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Hyaluronan (hyaluronic acid, HA) is a glycosamino-
glycan in the extracellular matrix of tissues that plays
a role in cellular migration, proliferation and differ-
entiation. Injury to the stratum corneum elicits an
epidermal hyperproliferative response, a pathogenic
feature in many cutaneous diseases including eczema
and psoriasis. Because HA is abundant in the matrix
between keratinocytes, we asked whether the pres-
ence of HA is required for epidermal hyperplasia to
occur in response to barrier injury. Disruption of the
stratum corneum, by acetone application on the skin
of hairless mice, led to a marked accumulation of HA
in the matrix between epidermal basal and spinous
keratinocytes, and also within keratinocytes of the
upper epidermis. To test whether HA may have a
functional role in epidermal hyperplasia, we used
Streptomyces hyaluronidase (StrepH), delivered top-
ically, to degrade epidermal HA and blunt the accu-
mulation of epidermal HA after acetone. StrepH sign-
ficantly reduced epidermal HA levels, and also
significantly inhibited the development of epidermal
hyperplasia. This reduction in epidermal thickness
was not attributable to any decrease in keratinocyte
proliferation, but rather to an apparent acceleration
in terminal differentiation (ie, increased keratin 10
and filaggrin expression). Overall, the data show that
HA is a significant participant in the epidermal re-
sponse to barrier injury. (Am J Pathol 2004,
165:1331-1341)

Hyaluronan (hyaluronic acid, HA) is a large glycosami-
noglycan (carbohydrate polymer) that is abundant in
many tissues, where it acts as a hydrating agent and an
organizer of proteins that form structural scaffolding in
tissues such as cartilage and dermis.’ Recently, the dis-
covery of new roles for hyaluronan have challenged the
older, outmoded view that HA is simply a passive by-

stander; it now appears that HA is an active regulator of
many dynamic cellular processes (reviewed in® ). HA
facilitates cell proliferation and migration during embry-
onic tissue development,” wound repair,®° cell locomo-
tion, ' and tumor invasion.? HA in the extracellular matrix
binds to cells through specific cell-surface receptors,
including CD44 and RHAMM,® leading to intracellular
signaling and modification of cell behavior. HA binds to
monocytes and lymphocytes in inflammatory diseases
such as ulcerative colitis,'" 2 and probably participates
in other inflammatory conditions as well.

While HA is a well-known component of connective
tissues, eg, the cartilage of joints or the dermis of skin, its
importance in epithelial tissues such as the retina of the
eye' or the epidermis of skin' is only now gaining
attention. In human epidermis, HA is actually quite abun-
dant in the matrix between keratinocytes, occurring pre-
dominantly in the spinous layers but also in the basal
layer'®'® and the stratum corneum.’” Evidence that HA
plays a regulatory role in epidermal homeostasis includes
the fact that retinoic acid causes HA accumulation in the
epidermis,'® whereas hydrocortisone decreases epider-
mal HA."® The changes in HA that occur during treatment
of skin with retinoic acid versus hydrocortisone, respec-
tively, correlate directly with changes in epidermal prolif-
eration (hyperplasia versus atrophy), and correlate in-
versely with changes in terminal differentiation (stratum
corneum thinning versus thickening). Similarly, a block-
ade of HA binding to its cell-surface receptor (CD44),
using a skin-targeted transgene that expresses antisense
CD44,2° causes an atrophic condition resembling lichen
sclerosus et atrophicus.®’ Further evidence that HA reg-
ulates the progression of keratinocyte differentiation is
provided by studies using organotypic epidermal cul-
tures, in which the experimental removal of HA (via an
exogenous hyaluronidase enzyme) causes an accelera-
tion of terminal differentiation characterized by increased
expression of filaggrin-containing keratohyalin granules
(KHG).??
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Data in the literature, showing that (1) HA is important
in cell migration and proliferation (see above), (2) HA
accumulates to high levels at the margins of cutaneous
wounds,?® and (3) HA accumulates in wound fluids in
high amounts,®* strongly suggest that HA may play an
important role in cutaneous wound healing. Further evi-
dence is offered by situations wherein cutaneous HA
levels are found to be elevated, as in the hoxb13 knock-
out mouse. Hoxb13 is a transcription factor that regulates
a number of differentiation-related genes in the skin, in-
cluding genes that control the synthesis and/or degrada-
tion of HA; mice which lack both hoxb13 gene alleles
show a >2-fold increase in HA levels in both the dermis
and epidermis.®® In hoxb13 knockout animals, wound
healing is accelerated,®® further supporting the notion
that elevated HA in the tissues is beneficial for wound
healing. However, understanding the mechanisms
whereby HA might function during healing, using full-
thickness skin wounds, represents a formidable chal-
lenge. Reconstitution of a full-thickness skin wound in-
volves many types of cells (fibroblasts, keratinocytes,
endothelial cells, and inflammatory cells), which must
proliferate and migrate into the wound site before the
defect is repaired.?2” Each cell type may produce and
interact with HA in different ways. Also, measurements of
changes in HA in the setting of full-thickness wounds are
made more difficult due to the constitutively high levels of
HA in the dermis. To avoid such complications, we chose
to limit our initial studies on HA and cutaneous injury
responses to the epithelial compartment, concentrating
on an examination of epidermal HA. Shallow abrasion
wounding is one example of a single-compartment
wounding model that is simpler to interpret than a full-
thickness wound because the epidermis is preferentially
involved. Even so, epidermal abrasions deep enough to
disrupt the basement membrane could still trigger a com-
plex series of events, eg, exposure of dermal collagen
and other matrix components will trigger changes in the
profile of integrin receptors expressed on keratinocytes,
and thereby alter their phenotypic behavior.?® Therefore,
we decided to study a relatively simple type of injury,
disruption of the stratum corneum (the most superficial
cornified layer of the epidermis).

