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Skin is an easily accessible organ, and therapeutic gene transfer to skin remains an attractive alternative
for the treatment of skin diseases. Although we have previously documented potent lentiviral gene de-
livery to human skin, vectors based on adeno-associated virus (AAV) rank among the most promising gene
delivery tools for in vivo purposes. Thus, we compared the potential usefulness of various serotypes of
recombinant AAV vectors and lentiviral vectors for gene transfer to human skin in a xenotransplanted
mouse model. Vector constructs encoding firefly luciferase were packaged in AAV capsids of serotype 1, 2,
5, 6, 8, and 9 and separately administered by intradermal injection in human skin transplants. For all
serotypes, live bioimaging demonstrated low levels of transgene expression in the human skin graft, and
firefly luciferase expression was observed primarily in neighboring tissue outside of the graft. In contrast,
gene delivery by intradermally injected lentiviral vectors was efficient and led to extensive and persistent
firefly luciferase expression within the human skin graft only. The study demonstrates the limited ca-
pacity of single-stranded AAV vectors of six commonly used serotypes for gene delivery to human skin
in vivo.

INTRODUCTION
Gene vectors derived from adeno-associated virus
(AAV) have been widely explored as carriers of
genetic material for therapeutic gene transfer, and
numerous ongoing clinical gene therapy trials in
humans are exploiting the gene transfer capacity of
such vectors (see National Institutes of Health,
ClinicalTrials.gov). Successes include conversion
of severe hemophilia B to mild or moderate disease
in patients by intravenous infusion of AAV vectors
expressing factor IX (FIX)1 and achievement of
improved vision in patients suffering from Leber’s
congenital amaurosis by intraocular injection of
AAV vectors expressing the RPE65 gene.2,3

As the most prevalent strain in the human
population, AAV serotype 2 (AAV2) is the best
characterized AAV serotype, and until recently
AAV2-derived capsids have been used for most ap-
plications including clinical trials. However, several

other AAV serotypes have now been characterized,
and unique properties of these serotypes are cur-
rently being explored, including differential tro-
pisms that reflect differences in the AAV capsid
structure. The typical vector design includes an ex-
pression cassette, consisting of a promoter of interest
and a downstream transgene, flanked by the AAV2
inverted terminal repeats (ITRs). The recombinant
AAV2 (rAAV2) vector encoding the transgene can
then be directed toward a specific cell type or tissue
by cross-packaging into the capsid of any of the AAV
serotypes.4 For several tissues, appropriate rAAV
serotypes have already been identified. For gene
transfer to the heart, AAV1,5 AAV6,6 and AAV9
capsids7 are appropriate, whereas AAV8 is efficient
for gene transfer to the liver.1 AAV1,8 AAV6,9 and
AAV8 capsids10 are suitable for gene transfer to
skeletal muscle, whereas AAV1,11 AAV5,12 and
AAV913 are efficient for targeting various regions of
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the brain. AAV1,14 AAV6,15 AAV8,16 and AAV917

have been used to target lung tissue, whereas
AAV2,2 AAV5,18 and AAV819 have been successfully
used for gene transfer to the eye.

We and others have previously demonstrated ef-
ficient lentiviral gene transfer to xenotransplanted
human skin.20,21 We used such potency for treat-
ment of an inflammatory skin disease model by
small hairpin RNA (shRNA)-directed targeting of
tumor necrosis factor-a.22 In continuation of such
observations, we wanted to explore the applicability
of AAV-derived vectors for gene transfer to human
skin. AAV-mediated gene transfer into murine skin
in vivo has been described,23,24 but primary hu-
man keratinocytes seem refractory to transduction
in vitro by AAV-based vectors.25–28 Reports on using
rAAV for gene transfer to human skin in vivo are not
currently available. Therefore, we compared the
gene transfer capability of a selection of frequently
used AAV serotypes (AAV1, 2, 5, 6, 8, or 9) in xeno-
transplanted human skin by intradermally admin-
istering AAV vectors expressing a cytomegalovirus
(CMV)-driven firefly luciferase gene. Notably, we
demonstrate for all tested rAAV serotypes a lack
of capacity to transduce human skin cells after
intradermal injection, whereas neighboring mu-
rine tissues were effectively transduced. Vesicular
stomatitis virus envelope glycoprotein (VSV-G)-
pseudotyped lentiviral vectors, in contrast, suc-
cessfully transduced human skin cells and did not
leak to surrounding tissues. Our data support the
use of lentiviral vectors, and not rAAV, for viral
gene transfer to human skin.

