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Abstract

The skin tolerability of the tubulin polymerisation inhibitor LAV694 was compared to that of 5% 5-fluorouracil (5-FU) and 0.5%

podophyllotoxin in vitro using a human reconstructed epidermis (HRE), and in vivo using minipigs. Topical treatment of HRE for 1

or 3 days with a 0.2, 0.6 or 1% LAV694 cream or the placebo showed no signs of irritation in terms of morphology, cell viability

(lactate dehydrogenase leakage) or interleukin-8 mRNA expression and release. 5-FU increased interleukin-8 production and

induced morphological signs of irritation. The substances were also applied under occlusion to the back of two minipigs, twice daily,

for 9 days to allow intraindividual comparison of skin effects and tolerability. Skin reactions were monitored by visual scoring,

chromometry, pro-inflammatory activity, cell cycle and apoptosis by RT-PCR, laser scanning cytometry and histopathological

examination of biopsies. Application of podophyllotoxin and 5-FU had to be stopped on days 4 and 8, respectively, due to severe

skin lesions. LAV694 (1%) induced only moderate skin reddening after 9 days. 5-FU and podophyllotoxin, but not LAV694,

increased mRNA expression of pro-inflammatory cytokines. LAV694 arrested keratinocytes in the M phase of the cell cycle and

apoptosis was detected histologically in the basal layer. LAV694 increased the expression of pro-apoptotic genes in both

experimental models. In conclusion, LAV694 selectively induced apoptosis, rather than necrosis, of growth-arrested keratinocytes,

thus avoiding the occurrence of extensive inflammation. This resulted in an improved skin tolerability in comparison with 5-FU and

podophyllotoxin.
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1. Introduction

Actinic keratosis (AK) is an epidermal cutaneous dys-

plasia. It is the most common epithelial pre-cancerous

lesion among fair-skinned individuals, and frequently pro-

gresses to squamous cell carcinoma [1]. Patients have

multiple lesions on sun-exposed skin areas, presenting

as ill-defined macules or papules with a dry, adherent

scale. On histological examination, changes in cell polar-

ity, and nuclear atypia of epidermal layers are seen. The

epidermis becomes hyperkeratotic or parakeratotic, with a

sharp border between dysplastic and normal keratinocytes.

Nuclei in the basal layer are often crowded closely

together, with atypical keratinocytes occasionally forming

buds. Degenerated keratinocytes and cellular fragments

may be present. The dermis often shows basophilic actinic

changes, with a mild inflammatory infiltrate of lympho-

cytes and edema of the upper layers [2].

Treatment of these lesions can include destructive meth-

ods such as cryotherapy, electrodesiccation and curettage,

excisional therapy and photodynamic therapy. The risks
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associated with these methods include pain, blistering,

scars and pigmentary changes. Alternatively, chemother-

apy with topical 5-FU is commonly used, especially in the

case of patients with multiple lesions. However, 5-FU

therapy is usually associated with severe irritation, fre-

quently preventing patient compliance. This fact, together

with the increasing incidence of AK in our modern society,

has given rise to a clear need for new, effective and well

tolerated products for the treatment of multiple lesions [3].

It has been recently discovered that certain derivatives of

lavendustin A possess antiproliferative activity [4] through

binding to tubulin and inhibiting its polymerisation, thus

precluding microtubule formation. This results in cell cycle

arrest in dividing cells, with accumulation of metaphase

figures. An example is SDZ 281-977 (or SDZ LAP 977),

which inhibits keratinocyte proliferation in a potent and

selective manner, both in vivo and in vitro [5]. This

compound has been shown to have therapeutic efficacy

in AK [6]. LAV694 is a novel lavendustin derivative with

identical pharmacological mechanism of action, that has

no cytotoxic effect on non-dividing cells. LAV694 has

antiproliferative potency comparable to other antimitotic

agents, such as 5-FU or podophyllotoxin both in vitro and

in vivo, but it has an improved selectivity for keratinocytes.

LAV694 has a better solubility than SDZ LAP 977, higher

in vitro and in vivo potency, increased metabolic stability

and improved skin penetration properties. In addition,

LAV694 still shows the required properties for a topical

‘‘soft drug’’, i.e. very low systemic exposure after topical

application and fast systemic metabolic inactivation [7].

Our goal was to assess the skin tolerability to LAV694

after topical application, both in vitro using a HRE and in

vivo in minipigs, by analysing the morphological changes

induced by LAV694, and the biochemical and molecular

mechanisms involved in the response. The clinically used

antiproliferative agents 5-FU and podophyllotoxin were

used for comparison.