Barrier disruption, ie, injury of the stratum corneum via
repeated applications of acetone, detergent, or tape-
stripping, is a well-established model for eliciting an epi-
dermal repair response characterized by an increased
production of cytokines,?®2° increased DNA synthesis in
keratinocytes,®' and pronounced epidermal thicken-
ing.29:30:8233 The hyperplastic response to barrier dis-
ruption appears to be a pathogenic feature in many cu-
taneous diseases including eczema, ichthyosis, and
psoriasis.®* 728 Because HA is clearly important for kera-
tinocyte proliferation in vitro and in normal skin in vivo, we
asked whether the presence of HA may be a requirement
for increased keratinocyte proliferation that occurs in re-
sponse to barrier injury. In the current study, we injured
the stratum corneum to induce epidermal hyperplasia in
hairless mice. The data establish that barrier disruption
leads to a marked accumulation of HA in the epidermis.
To test whether the HA present after injury may have a

functional role in epidermal hyperplasia, we used a tech-
nique whereby an exogenous bacterial enzyme (hyal-
uronidase from Streptomyces) is delivered under a semi-
occlusive dressing, and blunts the accumulation of
epidermal HA in the skin in vivo. Our results show that
degradation and loss of intact HA in the epidermis inhib-
its the development of the hyperplastic response to cu-
taneous barrier disruption.

Materials and Methods

Induction of Hyperplasia in Mouse Skin Using
Tape-Stripping or Acetone

Hairless SKH-1 mice, 6- to 8-weeks-old, were obtained
from Charles River Breeding Laboratories (Wilmington,
MA). To permit reproducible treatments of well-defined
areas of skin, tattoos were placed on the animals at least
1 week before the experiment by injecting India Ink intra-
dermally at six sites on the dorsum of a hairless SKH-1
mouse. For each barrier-disruption treatment, a cotton-
tipped swab (Q-tip) was soaked in acetone and pressed at
each tatoo site for ~5 seconds, firmly enough to wet the skin
but without liquid run-off. This swabbing was repeated with
new acetone-soaked Q-tips for as many repetitions as de-
sired (up to nine times in our experiments). For tape-
stripping treatment, Scotch tape (3M, St. Paul, MN) was
applied firmly at the tatooed skin site, then briskly pulled
off; this was repeated six times with fresh pieces of tape.
Acetone or tape-strip treatments were done twice daily
for 5 days, after which time the animal was euthanized by
carbon dioxide inhalation before skin biopsy.

Delivery of Topical Streptomyces Hyaluronidase
Enzyme

Streptomyces hyaluronidase (StrepH) was purchased
from Seikagaku (Seikagaku Ltd; Tokyo, Japan) and dis-
solved at 100 units/ml in phosphate-buffered saline
(PBS). To create a topical delivery system, the 1-cm
diameter piece of gauze from a circular spot Band-Aid
(Johnson & Johnson, Skillman, NJ) was removed from its
adhesive backing with tweezers, and wetted with 40 ul of
StrepH solution. The gauze was carefully placed directly
over the tatoo site on the skin, and immediately covered
with an 18 X 18-mm square of DuoDERM dressing (Duo-
DERM extra-thin CGF dressing, Convatec; Princeton, NJ).
The dressing was removed after 90 minutes. For control
sites, the gauze was soaked with PBS instead of with
StrepH before covering with DuoDerm. Note that for each
experiment a single mouse with four or six skin treatment
sites was used, so that each animal served as its own
control to minimize effects of interanimal variability.

Histology and Immunohistology

Skin biopsies were fixed in Histochoice (Amresco Inc.,
Solon, OH) and embedded in paraffin. Five-um sections
were rehydrated and stained with hematoxylin and eosin



(H&E) by standard procedures. Before immunofluores-
cent staining, slides were warmed for 2 hours at 56°C
before deparaffinization and rehydration to improve
epitope availability. After deparaffinization, specimens
were blocked for 30 minutes with 3% normal donkey or
goat serum before application of the primary antisera.

