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Purpose. Several studies have suggested epidermal uptake of cyto-
kines, such as interferons, can be facilitated using topical liposomatl
formulations. We have evaluated the in vitro transport of biologi-
cally active recombinant human interferon-y (thIFN-y) into and
through split-thickness human skin to assess this possibility. Meth-
ods. Skin samples were exposed to rhIFN-y under various condi-
tions involving hydrated and dry surface conditions in the presence
and absence of liposomes. A new low-level ELISA and an anti-viral
bioassay were used to quantitate transported rhIFN-y. Immunohis-
tochemical staining for ICAM-1 expression by keratinocytes was
used to visualize the extent and distribution of rhIFN-vy transport.
Results. Apparent steady-state transport of rhIFN-y occurred within
the first 5 hours of exposure with approximately 10% of transported
rhIFN-y demonstrating bioactivity. While the permeability of
rhIFN-y across human skin under drying conditions was enhanced
by the presence of liposomes, no augmentation of permeability was
observed when the skin was kept hydrated. Liposomal formulations
of rhIFN-y had greater transport rates than aqueous formulations
when the applied formulations were allowed to dry after dosing.
Conclusions. Our results demonstrate the transport of biologically
active rhIFN-y across human skin in vitro and suggest a role for
stratum corneum hydration as one possibility for the augmented
cytokine transport.

KEY WORDS: cytokine; liposomes; topical delivery; intercellular
adhesion molecule-1 (ICAM-1); recombinant human interferon-
gamma (rhIFN-v); enzyme-linked immunoadsorbent assay
(ELISA); bioassay; in vitro.

INTRODUCTION

Clinical studies have suggested recombinant human in-
terferon-y (rhIFN-y) to be of benefit in at least two skin
conditions: atopic dermatitis [1] and keloidal scarring [2].
Atopic dermatitis, a chronic inflammatory skin disease, is
associated with elevated immunoglobulin E serum levels and
depressed IFN« levels [3]. Keloid formation results from an
over-production of collagen at wound sites, and the ability of
rhIFN-vy to suppress fibroblast collagen synthesis [2] might
be the basis for its effectiveness. Systemic administration of
this 16,440 molecular weight cytokine, however, can pro-
duce significant side effects [4, 5]. One approach to possibly
lessen or even obviate these side effects in the treatment of
skin conditions would be to deliver rhIFN-vy topically.
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The hydrophobic nature of the stratum corneum pro-
vides the primary barrier to the transport of topically applied
water-soluble drugs [6—8]. Transport rates for many low mo-
lecular weight therapeutics can be augmented significantly
by co-administration of permeation enhancers, such as apro-
tic solvents, Azone (laurocapram) and surfactants. These
compounds appear to act by disrupting or altering the or-
dered lipid structure of the stratum corneum [9]. While low
molecular weight therapeutics usually tolerate formulation
with these permeation enhancers, proteins such as cytokines
and lymphokines typically cannot tolerate the disruptive na-
ture of these enhancing agents [10, 11]. Studies have sug-
gested that liposomal formulations, which are better toler-
ated by protein therapeutics, can facilitate the delivery of
interferon-alpha (IFN-a) in vivo [12] and enhance the pen-
etration of '2*I-labeled rhIFN-vy into hamster, hairless mouse
and human skin ir vitro [13]. In the present study we de-
scribe methods to monitor the in vitro transport of biologi-
cally active rthIFN-y across human skin and assess the po-
tential of liposomal formulations to augment this transport.

MATERIALS AND METHODS

Reagents

Cholesterol (Ch), sodium cholate, minimal essential me-
dia (MEM), 2-[N-Morpholinolethanesulfonic acid (MES),
Tween-20, o-phenylenediamine and a-tocopherol were from
Sigma Chemical Co. (St. Louis, MQO). Thimerosal was ob-
tained from Merck (EM Science, Gibbstown, NJ). Hanks
balanced salt solution (HBSS), pH 7.4, and penicillin-
streptomycin were from Gibco BRL (Grand Island, NY).
Bovine serum albumin was from Intergen (Purchase, NY).
Ceramide and phosphatidylcholine (PC) were from Avanti
Polar Lipids (Birmingham, AL). All solvents were HPLC
grade, and deionized water was filtered with a Milli-Q sys-
tem (Millipore Corp., Bedford, MA) prior to use.