MATERIALS AND METHODS
Plasmid construction

The lentiviral vector encoding firefly luciferase
(pLV/PGK-FLuc) was generated as previously de-
scribed.20 In brief, the firefly luciferase gene was
amplified by PCR from the commercially available
pGL3-Control vector (Promega, Madison, WI) and
cloned into the lentiviral vector pLV/PGK-puro,22

using the BamHI/XhoI sites, thereby replacing the
puromycin resistance gene. To generate the pLV/
CMV-FLuc vector, the CMV promoter sequence
was amplified by PCR from the recombinant adeno-
associated viral vector, rAAV-FLuc, purchased
from the Gene Core Facility of the University of
North Carolina (Chapel Hill, NC) and cloned into
the pLV/PGK-FLuc vector, using the ClaI/BamHI
sites, thereby replacing the phosphoglycerate ki-
nase (PGK) promoter fragment. Thus, LV and AAV
vectors expressing FLuc from the CMV promoter
contained identical expression cassettes. All con-

structs were verified by restriction analysis and
sequencing. Primer sequences are available on re-
quest.

Cell culturing
HEK293 cells and normal human dermal fibro-

blasts (NHDFs) were cultured under standard con-
ditions at 37�C in 5% (v/v) CO2 and maintained in
Dulbecco’s modified Eagle’s medium or RPMI (Lon-
za, Verviers, Belgium), respectively, supplemented
with 10% fetal calf serum, penicillin (100 U/ml),
streptomycin (0.1 mg/ml), and l-glutamine (265 mg/
liter). Human primary keratinocytes were cultured
as previously described29 under standard conditions
at 37�C in 5% (v/v) CO2 and maintained in Gibco
keratinocyte-SFM (serum-free medium) containing
0.09 mM CaCl2 (Invitrogen, Taastrup, Denmark)
supplemented with gentamicin (Invitrogen).

Viral vector production
Lentiviral vectors encoding firefly luciferase

(designated LV/CMV-FLuc and LV/PGK-FLuc) and
pseudotyped with VSV-G were produced in 293T
cells that were seeded in 15-cm dishes (7 · 106 cells
per dish). Twenty-four hours later, cells were trans-
fected by CaPO4 treatment with 7.26lg of pRSV-
Rev, 9.07 lg of pMD.2G, 31.5lg of pMDGP-Lg/RRE,
and 31.5lg of pLV/PGK-FLuc. Forty-eight hours
after transfection the viral supernatant was har-
vested and filtered through 0.45-lm filters to remove
cellular debris (Sarstedt, Nümbrecht, Germany).
The lentiviral vectors were ultracentrifuged for 2 hr
(4�C at 25,000 rpm) in an SW28 rotor (Beckman
Coulter, Fullerton, CA). Virus pellets were allowed to
resuspend overnight in PBS-/- at 4�C at 1/250th the
original volume. The lentiviral vector yield was de-
termined by measuring the p24 Gag protein con-
centration, using an HIV-1 p24 antigen ELISA kit
(ZeptoMetrix, Buffalo, NY) according to the manu-
facturer’s protocol. FLuc-encoding recombinant
adeno-associated viral vectors of various serotypes
(rAAV2/1-CMV-FLuc, rAAV2/2-CMV-FLuc, rAAV2/
5-CMV-FLuc, rAAV2/6-CMV-FLuc, rAAV2/8-CMV-
FLuc, and rAAV2/9-CMV-FLuc) were all purchased
from the Gene Core Facility at the University of
North Carolina. The vectors are designated accord-
ing to the backbone and the serotype, for example, a
recombinant AAV vector of serotype 1 with an AAV2
backbone is designated rAAV2/1.

In vitro transduction experiments
Human primary keratinocytes and NHDF cells

were seeded at 2.5 · 104 cells per well in 24-well
dishes. The next day rAAV-FLuc vectors (multi-
plicity of infection [MOI], *1 · 105 vector genomes
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[VG]/cell) or LV-FLuc vectors (MOI, *30 trans-
ducing units/cell; lentiviral titer determined by
transduction of HEK293 cells) were added to the
cells in a volume of 250ll of the appropriate me-
dium. The keratinocytes were allowed to incubate
with the viral vectors for 3 hr at 37�C before another
250ll of medium was added to the cells and then
incubated until the medium was changed on the
next day. On days 3 and 7 after transduction, firefly
luciferase activity was analyzed with the Dual-
Luciferase reporter assay system (Promega) ac-
cording to the manufacturer’s instructions. Reac-
tions were performed in 96-well arrays and reading
was performed in a multisample plate-reading lu-
minometer (Berthold, Bad Wildbad, Germany).