For detection of HA, rehydrated specimens were
blocked in 3% normal donkey serum, then overlaid with
10 ng/ml of the biotinylated probe (biotinylated HA-bind-
ing protein (bHABP), from Seikagaku Ltd) in PBS and 3%
donkey serum overnight at 4°C in a humidified chamber.
Cy3-conjugated streptavidin (1:500; Jackson Immunore-
search, West Grove, PA) was used to detect the bHABP.
Slides were mounted in 30% glycerol. To check the spec-
ificity of bHABP binding, some samples were incubated
with hyaluronidase from Streptococcus dysgalactiae (from
Seikagaku; 250 mU/ml in 0.1 mol/L ammonium acetate
buffer, pH 7.0, for 30 minutes at 37°C) to demonstrate a
loss of specific HA signal.

For analysis of cell proliferation, specimens were
blocked in 3% normal goat serum, then incubated with a
rabbit polyclonal antibody against proliferating cell nu-
clear antigen (PCNA) (1:50; Santa Cruz Biotech, Santa
Cruz, CA) overnight at 4°C. Specimens were rinsed sev-
eral times in PBS, incubated with a biotinylated second-
ary antibody (goat anti-rabbit IgG, 1:200, Vector Labs,
Burlingame, CA) for 10 minutes at room temperature. The
PCNA-positive cells were visualized using streptavidin-
peroxidase (R.T.U. Vectastain kit, Vector Labs) as in-
structed by the manufacturer. Slides were mounted in
30% glycerol. Positively stained nuclei were counted and
expressed as a fraction of total nuclei in the basal epi-
dermal layer.

For analysis of differentiation marker expression, spec-
imens were re-hydrated and blocked in 3% donkey se-
rum as above, then incubated in rabbit polyclonal anti-
sera raised against mouse K10 (1:100, BABCO,
Berkeley, CA) or against rat filaggrin (1:2000, BABCO) at
4°C overnight, rinsed in PBS, then incubated in Cy3-
conjugated donkey anti-rabbit IgG (1:1500; Jackson Im-
munoresearch) for 4 hours at room temperature. For the
double-immunofluorescence images in Figure 2, a FITC-
conjugated donkey anti-rabbit antisera (1:500; Jackson
Immunoresearch) to visualize the polyclonal anti-filaggrin
antibody (1:2000), simultaneously with the Cy3-avidin
probe used to visualize bHABP (see above). After PBS
rinses, slides were mounted in 30% glycerol.

Image Capture and Quantitative Analysis

Histological specimens, stained with standard H&E or
with the immunofluorescent probes, were visualized on
an Olympus BX-50 microscope equipped with epifluores-
cence attachments and a Polaroid DU-DMC2 digital
camera. Image processing was done using IPLab Spec-
trum software (Signal Analytics, Vienna, VA). For all of the
analyses described below, at least six images (each
containing ~350 um of linear epidermis) were evaluated
and the average values obtained. For measurement of
epidermal thickness, rectangular regions encompassing
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Table 1. Quantitation of Changes in Markers of Keratinocyte
Proliferation and Differentiation in Barrier-Disrupted
Skin, in the Absence or Presence of Topically-
Applied Streptomyces Hyaluronidase

Acetone
treatment
Acetone followed by  Difference®
Gene treatment only StrepH (Student
marker Mean = SD (n) Mean = SD (n) t-test)
PCNA* 0.46 + 0.07 (11) 0.45 + 0.06 (11) NS
K10" 1.00 = 0.14(10) 1.64 =0.15(11) p<0.05
Filaggrin®  1.00 + 0.28 (12) 4.38 = 0.91 (12) p < 0.01

Values represent measurements of labelling index (PCNA), relative
staining intensity (K10), or positive stained area (filaggrin) as described
in Materials and Methods. In all cases, data were pooled from two
experiments and presented as mean = standard deviation (n =
number of fields analyzed).

*Proliferative index, estimated as the relative fraction of PCNA-
positive basal keratinocytes relative to total keratinocytes in the basal
layer of acetone-treated epidermis. The proliferative index in normal
untreated skin was 0.28 = 0.06 (8).

TKeratin 10 expression, estimated by integrated fluorescence
intensity per unit area. The control condition (no StrepH) was set at 1.0,
and the StrepH-treated value expressed relative to control. Pooled
results of two experiments (four mice; five or six images per mouse).

*Filaggrin expression, estimated by measuring the area of filaggrin-
positive regions within the epidermis (normalized to total area
analyzed). Values of StrepH treated skin were expressed relative to
controls (no StrepH) set at 1.0. Pooled results of two experiments (four
mice, six images per mouse).

