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Tumor necrosis factor-a (TNF-a) is upregulated in psori-
atic skin and represents a prominent target in psoriasis
treatment. The level of TNF-a-encoding mRNA, how-
ever, is not increased in psoriatic skin, and it remains
unclear whether intervention strategies based on RNA
interference (RNAI) are therapeutically relevant. To test
this hypothesis the present study describes first the
in vitro functional screening of a panel of short hairpin
RNAs (shRNAs) targeting human TNF-a mRNA and,
next, the transfer of the most potent TNF-a shRNA vari-
ant, as assessed in vitro, to human skin in the psoriasis
xenograft transplantation model by the use of lentiviral
vectors. TNF-a shRNA treatment leads to amelioration of
the psoriasis phentotype in the model, as documented
by reduced epidermal thickness, normalization of the
skin morphology, and reduced levels of TNF-a mRNA as
detected in skin biopsies 3 weeks after a single vector
injection of lentiviral vectors encoding TNF-a shRNA. Our
data show efficient lentiviral gene delivery to psoriatic
skin and therapeutic applicability of anti-TNF-a shRNAs
in human skin. These findings validate TNF-a mRNA as
a target molecule for a potential persistent RNA-based
treatment of psoriasis and establish the use of small RNA
effectors as a novel platform for target validation in pso-
riasis and other skin disorders.
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INTRODUCTION

Psoriasis is a chronic inflammatory skin disorder affecting 1-3%
of the world population. The disease is characterized by demar-
cated erythematous scaly plaques in which keratinocytes exhibit
hyperproliferation and abnormal differentiation leading to epi-
dermal hyperplasia. Infiltration by lymphocytes as well as dilation
and extension of superficial blood vessels are additional hallmarks
of the disease." Psoriasis is generally believed to be driven by a
complex network of immune cells and inflammatory cytokines.
Within psoriatic lesional skin, expression of cytokines belonging to
the T helper 1 and 17 subtypes is predominating,** and increased
levels of proinflammatory cytokines such as tumor necrosis

factor-a (TNF-a), interferon-v, interleukin-1, interleukin-15, and
interleukin-20 have attracted attention. Although these proin-
flammatory cytokines may not be the initial cause of psoriasis,
they are likely to play key roles in the disease by maintaining skin
inflammation. Thus, reduction or inhibition of one or several of
these proinflammatory cytokines is an attractive strategy for pso-
riasis treatment.

In particular, inhibition of TNF-a by systemically adminis-
tered TNF-a-specific antibodies (infliximab and adalimumab) or
soluble receptor constructs (etanercept) has been successful and
is now widely employed clinically in the treatment of psoriasis
and psoriasis arthritis.* The increased level of TNF-a in psoriasis
skin may be caused by a variety of cell types in the skin, including
keratinocytes, activated T cells, macrophages, and dendritic cells.*
The ability of TNF-a to target various cells in the skin is thought
to affect the pathogenesis in several ways including induction
of other inflammatory cytokines, chemokines, and growth fac-
tors as well as endothelial adhesion molecules.” Production of
TNF-a is increased also in other chronic inflammatory diseases
such as psoriatic arthritis,® rheumatoid arthritis,’ and inflamma-
tory bowel disease.'

TNF-a-specific antagonists that are currently used in the cli-
nique inhibit the effects of TNF-a by binding directly to TNF-a
protein. In lesional psoriatic skin, TNF-a is upregulated at the
post-transcriptional level by mechanisms controlled by increased
levels of activated MAPK-activated protein kinase 2 (MK2)."
Hence, induced translation, and not upregulated transcription,
seems to account for an increased TNF-a level in psoriasis skin.
It remains unclear, therefore, whether intervention strategies that
target the TNF-a mRNA rather than TNF-a protein show rele-
vance in psoriasis treatment. In the present report, we examined
the potential use of DNA-encoded small RNA effectors to target
TNF-a mRNA by RNA interference (RNAI).

RNAI is a naturally occurring mechanism of gene regulation
that induces sequence-specific knockdown of gene expression at
the post-transcriptional level'? with importance for both regu-
lation of cellular genes and the defence against foreign genetic
elements,'® Regulation of gene expression by RNAi uses endoge-
nous cellular pathways in which double-stranded RNA molecules
produced from endogenous or foreign DNA are processed into
short double-stranded RNA molecules of 21-23 nucleotides."
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These small interfering RNA (siRNA) molecules are incorpo-
rated into an RNA-induced silencing complex which facilitates
sequence-specific cleavage and degradation of the target mRNA
guided by perfect complementarity between one of the two siRNA
strands and the target sequence.” Both synthetic siRNA duplexes
or DNA-encoded short hairpin RNAs (shRNAs) are efficiently
processed by the cellular RNAi machinery'®!” and can target pre-
determined mRNA targets in laboratory animals.’**! RNAi-based
tools are already widely used in animals, and small RNA effectors
have the potential to become therapeutics in humans. Synthetic
siRNA molecules typically trigger a transient RNAi response,
whereas expression of shRNAs from viral vectors has been found
to induce a robust and persistent gene-regulating effect.”>*