2. Materials and methods

2.1. Determination of in vitro skin irritation potential

using a HRE

A HRE (SkinEthic1 Laboratories) containing fully

differentiated normal human keratinocytes showing mor-

phological, biochemical and functional features similar to

human epidermis [8] was used for in vitro skin irritation

testing. Ten mg/cm2 of a cream formulation containing 0.2,

0.6 or 1% LAV694, as well as the corresponding placebo,

were applied topically on the surface of the HRE and

incubated for 1 or 3 days under culture conditions, as

described previously [9]. The placebo was formulated with

8% isopropyl myristate, 6% polysorbate 60, 2% sorbitan

monostearate (Span 60), 2% cetyl palmitate, 4% cetyl

alcohol, 4% stearyl alcohol, 1% benzyl alcohol and 73%

water. For comparison, a cream containing 5% 5-fluorour-

acil (Efudix1, Roche) and an innocuous CF (composed of

1% polyacrylacid (Carbomer 974P), 15% propylenglycol-

1, -2, 16% of a 0.25 M NaOH solution, and 68% water)

were used. Additionally, a solution of the skin irritant 0.4%

SLS in phosphate buffer was used as a positive control.

As a marker of cell membrane integrity and cell viabi-

lity, the leakage of LDH [10] into the tissue subnatant was

measured with a commercially available spectrophotome-

try-based kit (Sigma). The levels of IL-8 were determined

in the subnatants by ELISA (Quantikine, R þ D systems),

with a detection limit of 10 pg/mL. In addition, IL-8

mRNA expression in the epidermal tissue was quantified

by real-time RT-PCR. For this, each tissue was subjected to

a total RNA extraction using the FastRNA kit-green (Bio

101 Vista) combined with the RNAzol B solution (Cinna/

Biotex). The total RNA amount was measured spectro-

photometrically and samples were diluted to 10 ng/mL.

IL-8 mRNA was quantified using an ABI 7700 equipment

(Perkin-Elmer). An equal amount of total RNA from each

tissue (50 ng) was subjected to RT-PCR, using TaqMan

reverse transcription reagents (Applied Biosystems)

according to the manufacturer recommendations. In brief,

PCR was conducted in a 50 mL reaction volume containing

5 mL cDNA, 25 mL 2� TaqMan universal PCR master mix

(Applied Biosystems), 2 � 4 mL primers (10 pmol/mL),

6.75 mL probe (1.1 pmol/mL) and 5.25 mL nuclease-free

water. The thermal conditions were as follows: stage

1 ¼ 10 min at 958; stage 2 ¼ 15 s at 958; stage 3 ¼ 1 min

8; 40 cycles between stages 2 and 3 were performed. The

following primers and labelled probes were used:

Human IL-8: forward, TGC TAG CCA GGA TCC ACA

AGT; reverse, TGA GGT AAG ATG GTG GCT AAT ACT;

probe, CTT GTT CCA CTG TGC CTT GGT TTC TCC

TT.

Human GAPDH: forward, GAA GGT GAA GGT CGG

AGT C; reverse, GAA GAT GGT GAT GGG ATT TC;

probe, CAA GCT TCC CGT TCT CAG CC.

GAPDH mRNA, a housekeeping gene, was carried out

in parallel in each sample for normalization.

Finally, histological analysis of formalin-fixed, paraffin-

embedded HRE samples stained with hematoxylin and

eosin was performed and evaluated in conjunction with

the rest of the investigated parameters.

All experiments were performed in triplicate. The inte-

grated evaluation of all tested parameters was used for the

assessment of the skin irritation potential of the different

LAV694 formulations, and for estimating the relative

intensity of the effects against the reference compounds.

2.2. Expression of pro-apoptotic genes

The expression of Bax, p53, caspases 3 and 9 and

granzyme B [11–14] was quantified by real-time RT-

PCR as molecular markers of the induction of apoptosis.

The following primers and labelled probes were used:
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Human Bax: forward, CTG CAG AGG ATG ATT GCC

G; reverse, TGC CAC TCG GAA AAA GAC CT; probe,

CGT GGA CAC AGA CTC CCC CCG A.

Human p53: forward, TGC TTT CCA CGA CGG TGA

C; reverse, AGT GAC CCG GAA GGC AGT C; probe,

CGC TTC CCT GGA TTG GCA GCC.

Human caspase 3: forward, TGT TCC ATG AAG GCA

GAG CC; reverse, TGC GTA TGG AGA AAT GGG C;

probe, TGG ACC ACG CAG GAA GGG CCT A.

Human caspase 9: forward, CAT CGA CTG TGA GAA

GTT GCG; reverse, CCC TTC ACC TCC ACC ATG AA;

probe, CGT CGC TTC TCC TCG CCG CA.

Human granzyme B: forward, CTG GAG GCC CTC

TTG TGT GT; reverse, GCATGC CAT TGT TTC GTC C;

probe, AGG TGG CCC AGG GCA TTG TCT CC.