SThe significance of the difference between two conditions
(presence versus absence of StrepH) was analyzed by Student t-test,
with p-value shown. NS, not significant.

the living epidermis (bounded by the basement mem-
brane below and the stratum corneum above) were
traced on H&E sections using the tracing tool of the
software. Epidermal thickness was calculated by dividing
the area of the region by the length of the basement
membrane, with results expressed as height per unit
epidermal length. Pixel values were converted to microns
(wm) by a conversion factor calculated from an etched
glass calibration slide, photographed at the same time as
the tissue specimens. For quantitation of relative changes
in K10 expression in Table 1, color digital images of the
immunofluorescently stained sections were converted to
grayscale. A region encompassing all living epidermal
layers within the specimen was drawn with the tracing
tool, and the integrated signal intensity within that region
was calculated and normalized to epidermal length. Rel-
ative changes were expressed as the ratio of integrated
signal intensities (StrepH-treated divided by untreated
control). To quantify relative changes in the expression of
HA or filaggrin expression, a slightly modified method
was used because these antigens occupy only a small
fraction of the total epidermal area. First, color digital
images were converted to grayscale and the intensity
threshold that gave an undetectable HA signal in un-
treated skin was determined. All other images were then
set to this same threshold. The software’s paintbrush tool
was used to highlight all detectable signal within the
living epidermal layers, and the sum of the highlighted
areas was normalized to the total area analyzed.

In Figure 2, confocal images were obtained using a
Leica TCS-SP laser-scanning confocal microscope
(Leica, Heidelberg, Germany) designed with three lasers
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and photodetectors to facilitate detection of three differ-
ent fluorochromes.

Results

Selection of Acetone-Swabbing as the Method
of Choice for the Studies

The goal of this study was to test the hypothesis that HA
in the epidermis may play a functional role in regulating
epidermal hyperplasia that occurs in response to super-
ficial barrier disruption. To ask this question, we turned to
a well-established model for disrupting the integrity of the
stratum corneum, namely, the repeated application of ad-
hesives (tape stripping) or organic solvents (acetone) to the
skin for several days, which causes epidermal thickening
(ie, callus formation) in mice and humans.2'=3337 To in-
cite epidermal hyperplasia, the skin of hairless mice was
either tape-stripped or swabbed with acetone (as de-
scribed in Materials and Methods) twice daily for 5 days,
and then biopsied to assess changes in epidermal and
other parameters. Treatment sites were marked by place-
ment of dermal tatoos (India ink) 1 week before the ex-
periment, to allow reproducible placement of acetone or
other treatments, and also to ensure that treated locations
could be confirmed in subsequent histological sections.
In pilot experiments, tape stripping at the tatooed sites
produced significant hyperplasia but also led to shallow
erosions and ulcerations, apparently from increased irrita-
tion and scratching. Acetone applications stimulated hyper-
plasia but with little or no epidermal breakdown. Therefore,
all subsequent experiments were performed with acetone.

When epidermal thickening (acanthosis) was quantita-
tively evaluated in H&E-stained sections, we found that
three swabs of acetone per treatment gave a highly sig-
nificant hyperplastic response, with successive increases
in thickness observed using six swabs or nine swabs (Fig-
ure 1, open bars). Because the degree of acanthosis using
six or nine swabs was not statistically different from three
swabs, and because the mice began to display cutaneous
erosions with the nine-swab regimen, we chose to use six
swabs of acetone as our standard method for inducing
hyperplasia for most further studies.

Disruption of the Stratum Corneum Leads to an
Accumulation of Epidermal HA Both
Extracellularly and Intracellularly

To determine whether barrier disruption causes any
change in the intraepidermal content of HA, mice were
subjected to increasing amounts of acetone treatment
and the relative levels of HA in skin were examined by
confocal microscopy using a specific binding probe to
HA (Figure 2). In uninjured skin, high levels of HA were
seen in the dermis (below the basement membrane) as
expected, whereas HA levels between keratinocytes of
the epidermis were barely detectable (Figure 2A). After
acetone treatment however, epidermal HA accumulated
to high levels (Figure 2, B and C). The pattern of HA
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Figure 1. Dose-response analysis for (A) acetone-induced epidermal hyper-
plasia, and (B) increases in epidermal HA associated with barrier disruption.
A single hairless SKH-1 mouse was treated with acetone (twice-daily appli-
cations for 5 days) at six tatooed sites on the back as described in Materials
and Methods. For each treatment (acetone), an acetone-soaked cotton-
tipped applicator was pressed against the skin at duplicate sites, either no
times, three times, or nine times in succession. For each acetone condition,
one area of skin was covered with Duoderm dressing for 90 minutes follow-
ing every treatment (hatched bars), while the other area was left uncovered
(open bars). Skin biopsies were performed at the end of 5 days. A: Paraffin
sections were stained with hematoxylin and eosin, microscopic images pho-
tographed digitally, and epidermal thickness (height in wm) evaluated using
the imaging processing technique described in Materials and Methods. Each
bar represents the mean * SD of six high-power fields (magnification,
X400). Asterisk, difference from untreated area of skin is statistically signif-
icant by Student’s rtest, P < 0.005. B: Sections were stained with the bHABP
probe, detected by Cy3-avidin fluorescence on an Olympus microscope
equipped for epifluorescence detection, and the intensity of the HA-specific
signal estimated by digital image analysis as described in Materials and
Methods. Each bar represents the mean = SD of five high-power fields.
Paired comparisons marked with double asterisks are significantly different
by Student’s ~test, P < 0.0005.

