in studies of human skin cells and wound
healing. However, these human cells are never in contact with FBS
in reality, instead they are bathed in human serum in the wound.
We challenged the assumption that FBS and human serum share
completely interchangeable factors for human skin cell migration.
Results of our experiments showed that, while FBS equally stimu-
lated migration of human epidermal and dermal cells, human
serum only promoted human keratinocyte (HK) migration and
halted human dermal fibroblast (HDF) and human microvascular
endothelial cell HDMEC) migration (27, 28). We further identified
TGF-B3 (not TGF-B1 or TGF-P2) in human serum that was respon-
sible for the inhibitory effect of human serum on migration of the
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human dermal cells, which express 7- to 18-fold higher levels of the
type II TGF-f receptor (TPRII) than human epidermal keratino-
cytes (28). In this case, however, TGF-f33 is no troublemaker; instead
it controls the “traffic” of the epidermal and dermal cell migration
to ensure a speedy and proper closure of the wound (28). An impor-
tant implication of these findings is that the conventional growth
factors, such as PDGF-BB for dermal fibroblasts and VEGF-A
for endothelial cells, may not be able to do the job, as they were
hoped, in human wounds, because of the copresence of TGF-f33.
We speculated that the source of the molecule driving the wound
closure comes from secreted proteins by human skin cells at the
wound edge in response to the injury. Protein purification allowed
us to discover a novel wound healing-promoting factor, the secreted
form of Hsp90a, from both HDFs and HKs (29, 30). It is now clear
that normal cells do not secrete Hsp90a. in the absence of tissue
stress (31). However, when the cells encounter pathophysiological
conditions, such as cancer (32), or stress cues from the environment,
including hypoxia (29), heat shock (33, 34), reactive oxygen species
(35), gamma-irradiation (36), or tissue injury-released cytokines (30),
they respond by sending out, via the unconventional exosome path-
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Figure 2

F-5 is superior to FDA-approved becaplermin/PDGF-BB in acute wound healing. Full-thickness skin wounds (1 cm x 1 cm) in athymic nude mice
were treated with either placebo (10% CMC gel) or the gel containing an optimized concentration of (A) full-length Hsp90«, (B) F-2, (C) F-5,
(D) F-6 (n = 3 mice per peptide, per experiment), or (E) becaplermin (100 ug/g of PDGF-BB). Plus signs indicate treated mice, and minus signs
indicate placebo mice. The images of 1 representative experiment are shown.

way (31), their abundantly stored Hsp90a. for tissue repair or tissue
invasion (tumors). In this study, we take secreted Hsp90a on wound
healing to what we believe to be a new preclinical level by system-
atically analyzing secreted Hsp90a. treatment versus FDA-approved
conventional growth factor treatment of acute and diabetic wounds
in mice. More importantly, we provide 3 mechanisms to explain why
a 115-aa fragment from secreted Hsp90a. (F-5) may represent the
bona fide driving force for the initial wound closure and a new gen-
eration of treatment for diabetic wounds.

Results

Identification of a minimum promotility epitope in secreted Hsp90a, within
its linker region and middle domain. In order to gain further insights
into how secreted Hsp90a. heals wounds, we attempted to identify
the minimum size of the therapeutic peptide in secreted Hsp90a.
that still retains the full promotility activity of the full-length
Hsp90a in vitro and its full capability of promoting wound heal-
ing in vivo. Deletion mutagenesis, as schematically summarized
in Figure 1A, was used to obtain the various fragments of human
Hsp90a largely according to its previously defined domains
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(37). Recombinant proteins were produced in the pET15b pro-
tein expression system, purified sequentially by Ni* affinity col-
umn chromatography and fast protein liquid chromatography
(FPLC), and confirmed on SDS-PAGE (Figure 1B). In cell motility
assays, with full-length Hsp90a and PDGF-BB as positive controls
(Figure 1C), we found that F-2 (Figure 1D) and F-5 (Figure 1E)
stimulated HDF migration as effectively as the full-length Hsp90a.
protein (Figure 1C), although higher concentrations of F-2 and
F-5 were needed. However, as the 115-aa F-5 fragment continued
to shorten, we observed declines in promotility activity in those
peptides. For instance, the 54-aa peptide, F-6, showed a signifi-
cantly reduced promotility activity (Figure 1F). The F-1, F-3, and
F-4 peptides, which represent the N-terminal, middle (alone), and
C-terminal regions of Hsp90a, respectively, showed low or little
stimulation of cell migration. Note that we initially reported a
moderate promotility activity from both the middle and C-termi-
nal domain fragments on HKs (30), which now appears to be due
to differences in protein purity between that and the current study.
Moreover, the current results were confirmed in 3 independent
cell migration assays: (a) the colloidal gold migration assay that
November 2011
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(PDGEF-BB), in athymic hairless mice.
The primary reasons to choose athy-
mic hairless mice are (a) to minimize
the host innate immune response
to a human peptide and, therefore,
immune response-caused wound con-
traction and (b) to minimize the effect
of inflammatory response after the
injury and to detect the specific effect
of a topically applied peptide. We first
carried out large-scale screening tests
(4 concentrations of each peptide) in
mice to identify the optimal concentra-
tion for each peptide that showed the
strongest promotion of full-thickness
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started showing a dramatic decline in
promoting wound healing (Figure 2D).
Nonetheless, these in vivo results are
consistent with their in vitro promo-
tility activities. To our surprise, we
found that the becaplermin gel treat-
ment showed limited acceleration of
the acute wound closure (Figure 2E).
Computer-assisted planimetry of 3

