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Abstract In this manuscript, we report observations of
the effects of rapamycin in an organotypic culture of
human skin explants. The tissues were cultured for 5 days
at the air-liquid interface or in submersed conditions with
media with and without rapamycin at 2 nM concentration.
Histological analysis of tissue sections indicated that rap-
amycin-treated samples maintained a better epidermal
structure in the upper layers of the tissue than untreated
samples, mostly evident when skin was cultured in sub-
mersed conditions. A significant decrease in the number of
positive proliferative cells using the Ki67 antigen was
observed when specimens were treated with rapamycin, in
both air-liquid and submersed conditions but apoptosis
differences between treated and untreated specimens,
as seen by cleaved caspase-3 positive cells, were only
observed in submersed specimens. Finally, a decrease and
variability in the location in the expression of the differ-
entiation marker involucrin and in E-cadherin were also
evident in submersed samples. These results suggest that
the development of topical applications containing rapa-
mycin, instead of systemic delivery, may be a useful tool in
the treatment of skin diseases that require reduction of
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Introduction

Rapamycin (sirolimus) has been extensively studied and
used in a variety of areas, including organ transplantation
[13] or cancer studies [17, 35], but non-cancer related or
direct studies of its effects on skin are less common and the
published literature relating rapamycin and keratinocytes is
scarce. A recent study summarizing the dermatologic and
mucosal problems associated with systemic treatments of
mTOR inhibitors indicates that further studies are needed
in this area [7].

While rapamycin action mechanism is fairly complex,
there appears to be ample evidence that one of its effects is
related to reduction in cellular proliferation, as it has
recently been found in human hepatocytes after organ
transplantation [38] and can also regulate differentiation
[26]. It has also recently been shown that administration of
rapamycin, as an adjuvant in pulsed-dye laser in treatments
of port-wine stains reduced Ki67 (a marker of prolifera-
tion) expression in dermal endothelial cells [24], and may
be effective in other diseases [28, 31].

These indications point in the direction that rapamycin
can be an effective agent in controlling or reducing
keratinocyte proliferation and could potentially be used as
anti-proliferation agent in a number of skin diseases. In this
study, we present results indicating that concentrations of
2 nM rapamycin in regular skin culture medium reduce
Ki67 and involucrin expression in an in vitro human skin
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explant model while maintaining or slightly reducing
apoptosis as measured by cleaved caspase-3 positive cells.
These experiments show that ex vivo full-thickness organ
culture skin experiments can be an effective model to study
mechanisms of action of rapamycin on human skin.

Methods
Skin explant culture

Human skin was obtained from elective surgeries and
cultured as previously reported [32], with variations.
Briefly, full thickness human breast or abdominal skin
explants from discarded material from surgeries performed
at the University of Michigan Health System were used.
The specimens were received from healthy human subjects
under University of Michigan informed consent and used
immediately. After removal of subcutaneous fat, the tissue
was rinsed abundantly with PBS 1x containing 125 pg/ml
of Gentamicin (Invitrogen/GIBCO, Carlsbad, CA) and
1.87 pg/ml of Amphotericin B (Sigma-Aldrich, Milwaukee,
WI). The culture medium used was EpiLife (Cascade
Biologics, Portland, OR), supplemented with EpiLife
defined Growth Supplement EDGS (Cascade Biologics,
Portland, OR) (EDGS is an ionically balanced supplement
containing purified bovine serum albumin (BSA), purified
bovine transferrin, hydrocortisone, recombinant human
insulin-like growth factor type-1 (thIGF-1), prostaglandin
E2 (PGE2) and recombinant human epidermal growth
factor (thEGF)). In addition, the medium was supple-
mented with 75 pg/ml of Gentamicin and 1.125 pg/ml of
Amphotericin B. The final concentration of calcium used in
the culture medium was 1.2 mM. Rapamycin-treated
specimens (Catalog #R-5000, LC Laboratories, Woburn,
MA, USA) were cultured with the same medium contain-
ing rapamycin at 2 nM concentration. In an additional,
separate experiment (unrepeated), we also used rapamycin
at 100 nM and 2 pM concentrations both at the air-liquid
and in submersed conditions for 5 days to briefly evaluate
cellular response at high concentrations of rapamycin.
After preparation, skin specimens of approximately
1.5 cm? were cut using a scalpel and cultured for 5 days at
37 °C and 5 % CO, atmosphere, either epidermal side up
at the air-liquid interface, in a Transwell system consisting
of 6-well Corning Costar supports (Fisher Scientific,
Pittsburgh, PA, USA) or in submersed conditions in 6-well
plates. In this later condition, the skin was left free-floating
on the well with the medium. Culture medium was changed
every 24 h and the stratum corneum remained constantly
exposed to the air for the air-liquid interface speci-
mens. Experiments were performed five times, with skin
from five different individuals. For 100 nM and 2 pM
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concentrations only one experiment was performed. The
specimens are labeled as follows: SDCNT-AIR, as control
specimen cultured at the air-liquid interface in regular
medium; SDRAPA-AIR, cultured at the air-liquid interface
in 2 nM rapamycin medium; SDCNT-SUB, as control
specimen cultured submersed in regular medium and
SDRAPA-SUB cultured submersed in 2 nM rapamycin
medium. In one of the initial, preliminary experiments, in
addition to the regular 5-day specimens, the culture period
was extended to 10 days.