Formulations

E. coli-derived rhIFN-y (Genentech, Inc., South San
Francisco, CA) was formulated in 10 mM succinate (pH 5.0)
containing 0.01% polysorbate 20. Lipsomes, containing
0.1% a-tocopherol, were prepared by lipid film rehydration
and capillary detergent dialysis using a modified method of
Schwendener [14]. Following dialysis and concentration, li-
posomes were stored in the dark at 4°C under N,(g). Lipo-
somal formulations, analyzed by dynamic light scattering
(Model BI9000 AT, Brookhavens Institute, Holtsville, NY)
prior to use, averaged 126 nm * 8.1. This value increased
slightly (134 nm = 2.94) when liposomes were mixed with
rhIFN-y at a molar ratio of 4267:1. Physical mixtures of
rhIFN-y with liposomes were prepared on the day of use.

Skin and Keratinocytes

Fresh human split-thickness skin (International Institute
for the Advancement of Medicine, Exton, PA) was obtained
from male donors (36—62 yr.) whose death was not associ-
ated with trauma or disease. Dermatomed skin sheets,
shipped overnight on ice and stored in MEM supplemented
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with 10% fetal bovine serum (Hyclone, Logan, UT), 2 mM
L-glutamine, and penicillin-streptomycin, were used within
72 h of harvest. (Skin stored at 4°C for up to one week or at
—70°C for at least six months showed comparable perme-
abilities to fresh skin from the same donor. Further, our data
demonstrated that, despite considerable inter-donor variabil-
ity, the permeabilities of abdominal, back and thigh skin ob-
tained from the same donor were similar.) A Nikon light
microscope equipped with Bioquant system IV software (R
& M Biometrics, Inc., Nashville, TN) was used to determine
the thickness of hematoxylin-eosin-stained skin sections (nu-
merical averages measured for 15 skin sections and from 3
different areas of each skin section). Skin samples averaged
0.35 mm in thickness but ranged from 0.1-1.0 mm due to
variable amounts of associated dermis. Cytokine transport
was found to be independent of measured skin thickness
(data not shown), consistent with previous studies demon-
strating the stratum corneum to be the rate-limiting barrier to
the transdermal passage of molecules [15].

Permeability studies were performed at 37°C for up to 24
h (typically for 5 h) using skin mounted in either Franz (Van-
gard International, Inc., Neptune, NJ) or Ussing-style cells
(Precision Instrument Design, Tahoe City, CA). The exposed
surface area for both cell types was 0.64 cm?. While Franz
cells allow for transport studies under either fully hydrated
or dry conditions, the Ussing-style cells required both sur-
faces of the skin to be continually covered by media or so-
lution [16]. A preincubation period of approximately one
hour with HBSS was used to remove factors released from
skin which interfered with rhIFN-y assays. Donor chamber
samples were taken at the beginning and termination of each
experiment to account for mass balance. The entire receptor
chamber volume (dermal side) was exchanged with fresh
media (HBSS/0.5% BSA) at designated times for determina-
tion of rhIFN-y concentrations. A minimum of three diffu-
sion cells (typically four to six diffusion cells) were used for
each formulation tested from the same donor. Control for-
mulations (lacking rhIFN-y) were tested in all experiments
to correct for the release of any endogenous rhIFN-y.

Normal adult human epidermal keratinocytes (Clonet-
ics, San Diego, CA) treated with thIFN-y were used as a
positive control for ICAM-1 induction. Cells were main-
tained in a low-calcium, serum-free medium supplemented
with bovine pituitary extract and grown to subconfluency
(passage 2—4). Cells were treated with 1,000 U/ml of
rhIFN-y for 16 h, trypsinized, pelleted, mounted in OCT,
sectioned and stored at —70°C until use.

Calculation of Permeability

Permeability coefficients (P) were calculated using the
following equation:

P = V(dC dt)/A C, 0}

where V (dC/dt) is the quantity of rhIFN-y per unit time
present in the receiver chamber, A is the surface area of the
skin, and C, is the initial concentration of the donor cham-
ber. Alternatively, flux (J) is reported as:

J=PC, V)]

A log transformation was implemented in the analyses of
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calculated permeability coefficients. The geometric mean +
the standard error of the mean (SEM) is reported for all
results.

Immunohistochemistry

Following a transport experiment, skin sections were
removed from diffusion chambers, rinsed twice in sterile
PBS, trimmed to include only the area exposed to the donor
solution, and either placed in OCT embedding compound
(Miles Laboratories Inc., Elkhart, IN) and snap frozen in
liquid isopentane or incubated at 37°C in keratinocyte
growth media (KGM, Clonetics) for up to 48 h and subse-
quently embedded in OCT, and snap frozen.