12%:5%
T 22%29%

®F-5
¥ Becaplermin

A 100 100
90 — |:| Placebo 904
32%z214% [+ FL Hsp9oo 34%x9%
< 80— o < 80— Eod
o o
T 707 sgsge, Overal:49% S 707
S 60— S 60
o o
= 50 — = 50—
S 404 * 58%2x10% S 40
C ! i c
8 30+ 53%27% 8 30
o [ >
o 20— 65%x11% 0. 20—
* O
10 — 10
—Day 0 Day 4 Day 7 Day 10Day 12 Day 14
C D
100 — O 100 —
Placebo
904 48%:7% [+ F-s © 90+ 21%:20%
© 80 - 7 o 80 l |
= ! © ’
S _ . -
5 70 58%20% Overall: 63% e 70
S 60— 1 3 60—
e 2
= 50 5 50—
o =
% 40 — 71‘%;33% qc) 40 -
8 30 L S 30
) i o
a | 69%:11% _
20 ‘ 67%:9% 20
10 — « T | 10
_DayO Day 4 Day 7 Day 10 Day 12 Day 14
E 100 F
] 6%7% [ ]Placebo 100
90 ‘ - Becaplermin g
— T (]
g & - & go- "
& 70 — 1%26% Overall: 21% o y
ko] !r»:1: et .
§ 60 ' S 60
2 50 5
5 40 £ 0]
c | ©
8 30 = £
g 30 * 35%z1 4"/5 oo, 2D 20
o 20 — ! j ?_{9?6 %o o -
* i
10 *
| || I
Day 0 Day 4 Day 7 Day 10 Day 12 Day 14 0 °
Figure 3

Measurements of F-5 versus becaplermin in acute wound healing. (A—E) Percentage of the acceler-
ated wound closure at days 0, 4, 7, 10, 12, and 14 after treatments of the various Hsp90a. fragments
or becaplermin versus placebo (mean + SD). (F) A single treatment with F-5 shortened the wound
closure time from 17 days to 10 days. *P < 0.05, compared with placebo.

detects migration of individual cells; (b) the in vitro wound healing
(scratch) assay that measures migration of a cell population; and
(c) the transwell assay that tests 3-dimensional chemotaxis (38).
Similar results were also obtained from cell migration assays with
HKs and HDMEC:s (see below). Thus, we conclude that F-5 is the
smallest peptide that retains an equivalent promotility activity as
the full-length Hsp90a. protein.

F-5 fragment of Hsp90o. accelerates acute wound closure more strongly
than becaplermin/PDGF-BB in mice. Next, we tested how these pep-
tides translate their in vitro promotility activity to in vivo wound
healing capability. In these experiments, we compared them with
the only FDA-approved growth factor therapy, becaplermin gel
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10 15 20 independent experiments confirmed a

superior effect of the Hsp90a: peptides
to that of becaplermin gel in promot-
ing acute wound closure (Figure 3).
When promotion of wound closure
was compared on the same day, it was
observed that F-5 showed the stron-
gest effect (Figure 3C vs. Figure 3,
A and B). F-6 (Figure 3D) and beca-
plermin gel (Figure 3E) showed a comparable, but significantly
smaller, effect than the full-length Hsp90a, F-2, and F-5. Using
the previously described methodology (39), we also estimated the
percentage of the unhealed areas of the F-5-treated wounds ver-
sus that of placebo-treated wounds on each day over that of the
wounds on day 0. F-5 treatment shortened the time of complete
wound closure from approximately 17 days (placebo) to 10 days
(Figure 3F). We examined the possibility that multiple treatments
would further shorten the time of complete wound closure. How-
ever, repeated treatments of the wounds with F-5 did not show sig-
nificant advantage over a single treatment. The possible reasons,
albeit technical, will be discussed (see Discussion).
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Figure 4

F-5 promotes reepithelialization of the wound. On day 7, wedge biopsies of full-thickness wounded skin (i.e., including a portion of unwounded
skin), with either (A) placebo or (B) the F-5 peptide treatment, were H&E stained and photographed under a light microscope. Independently pho-
tographed images with identical magnifications were reconstituted to show the unhealed areas of the wounds. Red dotted lines indicate unhealed
wound space. Yellow dotted lines mark the newly reepithelialized epidermis. Green lines with arrows point out unwounded skin areas. The fronts
of newly reepithelialized epidermis were enlarged, as shown in higher-magnification images. Scale bars: 0.33 mm; 0.01 mm (left and right).

It is arguable that mouse skin wounds heal largely via contrac-
tion, due to the nature of loose skin with dense hair follicles.
Whereas, human skin wounds heal through lateral migration of
keratinocytes, i.e., reepithelialization, followed by inward migra-
tion of the dermal cells (40). To examine F-S-treated wounds,
wedge biopsies of the day 7 wounds were subjected to H&E stain-
ing, microscopic analyses, and measurements. The boundary
between unwounded skin and newly healed skin is marked with a
green arrow (Figure 4). The F-5-treated wound (Figure 4B) showed
a much smaller, unhealed area overall in comparison with that of
the placebo-treated wound (Figure 4A, dotted red lines). Moreover,
the F-5-treated wound exhibited substantially more reepithelial-
ization than the placebo-treated wound (Figure 4, dotted yellow
lines). The reepithelialized tongue (ReT) can be clearly visualized
in the enlarged images on both ends. These results suggest that
promotion of reepithelialization is a mechanism of action by F-5.