The xenograft transplantation model
Normal skin was kindly provided by healthy in-

dividuals undergoing corrective surgery. Informed
consent was obtained. The study was approved by
the Central Ethics Committee and conducted ac-
cording to the Declaration of Helsinki protocols. All
animal studies were carried out with permission
from the Danish Experimental Animal Inspectorate.
Mice xenotransplanted with human skin were
achieved as follows: skin biopsies, containing both
epidermis and dermis (split skin), were divided into
several grafts (each 1.5 · 1.5 · 0.05 cm) and trans-
planted onto C.B-17 SCID mice (C.B-Igh-1b/
IcrTac-Prkdcscid), 6–8 weeks old (Taconic Europe,
Lille Skensved, Denmark) as described.30 Briefly,
the mice were anesthetized before surgery by a
subcutaneous injection of ketamine (Ketaminol vet.,
100 mg/kg; Intervet, Skovlunde, Denmark) and xy-
lazine (Narcoxyl vet., 10 mg/kg; Intervet). The back
of each mouse was shaved and part of the exposed
skin removed. The human skin grafts were sutured
with absorbable 6-0 suture (Caprosyn; Tyco, Co-
penhagen, Denmark) and covered with Xeroform
dressings (Sherwood Medical, Markham, ON, Ca-
nada) for 1 week. The mice were kept under
pathogen-free conditions throughout the study.
The grafts healed for at least 28 days before viral
vector administration.

In vivo administration of AAV-derived
and lentiviral vectors

The administration of viral vectors to xeno-
transplanted human skin was performed essentially
as previously described.20,22 Briefly, xenotrans-
planted C.B-17 SCID mice were anesthetized by a
subcutaneous injection of ketamine–xylazine or with
3.75% isoflurane (Forene; Abbott Scandinavia, Solna,
Sweden) (2% isoflurane for anesthesia maintenance)
and then injected intradermally (into the xenograft)

with a total volume of 150ll of viral vector suspen-
sion. rAAVs were injected at a dose of 5 · 1010 VG/
mouse, whereas LV vectors were injected at a dose of
2lg of p24 units per mouse. Saline was injected as
negative control. To test rAAV transduction efficiency
at a higher dose, mice (n = 5) were injected with
rAAV2/6-FLuc at a dose of 2.5 · 1011 VG/mouse
whereas the LV/CMV-FLuc dose (n = 4) was un-
changed relative to previous experiments. For anal-
ysis of gene delivery to muscle, 8- to 10-week-old
BALB/cJBomTac female mice (Taconic Europe) were
injected intramuscularly via the quadriceps femoris
muscle in the right hind leg. A total volume of 40ll of
rAAV suspension, corresponding to a dose of 5 · 1010

VG/mouse, was injected into four separate sites in the
same muscle. Each group consisted of two to five mice
that received an aliquot from the same viral vector
batch. The mice were monitored by in vivo imaging up
to 28 days postinjection.

In vivo bioluminescence imaging
Analysis of mice for bioluminescence on days 3,

7, 14, 21, and 28 after viral vector administration
was carried out as previously described.20,22

Briefly, mice were injected intraperitoneally with
the substrate d-luciferin potassium salt (Synchem
OHG, Felsberg-Altenburg, Germany) at a dose of
150 lg/g of body weight and subsequently an-
esthetized with 3.75% isoflurane (Forene; Abbott
Scandinavia). Anesthesia was maintained at 2%
isoflurane during the bioluminescence scan in the
IVIS Spectrum imaging system (Caliper Life Sci-
ences, Hopkinton, MA). Data were analyzed using
the software Living Image 4.0. Up to 10 images
were acquired at an interval of 2 min and peak-
intensity images were selected for subsequent
analysis. For quantification of bioluminescence
from each skin graft or muscle, a standardized
‘‘region of interest’’ (ROI) was defined and the ra-
diance intensity was measured (photons/sec/cm2/
sr). An equivalent ROI was used for all human
xenografts at each time point and likewise for
analysis of the bioluminescence signal from the
hind limb quadriceps muscles. Before scanning the
excised xenografts, the mice were injected with
d-luciferin and anesthetized and scanned as de-
scribed previously. Immediately after reaching
peak intensity the mice were killed and the grafts
were excised and subsequently scanned. Data from
each group in the two skin experiments were
pooled and used for data analysis. For grafts in-
jected with a high dose (HD) of the rAAV2/6 vector
as well as grafts injected with LV/CMV-FLuc,
4-mm punch biopsies were excised from the cen-
trum of the graft and scanned separately. Finally,
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mice were scanned to reveal any bioluminescent
signal remaining after graft removal.