Frozen skin samples were sectioned (5 pm), air-dried on
VectaBond-coated (Vector Labs Inc., Burlingame, CA)
slides, fixed in methanol for 5 min. at 25°C, rinsed with PBS
and blocked in 10% normal goat serum (Vector Labs Inc.) in
PBS (NGS-PBS) for 30 min. Sections were incubated for 1
hour at 37°C in NGS-PBS containing either 4 pg/ml anti-
human ICAM-1 antibody (Clone LB-2, Becton Dickinson
Advanced Cellular Biology, San Jose, CA), an irrelevant iso-
type antibody or no added antibody. A Vectastain ABC-AP
Kit (Vector Labs Inc.) and Vector Red II staining was used
to visualize labeled ICAM-1. Sections were counter-stained
with Mayer’s hematoxylin, and viewed using a Leitz Aris-
toplan microscope equipped with a Leitz Vario Orthomat 2
Mmicroscope camera.

ELISA

A protein A-purified mouse monoclonal antibody which
recognized rhIFN-y was coated onto microtiter plates, 100
pl/well at a concentration of 10 pg/ml in PBS for 12-72 h at
2-8°C. Plates were washed (Model EL403H, Bio-Tek Instru-
ments, Inc., Winooski, VT) with PBS, 0.05% Tween-20 and
blocked with 200 pl/well of block/conjugate diluent (0.5%
BSA in PBS, 0.05% Tween-20, 0.01% thimerosal, final pH
7.2 = 0.1) for 1-6 h at 25°C. After removal of blocking
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Fig. 1. A portion of rhIFN-y transported across human split-
thickness skin in vitro retains its biological activity. Split-thickness
human skin was exposed to 0.512 mg/ml thIFN-y and PC/Ch (10:I)
liposomes (50 mg/ml total lipid) and kept hydrated for 12 h. At
selected intervals, receiver compartment concentrations were deter-
mined by either a low-level ELISA (M) or a viral-challenge cell-
based bioassay ((J). Data is from a representative experiment.
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buffer, standards, controls, and samples (diluted in 5.0%
BSA in 100 mM MES, 150 mM NaCl, 0.05% Tween-20,
0.01% thimerosal, final pH 6.1 = 0.1) were applied (100 pl/
well) and incubated at 37°C for 2 h with agitation (Mini-
Orbital Shaker, Bellco Glass, Inc., Vineland, NJ). Plates
were washed and an HRP-conjugated, affinity-purified, rab-
bit anti-hIFN-y antibody was added. (This conjugate was
prepared using an HRP-to-antibody molar ratio of 12:1 via a
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modification of the method described by Wilson and Nakane
[17], and was diluted into block/conjugate diluent to its op-
timal working concentration immediately prior to addition to
the plate.) Following 2 h of agitation at 25°C, plates were
washed, exposed to 400 pg/ml o-phenylenediamine in PBS
with 0.012% H,0, and developed in the dark for 30 min. at
25°C. Color development was stopped by the addition of 4.5
N sulfuric acid and absorbance at 492 nm (405 nm reference)

Fig. 2. Application of rhIFN-vy induces keratinocyte ICAM-1 expression in human split-thickness skin in vitro. Micrographs demonstrate
immunolocalization of ICAM-1 in skin sections following 43 h of incubation at 37°C subsequent to a 5 h transport study with rhIFN-y.
Control tissues where the skin was not incubated (A) or was incubated with HBSS without rhIFN-y (B) do not show any of the red labeling
used to detect ICAM-1 expression. Skin tissues exposed to 0.512 mg/ml thIFN-y in either an ageuous HBSS solution (C) or in an HBSS
solution containing PC/Ch (10:1) liposomes at 50 mg/ml total lipid (D) demonstrate significant ICAM-1 labeling primarily at the basal layer
of the epidermis. Overall, the aqueous and liposomal formulations of rhIFN-y under hydrated conditions result in similar staining intensity
and patterns. The brown stain associated with the basal cell layers in these sections is due to melanin. Bar = 50 pum.
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was read (Spectra, SLT Laboratory Instruments, Tecan,
USA). The concentration of rhIFN-y in each sample was
calculated relative to a standard curve generated using a
nonlinear, four-parameter logistic regression analysis [18].