2.3. Evaluation of the in vivo skin tolerability

in minipigs

Göttingen minipigs are commonly used for testing skin

tolerability because their skin resembles the features of

human skin more closely than that of other species

[15,16]. One male and one female Göttingen SPF minipigs

(Ellegard Breeding Centre) of ca. 9 months of age were

topically treated on the back with 200 mg of the 0.2, 0.6 or

1% LAV694 cream formulations, and the placebo formula-

tion. The animals also received 200 mg of the 5% 5-FU

cream, and 200 mg of a 0.5% podophyllotoxin liniment

(Condyline1, Nycomed). This study was especially

designed for intraindividual comparison of specific dermal

effects of the tested compounds and their skin tolerability.

Applications were performed with each preparation on the

right and left side of the back of the animal under occlusive

bandage (Finn chambers of 22 mm diameter), twice daily (8

and 14 hr of exposurewith approximately 1 hr recovery after

each application) for a maximum of 9 days. A sham control

and an untreated site were also included in the evaluations.

Visual skin observations comprised scoring of skin red-

dening and swelling according to OECD Guideline No. 404

(July 17, 1992). Skin reflectance reading (colour changes

recorded using a Minolta CR300 Chroma-Meter) was per-

formed to quantify skin reddening. Skin biopsies of a

diameter of 4 mm were taken from the application sites

using a medical punch when the skin changes reached grade

3 (moderate to severe erythema and/or moderate edema) to 4

(severe erythema to eschar formation and/or severe edema),

or, in the case of well tolerated compounds, at the end of the

treatment period. Biopsies were taken after disinfection with

70% ethanol and local anaesthesia with 2% Lidocaine

(Chassot AG). Histopathological examination of forma-

lin-fixed, paraffin-embedded tissue stained with hematox-

ylin and eosin was performed. In order to investigate the

onset of a local inflammatory process and the induction of

apoptosis, the mRNA expression of IL-1a, TNFa, IL-8 and

Bax in the biopsied skin was determined by real-time RT-

PCR, using the following primers and labelled probes:

Porcine IL-1a: forward, GGG TCA TCA ACC ACC

AGT GC; reverse, GAC CTG ACG GGT CTC GAA TG;

probe, TCC TGA ATG ATG CCC GCA ATC AAA.

Porcine TNFa: forward, GGC CCC CAG AAG GAA

GAG T; reverse, TGA GTC CTT GGG CCA GAG G;

probe, CCA GCT GGC CCC TTG AGC ATC A.

Porcine IL-8: forward, CTC GTG TCA ACA TGA CTT

CCA AA; reverse, CAC AGA GAG CTG CAG AAA GCA;

probe, TGG CTG TTG CCT TCT TGG CAG TTT TC. IL-

8 mRNA levels were only analysed in the biopsies obtained

from control, 1% LAV694 and 5-FU treated sites.

Porcine bax has not been sequenced. Since bax has a

high degree of homology between human and rat or mice

(around 92%), it was reasonable to expect a high homology

also with pigs. Therefore, the human bax primers and

probes were used in the minipig samples.

2.4. Evaluation of cell cycle parameters and apoptosis

in minipig skin by LSC

Cell cycle parameters, as well as the presence of apop-

tosis-related proteins, were assessed by LSC analysis:

first, single-cell suspensions were obtained from whole

skin samples by trypsin digestion, as follows: after incu-

bation of each skin specimen in PBS (Hyclone) containing

0.25 mg/mL trypsin (Sigma) for 35 min at 378, the dermis

was separated with forceps in PBS. The remaining epi-

dermis was then incubated in a fresh trypsin solution for

15 min and gently mixed on a shaker to separate the

keratinocytes, resulting in a single-cell suspension. Cells

were resuspended in PBS containing 20% foetal calf

serum (clone III, Hyclone), fixed in ice-cold methanol

and kept at �208 until analysis. The fixed cells were

washed in PBS and cytocentrifuged on slides using a

Shandon cytocentrifuge (Cytospin 2, Shandon Co.) at

50 g for 3 min.

For cell cycle studies, the slides were washed with PBS

and incubated in a solution of 50 mg/mL propidium iodide

(Sigma) containing 0.1 mg/mL RNAse A (Sigma) and

0.1% of Triton X-100 (Sigma) for 1 hr at room tempera-

ture. The slides were then covered and analysed with the

LSC.

The fluorescence emission of the stained cells was

measured on the LSC interfaced to a Compaq computer

equipped with the WinCyte 2.1 software (Compucyte), as

described in detail elsewhere [17]. The LSC was equipped

with a 488 nm argon-ion laser and two standard photo-

multiplier tubes collecting in green (wavelength band

centred at 530 nm), and red (wavelength band longer than

570 nm) wavelengths were used. The laser was imaged

through a scan lens into an Olympus BX50 microscope.