Ex vivo bioluminescence detection
After excision the human skin grafts were snap-

frozen in liquid nitrogen and stored at -80�C until
further analysis. Lysis of the skin grafts was
achieved by mincing the tissue and by adding pas-
sive lysis buffer (Promega) before homogenization
with an Omni tissue homogenizer (Omni Interna-
tional, Kennesaw, GA). To ensure complete lysis,
the samples were incubated at room temperature for
30 min. The samples were centrifuged to remove any
remaining nonlysed tissue, and supernatant con-
taining the lysate was analyzed for bioluminescence
in the form of luciferase activity and protein con-
centration. Luciferase activity was analyzed with
luciferase assay reagent II (Promega) in 96-well
arrays and detected with a multisample plate-
reading luminometer (Berthold). Protein concen-
tration was analyzed by the Bradford protein assay
(Bio-Rad, Hercules, CA) according to the manufac-
turer’s protocol and detected with a Shimadzu UV-
160A spectrophotometer. The average luciferase
activity was hereafter normalized to the amount of
total protein in the respective lysate.

Statistical analysis
All p values were calculated by a two-tailed

Student t test to test the null hypothesis of no dif-
ference between the compared groups. The as-
sumption of equal variances was tested by the F
test. p < 0.05 was considered significant.

RESULTS
Verification of in vivo transduction capacity
of an AAV vector panel in mouse muscle

To investigate AAV serotype tropism in human
skin and to identify an AAV serotype that was
suited for transduction of human skin in vivo, we
designed a comparative study of six commonly used
AAV serotypes, including AAV serotypes 1, 2, 5, 6,
8, and 9. An AAV2 vector backbone containing the
firefly luciferase (FLuc) gene driven by a human
cytomegalovirus (CMV) promoter was packaged
into the various AAV capsids. To confirm function-
ality and the capacity of the set of rAAV vectors
to transduce tissues in vivo, we initially injected
the vectors into the quadriceps femoris muscle of
BALB/cJ mice (n = 2, dose of 5 · 1010 VG/mouse) and
collected data by in vivo bioluminescence imaging
on days 7, 14, 21, and 28 after viral vector admin-
istration (Fig. 1a). Irrespective of serotype, FLuc
expression in the left hind leg, corresponding to the

quadriceps femoris muscle in which the viral vectors
were administered, was evident as early as day 3
after viral vector administration (Fig. 1b). In addi-
tion, for all AAV serotypes we observed robust FLuc
gene expression for the duration of the experiment,
resulting in levels of average radiance ranging from
107 to 109 photons/sec/cm2/sr with AAV6 as the most
potent serotype and AAV2 and AAV9 as the least
effective serotypes in muscle (Fig. 1b).

Lentiviral gene delivery to human skin shows
higher activity of the PGK promoter compared
with CMV

We have previously shown efficient transduction
of human skin in vivo by VSV-G-pseudotyped len-
tiviral vectors (LVs) encoding enhanced green fluo-
rescent protein (eGFP)22 and FLuc.20 To directly
compare the potency of gene transfer by AAV- and
lentivirus-derived vectors in human skin, we pro-
duced LVs, designated LV/CMV-FLuc, carrying the
exact same CMV-FLuc expression cassette as the
panel of rAAV vectors described previously. As our
previous studies of lentiviral gene transfer to skin
were based on vectors expressing reporter genes
from the human phosphoglycerate (PGK) promoter,
we first compared the efficacy of transgene expres-
sion after lentiviral delivery of FLuc driven by the
CMV and PGK promoter, respectively. Normal hu-
man skin grafts were xenografted onto the back of
severe combined immunodeficient (SCID) mice, and
the animals were injected intradermally, into the
human skin graft, with a single dose of either LV/
PGK-FLuc or LV/CMV-FLuc and imaged on days 3,
7, 14, 21, and 28 after vector administration (Sup-
plementary Fig. S1a; supplementary data are
available online at http://online.liebertpub.com/
hgtb). Throughout the entire experiment, the PGK
promoter resulted in levels of expression that were
approximately 10-fold higher than the levels ob-
tained with the CMV promoter (Supplementary
Fig. S1b). These data show an increased potency of
the PGK promoter in human skin and stress the
importance of delivering similar gene cassettes in
comparative studies of vector systems. To compare
head-to-head gene delivery by lentiviral vectors and
rAAV vectors, we therefore delivered the exact same
CMV-FLuc expression cassette in our subsequent
studies for all vector types.