F-5 is superior to becaplermin gel/PDGF-BB in promoting diabetic wound
healing. A critical question is whether F-5 promotes chronic wounds
as well. Among the 3 major types of chronic ulcers, pressure,
venous, and diabetic ulcers, animal models are only available for
studying wound healing in diabetes-equivalent conditions. Among
a handful of murine models for diabetes, the db/db mouse is a com-
monly used model for type II diabetes, with a plasma glucose level
of 300-500 mg/dl by 6 to 8 weeks of age (in humans, >180 mg/dl
is diabetic hyperglycemia). These mice were reported to take more
than 50 days to heal a 1.5 cm x 1.5 cm full-thickness wound, in
comparison with 20 days of similar wounds in normal littermates
(41). Moreover, healed wounds in db/db mice show a considerably
higher degree of reepithelialization rather than wound contraction
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than that of nondiabetic mice (42). Therefore, we tested whether F-5
promotes diabetic wound healing using the db/db mouse model. A
single treatment with F-5 on day 0 led to a complete closure of the
wounds between the 14th and 18th days (Figure 5A, left column),
in comparison with approximately the 35th day closure of placebo-
treated wounds (Figure SA, right column). Two ways of measuring
by computer-assisted planimetry were used to quantify the effec-
tiveness of F-5. When wound closure was compared on each given
day in reference to their own day 0 control wound, as shown in
Figure 5B, a 50%-90% faster rate of wound healing was recorded
for F-5 treatment over that of the placebo. When percentages of the
wound closure on different days were calculated from those of the
wounds on day 0, as shown in Figure 5C, F-5 shortened the time
of wound closure from approximately 35 days to 14 to 18 days.
H&E staining of the day 14 wounds revealed that F-S treat-
ment promoted a greater degree of epidermal reepithelialization
(Figure SE) over that of placebo treatment (Figure 5D), in which
ReT could be clearly seen from the enlarged images at both ends.
These results show that F-5 has an even more prominent effect on
diabetic wounds than acute wounds.

To confirm the H&E results and, moreover, to analyze the
endothelial cell (blood vessel formation) and myofibroblast
(wound contraction) activities in wounds treated with either pla-
cebo or F-5, we carried out immunostaining assays with 3 anti-
bodies. Anti-pan keratin antibody staining clearly revealed the
ReT (Figure 6A, red lines and arrows, left panels). Anti-PECAM-1
antibody staining of the newly healed tissue showed that there
was little detectable difference in the numbers of endothelial cells
and blood vessels (Figure 6A, arrows) between placebo-treated
Volume 121
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Figure 5

F-5 shortens the time in promoting diabetic wound closure by two-third. (A) Full-thickness excision wounds (1.2 cm x 1.2 cm) were created on
the backs of db/db mice and treated with either placebo (10% CMC gel) or the same gel containing an optimized concentration of F-5 (~1 mM)
(n =3 mice per group, per experiment). The images of 1 out of 4 representative experiments are shown from day 0 to the day of complete closure
of F-5—treated wounds. (B) Percentage of the accelerated wound closure on days 0, 5, 10, 14, and 18, with or without F-5 treatment (mean + SD).
*P < 0.05. (C) A single treatment with F-5 on day 0 shortened the wound closure time from 35 days to 14 to 18 days. *P < 0.05, compared with
placebo. (D and E) H&E-stained sections of day 14 full-thickness wounds with either (D) placebo or (E) F-5 treatment were analyzed. Inde-
pendently photographed images with identical magnifications were reconstituted to show the unhealed areas of the wounds. Red dotted lines
with arrows indicate unhealed wound space. Yellow dotted lines mark the newly reepithelialized epidermis. The front of newly reepithelialized
epidermis was enlarged to show ReT. Note that since the size of the wound biopsy was the same as that of the original wound (1.2 cm x 1.2 cm),
we did not expect to visualize any significant portion of the unwounded skin from the H&E staining. Scale bars: 0.25 mm (D and E, center); 0.063 mm

(D and E, left and right).

wounds and F-5-treated wounds, suggesting that F-5 does not
cause any excessive recruitment of endothelial cells to the wound
(Figure 6A, middle panels). Interestingly, anti-SMA antibody
staining of the wounds showed visibly fewer myofibroblasts in
F-5-treated wounds than in the placebo-treated wounds (Figure 6A,
circles, right panels). These data suggest that F-5 promotes dia-
betic wound healing not by abnormally increasing wound angio-
genesis or wound contraction.

While PDGE-BB was reported to cause little improvement in
acute wound healing in mice (43), it accelerates wound healing in
db/db mice (39). Therefore, we made a side-by-side comparison of
placebo, F-5, and becaplermin on full-thickness wound healing
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in db/db mice. While becaplermin gel is recommended for daily
use on diabetic ulcers in humans, we continued to use it with our
single treatment protocol for the reasons previously mentioned
(also see Discussion) and measured the rate of the wound closure
for up to 18 days. The F-5-treated wounds showed complete clo-
sure between 14 and 18 days (Figure 6B, left panels). The place-
bo-treated wounds healed at a much slower rate, with more than
25% unhealed area on day 18 (Figure 6B, middle panels). Becapler-
min gel treatment caused faster wound closure than the placebo
(Figure 6B, right panels). However, the effect of becaplermin
gel was substantially weaker than that of F-5, with a significant
unhealed area on day 18. Quantitation of the data from 3 inde-
Volume 121~ Number 11
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pendent experiments is shown in Figure 6C. We conclude that F-5
is a more effective agent for both acute and diabetic wounds than
conventional growth factor therapy in mice.