Histology and immunohistochemistry

Histological evaluation with hematoxylin and eosin (H&E)
staining was performed for all specimens collected. For
histological analysis, biopsies were fixed in 4 % phosphate
buffered paraformaldehyde for 24 h, routinely dehydrated
and paraffin embedded. Serial sections were obtained at
5 um. For light microscopy analysis, images were taken
using a Nikon E800 microscope. Proliferation and differ-
entiation were analyzed with the epithelial markers
Ki67 and involucrin. Apoptosis was analyzed with cleaved
caspase-3 and calcium-dependent cell contact with
E-cadherin.

For Ki67 (1:200; DAKO, Cat #M7240), paraffin sec-
tions were cut at 5 um and heated for 40 min at 65 °C,
deparaffinized in Xylene, three changes of 2 min each.
Slides are then rehydrated through graduated alcohols of
2 min each and end in tap water (100 % alcohol, 95 %
alcohol, 70 % alcohol, water). Slides are then placed in
wash buffer until ready to begin IHC staining. Antigen
retrieval was performed in the microwave for 20 min with
citrate buffer, pH 6.0 at 95 °C. Immunoperoxidase staining
was performed on a DAKO AutoStainer at room temper-
ature using peroxidase blocking for 5 min followed by
primary antibody incubation for 30 min, followed by sec-
ondary antibody (Rabbit HRP Polymer from Biocare
#RMR622) for 30 min, DAB chromogen for 5 min,
IP Sparkle (Biocare #DS830G) for 1 min and H&E
counterstain.

For involucrin (1:100; Novus Biologicals, Cat #NB100-
2774) paraffin sections were cut at 5 um and heated for
40 min at 65 °C, deparaffinized in Xylene, three changes
of 2 min each. Slides are then rehydrated through gradu-
ated alcohols of 2 min each and end in tap water (100 %
alcohol, 95 % alcohol, 70 % alcohol, water). Slides are
then placed in wash buffer until ready to begin IHC
staining. Antigen retrieval was performed in the microwave
for 20 min with citrate buffer, pH 6.0 at 95 °C. Immun-
operoxidase staining was performed on a DAKO Auto-
Stainer at room temperature using peroxidase blocking for
5 min followed by primary antibody incubation for 30 min,
followed by secondary antibody (Mouse Secondary
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Reagent from Biocare #IPSC5001Secondary Reagent from
Biocare #IPSC5001) for 10 min; tertiary reagent/HRP
(Universal HRP Tertiarty from Biocare #IPT5002) for
10 min; followed by buffer rinse, DAB chromogen for
5 min and H&E counterstain.

For cleaved caspase-3 (1:1,000; Cell Signaling; CAT.
NO 9661), paraffin sections were cut at 5 um and heated
for 20 min at 65 °C, deparaffinized in Xylene, three
changes of 2 min each. Slides are then rehydrated through
graduated alcohols of 2 min each and end in tap water
(100 % alcohol, 95 % alcohol, 70 % alcohol, water).
Slides are then placed in wash buffer until ready to begin
IHC staining. Antigen retrieval was performed in the
microwave for 40 s at 125 °C and then at 95 °C for 10 s
with citrate buffer, pH 6.0. Immunoperoxidase staining
was performed on a DAKO AutoStainer at room tem-
perature using peroxidase blocking for 5 min followed by
primary antibody incubation for 1 h, followed by sec-
ondary antibody (Rabbit HRP Polymer from Biocare
#RMR622) for 30 min, DAB chromogen for 5 min and
H&E counterstain.