Comparison of gene transfer
to xenotransplanted human skin
using AAV- and lentivirus-derived vectors
harboring the CMV-FLuc expression cassette

To compare the efficacy of VSV-G-pseudotyped
LVs and the various AAV serotypes in human skin,
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we initially administered the set of vectors by in-
tradermal injection in small groups of SCID mice
(n = 2) transplanted with normal human skin.
Lentiviral vectors were injected at a dose of 4 · 107

transducing units/mouse, whereas the injected
dose of rAAV was 5 · 1010 VG/mouse. The mice
were monitored by bioluminescence for 28 days
(Fig. 2a) and were then killed, allowing subsequent
isolation and analysis of the skin graft.

For all mice injected with rAAV vectors, we ob-
served increasing levels of FLuc expression over
time in or around the skin graft. Although the
signals were weak for some of the serotypes,
the light emission signals were significantly above

the background level observed in uninjected mice
and could be documented by overexposure of the
images in all rAAV-treated groups, except in ani-
mals treated with rAAV2/5-CMV-FLuc (Fig. 2a,
right). Among the panel of rAAV vectors, quanti-
fication of the emitted bioluminescence light sig-
nals showed the highest level of expression for
rAAV2/6 and rAAV2/1, whereas rAAV2/2 and
rAAV2/5 were the least efficient vector types (Fig.
2b). On the basis of this analysis, AAV2/6 resulted
in higher levels of FLuc expression than was ob-
served in LV/CMV-FLuc-injected animals, but
lower levels of FLuc expression than was measured
in LV/PGK-FLuc-injected animals. Notably, LV/

Figure 1. In vivo intramuscular transduction efficacy of rAAV2 serotypes 1, 2, 5, 6, 8, and 9. (a) Representative images from days 7, 14, 21, and 28 of BALB/cJ
mice injected intramuscularly with rAAV2/1-CMV-FLuc, rAAV2/2-CMV-FLuc, rAAV2/5-CMV-FLuc, rAAV2/6-CMV-FLuc, rAAV2/8-CMV-FLuc, rAAV2/9-CMV-FLuc,
or negative controls. Right: Overexposed images from day 14. (b) Bioluminescence from injected murine hind limb muscle was recorded on days 3, 7, 14, 21,
and 28, and the results are based on the bioluminescence light signal intensity computed from a standardized region of interest (depicted as the average
radiance + SD) (each group, n = 2). LV, lentiviral vector; rAAV, recombinant adeno-associated virus vector. p/sec/cm2/sr, photons per second per centimeter
squared per steradian.
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PGK-FLuc again produced signals that were ap-
proximately 10-fold stronger than the signals ob-
tained with LV/CMV-FLuc.

By monitoring bioluminescence signals in live
animals, we were not able to conclude whether the
emission signals originated from the graft or from
neighboring tissues. After killing the animals on
day 28 after injection, we therefore isolated the
skin grafts and measured the bioluminescence
signal originating from the graft only. Remarkably,
strong signals were detected in grafts isolated from
mice treated with LV/CMV-FLuc and LV/PGK-
FLuc, whereas signals in grafts from rAAV-
injected mice were markedly lower (Fig. 2c). A faint
signal was detected inside the isolated rAAV2/6-
CMV-FLuc-treated graft, whereas the other grafts,
including the negative control, did not emit any

detectable light signal. Quantification of biolumi-
nescence signals directly in the isolated grafts
(Fig. 2d) and the luciferase activity in graft lysates
(Fig. 2e) confirmed these observations.

These data supported the notion that lentiviral
vectors were able to transduce human skin cells
within the injected graft, whereas rAAV vectors,
with variable potency depending on the serotype,
would transduce cells primarily outside the graft.
To confirm this finding we repeated the experi-
ment, comparing the efficacy of LV/CMV-FLuc and
rAAV2/6-CMV-FLuc in larger groups of mice
(n = 5). Importantly, we observed in this experi-
ment strong bioluminescence signals in all mice
treated with rAAV2/6-CMV-FLuc, whereas the
signals in LV/CMV-FLuc-injected mice were less
intense, but clearly limited to the graft (Fig. 3a).