staining was essentially the same whether three, six, or
nine swabs were applied, but was significantly more
intense with the use of nine swabs (Figure 2C; see
Figure 1B for quantitation). An interesting dichotomy
was observed in the epidermal-staining pattern of HA.
In the lower epidermis, intense extracellular staining
was observed outside and between keratinocytes of
the basal and lower spinous layers (HA, in Figure 2C),
while in the upper epidermis an intracellular accumu-
lation of HA in cytoplasmic granules was seen (HA, in
Figure 2, C and E). To rule out the possibility that the
observed intracellular HA might be associated with
keratohyalin granules (the most abundant feature in the
stratum granulosum), skin sections were double-
stained with the HA-binding probe and an antiserum to
filaggrin, the principal component of the keratohyalin
granule.®® The results showed a complete lack of co-
localization of HA and filaggrin in the epidermis, sug-
gesting that intracellular HA granules are distinct from
keratohyalin granules (Figure 2, D to F).

Exogenous Hyaluronidase, Purified from
Streptomyces Bacteria, Can Be Used as an
Experimental Means to Degrade HA in the
Epidermis

In our previous experimental work using an organotypic
epidermal model, we had established that HA in the
matrix between keratinocytes can be degraded using the
highly HA-specific bacterial enzyme, StrepH.?? In those
studies, a concentration of 1 U/ml StrepH in the culture
media was sufficient to completely degrade HA. How-
ever, for the delivery of StrepH through murine skin in vivo,
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Figure 2. Barrier disruption induces the accumulation of HA at specific locations in murine epidermis. Sections from the same experiment as in Figure 1 were
examined by confocal microscopy to analyze the microanatomic localization of HA in the epidermis after (A) no treatment, (B) three swabs acetone/treatment,
or (C) nine swabs acetone/treatment. After acetone-induced barrier disruption, the HA-specific signal (Cy3, red), is markedly increased within the basal layer in
the intercellular space outside of the cells (HA,), and is also increased in the upper epidermal layers in granules located inside of cells (HA,). D—F: Co-labeling
experiment in which acetone-treated skin (nine swabs) was probed with (D), an antibody to filaggrin (FITC, green) simultaneously with (E), a probe to HA (Cy3,
red). From the overlay in (F), no overlap of the two colors can be found, indicating a lack of co-localization. Dashed lines, dermal-epidermal junction. Dotted
lines, top of cornified layer, or its visible remnant. SC, stratum corneum; SG, stratum granulosum; SS, stratum spinsosum; SB, stratum basale. Bars, distances

shown on the figure.

we predicted that a higher concentration would be
needed. Based on the work of Laugier et al,*® in which 10
and 100 U/ml StrepH was reported to permeate the stra-
tum corneum and degrade HA in cultured explants of
human skin, we performed pilot experiments in which
10 U/ml and 100 U/ml of StrepH were applied to murine
skin under a variety of dressings. The final regimen
selected was to place a saline-soaked, 1-cm circular
piece of gauze containing StrepH (10 U/ml) against the
skin for 90 minutes under a semi-permeable dressing

(Duoderm), as described in Materials and Methods.
Results are shown in Figure 3. Epidermal HA levels
were induced by barrier disruption (compare Figure 3B
with 3A), and were markedly reduced when StrepH
was applied after acetone treatments (Figure 3C).
Quantitative analysis of the HA signal revealed an
~50% decrease in epidermal HA overall, a difference
that was statistically significant (Figure 3D). In StrepH-
treated skin, an increased level of HA was sometimes
observed in the dermis concurrently with the decrease
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Figure 3. Accumulation of HA in acetone-treated epidermis is significantly
reduced by topical application of the enzyme StrepH for 90 minutes imme-
diately after each barrier disruption treatment with acetone (six swabs).
Paraffin-fixed sections were stained with the HA-specific probe (bHABP) and
Cy3-avidin, with the intensity of the fluorescent signal roughly proportional
to levels of HA in the specimen. Representative images are shown: (A),
untreated skin. (B), skin treated with acetone followed by saline under
Duoderm. (C), skin treated with acetone followed by StrepH (10 U/mlD)
under Duoderm for 90 minutes. (D), quantitative analysis of the HA signal
intensity for each condition, performed as described in Materials and Meth-
ods. Open bar, no treatment; hatched bar, acetone followed by saline,
solid bar, acetone followed by StrepH. Values represent the mean = SD of
seven high-power fields (X400) from each biopsy site on the mouse. Aster-
isk, difference statistically significant by Student’s #test, P < 0.005.

in HA in the epidermis, an interesting trend but not
seen in all experiments.