Three unique properties of F-5 — a common motility factor, a TGF-B—
resistant factor, and a hyperglycemia-resistant factor — and all absent
from conventional growth factors. Having demonstrated the superior
effect of the F-5 fragment in secreted Hsp90a over that of FDA-
approved conventional growth factor therapy on both acute and
diabetic wound healing, we asked what made F-5 more effective
than conventional growth factors, such as PDGF-BB. First, we
reasoned that, ideally, a single factor-based wound healing agent
should be a molecule that is able to recruit both epidermal and
dermal cells into the wound bed. In contrast, if an agent only
selectively acts on some, but not all, the skin cell types, it might be
less effective in the wound healing process that requires multiple
cell types of wound healing. Thus, we analyzed the effect of F-5
on migration of the 3 major human skin cell types, HKs, HDFs,
and HDMECs. In the absence of any stimulus, all 3 types of skin
cells exhibited limited levels of motility (Figure 7A, first column).
Interestingly, PDGF-BB was only able to promote migration of
HDFs but not HKs or HDMECs (Figure 7A, second column). In
contrast, F-5 was able to promote migration of all 3 types of cells
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A single treatment with F-5 on day
0 shortened the wound closure
time from approximately 35 days
to 14 days. *P < 0.05, compared
with placebo.

5 10 15 20
Time after wounding (days)

(Figure 7A, third column). A computer-assisted quantitation of
the cell migration is shown in Figure 7B (bars 4-9 vs. bars 1-3).
Thus, the first unique property of F-5 is that it is a common pro-
motility factor for skin cells.

What is the molecular basis for the difference between F-5 and
PDGE-BB? We focused on the presence or absence of the receptors
for PDGF-BB (i.e., PDGFRa and PDGFRp) and secreted Hsp90a
(i.e., LDL receptor-related protein-1 [LRP-1]). We found out that
the lack of response to PDGF-BB from HKs and HDMECs was
due to the total absence of both PDGFRa and PDGFR( on these
cells (Figure 7C). As expected, only HDFs expressed the 2 PDGFRs.
In contrast to the selective expression of PDGFRs in HDFs, HKs,
HDFs, and HDMEC:s all express comparable levels of LRP-1, the
receptor for secreted Hsp90a: signaling to promote cell motility
(30, 44). If we extrapolate these in vitro findings to equivalent
wound healing events in mice, it suggests that PDGF-BB cannot
have a direct role in recruitments of HKs for wound reepithelializa-
tion and HDMECs for wound neovascularization.

Second, we have previously shown that TGF-f3 that is present in
human serum (the main soluble environment of an acute wound)
selectively blocks growth factor-induced HDF and HDMEC migra-
tion, due to the higher levels of TBRII expression on these der-
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F-5 is a common promotility factor and overrides inhibition by TGF-f. Primary HKs, HDMECs, and HDFs were serum-starved overnight and
subjected to colloidal gold migration assays and either untreated or treated with indicated growth factors (15 ng/ml of PDGF-BB) or F-5 (2.3 uM)
in the absence or presence of TGF-$3 (1.5 ng/ml). (A) Comparisons of F-5 peptide with PDGF-BB on stimulation of HK, HDMEC, and HDF
migration in either the absence (second and third columns versus the first column) or presence (forth and fifth columns) of TGF-$3). Images of
cell migration from 1 representative experiment are shown. The dotted circles point out the averaged migration tracks under indicated conditions.
The arrows point to cell migration inhibited by the presence of TGF-f33. Original magnification, x40. (B) Migration index of the tracks is shown
(n=3; *P < 0.05, compared with serum-free control). Arrow indicates T3-inhibited cell migration. (C) Lysates of HKs, HDMECs, and HDFs were
analyzed by Western blot with anti-PDGFRa, anti-PDGFR, or anti-LRP-1 antibodies as indicated. Equal sample loading control is indicated

by anti-GAPDH antibody blot.

mal cells than the epidermal cells (28). This finding suggests that
conventional growth factors might not even be able to recruit the
dermal cells to the wound, which contains an abundant amount of
TGEF-f throughout the healing process. Therefore, we tested wheth-
er or not F-5 could override the inhibition of TGF-f to promote
dermal cell migration. In the presence of TGF-$3, the PDGF-BB-
induced migration of HDF was completely inhibited (Figure 7A,
forth column, arrows). Intriguingly, however, even in the presence
of TGF-P3 (Figure 7A, far right column), F-5 remained equally
effective on stimulation of migration of all 3 cell types. Quanti-
tation of these results is shown in Figure 7B (bars 10-15). This
second unique property of F-5 provides another explanation for
why F-5 heals wounds faster than becaplermin.

Third, we asked what made F-5 more effective in promoting dia-
betic wound healing. It is known that all forms of diabetes are char-
acterized by chronic hyperglycemia in circulation, which is blamed
for delayed healing of diabetic wounds (44). Reportedly, hyperglyce-
mia was able to destabilize HIF-1a protein (45), the key regulator of
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Hsp90a secretion in HKs and HDFs (29, 46). We specifically tested
whether hyperglycemia blocks hypoxia-induced HDF motility and
whether F-5 is able to bypass the blockage of hyperglycemia and res-
cue HDF migration. Hypoxia strongly promoted HDF migration
under normal glucose (5 mmol/l) medium, and hypoxia plus F-5
showed a slightly higher stimulation of cell migration (Figure 8A,
top row). However, hypoxia failed to do the same under hyperglyce-
mia (25 mmol/l glucose) (Figure 8A, middle bottom panel). We also
found that hyperglycemia even blocked PDGF-BB-stimulated HDF
migration (data not shown). However, the addition of F-5 “rescued”
the cell migration under hyperglycemia (Figure 8A, bottom right
panel). Quantitation of the migration data is shown in Figure 8B.
This finding provides the third explanation for why F-5 showed a
stronger effect on accelerating diabetic wounds healing.