Bioassay

A bioassay [19], based on the ability of hIFN-y to pro-
tect human lung carcinoma (A549) cells (CCL 185, American
Type Culture Collection, Rockville, MD) from an encepha-
lomyocarditis viral challenge was used. Quantitation of
hIFN-y antiviral activity was calibrated against a rhIFN-y
primary standard (N.I.H., Bethesda, MD) based on a 50%
level of protection.

RESULTS AND DISCUSSION

Transport of rhIFN-y across hydrated human split-
thickness skin in vitro demonstrated an initial lag time of ~1
h and then an apparent steady-state transport over the next
12 h (Fig. 1). Mass balance recovery of rhIFN-y from ELISA
data was 99%, suggesting only a small fraction of the cyto-
kine was lost. Low-level ELISA data, however, does not
necessarily describe the amount of biologically active
rhIFN-vy transported. Indeed, a viral inhibition bioassay sug-
gested that only ~10% of the rhIFN-vy transported across the
skin retained its biological activity (Fig. 1). Although the
levels of rhIFN-v reported by the bioassay were significantly
lower than the ELISA, the bioassay gave reproducibly mea-
surable amounts of rhIFN-y at apparent steady state. It is
likely that differences between the bioassay and ELISA re-
sults reflect the enzymatic degradation of rhIFN-y during
transport across the skin in vitro.

Intercellular adhesion molecule-1 (ICAM-1) is ex-
pressed on the surface of normal human keratinocytes 12—-24
h after hIFN-y stimulation [20]. We used this response to
further assess the biological activity of transported rhIFN-y
in skin sections removed from diffusion cells following trans-
port studies (Fig. 2). Immediately following transport no
ICAM-1 expression was observed, but following subsequent
culturing these same skin sections showed a weak but clearly
visible induction of ICAM-1 at 12 h, and marked expression
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at 24 and 48 h (Fig. 2). Skin treated with either HBSS or
liposomes without rhIFN-y showed only trace ICAM-1 ex-
pression by 48 h (Fig. 2). Together, these results strongly
support that at least some of the rhIFN-y which transported
across the stratum corneum of these skin samples in vitro
was biologically active. It is important to emphasize that
ICAM-1 induction only required rhIFN-y to cross the stra-
tum corneum and enter the epidermis, while bioassay results
described rhIFN-y transported across the full epidermis plus
associated dermis.

Although ICAM-1 induction in rhIFN-y treated skin
was heterogeneous and almost exclusive to the epidermal
basal layer (Fig. 2), hIFN-y receptors in normal human skin
have been demonstrated on keratinocytes in all cell layers
between the basement membrane and stratum corneum [21].
There are several possible reasons for this observed pattern
of ICAM-1 expression: thIFN-y could be sequestered at the
basement membrane through interactions of the clustered
basic amino acids present at its C-terminal segment which
bind to glycosaminoglycans of the basement membrane [22];
additional factors required for cellular ICAM-1 expression
are only present in the basal region; and/or hIFN-y receptors
are functional only in the basal region of the epidermis. It is
unlikely that lipids from the liposome formulations act to
impede hIFN-vy receptor activation at the superficial epider-
mal layers because aqueous formulations of rhIFN-y showed
a similar pattern of ICAM-1 expression.

Previous studies have demonstrated hydration of the
epidermis can enhance drug transport across skin [23, 24].
We evaluated hydration as one possible role for liposome-
augumented cytokine transport across human skin with the
in vitro methods described above. Under drying conditions,
the presence of added liposomes appeared to enhance the
uptake of rhIFN-vy, while the same liposomal formulation
had a more modest enhancing effect when skin samples were
kept fully hydrated for the duration of the transport study
(Table I). Consistent with the suggestion that lipids were not
a significant enhancer in excess water, protein (but not lipid)
concentrations dictated rhIFN-y flux rates under fully-
hydrated conditions (Table I). In a separate but similar ex-
periment, the inclusion of ceramides in the PC/Ch liposomes

Table I. Effect of Liposome Composition on the Permeability of rhIFN-y in Vitro

(Lipid}® [rhIFN-v] Lipid/ P (x10~%)“ T (x107%¢
Formulation composition n“ (mg/ml) (mg/ml) protein® cm/sec mg/sec - cm?
Solutions allowed to dry on the skin surface
Aqueous 6 0 0.512 N/A 1.8 =0.1 3.6 0.2
PC/Ch (10:1) 6 50 0.512 4267 49 =19 9.5 3.8
Solutions not allowed to dry on the skin surface
Aqueous 53 0 0.512 N/A 29 =08 56 1.5
PC/Ch (10:1) 26 10 0.512 853 39 1.0 77 2.0
PC/Ch (10:1) 18 50 0.512 4267 42 = 1.3 82 =26
PC/Ch (10:1) 14 20 0.211 4267 0.15 = 0.04 0.72 = 0.21
PC/Ch (10:1) S 20 0.990 853 7.9 £4.0 8.0 =4.0

¢ Number of skin samples tested, includes data collected using both Franz and Ussing-style diffusion cells, collected from eight individual

donors.