Slides were scanned using a 20� objective. The scan area

was adjusted to the entire coverslip area and at least 5000

cells were analysed. Determination of cell cycle para-

meters was performed by gating cells based on contour

area (reflecting nucleus size) and PI max pixel (highest
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intensity of fluorescence within the threshold contour,

representing chromatin condensation). Analysis of fluor-

escence peak (which represents the maximal fluorescence

value among all the pixels over the measured cell) and

fluorescence area (which represents the number of pixels

over threshold) of the cells stained with DNA fluoro-

chromes appeared to be a sensitive probe of chromatin

structure, discerning cells differing in the degree of nuclear

chromatin condensation. Thus, based on an analysis of the

fluorescence parameters mentioned above, it was possible

to easily distinguish mitotic cells (M phase) from inter-

phase cells (G2 phase).

The expression of Bax was evaluated as follows: the

slides were incubated overnight at 48 with a rabbit anti-

human Bax antibody (Ab-1, PC66, Oncogene), diluted

1:50 in PBS containing 0.5% bovine serum albumin and

0.01% Tween-20. After washing twice with PBS, the

slides were incubated with the secondary antibody

diluted 1:150 in PBS containing 0.5% bovine serum

albumin and 0.01% Tween-20, for 1 hr at room tempera-

ture. As a secondary antibody, Alexa-488 goat anti-rabbit

IgG (Molecular Probes) was used. The slides were

washed again and counterstained with 10 mg/mL of PI

and 0.1 mg/mL RNAse in PBS for 1 hr at room tempera-

ture before measurement. The cells were gated on green

max pixel or integral (reflecting the local density of Bax)

and integrated PI fluorescence. Overlapping nuclei were

automatically excluded from the counting by special

statistical filters.

The presence of fragmented nuclei (reflecting chro-

matin condensation) in minipig skin topically treated

with LAV694 1% was analysed by confocal laser scanning

microscopy. Images of paraffin sections stained for DNA

using Draq5 (Alexis) dye were evaluated by confocal

microscopy after stacking successively 20 XY images of

variable thickness.

3. Results

3.1. Determination of in vitro skin irritation potential

of LAV694 using a HRE

Fig. 1 shows that application of 0.2, 0.6, 1% LAV694

or the placebo to the HRE resulted in weak, non-sig-

nificant increases in the expression and release of IL-8, in

the absence of cytotoxicity (LDH release), when com-

pared with the control formulation. 5-FU markedly

enhanced the production of IL-8 protein and mRNA.

The positive control, SLS, decreased cell viability, as

shown by an increase in LDH leakage. In addition, a

significant increase in IL-8 release was also observed

upon SLS application, but no increase in IL-8 mRNA was

detected after 24 or 72 hr incubation. This is due to the

rapid loss of cell viability, which prevented the active

process of IL-8 gene expression.

As shown in Fig. 2, morphological changes indicative of

the induction of skin irritation were observed on histo-

pathological examination of the HRE following applica-

tion of 5-FU and SLS, whereas only the highest tested
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Fig. 1. 5-FU and SLS, but not LAV694, increased biochemical markers of

irritation in the HRE. Following topical treatment of the epidermal tissues for

24 hr (open bars) or 72 hr (closed bars), LDH release (a) was determined as a

marker of cytotoxicity, and IL-8 release (b) and mRNA expression (c) were

quantified as markers of pro-inflammatory activity. Results represent the

mean � SD of three determinations. Statistical analysis by Student’s t-test.
�P < 0:05 vs. CF at the corresponding time point.
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concentration of LAV694 (1%) resulted in mild morpho-

logical changes, namely, the appearance of a few pyknotic

nuclei in the granular layer and minimal intracellular

edema. The control formulation induced no effects.

These findings indicate that under the conditions of the

experiments, neither LAV694 nor its vehicle induced any

significant signs of skin irritation, whereas 5-FU did, as

suggested by the production of the pro-inflammatory che-

mokine IL-8 (onset of an inflammatory reaction) and mor-

phological changes consistent with an irritative process.

3.2. Evaluation of the skin tolerability of LAV694 in

minipigs

Topical exposure of minipigs to 0.5% podophyllotoxin

and 5% 5-FU had to be stopped early on days 4 or 8, after 6

or 14 applications, respectively, due to severe skin lesions

(Table 1). LAV694 induced the first signs of weak skin

reddening on day 5.

Skin treated with 0.5% podophyllotoxin showed an

increase in reddening in the range of very slight on day 2

to severe on day 3. In addition, necrotic tissue and formation

of crusts were observed on day 4. The low measured values

for skin reddening in contrast to the visual skin observations

with 0.5% podophyllotoxin were considered to be related to

interferences due to the formation of crusts at the application

sites. Similar changes, although slightly less pronounced,

developed with 5% 5-FU within 7 days of treatment. With

LAV694, skin reddening occurred in a concentration-depen-

dent manner from very slight on day 5 to moderate on day 10.