For E-cadherin (1:200, Invitrogen, Cat #13-1700) par-
affin sections were cut at 5 pm and heated for 20 min at
65 °C, deparaffinized in Xylene, rehydrated through grad-
uated series of alcohols. Antigen retrieval was performed in
the microwave for 10 min with citrate buffer, pH 6.0.
Immunoperoxidase staining was performed on a DAKO
AutoStainer at room temperature using peroxidase block-
ing for 5 min followed by primary antibody incubation for
30 min, secondary antibody for 60 min, streptavidin label
tertiary reagent for 30 min, DAB chromogen for 5 min and
H&E counterstain.

To determine Ki67 and cleaved caspase-3 positively
stained cells, six randomly selected areas per slide were
examined for analysis. The number of Ki67 or cleaved
caspase-3 positive cells per microscopic 400X fields was
recorded. Student’s ¢ tests were performed between
different groups. A p < 0.05 was considered significant.

Results

Some morphological changes between controls (CNT
specimens) and rapamycin-treated specimens were
observed as well as between air-liquid cultured samples
and submersed samples. These are presented in Fig. 1
using H&E-stained tissue sections, Fig. 1a for 5 days and
Fig. 1b for 10 days. With respect to the air-liquid samples,
submersed samples showed a thinning of the epidermis
with a reduction in the viable epidermal thickness (nucle-
ated, non-pyknotic cells). This reduction was seen in both
regular medium and rapamycin-cultured samples, as evi-
denced comparing left and right images of Fig. 1a and

happened also for the specimens cultured for 10 days, as
seen comparing left and right images in Fig. 1b. An eval-
uation of the viable epidermal thickness as number of cell
layers as an average of specimens from four experiments is
included in Table 1. We already mentioned that there
appears to be a slight thinning of the epidermis when
samples are submersed versus air-liquid interface. The
measurements showed a reduction in the number of cells
when they are submersed, which was less when using
submersed samples with rapamycin. Little reduction in
viable epidermis was seen when culturing at the air-liquid
interface. In the additional experiment with rapamycin at
higher concentrations, there was no reduction in epidermal
thickness when using 100 nM rapamycin at the air-liquid
interface (~3—4 viable cells) and a slight reduction to 2—4
cells with 2 pM rapamycin. Increased reduction was again
observed when submersed, with an average of 1-3 viable
cells for 100 nM rapamycin and 1-2 viable cells at 2 pM
concentration.

In general, air-liquid samples showed only minimal
epidermal degeneration with only occasional epidermal
pyknosis (black arrows in Fig. 1) or dermal interstitial cell
pyknosis (green arrows in Fig. 1). No significant morpho-
logical changes were observed between SDCNT-AIR and
SDRAPA-AIR. However, moderate to severe epidermal
degeneration was observed for SDCNT-SUB specimens,
with multifocal dermo-epidermal separation. Extended
vacuolation (big red arrows) and pyknosis were observed.
In contrast, submersed specimens treated with rapamycin
showed a better preservation of the epidermal architecture
and clear reduction in pyknosis and vacuolation. Particu-
larly affected in the SDCNT-SUB specimens were the
granular layer and the lower stratum corneum, which
showed extended number of vacuolated cells with indis-
tinct nuclei indicative of severe autolysis. When samples
were cultured for 10 days to assess epidermal changes with
longer culture periods, overall, these differences in mor-
phology between different specimens were maintained, and
the general epidermal architecture was severely disrupted,
but to a lesser extent in rapamycin-treated specimens
(bottom images of Fig. 1b). In general, basal keratinocytes
were disorganized and both regular medium specimens
(air liquid and submersed) were very severely autolyzed:
nearly all the nuclei in the upper epidermal layers were
pyknotic with extended vacuolation and multifocal cell
death, manifested by hypereosinophilia and dissociation of
keratinocytes. In general, these observations are consistent
with widespread multifocal epithelial degeneration and
necrosis, that was more limited in rapamycin-treated
samples. When samples were cultured at higher rapamycin
concentrations (100 nM and 2 pM) in the additional
experiment, the 100 nM rapamycin-treated specimens
showed an epidermal architecture similar to 2 nM while
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Fig. 1 Histological features of
human skin explants after

a 5- or b 10-day incubation with
2 nM rapamycin medium. The
left column row shows skin
explants cultured at the
air-liquid interface and the right
column specimens cultured in
submersed conditions