¢ Total lipid comprised of both phosphatidyicholine (PC) and cholesterol (Ch).

¢ Ratios were calculated from the total moles of PC and Ch divided by moles of rhIFN-vy.

4 Mean + SEM under hydrated conditions at 37°C, calculated at an apparent steady state between 1 to 5 h.
¢ Mean * SEM; calculated from permeability data and donor [rhIFN-v}].
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was found to have no enhanced effect on rhIFN-y perme-
ability (data not shown). Also, no endogenous release of
hIFN-vy from skin samples was observed by ELISA over the
time course of these experiments.

Further studies to evaluate the effects of hydration on
rhIFN-y transport were performed by extending transport
experiments to a total of 24 h while the donor side was al-
lowed to dry (Fig. 3A). A striking decrease of rhIFN-y trans-
port was observed several hours after the surface of the skin
appeared dry. Increased permeability at early times through
skin where the donor was allowed to evaporate may have
been due to an increase in protein concentration as the donor
solution dried, providing an increase in C, compared to that
in the fully-hydrated sample. To further test this, slightly
different conditions were established where skin exposed to
rhIFN-y formulated with or without liposomes (50 mg/ml
total lipid) was allowed to dry and then was repeatedly dosed
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Fig. 3. Hydration affects rhIFN-y permeability across split-
thickness skin in vitro. A) Skin was mounted in either Franz cells
(n=3) with 50 pl or in Ussing-style cells (n=5) with 1 ml of 0.512
mg/ml with 50 mg/ml of liposomes applied to the external skin sur-
face for both cell types. After approximately 5 h the surface of the
skin appeared dry in the Franz cells (dehydrated). Ussing-style cells
remained fully hydrated for the duration of the experiment. B) Skin
samples were exposed to repeated applications (arrows) of rhIFN-y
formulations (50 pl) containing 0.512 mg/ml of the cytokine with 50
mg/ml total lipids (Liposomal) or no added lipid (Aqueous). Between
applications the skin surface was allowed to dehydrate (arrowheads
signify times of observed dryness).
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with the same formulation (Fig. 3B). Here, the liposomal
formulation provided a striking enhancement of rhIFN-y
transport suggesting that the process of drying (and thus
concentration) of the formulation may act to increase the
driving force for cytokine penetration into the skin to a
greater extent for liposomal formulations. Although there is
currently no data to evaluate the fate of the lipid from these
formulations, such information may ultimately be of interest
since stratum corneum lipid content can affect transport wa-
ter across skin in vitro [25, 26] and exogenous lipid introduc-
tion can change the physical properties of the epidermis [27].
Indeed, concerns about dried lipids on the skin surface as an
additional barrier for cytokine transport has already been
discussed [13].

Previous studies have shown the benefit of topically ad-
ministered liposome-encapsulated drugs [28] including inter-
ferons {12, 13]. In our studies we used a physical mixture,
i.e. a solution prepared by the combination of preformed
liposomes with a stabilized formulation of rhIFN-y, using
liposomes of similar lipid composition to those used in these
previous studies. The use of such a physical mixture, rather
than encapsulation, is supported by previous studies which
suggest that intact liposomes are not required for enhanced
drug transport [29] nor do intact liposomes appear capable of
penetrating deeper than the cornified layer of human skin
[30]. Although the presence of liposomes only modestly en-
hanced rhIFN-y transport across fully-hydrated skin, the ap-
plication of liposomes to skin under conditions where evap-
oration of the formulation can occur, leads to an increase in
cytokine transport. From our studies, we suggest one puta-
tive mechanism for the enhanced transport observed with
liposomal formulations of biologically active rhIFN-y across
split-thickness skin irn vitro may involve an increased hydra-
tion of the stratum corneum beyond what is observed with
application of an aqueous formulation.
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