In addition, a focal ulceration was evident in the male

minipig on one LAV694 1%-treated site and in the female

minipig on both sites with the 1% cream and on one site with

the 0.6% cream on day 10.

Histologically, after application of 5-FU and podophyl-

lotoxin, epidermal necrosis associated with a moderate to

severe inflammatory infiltrate extending from the epider-

mis to the hypodermis was observed, signs which were not

Fig. 2. Topical application of 5-FU (c) or SLS (d), but not of LAV694 (b) or the placebo (a) for 72 hr resulted in histopathological signs of skin irritation in

the HRE. (a) Placebo: the HRE presented the aspect of a normal epidermis with well-differentiated basal, spinous, granular and horny layers. (b) 1% LAV694:

a few pyknotic nuclei (black arrow), in the most superficial layer and a diffuse but minimal edema (white arrow) in all layers were observed. (c) 5% 5-FU:

pyknotic nuclei (black arrows) were observed not only in the granular layer, but also in the spinous layer, as well as intracellular edema in the spinous,

granular and horny layers (white arrows). (d) 0.4% SLS: abundant pyknotic nuclei in all layers (black arrow) associated with moderate edema (white arrow)

were noted.
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observed following treatment with LAV694 or the placebo

(Fig. 3). After treatment with LAV694, apoptotic nuclei in

the basal cell layer were seen in a frequency that increased

with the dose. A focal or extensive dermal–epidermal

detachment was seen after application of 0.6 or 1%

LAV694, respectively, the latter associated with the appe-

arance of a mild inflammatory reaction in the epidermis

and superficial dermis.

In order to investigate the molecular events leading to

the observed skin alterations in minipigs, the mRNA

levels of the pro-inflammatory cytokines IL-1a and TNFa
in the biopsies were assessed by RT-PCR. LAV694

induced only minimal, non-significant changes in the

levels of the mentioned cytokines after 9 days of treatment

(Fig. 4). However, 5% 5-FU, as well as 0.5% podophyl-

lotoxin markedly increased IL-1a mRNA expression in

minipig skin when the treatment had to be stopped due to

severe skin lesions (after 7 days of treatment with 5-FU

and after 3 days of treatment with podophyllotoxin).

5-FU, but not podophyllotoxin, enhanced TNFa mRNA

expression. Finally, IL-8 mRNA expression was markedly

induced by 5-FU (more than 90-fold with respect to non-

treated control), whereas 1% LAV694 induced no increase

at all (data not shown). These findings reflect the severe

inflammation induced by 5-FU and podophyllotoxin,

and are consistent with the visual observations described

above.

3.3. Investigation of cell cycle parameters in

minipig skin after application of LAV694

Although tested in only a limited number of minipigs in

this study, a trend towards accumulation of cells in the M

and G2 phases of the cell cycle, as well as a reduction in

the number of cells in the G1 phase, were evident follow-

ing topical application of LAV694, in comparison with

the placebo, the sham control and the untreated site

(Table 2).

3.4. Investigation of apoptosis in the HRE in vitro and

in minipigs

The mRNA expression of several genes involved in

apoptosis was measured in the HRE, after 24 hr treatment

with LAV694 or 5-FU. Table 3 shows that 1% LAV694

induced a significant increase in mRNA expression of the

pro-apoptotic genes Bax, p53, caspases 3 and 9 and

granzyme B, when compared to the control formulation.

A similar effect was not observed with the placebo. In

addition, an increased number of cells undergoing apop-

tosis in the HRE tissue upon application of LAV694 when

compared to control was observed at histological analysis

with laser scanning cytometry. These findings indicate that

LAV694 induced apoptosis of keratinocytes in the HRE. 5-

FU also increased the expression of the mentioned genes,

but to a much lower extent than 1% LAV694. As shown in

Table 1

Minipig skin reflectance and maximal visual score after topical treatment with LAV694, 5-FU or podophyllotoxin

M/F

Placebo LAV694 (0.2%) LAV694 (0.6%) LAV694 (1%) 5% 5-FU 0.5% podophyllotoxin Sham Control

Predose 7.40/8.00 6.50/6.00 5.70/6.60 6.10/6.30 7.60/8.10 6.90/8.90 6.40/7.30 5.70/6.90

Day 2 8.60/9.80 7.50/7.80 8.30/9.10 8.80/12.40 9.91/12.61 7.82/10.22 7.00/8.30 5.20/7.60

Day 3 10.80/9.30 7.30/7.60 8.40/8.30 8.70/8.50 13.62/11.61 7.23/15.83 5.90/6.20 5.10/6.30

Day 4 9.20/10.60 7.90/9.50 8.00/8.30 8.90/10.90 15.22/18.12 –4/–4 5.70/8.30 5.80/7.30

Day 5 13.00/11.41 10.70/9.21 9.90/8.51 10.31/9.11 14.72/16.72 –/– 5.20/6.80 3.60/5.20