"
s ‘?ﬂu ¢
: :ﬁi{fliquiid.' 5

- 5 day 2nM rapamycm medlum

e \.ﬁ‘“‘

the 2 uM was more similar to the untreated specimen,
again this was particularly evident in submersed specimens
(Figures S1 and S2 in Supplementary Material).

Table 1 Qualitative estimate of the thickness of the epidermis
measured in number of apparent viable epidermal cells

Uncultured 5DCNT- 5DRAPA- 5DCNT- 5DRAPA-
AIR AIR SUB SUB
4-6 cells 4-5 cells 34 1-2 2-3
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To investigate proliferation and apoptosis, the 5-day
cultured specimens were analyzed against Ki67 and cleaved
caspase-3. Preliminary data (not shown) from one experi-
ment indicated no visible differences in the expression of p63
and keratin 14 between control and rapamycin-treated
samples, and further analysis of the expression of these
markers was not pursued. In general, Ki67 cells were present
mostly in the suprabasal compartment, and there were no
discernible differences in their locations between air—liquid
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Fig. 2 Representative examples of Ki67 expression in skin speci-
mens (a) and cleaved caspase-3 expression (¢). The specimens treated
with rapamycin showed a significant decrease in Ki67 expression in

and submersed or between rapamycin or regular medium
specimens. Representative examples of Ki67-positive cells
(stained dark brown) for these specimens are shown in the
block of images of Fig. 2a. The notable difference was in the
number of cells expressing Ki67 (Fig. 2b). There was a
significant decrease of proliferative cells for specimens
cultured with rapamycin versus specimens cultured in reg-
ular medium, and this happened for both SDCNT-AIR versus
5SD2R-AIR (p < 0.001) and SDCNT-AIR versus SD2R-AIR
(p < 0.001). The effect of rapamycin was visible in both air
and submersed samples. In the case of cleaved caspase-3
(Fig. 2c for H&E and Fig. 2d for number of positive cells),
however, the effect of rapamycin was mostly visible in
submersed specimens, with a substantial decrease in the
number of cleaved caspase-3 positive cells with respect to
untreated specimens. This difference was not evident at the
air-liquid interface. Almost in all cases cleaved caspase-3
positive cells appeared in the basal layer and occasionally in
the suprabasal layer. Preliminary evaluation of cleaved
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both air-liquid and submersed specimens (b). Cleaved caspase-3 was
low and similar at the air-liquid interface, but was reduced with 2 nM
rapamycin when culturing in submersed conditions

caspase-3 using 100 nM and 2 pM rapamycin showed an
increase in the number of cleaved caspase-3 cells when the
specimens were cultured in submersion with respect to the
air-liquid interface (Figure S3, Supplementary Material).
Changes in involucrin expression were also noticed
(Fig. 3a). For 5SDCNT-AIR, 5D2R-AIR and SDCNT-SUB
involucrin showed intense expression in the upper spinous
and granular layers, but was generally weaker for 5D2R-
AIR. 5DCNT-SUB samples showed areas of weaker
expression among strongly expressing involucrin areas.
There was, however, a marked, decrease of involucrin all
along the spinous and granular layers of SD2R-SUB sam-
ples (noted with red arrows). This trend in the weaker
expression of involucrin in rapamycin-treated specimens
was also seen in the samples of the 10-day experiment
(Fig. 3b). With respect to E-cadherin expression, in spec-
imens cultured at the air—liquid interface in regular medium
(Fig. 4a) or with 2 nM rapamycin (Fig. 4c), E-cadherin
showed a regular pattern of expression in all cellular layers
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Fig. 3 Changes in involucrin
expression on human skin
explants after a 5- or b 10-day
incubation with 2 nM
rapamycin medium. A general
decrease in involucrin in the
upper spinous layer and in the
granular layer was observed for
submersed specimens treated
with rapamycin (broadly
indicated with red arrows and in
magnified inset images).
Regular medium specimens
showed areas of weaker
expression among strongly
expressing involucrin areas