Figure 2. In vivo and ex vivo detection of luciferase after intradermal injections of LV or rAAV2 serotype 1, 2, 5, 6, 8, or 9 into xenografted human skin. (a) In
vivo imaging of luciferase activity after intradermal vector administration. Shown are representative images from days 7, 14, 21, and 28 of xenotransplanted
mice in groups injected intradermally with LV/PGK-FLuc, LV/CMV-FLuc, rAAV2/1-CMV-FLuc, rAAV2/2-CMV-FLuc, rAAV2/5-CMV-FLuc, rAAV2/6-CMV-FLuc,
rAAV2/8-CMV-FLuc, rAAV2/9-CMV-FLuc, or negative controls. (b) Bioluminescence from injected xenografted human skin was recorded on days 3, 7, 14, 21,
and 28 and the results are based on the signal intensity computed from a standardized region of interest. The experiment was performed twice, and data for
each group were pooled from the two experiments (LV, rAAV2/1, rAAV2/2, rAAV2/6, rAAV2/8, and negative controls, n = 4; rAAV2/5 and rAAV2/9, n = 3). (c) Ex
vivo detection of luciferase activity in human skin xenografts exposed to LV or rAAV2 serotype 1, 2, 5, 6, 8, or 9. Shown are representative images of the human
skin xenografts after excision of these immediately after the mice were killed on day 28. (d) Depiction of average radiance after normalization to 102 for LV/
CMV-FLuc in the human skin xenografts ex vivo on day 28 (n = 3). (e) Bioluminescence intensity depicted as the average luciferase activity in lysates of the
excised human skin grafts normalized to total protein concentration (n = 3). LV, lentiviral vector; rAAV, recombinant adeno-associated viral vectors; p/sec/cm2/
sr, photons per second per centimeter squared per steradian. Data are presented as means + SD.
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Figure 3. rAAV2/6 transduction of neighboring tissues but not of the skin graft after intradermal vector injection. (a) In vivo imaging of luciferase expression
after intradermal vector administration. Representative images show xenotransplanted mice (day 28) in groups injected intradermally with LV/CMV-FLuc (left)
or rAAV2/6-CMV-FLuc (middle), as well as a saline-injected negative control mouse (right). (b) Ex vivo detection of luciferase activity in human skin xenografts
exposed to LV/CMV-FLuc or rAAV2/6-CMV-FLuc and in a graft from a negative control mouse injected with saline. Shown are representative images of the
human skin xenografts excised immediately after the mice were killed on day 28. LV, lentiviral vector; rAAV, recombinant adeno-associated viral vectors; p/sec/
cm2/sr, photons per second per centimeter squared per steradian. Data are presented as means + SD.

Figure 4. High-dose rAAV2/6 transduction increases luciferase expression in the neighboring tissues but not in the skin graft after intradermal vector
injection. (a) In vivo imaging of luciferase expression after intradermal vector administration. Representative images show xenotransplanted mice (day 28) in
groups injected intradermally with LV/CMV-FLuc (left, mice 1–4; same vector dose as in previous experiments), a saline-injected negative control mouse (left,
mouse 5), or high-dose (HD) rAAV2/6-CMV-FLuc (right, mice 1–5; 5-fold increased vector dose compared with previous experiments). Overexposed images are
shown on the right-hand side. (b) In vivo imaging of luciferase expression in the mice shown in (a) after graft removal. After the mice were killed, the human
skin xenografts were excised and new imaging was performed on the dead mice without grafts. Overexposed images are shown on the right-hand side. (c)

Ex vivo detection of luciferase activity in the central part of the human skin xenografts (4-mm punch biopsy) exposed to LV/CMV-FLuc (left, grafts 1–4), saline-
injected negative control (left, graft 5), or HD rAAV2/6-CMV-FLuc (right, grafts 1–5). Depiction of the average radiance in central graft tissue ex vivo from the
punch biopsies are shown on the right-hand side. Data are presented as means + SD. ***p < 0.01 ( p = 0.0026). LV, lentiviral vector; rAAV, recombinant adeno-
associated viral vectors; HD, high dose; p/sec/cm2/sr, photons per second per centimeter squared per steradian.
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Next, we isolated the grafts from all 10 mice and
analyzed the topology of expression within the
grafts (Fig. 3b). For grafts from all five LV/CMV-
FLuc-injected mice we confirmed strong gene ex-
pression centered inside the graft, whereas the
remaining expression for rAAV2/6-CMV-FLuc-
injected grafts was detected only in the periphery
of the graft and most likely in neighboring con-
nective tissue attached to the isolated graft.