The secreted Hsp90 action is essential for normal wound healing. We
undertook 2 steps to study the critical question of whether secre-
tion of Hsp90a. in wounds is intrinsically required for wound heal-
ing. First, to prove the universal importance of LRP-1 in mediating
Volume 121~ Number 11
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F-5 rescues cell migration under hyperglycemia. (A) Primary HDFs were cultured in medium containing either 5 mmol/l glucose (normal glyce-
mia) or 25 mmol/l glucose (hyperglycemia) for 2 weeks, serum-starved overnight, and subjected to colloidal gold migration assay under either
normoxia (21% O.) or hypoxia (1% O.) in the presence or absence of F-5 (2.3 uM). Images of cell migration from 1 representative experiment
are shown. The circles point out the averaged migration tracks under the indicated conditions. Original magnification, x40. (B) Migration index
of the cell migration tracks is shown (n = 3; *P < 0.05, compared with serum-free control).

F-S signaling in HKs, HDFs, and HDMECs, we used the lentivi-
ral shRNA delivery system, FG-12, to permanently downregulate
LRP-1 (30, 46). The FG-12 system, as shown in Figure 9A, offered
a more than 95% gene transduction efficiency in these cell types,
as indicated by expression of a GFP gene in the same vector (but
under a CMV promoter) that also carries the shRNA (under a U-6
promoter). This system enabled us to achieve nearly complete
downregulation of LRP-1 proteins in all 3 types of cells (Figure 9B,
lanes 2 vs. lanes 1). In the absence of LRP-1, all 3 types of cells were
no longer able to migrate in response to F-5 stimulation, in compar-
ison with the cells infected with a control empty vector (Figure 9C,
bars 7-9 vs. bars 4-6). The blockage of F-5-induced motility is spe-
cifically due to LRP-1 downregulation, since a mini-LRP-1 recep-
tor was able to rescue the migration of endogenous LRP-1-down-
regulated cells, as we previously reported (30, 46).

The above results provided us with a target, LRP-1, and to further
investigate the importance of the “secreted Hsp90a-LRP-1” signal-
ing in normal (acute) wound healing in vivo, we took advantage of
LRP-1-associated protein (RAP), which binds to the extracellular
domain of LRP-1 and blocks LRP-1 signaling (47). We chose to use
day 5 acute wounds to test the effect of RAP, since (a) the most
prominent effect of F-5 was detected between days 4 and 7 and (b)
the effectiveness of a single treatment may decrease over time. Topi-
cally applied F-5 strongly promoted wound healing in nude mice
by day 5 (Figure 9D, left panels, arrows), consistent with previous
observations. In contrast, the addition of purified RAP protein dra-
matically delayed the naturally occurring acute wound healing pro-
cess (Figure 9D, right panels, arrows). Quantitation of these data is
shown in Figure 9E, which clearly revealed the delayed wound heal-
ing by RAP (Figure 9E, bar 8). This finding indicates that the LRP-1
signaling plays a critical role in normal wound healing.

Discussion

For more than 3 decades, the conventional wisdom has been that
serum factors — collectively called growth factors — represent the
primary force in Mother Nature’s design for wound healing (6, 7, 48).
These often cell-type-specific growth factors either appear only
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when tissue is wounded or rise significantly from their basal concen-
trations in response to injury, such as TGF-a and KGF (FGF7?) for
HKs, PDGF-BB for HDFs, and VEGF-A for HDMECs. Since the mid
1970s, more than 30 growth factors have been subjected to extensive
in vitro, preclinical, and clinical studies alone or in combinations
(5). Despite enormous efforts, in vivo functions for many of these
growth factors remained unconfirmed, and their efficacy in human
trials fell short of providing significant clinical benefits (4, 6). These
rather unexpected statistics argue against the long-standing para-
digm that growth factors are the critical driving force of wound
closure. We speculated that there must be fundamental reasons
underlining the ineffectiveness of conventional growth factors in
wound healing. We have since undertaken 2 mutually complemen-
tary approaches to (a) examine the physiological barriers for con-
ventional growth factor actions and (b) identify a new generation
of wound healing factors. In this study, we have provided several
lines of evidence for why conventional growth factor therapies, such
becaplermin/PDGF-BB, could not have been as effective as they were
hoped to be. First, not all skin cell types express a common receptor
for a given growth factor. For example, HKs and HDMECs com-
pletely lack the PDGFR and, therefore, do not respond to becapler-
min. Second, the abundant presence of the TGF-f family cytokines
throughout the early phase of wound healing blocks any growth
factor-stimulated migration of the dermal cells (note, not epidermal
cells; see ref. 28) and, therefore, their recruitment into the wound bed
(28,49-53). Third, additional pathophysiological conditions, such
as hyperglycemia in diabetes, add layers that block the effectiveness
of growth factors in diabetic wounds (44, 45). More importantly, we
have identified a more effective wound healing agent, F-5, a fragment
from secreted Hsp90a.. In contrast to conventional growth factors,
F-5 equally promotes migration of all 3 types of human skin cells
that are essential for wound healing; F-5 overrides the inhibition of
human dermal cell migration by TGF-f; and F-5 resists hypergly-
cemia to promote cell migration. Topical treatment of acute and
diabetic wounds with F-5 greatly accelerates wound closure through
increased reepithelialization. Based on these findings, we propose a
new paradigm for what drives epidermal and dermal cell migration
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Hsp900—LRP-1 signaling is critical to skin cell migration in vitro and wound healing in vivo. (A) A more than 95% lentiviral gene transduction
efficiency is achieved by lentiviral infection, as indicated by GFP expression in HKs, HDMECs, and HDFs and quantified by FACS analysis.
Original magnification, x40. (B) The same vector-mediated shRNA expression and downregulation of endogenous LRP-1 was confirmed by
anti—-LRP-1 antibody blot (A, C, and E; lanes 2 versus lanes 1). (C) Parental (bars 1-6) and LRP-1—downregulated (bars 7-9) HKs, HDMECs,
and HDFs were subjected to colloidal gold migration assays in response to F-5. The migration was quantitated as migration index (n = 3,
*P < 0.03). (D) Full-thickness skin wounds (1 cm x 1 cm) in athymic nude mice (n = 3 mice per peptide, per experiment) were treated with either the
vehicle containing optimized concentration of F-5 (1 mM) or F-5 plus RAP (0.3 mM) or vehicle alone. Images of 1 representative experiment are
shown here. (E) Percentage of the wound size at days 0 and 5 of F-5— or RAP-treated wounds versus that of vehicle-treated wounds (mean + SD).