Depletion of Epidermal HA via Topical Delivery
of Hyaluronidase Inhibits the Epidermal
Hyperplastic Response to Barrier Disruption

Before conducting experiments to test the effects of top-
ical StrepH on acetone-induced hyperplasia, it was nec-

essary to ask whether the topical delivery method itself
(occlusion with a vapor-retardant dressing) might block
the permeability-related stimulus that triggers hyperpla-
sia after barrier disruption, and thereby block epidermal
thickening.*" In the pilot experiments shown in Figure 1,
we had found that occlusion of the skin with Duoderm
immediately after acetone disruption of the permeability
barrier did not affect the hyperplastic response of the
epidermis (Figure 1, hatched bars). Therefore, the Duo-
derm-covered-gauze technique was an appropriate
means for delivery of StrepH into the epidermis in exper-
iments to test the enzyme’s effect on acetone-induced
hyperplasia.

Figure 4, A to D shows the results of a typical experi-
ment in which the acetone-induced hyperplasia response
was measured in the presence or absence of the HA-
degrading enzyme, StrepH. Compared to a control site
that received no acetone (Figure 4A), a large epidermal
hyperplastic response (>3-fold) was seen after repeated
application (X6) of acetone alone (Figure 4B) or acetone
followed by 90 minutes of occlusion with Duoderm/saline
(Figure 4C). Interestingly, when acetone was followed by
StrepH, epidermal thickening was reduced by half (Figure
4D). The difference in epidermal height between the condi-
tions of Figure 4, C and D was statistically significant.

Figure 4E displays the combined results from three
experiments, with data presented as change in epider-
mal thickness relative to normal skin. Tatoo placement,
required to mark each treatment site, itself induced a
slight hyperplasia (~50% increase over the normal thick-
ness of 13 um; second bar), but this change was rela-
tively small compared to the thickening caused by ace-
tone alone, or by acetone followed by Duoderm/saline
(an ~500% increase; third and fourth bar). The presence
of StrepH under Duoderm for 90 minutes after acetone-
swabbing inhibited the epidermal thickening response, a
reduction that was highly significant (Figure 4E, compare
fourth and fifth bar). Overall, the results suggest that loss of
intact HA immediately following barrier disruption interferes
in some manner with the epidermal hyperplastic response.

Digestion of HA by StrepH Results in a Thinner
Epidermis, Not Due to Any Effect on Cell
Proliferation, But Rather through an
Enhancement of Terminal Differentiation

In an effort to explain the mechanism whereby acetone-
stimulated epidermis appears relatively thinner if treated
with topical StrepH, as compared to saline vehicle alone,
two formal possibilities warrant consideration. First,
StrepH might lessen the rate of epidermal cell prolifera-
tion, or second, keratinocytes in the StrepH-treated epi-
dermis might complete their genetic program of upward
migration and terminal differentiation sooner, undergoing
cell death and desquamation more quickly. Either sce-
nario would result in a thinner epidermis at equilibrium. To
distinguish between these possibilities, biopsy specimens
from control or StrepH-digested areas of acetone-treated
skin were immunostained for markers of proliferation
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(PCNA), early-stage differentiation (K10), or late-stage
differentiation (filaggrin). PCNA-labeling in acetone-in-
jured skin was increased nearly twofold relative to quies-
cent normal skin (Table 1), as previously shown by oth-
ers.®" However, when focusing on acetone-stimulated
hyperplastic skin, StrepH had no demonstrable effect on
keratinocyte proliferation (Figure 5, A and B, and Table
1). In contrast, the presence of StrepH had a strong effect
on the staining intensity of an early marker of differentia-
tion, K10, resulting in a statistically significant increase in
K10 expression in StrepH-treated skin (Figure 5D) rela-
tive to saline controls (Figure 5C; also see Table 1).
Similarly, StrepH-treated epidermis displayed a signifi-

B Acetone (No Dsg)

D Acetone + StrepH
.

Figure 4. Epidermal hyperplasia in response to barrier disruption is signif-
icantly blunted in the presence of topically-applied StrepH enzyme. Hema-
toxylin and eoxin-stained sections of skin from a representative experiment.
A: No acetone. Inset; low-power view (magnification, X100) to illustrate
the tatoo ink (T) that was visible at every treatment site. B: Acetone without
occlusion. C: Acetone followed by PBS under Duoderm. D: Acetone fol-
lowed by StrepH (10 U/ml) under Duoderm. Numbers in the panels
represent epidermal thickness (wm), mean * SD from seven high-power
fields (X400). The difference between mean thickness values in C and D is
statistically significant by Student’s #test, P < 0.005. (E), Epidermal thick-
ness data pooled from three experiments. When skin was occluded under a
topical dressing containing PBS control (hatched bars) or StrepH (solid
bars), acetone swabbing was followed by application of the topical agents.
Data are presented as change in thickness (um; normal skin value of 13 um
subtracted at each point), mean = SEM The number in parentheses above
each bar is the total number of high-power fields (X400) analyzed per
point, pooled from three experiments (total of three skin biopsies per
condition). Asterisk, difference is significant by Student’s #test, P < 0.005.
Bar, 50 um.