Day 6 17.22/12.52 13.81/9.32 12.41/9.42 13.82/11.82 8.42/16.12 –/– 5.00/5.50 5.20/4.70

Day 7 13.81/9.82 12.32/12.52 13.62/11.22 14.32/14.72 11.84/11.54 –/– 6.10/5.00 4.20/5.30

Day 8 14.31/10.32 14.62/12.92 16.12/13.32 18.22/18.22 –/– –/– 4.60/5.30 3.70/5.20

Day 9 13.81/12.31 16.22/16.12 17.83/16.93 19.73/21.73 –/– –/– 4.40/5.90 4.80/5.80

Day 10 12.21/10.91 16.32/13.41 19.12/19.12 20.23/19.62 –/– –/– 4.20/5.10 3.20/5.10

The test compounds were topically applied under occlusion to the back of two minipigs, twice a day, for a maximum of 9 days. The skin reactions were

monitored by chromometry and visual scoring before treatment start and approximately 14 hr after the second administration on each day. Skin reflectance is

expressed as ‘‘a’’ Units, as defined by the ‘‘Commission Internationale d’Èclairage’’. Values are the mean of both treated sides. Visual scores (superindices):

(1) no erythema, (2) very slight erythema (barely perceptible), (3) well-defined erythema, (4) moderate to severe erythema, (5) severe erythema to eschar

formation. M: male; F: female.

Table 2

Cell cycle parameters in the skin of minipigs topically treated with

LAV694, 5-FU or podophyllotoxin

M/F

% G1 % G2 % M

LAV694 (0%) (placebo) 77.3/79.0 5.9/6.4 1.3/1.1

LAV694 (0.2%) 67.2/69.2 8.9/11.6 1.3/4.6

LAV694 (0.6%) 71.6/76.4 9.8/8.9 2.5/5.3

LAV694 (1.0%) 71.3/74.2 10.6/9.0 2.4/3.2

5% 5-FU n.d. n.d. n.d.

0.5% podophyllotoxin n.d. n.d. n.d.

Control (sham) 83.2/87.3 5.4/5.4 0.6/0.9

Untreated site 78.8/81.1 4.6/5.0 0.6/0.4

The test compounds were topically applied under occlusion to the back

of two minipigs, twice a day, for a maximum of 9 days. Cell cycle

parameters were determined by LSC in the biopsies of the treated sites.

Data relative to untreated site; n.d.: not determined, due to extensive tissue

necrosis of the treated sites. M: male; F: female.
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Fig. 5, the local density of the pro-apoptotic protein Bax in

minipig skin was increased after treatment with LAV694,

in comparison with the untreated site, the sham control and

the placebo. The presence of apoptotic nuclei in minipig

skin treated with LAV694, as seen at histological exam-

ination, was also confirmed by confocal laser scanning

microscopy (Fig. 6). This indicates that minipig skin cells

specifically undergo apoptosis after LAV694 treatment.

Fig. 3. Topical exposure of minipig skin to 5-FU (e) or podophyllotoxin (f), but not to LAV694 (b, 0.2%; c, 0.6%; d, 1%) or placebo (a) resulted in

histopathological signs of marked skin irritation. (a) Placebo: the skin showed a normal aspect. In contrast, LAV694 induced the appearance of apoptotic

nuclei (black arrows) in the basal cell layer, in a dose-dependent manner: (b, 0.2%; c, 0.6%; d, 1%). LAV694 0.6% (c) also induced focal detachment of the

epidermis (arrow-head) without inflammatory reaction, and LAV694 1% (d) resulted in a large area of dermo-epidermal detachment (arrow-head) associated

with a slight inflammatory reaction in the epidermis and superficial dermis. (e) 5% 5-FU: epidermal necrosis associated with a moderate to marked

inflammatory reaction (white arrows) in the epidermis, which was extended in the dermis until the hypodermis (not shown in the picture). No dermo-

epidermis detachment was observed. (f) 0.5% podophyllotoxin: similar observations to those induced by 5-FU (white arrows, inflammatory infiltrate).

Table 3

Messenger RNA expression of genes involved in apoptosis in the HRE after 24-h treatment with LAV694 or 5-FU

Bax p53 Caspase 3 Caspase 9 Granzyme B

CF 1.0 � 0.1 1.0 � 0.0 1.0 � 0.1 1.0 � 0.1 1.0 � 0.2

LAV 0% 0.8 � 0.1 0.6 � 0.1 1.1 � 0.0 1.0 � 0.1 n.d.