T

but that was disrupted in specimens cultured in submersed
conditions (Fig. 4b, d). With regular medium (Fig. 4b),
there was a general decrease in the expression in all layers,
as shown in Fig. 4b1l and b2 or was reduced to the basal
layer on certain areas with more severe epidermal degen-
eration (Fig. 4b3 and b4). However, with 2 nM rapamycin
medium (Fig. 4d) E-cadherin was better preserved along
the basal and spinous layers. Occasional loss of expression
was seen multi-focally (black arrow in Fig. 4d3 and d4).

@ Springer

8

rapamycin medium
s

NIRRT ANTE Y, L i

C . Laintliqud ™ seimi-Sibnfers
SR o o e ‘
Discussion

In this study, we undertook an analysis of the effects of
rapamycin in human skin in vitro using organotypic cul-
tures of human skin explants as a model system; an
experimental setting that has been used previously to carry
out a variety of studies in human skin, including toxico-
logical and drug effect [23]. While rapamycin is an FDA
approved drug that has been used historically in organ
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Fig. 4 Changes in E-cadherin expression on human skin explants
after 5-day incubation with 2 nM rapamycin medium. In specimens
cultured at the air-liquid interface in regular medium (a and higher
magnification inset in a) or with 2 nM rapamycin (¢ and higher
magnification inset in c¢), E-cadherin showed a normal pattern of
expression but that was disrupted in specimens cultured in submersed

transplantation as immunosupressor [6], most of the pub-
lished studies of the effect of rapamycin on human skin are
indirect studies of the side effects observed on patients due
to rapamycin treatment for other diseases. In most of these
studies rapamycin is administered systemically, either in
animal models or in humans [11, 36]. Recently, other
studies in diseases involving the skin have shown prom-
ising results, for example, in the treatment of scleroderma
[14] and possibly in keloids and excessive scars [29], by
way of affecting fibroblast proliferation.

As we have shown in previous reports [32, 33], skin
explants are well maintained for 5 days in culture at the
air-liquid interface, hence it was not surprising that there
were no substantial visual morphological differences
between control and rapamycin-cultured specimens at the
air-liquid interface for 5 days. Another model of culturing
skin explants is by submersion [1]. In our experiments, it
was clearly noticed that culturing the whole tissue sub-
mersed in medium at 37 °C led to substantial epidermal
degeneration both at 5 and 10 days (Fig. 1). This degen-
eration was reduced for rapamycin-treated submersed
samples (except for 2 pM rapamycin, Figure S2 Supple-
mentary Material), indicating that this culturing method
may be preferable to morphologically assess the effect of

7
-

conditions. With regular medium (b), there was a general decrease in
the expression (b/ and magnification 52) or was reduced to the basal
layer on certain areas (b3 and magnification b4). With 2 nM
rapamycin medium (d), the expression was more similar to the
air-liquid interface specimens (d/ and magnification d2), but it was
lost multi-focally (black arrow in d3 and d4 and magnification in d4)

the drug. The preservation of morphological features was
confirmed when the samples were cultured for 10 days.
The observation that rapamycin eliminated signs of
suprabasal acantholysis (in submersed specimens) was in
line with results reported by Pretel [34] in an animal model.
Rapamycin, then, appears to maintain a better epidermal
structure when skin is submersed, particularly in the upper
spinous and granular layer. Perhaps this opens-up the
possibility of studying the interactions of the drug with the
molecules that facilitate cell-cell attachment and that
are disrupted in diseases like pemphigus vulgaris, like
desmoglein. This correlation may exist in view of recent
reports [15] of the effect of systemic administration of
rapamycin in pemphigus vulgaris. In part, for this reason,
we analyzed expression of E-cadherin, which is a molecule
typically expressed in adherens junctions and interdigitat-
ing membrane structures in normal epidermis [22]. Its
expression was normal and did not appear to be affected by
rapamycin when cultured at the air-liquid interface. It is
known that keratinocytes undergoing apoptosis show
reduced expression of E-cadherin and disruption of the
epidermal barrier [12], much as we suspect is happening in
semi-submersed samples in regular medium in our exper-
iments. Rapamycin, however, preserved its expression
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(except in some localized foci) when skin was cultured in
submersed conditions, where E-cadherin showed no
expression or was limited to the basal layer. These results
are in line with previous information indicating that rapa-
mycin can indirectly block the loss of E-cadherin expres-
sion in normal rat kidney epithelial cell line [39] as well as
the fact that cell morphology of rapamycin-cultured cells in
vitro changes to a cuboidal type with increased cell—cell
adhesion, associated with increased expression of E-cad-
herin [25].