cant increase in the expression of the late terminal differ-
entiation marker, filaggrin, relative to control epidermis
(Figure 5, E and F). In conclusion, digestion of epidermal
HA by StrepH appears to enhance the expression of termi-
nal differentiation markers in the epidermis, correlating with
a probable acceleration in the loss of keratinocytes via
desquamation and a thinner epithelial tissue as a result.

Discussion

In this paper, we have shown that an abundant but pre-
viously unappreciated component of the extracellular
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NO ENZYME

PCNA

KERATIN 10

FILAGGRIN

+ STREP H

Figure 5. StrepH has no effect on keratinocyte proliferation, but instead enhances terminal differentiation, in acetone-treated skin. Representative immunostained
sections are shown in pairs, with acetone/saline controls on the left and acetone/StrepH-treated skin on the right, as follows: A and B, PCNA stain; C and D,
keratin 10 stain; E and F, filaggrin stain. Bar, 50 um. Dashed lines, dermal-epidermal junction. Dotted lines, junction between viable epidermal layers and

stratum corneum.

matrix in mammalian epidermis, a long-chain sugar mol-
ecule called hyaluronan (HA), has an important regula-
tory role in the tissue response to injury that occurs after
epidermal barrier disruption. This response, character-
ized by epidermal hyperplasia, has been previously well-
described for mouse and human skin whose stratum
corneum has been disrupted by agents that dissolve
lipids between the corneocytes (eg, organic solvents,
detergents, or adhesive tape).??7333841 The ensuing
loss of the vapor permeability barrier is thought to trigger
cytokine release from keratinocytes, leading to cell sur-
face receptor-mediated signaling cascades that initiate a
hyperproliferative response in the tissue, detectable by
an increase in DNA synthesis or PCNA-labeling (as seen
for example in Figure 5, A and B of our study). The new
aspect described here is a demonstration that changes
in the physical state of the extracellular matrix, specifi-
cally in the status of HA, can have a profound influence
on the behavior of keratinocytes in terms of the cellular

physiology involved in generating a normal hyperplastic
response.

Much evidence from the literature suggests that HA
may be pivotal in controlling epidermal responses to
injury, including the previously-described involvement of
HA in keratinocyte migration and proliferation in various
wound-healing settings (see Introduction). Interestingly,
data from recent experiments in which keratinocytes
were grown in organotypic lift cultures, a model of re-
epithelialization, have shown that removal of intercellular
HA from the matrix by digestion with StrepH added to the
cell culture medium, leads to an enhancement of keratin-
ocyte terminal differentiation, with little or no effect on cell
proliferation.?® Those in vitro studies prompted us to ex-
amine the role of HA in epidermal responses to injury in
vivo, using the murine barrier-disruption model popular-
ized by Feingold et al.®"*" Since relatively little HA is
found in normal, undisturbed murine epidermis (Tammi
R, personal communication; and this study), the large



accumulation of epidermal HA seen after barrier injury
(Figures 1 and 3) is particularly intriguing because such
changes imply a role for HA in mediating post-injury
events. Such evidence, however, is merely correlative. To
directly test for functional involvement of HA in the hyper-
proliferative response, we adapted the enzymatic tech-
nique used previously in the study with the cultured or-
ganotypic model,?® and developed a method to deliver
the StrepH enzyme topically under an occlusive dressing
to degrade intact HA in the native skin. Despite the fact
that the StrepH enzyme could not be delivered continu-
ously, but instead was applied in two divided doses for a
total of 3 hours per day, a significant ~50% reduction in
intraepidermal HA accumulation was nevertheless ob-
served at the end of the 5-day study period (Figure 3).
This relative reduction in HA coincided with a propor-
tional ~50% reduction in overall epidermal thickening
over the same period (Figure 4).

To attempt to explain how the StrepH-mediated loss of
HA might be reducing overall acetone-induced epider-
mal hyperplasia, we examined keratinocyte markers of
proliferation and differentiation. Somewhat surprisingly,
no reduction in proliferative index (PCNA-labeling) was
observed when HA was removed from the matrix. This
finding might seem counterintuitive at first, considering
that hyperproliferation is a well-known response to ace-
tone-induced barrier injury.®" In our experiments, epider-
mal keratinocyte proliferation was in fact stimulated in
response to acetone, increasing by ~150% (Table 1,
footnote 1). However, with the addition of StrepH after
acetone, the resulting loss of HA from the intercellular
matrix did not prevent the acetone-induced stimulation of
keratinocyte proliferation (Table 1, PCNA). Apparently,
the mechanism by which barrier disruption stimulates
keratinocyte proliferation does not require the presence
of HA, at least not when examined carefully in the epi-
dermis in vivo.