*P < 0.05, compared with vehicle-treated.

to close the wound, as schematically shown in Figure 10. Prior to
injury, cell motility remains undetected in intact skin (Figure 10,
step 1). Within hours after skin injury, HKs start to migrate laterally
across the wound (possibly induced by hypoxia-driven Hsp90o. auto-
crine signaling or TGF-a,; see ref. 44) and to secrete Hsp90a.. At the
same time, however, HDFs and HDMECs at the wound edge are not
able to immediately move into the wound bed due to the presence
of TGF-B3 (Figure 10, step 2). Once the secreted Hsp90a. reaches the
threshold concentration of 100 nM (29, 30), it triggers the dermal
cells to migrate into the wound bed from the surrounding wound
edge, even in the presence of TGF-33 (Figure 10, step 3). Finally, the
migrating HKs completely close the wound, and the newly moved-in
HDFs start to remodel the wounded tissue and HDMECs to rebuild
new blood vessels. We propose here that injury-induced secretion of
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Hsp90a, instead of the conventional growth factors, is the initial
driving force of wound closure. After the initial wound closure, the
dermal remodeling neovascularization processes would take many
months to complete. Many other factors, including conventional
growth factors, may play roles in the later events of wound healing,
when the TGF-f levels decrease (54).

The capability of F-5 to strongly accelerate diabetic wound closure
is consistent with previous studies on a recognized cause for diabetic
wounds, hyperglycemia. One of the critical environmental stimuli
for wound healing is relative hypoxia (54-57). HIF-1a is a master
transcription factor that regulates tissue adaptive responses to envi-
ronmental hypoxia (58) and is expressed throughout the multistage
processes of acute wound healing. Impaired response, i.e., lack of
HIF-1o accumulation in the cells, to hypoxia in diabetic ulcers is
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a known contributor to the delayed wound healing (45). In vivo,
lower levels of HIF-1o. protein were reported in foot ulcer biopsies in
patients with diabetes (59). In vitro studies showed that hyperglyce-
miaimpairs HIF-1o protein stability and function via the von Hippel-
lindau pathway (45, 59-61). Botusan et al. have demonstrated
that forced stabilization of HIF-1a was necessary and sufficient to
resume diabetic wound healing (45). In parallel, we have previously
shown that HIF-1a is a key upstream regulator of Hsp90a secretion.
The secreted Hsp90a. in turn promotes human epidermal and der-
mal cell migration via a novel “HIF-1a > Hsp90a. secretion > LRP-1”
signaling pathway (29, 46). Results of these 2 previously unrelated
studies together point out the possibility that hyperglycemia desta-
bilizes HIF-1a, blocks hypoxia-driven Hsp90a: secretion and delays
diabetic wound healing. The addition of F-5 bypasses the hypergly-
cemia-caused damage at HIF-1a and jump-starts migration of the
cells that otherwise cannot respond to the environmental hypoxia.
Our data indicated that F-5 is more effective than the full-length
Hsp90a in vivo, but requires higher concentrations to maintain that
effect. Our current understanding of this phenomenon is largely at
the level of speculation. It is conceivable that without possibly ste-
ric interferences by the 235-aa N-terminal domain and the 381-aa
C-terminal domain, F-5 can fully reveal its effect of promoting cell
motility. On the other hand, without the N-terminal and C-terminal
domains, the shorter peptide may compromise on binding affinity
and even stability and, therefore, show the requirement for higher
concentration to maintain an equivalent promotility activity as the
full-length protein. Our experiments show that even a single appli-
cation of F-5 could lead to a remarkable acceleration of the wound
closure in db/db mice. If both such efficacy and duration of the F-5
action could translate into humans, it may significantly improve
patient life and help to reduce the overall cost of diabetic wound
clinic as well. The high cost of the currently available care mostly
comes from home visits by physicians with various specialties and
daily passive assistance of nurses, due to unavailability of effective
treatments (51, 62). On the other hand, we expect that multiple
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Figure 10