To further substantiate these findings, we re-
peated the experiment described previously, using
higher doses of rAAV2/6-CMV-FLuc and unaltered
doses of LV/CMV-FLuc. With limitations on injec-
tion volume and titers of the rAAV2/6-CMV-FLuc
batch, we maximized the dose to 2.5 · 1011 VG/
mouse, which corresponds to a 5-fold increase rel-
ative to our previous experiments (Figs. 2 and 3).
As expected, bioluminescence imaging of the high-
dose (HD) rAAV2/6 group for 4 weeks revealed a
profound signal in all mice that increased over time
(Supplementary Fig. S2b). Quantification of biolu-
minescence signals confirmed this notion, and
demonstrated much stronger activity of the lucif-
erase reporter in the HD group as compared with
the lower dose (Supplementary Fig. S3). Transgene
expression in the HD group increased initially after
injection and seemed to plateau at about 14 days
after treatment (Supplementary Fig. S3). Twenty-
eight days posttreatment a head-to-head compari-
son of animals injected with rAAV2/6-CMV-FLuc
HD and LV/CMV-FLuc clearly showed a much
stronger signal in the rAAV2/6 HD group, whereas
longer exposure was required to visualize lucifer-
ase activity in the LV/CMV-FLuc group (Fig. 4a).
To pinpoint the location of the bioluminescence
signal and to distinguish the human graft from
neighboring murine tissue, we next killed the mice
and removed the graft by dissection. Biolumines-
cence imaging without the graft revealed a high
level of transgene expression in the tissue beneath
the graft in all rAAV2/6-treated animals (Fig. 4b).
As evident on overexposed images, and in stark
contrast, we were not able to detect any transduc-
tion of murine tissue beneath or surrounding the
skin graft injected with lentiviral vectors at a dose
of 2 lg of p24 per mouse (Fig. 4b). As the excised
graft inevitably contained murine tissue at the rim
of the patch, we punched out 4-mm-wide biopsies in
the center of the excised xenograft in order to sep-
arate human from neighboring murine tissue. No-
tably, bioluminescence analysis of the punch
biopsies demonstrated highly restricted activity of
the reporter gene in the central part of the graft
after rAAV2/6-based delivery, whereas strong
transgene expression, in contrast, was evident in

lentivirally transduced grafts (Fig. 4c). The limited
reporter activity from the punch biopsies for the
group treated with rAAV2/6 HD reproduced the
distinct pattern of expression at peripheral regions
of the graft observed earlier using a lower dose (Fig.
3b). In summary, we conclude that lentiviral vec-
tors can efficiently transduce human skin cells on
intradermal injection in xenotransplanted skin,
whereas AAV-derived vectors by the same admin-
istration route transduce skin cells only to a limited
extent. Rather, intradermally injected rAAV vec-
tors spread to and predominantly transduce
neighboring murine tissues. Thus, our data sup-
port the use of lentiviral vectors, and not rAAV
packaged in commonly used capsids, for viral gene
transfer to human skin.

DISCUSSION

Our findings demonstrate a limited capacity of
AAV-derived vectors, at least for the commonly
used serotypes tested here, to transduce human
skin. This is in contrast to the efficacy and extensive
transduction by VSV-G-pseudotyped lentiviral vec-
tors in human skin. This difference may be partially
explained by differential diffusion of the two vector
types both intradermally within the human skin
graft and by diffusion away from the human skin
graft due to variation in virion size. As AAV parti-
cles are only 20–25 nm in diameter,31 these may
potentially diffuse more easily within the tissue
than lentiviral particles with a diameter of 130–
145 nm.32 As AAV binding and entry into the cells is
receptor dependent, another consideration is the
presence in human skin of the receptors needed. It
is believed that on binding to a primary glycan re-
ceptor on the cell surface, the AAV capsid interacts
with a coreceptor to facilitate internalization. For
several of the AAV serotypes, the specific recep-
tors and/or coreceptors have already been identi-
fied, helping in understanding the tropism of the
serotypes. AAV1, AAV5, and AAV6 all use a2,3/
a2,6 N-linked sialic acid as the primary recep-
tor33,34 and in addition, AAV6 binds to heparan
sulfate proteoglycans (HSPGs) with moderate af-
finity.35 As secondary receptors, the platelet-
derived growth factor receptor (PDGFR) and the
epidermal growth factor receptor (EGFR) are nee-
ded for internalization of AAV5 and AAV6, respec-
tively.36,37 As both a2,3 N-linked sialic acid,38