Given that a loss of intercellular HA does not seem to
blunt keratinocyte proliferation in response to acetone,
then why was the overall epidermal thickness reduced in
our experiments? We observed no gross changes in the
average size of keratinocytes, nor in the apparent spac-
ing between the cells, that could account for the thinner
epidermis in StrepH-treated skin. In search for an answer
to the question, we noted that StrepH treatment differen-
tially enhanced the expression of K10 and filaggrin
(markers of early and late differentiation, respectively) in
the acetone-stimulated epidermis. This provides an inter-
esting potential explanation for the relatively thinner epi-
dermis after StrepH treatment. Specifically, we propose
the working hypothesis that in the absence of intact HA,
the keratinocyte differentiation program in the acetone-
injured epidermis is shifted toward the formation of ter-
minally-differentiated cells, resulting in a new dynamic
equilibrium that features a less hyperplastic epidermal
tissue. Much more work will be needed to prove the
hypothesis, including transit-time measurements of
pulse-labeled cells and measurements of differential
changes in stratum corneum structure and function,
which are beyond the scope of this study.
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While provocative, our finding of an important role for
HA in modulating keratinocyte differentiation in murine
skin agrees nicely with our previous findings in an orga-
notypic epidermal model,?? in which loss of epidermal
HA led to an enhanced (premature) differentiation of
keratinocytes. K10 and filaggrin are considered early and
late markers of differentiation, respectively, because K10
is first expressed in the stratum spinosum* whereas
filaggrin expression occurs much later, in the stratum
granulosum.®® In the in vitro epidermal model, StrepH-
treated cultures showed a strong enhancement in ex-
pression of both K10 and filaggrin, confirmed by two
independent methods (immunohistochemistry and West-
ern blot analysis).?? In the present study, murine skin in
vivo shows very similar increases in epidermal K10 and
filaggrin expression, using the same immunohistochem-
ical methods as before. We conclude that the presence
of intact HA is important for the keratinocyte differentia-
tion program in barrier-disrupted skin, and that perturba-
tion of HA in the matrix can have functional conse-
quences (relatively premature differentiation and a less
hyperplastic tissue).

How the removal of HA exerts the observed changes in
epidermal cell differntiation, and what significance this
may have for our understanding of the physiology of HA,
remains an open question. For example, it is entirely
possible that experimentally produced fragments of HA
(cleaved by the StrepH enzyme) could be biologically
active,*® perhaps by competing with intact HA for bind-
ing to the HA-specific membrane receptor (called CD44)
on keratinocytes. StrepH, a microbe-derived hyaluronan
lyase that selectively destroys HA with minimal effect on
other glycosaminoglycans such as chondroitin sul-
fate,""*® may or may not mimic the effects of native
hyaluronidases in the epidermis. Three different HYAL
enzymes (HYAL-1, -2, and -3) have been described in
mammalian tissues,*® and while still incompletely under-
stood, they are known to have a very different mechanism
of action (hydrolases, as opposed to lyases), to operate
better at an acidic pH, and in some instances to have
membrane-bound GPIl-anchors, in contrast to the micro-
bial lyases. One of the mammalian enzymes, HYAL2, may
be implicated in a mechanism whereby HA is bound to
CD44 at the cell surface, cleaved into fragments roughly
20 kd in size, and internalized in vesicles just beneath the
plasma membrane before being transported to lyso-
somes for more complete degradation.*” The HA-positive
intracellular structures seen in the upper layers of skin, ie,
stratum spinosum, granulosum, and corneum (Figure 2),
shown by our study to be distinct from keratohyalin gran-
ules, may instead represent the vesicles containing HA-
degradation products as described by Tammi et al.*’
(Interestingly, HA in the stratum corneum is probably not
an artifact, having been confirmed previously using dif-
ferent methods*®). On the other hand, new work suggests
that under conditions of cellular stress and injury, HA may
be synthesized within cells,*® and could thereby accu-
mulate via an internal mechanism. Internal HA synthesis,
however, is still controversial, whereas synthesis and ex-
trusion of HA into the extracellular matrix through the
action of HA-synthetic enzyme complexes assembled in
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the plasma membrane, is now well-substantiated.®*°
Three HA-synthases are currently cloned in mammals,®°
with HAS2 being the most abundant in keratinocytes.®’
Accumulation of HA in the lower epidermis within extra-
cellular spaces, after acetone-induced injury, might con-
ceptually be due to increased HAS2 activity, or to de-
creased HA turnover. The ability to distinguish between
increased synthesis versus decreased degradation of
HA must await future studies regarding expression levels
and activities of the major epidermal hyaluronan syn-
thases and hyaluronidases.
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