A model of how released Hsp90a, but not
conventional growth factors, promotes
reepithelialization and recruits dermal
cells into the wound during wound heal-
ing. Step 1 shows uninjured, intact skin
with little detectable TGF-p, cell migration,
or stress, and step 2 shows that injury
triggers release of TGF-f from several
sources, the immotile to motile transition
of keratinocytes, and release conventional
growth factors. However, the growth fac-
tors will not be able to recruit the dermal
cells at the wound edge to the wound
bed due to the presence of TGF-f. Step
3 shows that when the keratinocytes are
migrating, they release/secrete Hsp90a.
When the secreted Hsp90a reaches the
threshold concentration of >0.1 uM, it
will drive inward migration of HDFs and
HDMEGCs. Step 4 shows that the HKs are
about to close the wound and the moved-
in HDFs will start to remodel the wound
and HDMECs to build new blood vessels.

treatments with F-5 should result in more prominent healing effects.
Becaplermin gel, for instance, is recommended for daily applica-
tions to achieve its clinical effect. In the current study, we focused
on a single treatment in our animal experiments for 2 technical rea-
sons. First, for experiments that involve a large number of mice, it
is hard to ensure that the procedures on all wounds are performed
universally. Second, frequent opening and closing a healing wound
for new treatments will risk damaging the on-going healing tissue
(the newly generated epidermal layer in particular) and add extra
stress and discomfort to the animals. Nonetheless, there have been
reported options to deal with these technical limitations. Covering
the wound with Tegaderm and multiple applications of the tested
agent by injecting it through the Tegaderm with a gauge needle was
reported as a way to minimize these technical concerns (63).

The fact that extracellular Hsp90o. is a motogen but not a mito-
gen (i.e., it does not stimulate cell proliferation) makes physiological
sense (29, 30). First, keratinocyte migration occurs almost immedi-
ately after skin injury and plays a critical role in closing the wound.
After the initial epidermal closure, completion of the subsequent
dermal neovascularization and remodeling processes would take
many months. Second, when a cell is migrating toward the wound
area, it cannot proliferate at the same time. In addition, growth fac-
tor-stimulated proliferation of both epidermal and dermal cells
would be inhibited by TGF-f} that appears in the injured skin (28).
Third, cell migration precedes cell proliferation during wound heal-
ing. While the cells at the wound edge are moving toward the wound
bed, they leave behind “empty space” between themselves and the
cells behind them. The cells that are located behind the migrating
cells start to proliferate after losing contact inhibition with the front
moving cells. The stimuli of the cell proliferation likely come from
plasma growth factors in the surrounding unwounded blood ves-
sels, in which TGF- levels are low or undetectable. Thus, cell prolif-
eration appears to refill the space generated by the front-migrating
cells. The role of secreted Hsp90a. appears to promote the initial
wound closure as quickly as possible.

Volume 121

Number 11~ November 2011



Finally, proof of the relevance of animal model research to
humans is the ultimate standard, especially considering the fact
that many animal models for human diseases do not exactly reflect
the genetic setting in humans. Many believe that this is the main
reason for the majority of the therapeutic agents in the past, which
show great promise in animal studies, to have ultimately failed
in humans. For instance, human diabetes is a polygenic disease,
whereas the db/db mouse is a monogenic (i.e., mutation in a single
gene) diabetic model. Therefore, whether or not F-5 has similar
effect on human diabetic wounds remains to be seen.

Methods

Primary human neonatal HKs, HDFs, and HDMECs were purchased from
Clonetics. HKs were cultured in EpiLife medium with added HK growth
supplements. HDFs were cultured in DMEM supplemented with 10%
FBS. HDMECs were cultured in growth factor-supplemented Medium 131
(Cascade Biologics). The third or fourth passages were used in cell migra-
tion assays. thPDGF-BB, rhTGF-a, and rthTGF-3 were purchased from
R&D Systems. Regranex (becaplermin 0.01% gel, Ortho-McNeil Pharma-
ceutical) was prescribed and purchased from USC Medical Plaza Pharma-
cy solely for this study. Antibodies against PDGFRa and PDGFRf were
from Santa Cruz Biotechnology Inc. (SC-338) and Genzyme (1263-00),
respectively. Anti-LRP1/CD91 antibody was purchased from Progen Bio-
technik. Mouse monoclonal antibody (pan) against Keratin (ab8068) was
from Abcam Inc. PECAM-1 (M-20) goat polyclonal antibody (sc-1506)
was from Santa Cruz Biotechnology Inc. Monoclonal mouse anti-mouse
SMA antibody was from Dako Denmark A/S. Biotinylated rabbit anti-
goat IgG and biotinylated horse anti-mouse IgG were from Vector
Laboratories. Chromagon system, Dako Liquid DAB+ substrate, was
from Dako Denmark A/S. Mouse antibody on mouse tissues (mouse-
on-mouse) detection system, VECTOR M.O.M. Immunodetection Kit,
and the Immunoperoxidase System, VECTORSTAIN Elite ABC Kit, were
from Vector Laboratories. Carboxymethylcellulose (CMC) sodium salt
(C5678) (pH measured at 7.14) was from Sigma-Aldrich. Rat type I col-
lagen was purchased from BD Biosciences. Anti-f-actin antibody and
anti-GAPDH antibody were from Cell Signaling Technology. The RAP
construct in bacteria was a gift of Guojun Bu (University of Washington,
St. Louis, Missouri, USA). XL-10 Gold Ultra competent cells were from
Stratagene. Stat Strips (adhesive bandages) were from Notro Max Prod-
ucts. 3M Coban (self-adhesive wrap) was from 3M.