In our study, it was found that the use of rapamycin at
low concentrations restricted Ki67 expression (Fig. 2),
demonstrating that rapamycin is effective in reducing cell
proliferation in keratinocytes in whole tissues, as it does in
other cells and in keratinocytes in culture, for instance
inhibiting PCNA and T cell activation [20].

Normally, in vitro studies using rapamycin show that
the drug has been used typically in the low to mid-
nanomolar concentrations. Use of rapamycin in dissoci-
ated keratinocytes cultures has been reported in low
nanomolar concentrations, except for Duncan [11] that
used low micromolar concentrations. We decided to use
rapamycin at 2 nM concentration as previous reports have
shown that anti-proliferative effects appear at low con-
centrations [4, 9, 18, 40]. However, in contrast to most
previously published experiments, where cells are cul-
tured for short periods of time (24-48 h, except for the
study by Izumi), we have used rapamycin for mid or
longer periods of time.

Our study was complemented with the analysis of
cleaved caspase-3 in the epidermis, which is normally
activated in skin insults [2, 21, 27] to evaluate whether the
decrease in proliferation was also associated with an
increase in apoptosis. Cellular toxicity associated with
rapamycin does not seem to be linked to inhibition of
TORCI [3], so if there is cellular cytotoxicity is likely to be
dependent on other factors.

Caspase-3 activation in skin is normally seen in the basal
layer (as seen in Fig. 2¢). At 2 nM concentration rapamycin
appeared to limit apoptosis when the cultures were sub-
mersed compared to specimens cultured in regular medium,
but this difference was not observed at the air-liquid
interface. In any case, at the air liquid interface, the number
of positive cells were generally low for all specimens.
However, when using samples at 2 pM in submersed con-
ditions (Figure S3 in Supplemental Material) the number of
positive cells was similar to the specimen cultured in reg-
ular medium, suggesting that at high concentrations rapa-
mycin may indirectly contribute to keratinocyte apoptosis
in our model of culture in submersed conditions. This
indicates that at low concentrations rapamycin inhibits
proliferation without concomitant increase in apoptosis
(perhaps even limiting apoptosis), but that it is unable to do
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so at high concentrations when culturing in submersed
conditions.

Our results regarding involucrin (a marker of terminal
differentiation) show (Fig. 3) that rapamycin reduces the
presence of involucrin, particularly in the granular layer,
indicating that rapamycin may affect more keratinocytes
committed to terminal differentiation rather than early
differentiation. This reduction in cell differentiation by
rapamycin has been shown before in cultured keratinocytes
(Peramo, personal communication) and in human endo-
thelial progenitor cells [5]. With respect to the possible
mechanism of action of rapamycin, a possibility is that
rapamycin may restrict keratinocyte proliferation and dif-
ferentiation by blocking or reducing Akt activation. There
is evidence that activation of Akt is involved in the initi-
ation of keratinocyte terminal differentiation [8, 19, 37].

Our results point toward applications of rapamycin in
skin in which restriction or modulation of keratinocyte
differentiation and proliferation is necessary. Given that
Akt/mTOR signaling pathway is up regulated in wound
healing, Akt-mediated rapamycin pathway may be a
potential therapeutic target in extramammary Paget’s dis-
ease, by reducing cell cycle progression [10]. As mentioned,
another possible application is in pemphigus vulgaris as
it has been shown by Pretel [34] that an imbalance in
Akt/mTOR is involved in acantholitic processes in a mouse
model of pemphigus vulgaris. Topical formulations con-
taining rapamycin, instead of oral administration, could be
developed to be used in treatment of other diseases, for
instance pachyonychia congenital [16] or psoriasis [30].
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