HSPGs,39 and EGFR40 are expressed by keratino-
cytes in the human epidermal skin layer, AAV1 and
AAV6 should be able to infect keratinocytes in
the epidermis. However, as PDGFR is not ex-
pressed in the epidermis,41 this may help to explain
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the ineffective transduction of keratinocytes by
AAV5. AAV2 requires HSPG for binding to cells42

and this serotype, among others, can use both fi-
broblast growth factor receptor (FGFR)43 and in-
tegrin aVb5/a5b1,44,45 which are both present in the
human epidermis,46,47 for internalization. However,
primary human keratinocytes lack HSPG and,
therefore, are only vaguely transduced by AAV2
vectors.48 AAV9 requires galactose for binding to
the target cell,49 and both AAV8 and AAV9 need
the 67-kDa laminin receptor as secondary recep-
tor.50 Both galactose51 and the 67-kDa laminin re-
ceptor52 are found in the human epidermis,
potentially rendering epidermis susceptible to
transduction by AAV9 and perhaps also by AAV8,
although additional receptors for this serotype
have not yet been reported. In summary, on the
basis of the receptors required for transduction by
the various AAV serotypes, we would expect to ob-
serve transduction of keratinocytes in the human
epidermis by at least some AAV serotypes.

The lack of efficacy of rAAV transduction in in-
tradermally injected human skin in vivo may also
originate from obstacles downstream of virus at-
tachment and internalization, involving steps such
as trafficking to the nucleus, uncoating of the virus
to release the genome, and conversion of the single-
stranded DNA (ssDNA) to double-stranded DNA
(dsDNA) serving as a template for transcription.
The latter has been shown to constitute an impor-
tant rate-limiting step in rAAV transduction, as
ssDNA-to-dsDNA conversion relies on either host
cellular replication factors for synthesis of the
complementary strand or base pairing with a co-
infecting complementary genome for successful
transduction. Indeed, this step has been shown to
reduce the transduction effectivity in many cell
types,53 and it may potentially influence the low
efficiency of rAAV transduction in human skin
as seen in our study. Hence, by using a self-
complementary rAAV vector, in which both DNA
strands are packaged as a single ssDNA molecule
that on uncoating refolds into dsDNA, we may be
able to increase the transduction rate, as has been
shown in other tissues.54

Previous studies using rAAV vectors in vitro for
transduction of primary human keratinocytes have
reported poor efficacy of the commonly used sero-
types,28,48 although serotypes 1, 2, and 6 may be
suitable for this purpose.25–27,55 Using our panel
of single-stranded rAAV-CMV-FLuc vectors for
in vitro transduction of primary cells of human
origin, including keratinocytes, we could partially
support earlier claims (Supplementary Fig. S4). In-
terestingly, Melo and coworkers55 reported increased

transduction of keratinocytes in vitro using a novel
AAV-LK19 chimera developed by DNA family shuf-
fling technology,56 which warrants further attention
for skin delivery.

During the course of our work, Sallach and co-
workers reported the development of new AAV
capsids with increased transduction capacity in
primary human keratinocytes.48 Such capsids, se-
lected from an AAV library depleted for mutants
carrying HSPG-binding peptides, were shown to
facilitate transduction of keratinocytes in vitro in
human three-dimensional organotypic skin cul-
tures and would be obvious future candidates for
optimizing AAV-directed gene delivery in the skin
xenotransplantation model.

Another step to further enhance rAAV trans-
duction efficiency in the skin may be taken by using
tyrosine-mutated capsids. During intracellular
trafficking, the AAV capsids are at risk of being
phosphorylated on surface-exposed tyrosine resi-
dues by the epidermal growth factor receptor
protein tyrosine kinase (EGFR-PTK).57 This is
followed by ubiquitination and subsequent pro-
teasomal degradation, leading to reduced trans-
gene expression. Indeed, the ubiquitin–proteasome
pathway has been demonstrated to present a
barrier to transduction of human keratinocytes
in vitro.25 However, this tyrosine phosphorylation
can be circumvented as mutagenesis of the surface-
exposed tyrosine residues into phenylalanine
residues has shown a dramatic increase in trans-
duction efficacy in various cell types and tissues. 58,59

In summary, we have tested frequently used AAV
serotypes for gene transfer to human skin trans-
planted onto mice. As we have previously shown,
VSV-G-pseudotyped lentiviral vectors transduced
human skin grafts with high efficacy. In contrast,
injection of rAAV vectors packaged in serotypes 1, 2,
5, 6, 8, and 9 capsids all resulted in poor, if any,
transgene expression in human skin grafts, but were
found to transduce neighboring tissues, indicating
that the vector particles diffused out of intrader-
mally injected human skin grafts without trans-
ducing human keratinocytes. On the basis of our
findings, we recommend using VSV-G-pseudotyped
lentiviral vectors for viral gene transfer to human
skin.
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