LAV 1% 9.1 � 0.7� 8.7 � 1.0� 85.2 � 6.4� 102.5 � 11.4� 702.7 � 105.4�

5-FU 5.1 � 3.1 2.3 � 1.8 21.9 � 11.1� 22.8 � 11.9� 270.0 � 54.0�

Following topical treatment of the epidermal tissues for 24 hours, the mRNA expression of pro-apoptotic genes was quantified by Real Time PCR. Results

represent the mean � SD of three determinations. CF: Control Formulation. LAV: LAV694; 5-FU: 5-fluoro-Uracil. n.d.: not determined. Data are expressed as

the mean � S:D: of 3 experiments; fold increases vs. values obtained with CF. �P < 0:05 vs. CF.
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4. Discussion

The response of the human epidermal tissue to a topi-

cally applied cream containing LAV694 was evaluated in

vitro in terms of direct cytotoxicity, pro-inflammatory

activity and morphology. LAV694 did not decrease cell

viability of keratinocytes nor did it increase the release and

mRNA expression of IL-8 in a HRE that has been shown to

correctly predict the skin irritation potential of topical

products for humans when utilized under defined experi-

mental conditions [9]. Our data indicate therefore that

LAV694 was well tolerated. Conversely, the 5% 5-FU

cream induced the production of IL-8 at the mRNA and

protein levels. Keratinocytes produce, release and respond

to cytokines and chemokines such as IL-8 [18–23], which

plays an important role in the initiation and development

phases of skin inflammatory reactions. Therefore, our data

suggest the initiation of an inflammatory reaction by 5-FU.

The well-known severe skin irritant used for comparison

(0.4% SLS) was markedly cytotoxic, as indicated by

leakage of LDH. These results were confirmed by the
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Fig. 4. Effects of LAV694, 5-FU and podophyllotoxin on the mRNA

expression of pro-inflammatory cytokines in minipig skin. Following

topical treatment of minipigs with the test compounds as described in the

methods section, the mRNA expression of IL-1a (open bars) and TNFa
(closed bars) was determined by RT-PCR. The skin biopsies used for the

determinations were collected on day 4 for podophyllotoxin, on day 7 for

5-FU, and on day 10 for all other treatments. Results represent the

mean � SD of determinations performed in triplicate with the biopsies of

the left and right treatment sites. Statistical analysis by Student’s t-test.
�P < 0:05 vs. control.
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Fig. 5. Levels of the pro-apoptotic protein Bax in minipig skin topically

treated with LAV694, 5-FU or podophyllotoxin. Following topical

treatment of minipigs with the test compounds as described in Section 2,

the levels of Bax were determined by LSC. Results are expressed relative

to the level of Bax in untreated sites; n.d.: not determined, due to extensive

tissue necrosis or superficial skin wounds of the treated sites. Open bars,

male; closed bars, female.

Fig. 6. Confocal laser scanning microscopy images of paraffin sections

stained for DNA using Draq5 (Alexis) dye from minipig skin topically

treated with LAV694 1%. Following topical treatment of minipigs with the

test compounds as described in Section 2, the presence of fragmented

nuclei (chromatin condensation) was evaluated by confocal microscopy

after stacking successively 20 XY images of 0.405 mm thick (A) and

0.365 mm thick (B). (A) Untreated animal; (B) LAV694 1%-treated animal

showing the fragmented nucleus of an apoptotic cell. Bar: (A) and ðBÞ ¼
5 mm; (A’) and (B’) ðinsertsÞ ¼ 1 mm.
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observation of morphological signs of irritation under

conventional histopathological examination of 5-FU or

0.4% SLS-treated epidermis.

Exposure of minipig skin to LAV694 for 4 days resulted

in weak skin reddening, whereas application of 0.5%

podophyllotoxin had to be stopped after 3 days due to

severe skin lesions, and 5% 5-FU already showed signs of

moderate irritation. The application of 5% 5-FU had to be

stopped after 7 days of treatment, whereas administration

of LAV694 could be continued until day 10 (end of the

experimental period). To clarify whether the compound

was effective under the conditions of the study, investiga-

tion of cell cycle parameters was performed. Indeed, an

accumulation of cells in the M phase of the cell cycle was

observed, as expected from a compound that inhibits

tubulin polymerisation, thereby blocking mitosis. Taken

together, these results clearly represent an improvement in

tolerability vs. standard clinical treatments at doses with

equivalent pharmacological efficacy.