Subcloning, production, and purification of Hsp90a. fragments. The cDNAs
encoding the full-length and various fragments (F-1 to F-6) of Hsp90o. were
generated by PCR using human Hsp90a cDNA as the template. PCR frag-
ments were subcloned into the His-tag pET15b vector (EMD Biosciences
Inc.) at BamH1 or Bam H1 and Ndel sites. DNA sequences of the fragments
were verified by DNA sequencing. The pET15b-Hsp90a. constructs were
transformed into BL21-codonPlus (DE3)-RP competent cells (Stratagene)
following a manufacturer-provided protocol. Protein production and puri-
fication were described previously (30). Proteins were confirmed by Western
blots concentrated in Centricons YM (10 to 50) to a final concentration of
1 mg/ml, and stored in 10% glycerol in DPBS at -80°C.

Cell migration assays. The colloidal gold migration assay, the in vitro
wound healing (scratch) assay, and the transwell assay were as modified
and described previously by us (37, 38). Data from independent experi-
ments (n > 3) were averaged and calculated as percentage, OD reading, or
fold increase in response to corresponding stimulus over the baseline con-
trol (mean + SD; P < 0.05).

The FG-12 lentiviral system, RNAi against LRP-1, lentiviral production, and infec-
tion. Details regarding these methods have been published by our labora-
tory and by others (29, 46, 63).
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Preparation of CMCgelwith Hsp90o. peptides. CMC powder (viscosity 50-200 cps,
purity 99.5%, sodium salt) was dissolved in double-distilled H,O in a tissue
culture hood at 5% concentration (w/v), heated for 4 hours at 37°C, placed
in a shaker for 24 hours at 4°C, and brought back to room temperature.
This CMC solution was mixed in a 1:1 ratio (vol/vol) with a desired con-
centration of FPLC-purified and -filtered (0.22 um) Hsp90a. peptide (in
DPBS). The CMC gel diluted with DPBS or mixed with DPBS containing
Hsp90o. peptides was applied topically to the wounds.

Woundbealingin mice. Thymichairless (Foxn1) miceand BKS.Cg-m+/+Lepr®/J
mice were obtained from The Jackson Laboratory and housed 4 per cage
prior to or 1 per cage during experiments. Athymic hairless mice of 8 to
10 weeks of age were anesthetized with isoflurane prior to the wound-cre-
ating surgery. Full-thickness excision wounds (1 cm x 1 cm) were created
by marking the area of the wound in the mid-back with a fine marker and
a ruler, lifting the skin with a pair of a forceps and excising the full-thick-
ness skin along the lines with a pair of surgical scissors. The db/db mice
of 6 weeks of age were subjected to the similar procedure (but with back
shaved) to create 1.2 cm x 1.2 cm wounds. Immediately after the surgery
on day 0, the wounds were topically treated with 100 ul of either 5% CMC
gel (placebo) or the same gel containing an Hsp90a peptide or becapler-
min gel (100 ug/g PDGF-BB) at its clinically recommended dosage. Each
wound was covered with a bandage and a self-adherent wrap (Coban) to
prevent desiccation and infection while the wound was exposed. Bandages
and Cobans were changed every 3 days after the initial 4 days. Standard-
ized digital photographs were taken of the wounds, with the same distance
between camera and preanesthetized animal for each animal. The photo-
graphs were examined using planimetry for objective evaluation for degree
of wound healing (28, 62). The open wound areas were determined with an
image analyzer (AlphaEase FC version 4.1.0, Alpha Innotech Corporation).
The total pixels that cover the unhealed areas were drawn onto the digital
photographs using a pattern overlay in Image]J (http://rsbweb.nih.gov/ij/).
The number of pixels covering an open wound area on a given day was
divided by the number of pixels spreading over the initial wound on day 0
to obtain the percentage of closure.

Percentage, rather than actual distance (e.g., mm), of wound closure was
calculated from the measured wound areas (pixel density). This method
allows more accurate measurements of the wounds, considering the fact
that certain margin of errors during surgical procedures may exist among
different experimental groups or even among the 3 mice within the same
group. The percentage of wound healing was based on changes in the same
wound on the same mouse for indicated time points, instead of changes
among different mice. Thus, the calculated mean for the wound healing
(percentage) among the 3 mice in a group was independently obtained, and
the statistics of 3 groups of 3 independent experiments were calculated. We
defined and presented the healing in 2 ways: (a) the open area of the healing
wound on a given day/the open area of the original wound x 100 for the
indicated days and (b) comparison between the healed area of the wounds
with Hsp90a. treatment with the healed areas of the wounds with placebo
treatment on each specific day.

HE and IHC staining. The F-S-untreated or -treated mice were
euthanized either 7 (nude mice) or 14 days (db/db mice) after the surgery
(wounding). The wounds, together with unwounded skin margins, were
excised and put into 10% formaldehyde. The H&E staining was carried
out as previously described (26). In order to show the wound of placebo-
treated mice compared with that of F-5-treated mice, multiple overlapping
pictures were taken under a microscope (Nikon, Eclipse TE2000-U, x4)
and used to reconstitute the entire wound (64). Standard IHC staining
procedure was carried out (65). All antibodies were used in 1:100 dilutions.
The M.O.M. kit was used for mouse antibodies (pan-keratin and SMA) on
mouse tissues to control background staining.
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comparisons was determined by the Student’s 2-tailed ¢ test. A P value of

equal or less than 0.05 was considered statistically significant (64).

approved, prior to initiation of this study, by the University of Southern

Statistics. Data are presented as mean * SD. Statistical significance for

Study approval. All animal studies were conducted using protocols

California Institutional Animal Use Committee.
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