Growth-arrested cells are deemed to die. However, the

death pathway undergone by the cells determines whether

an inflammatory reaction is elicited: cell death by necrosis

is typically associated with inflammation. On the contrary,

apoptosis is not followed by inflammation, similarly to

what occurs during natural replicative senescence of irre-

versibly growth-arrested keratinocytes. The cellular and

molecular mechanisms underlying this difference are

known in part: although apoptotic cells can be eliminated

by neighbouring cells, they can also undergo phagocytosis

by macrophages. Several receptors are involved, thereby

allowing for their efficient clearance [24]. Concomitantly,

macrophages are primed to produce immunoregulatory

factors such as IL-10, TGF-b, and PGE2 while the produc-

tion of proinflammatory cytokines (e.g. IL-12, TNFa) is

suppressed [25–27]. Moreover, macrophages degrade

rather than process antigens contained within apoptotic

cells, as they fail to induce antigen-specific cytotoxic T

lymphocytes when injected in vivo [28] and are not

recognised as targets of cytotoxic T lymphocytes in vitro

[29]. Altogether, these data suggest that macrophages

modulate the immune response after phagocytosis of

apoptotic cells through the release of immunosuppressive

factors and failure to present the antigen. On the other

hand, exposure of macrophages to necrotic cells leads to

macrophage activation. Based on this evidence, the reason

for the reduced inflammation and consequent improved

tolerability observed upon treatment with LAV694 in

comparison to other agents might be due to a potential

difference in the death pathway undergone by the growth-

arrested keratinocytes. Our initial investigations showed

that application of LAV694 to the HRE resulted in the

appearance of cells presenting apoptotic-like nuclei.

Therefore, it was decided to investigate the effects of

LAV694 on several genes that play a key role in different

pathways leading to apoptotic cell death: Bax, caspases 3

and 9, p53 and granzyme B.

LAV694 markedly increased Bax expression in the

HRE, with respect to controls. The Bcl-related protein

Bax forms channels in lipid membranes, thus leading to

leakage of cytochrome c from mitochondria into the

cytosol [30,31], which in turn activates caspases [32,33].

Caspases are proteases that are required for intracellular

protein degradation and execution of apoptotic cell death

[34–36]. They inactivate inhibitors of proapoptotic pro-

teins, destroy cell structures (such as lamina) and dysre-

gulate proteins by separating regulatory and catalytic

domains, resulting in loss or gain of function [14]. Caspase

3 is an effector caspase and caspase 9 an initiator caspase

functioning upstream of effector caspases. Our data may

therefore reflect an upregulation of the expression of

caspases in keratinocytes as a regulatory mechanism to

compensate for their enhanced usage resulting from the

activation of the Bax apoptotic pathway by LAV694. 5-FU

also increased the expression of caspases 3 and 9, but to a

much lower extent than LAV694. Since Bax exerts its

actions upstream of this apoptotic pathway, we selected

it as a marker of apoptosis in minipigs skin following

application of LAV694 and the comparators. Indeed,

LAV694 induced a marked increase in the local density

of Bax in minipig skin in vivo, as compared with control,

thus providing conditions that facilitate activation of the

apoptotic execution machinery in epidermal cells. This was

confirmed by the observation of apoptotic cells in the

biopsies. It must be noted that some differences were also

observed in pBax levels between male and female values

following LAV694 treatment. This is consistent with the

higher susceptibility observed for the female minipig at

clinical examination. Since there is no evidence of the

involvement of any gender-specific mechanism that could

explain this difference, it should be interpreted as inter-

individual variability in the response.

Additional investigations with a larger number of ani-

mals of each sex were performed in further minipig studies

with single or multiple (2 weeks) dermal administrations of

0.2, 0.6 and 1% LAV694 cream under semi-occlusive

conditions. All these studies have shown similar results

with respect to the above described pharmacological

effects of LAV694 (data not shown; manuscript in pre-

paration).

LAV694 also enhanced the mRNA levels of the tumour

suppressor gene p53 in the HRE. The DNA-binding protein

p53 plays a key role in apoptosis [37] by inducing genes

such as Bax [38], Fas/APO-1 [39,40], and KILLER/DR5

[41], genes with less well defined signalling roles (positive

and negative) [42,43], unknown genes that have been

recently discovered by microarray techniques [44] and

other p53-induced genes (PIGs) which were isolated on

the basis of their induction following DNA damage by

reactive oxygen species which may also function in p53-

dependent apoptosis [45].

LAV694 strongly increased granzyme B mRNA levels in

the HRE, whereas 5-FU induced a much weaker increase.
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Granzyme B has recently been described to be involved in

keratinocyte apoptosis [46]. Granzymes are serine pro-

teases expressed almost exclusively by cytotoxic T cells

and NK cells, and stored with perforin, a protein that forms

pores in lysosome-like secretory granules [47]. Human

keratinocytes have also been shown to express granzyme B

[46] in confluent cultures. Granzyme B activates caspases

and mimics the cleavage of their downstream substrates,

thereby contributing to the induction of perforin-dependent

apoptosis [48,49].

We have therefore identified the activation by LAV694

of several apoptotic pathways in the epidermis, involving

Bax, p53, caspases 3 and 9 and granzyme B. Thus, the main

novelty value of LAV694 is the selective induction of

apoptosis, rather than necrosis, in those keratinocytes

whose growth is inhibited after treatment, as shown in

vitro using a HRE and in vivo in minipigs. This mode of

action results in an improved skin tolerability in compar-

ison with standard AK therapies.
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