In the present study, we used lentiviral vectors as potent car-
riers of sShRNA-encoding gene cassettes to human skin. Lentiviral
vectors are attractive gene vehicles primarily due to their ability
to transduce both dividing and nondividing cells and to establish
persistent expression owing to genomic integration of the vector
DNA reverse-transcribed from virally delivered single-stranded
RNA. Efficient lentiviral transduction of xenografted human skin
on immunodeficient mice has been demonstrated previously.***
Furthermore, shRNAs are efficiently produced from lentiviral
templates.”*

To examine the use of RNAi-based therapeutics in psoriasis
skin we selected, in this study, several potentially favourable target
sequences within the TNF-a mRNA sequence. In vitro screening
assays enabled us to identify a single shRNA variant with con-
sistent and reproducible ability to inhibit expression of TNF-a
when expressed from transfected DNA vectors as well as from
transduced lentiviral vectors. Moreover, by employing a lentivi-
ral vector expressing green fluorescent protein (GFP), efficient
lentiviral gene transfer to lesional human psoriatic skin trans-
planted onto immunodeficient mice was observed. Resolution
of the psoriasis phenotype, as determined by improved clinical
scores, reduced epidermal thickness, and reduced levels of TNF-a
mRNA in skin treated in vivo by a single intradermal injection
of shRNA-encoding lentiviral vectors in the psoriasis xenograft
transplantation model” led to the demonstration of TNF-a
mRNA as a useful target for treatment of psoriasis. Our study
provides proof-of-concept that targeting cytokines with RNAi is
therapeutically applicable in treatment of psoriasis and proposes
a new shRNA-based strategy for evaluating potential targets for
treatment of psoriasis.

RESULTS

Identification of effective shRNAs targeting
transiently expressed human TNF-a

Designed shRNA variants directed against different target sites
in a defined mRNA species may diverge greatly in their potential
to trigger mRNA degradation. Therefore, seven shRNAs target-
ing different sites in the human TNF-a mRNA were designed in
this study. Six target sequences were located within the coding
region of the TNF-a gene and one target was located within the
3’-untranslated region (3’-UTR) of the gene (Figure 1a). To exam-
ine shRNA efficiency, we transiently transfected HEK293 cells with
plasmid DNA (pBC.H1-shTNF-al through pBC.H1-shTNF-a7)
expressing each of the shRNAs from the H1 promoter. By using
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Figure 1 Functional screening of potential shRNA variants targeting
human TNF-a. (@) Schematic representation of the TNF-a mRNA sequence
and the distribution of shRNA target sequences. 5" UTR and 3’ UTR indi-
cate the 5’- and 3’-untranslated regions, respectively. ORF represents the
open reading frame and P(A) the polyadenylation sequence. (b) Targeting
the TNF-a sequence as detected by the dual-luciferase reporter assay.
TNF-a cDNA was fused to the Renilla luciferase gene in the psiCHECK-2
vector and the plasmid co-transfected together with pBC.H1-shTNF-al
through pBC.H1-shTNF-a7 and pBC.H1-shGFP (negative control) into
HEK293 cells. Luciferase activities were determined 48 hours after trans-
fection and the normalized values calculated relative to the negative
shRNA control (pBC.H1-shGFP). P-values for the comparisons indicated
by brackets were as follows: *P < 0.0001; **P = 0.0001; ***P = 0.0004.
(c) Downregulation of transiently expressed TNF-a by transfection with
lentiviral vector constructs encoding shRNAs. HEK293 cells were trans-
fected with pSBT/CMV-TNF-a.EF1a-zeo and lentiviral vector constructs
encoding shRNAs as indicated. TNF-a expression was determined by
measuring TNF-a concentration in the medium by enzyme-linked immu-
nosorbent assay. The asterisk indicates significant difference between the
two groups indicated by the bracket (P = 0.0004). All experiments were
performed in triplicates. Data are presented as mean + SD. shRNA, short
hairpin RNA; TNF-a, tumor necrosis factor-a.

a dual-luciferase assay in which the TNF-a complementary DNA
(cDNA) was transiently expressed as a fusion RNA with the coding
sequence of the Renilla luciferase (R-luc) gene, we measured the
ability of each of the shRNA variants to downregulate expression
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of the R-luc reporter. Transfections of pPBC.H1-shTNF-a2, pBC.
H1-shTNF-a3, and pBC.H1-shTNF-a4 reduced R-luc expression
with >75% compared to plasmid DNA encoding an irrelevant
shRNA (pBC.H1-shGFP), whereas the remaining shRNA variants
caused smaller reductions of R-luc expression (Figure 1b).

Based on the initial efficiency screening assay, lentiviral vec-
tor constructs (pLV) encoding shTNF-a2, shTNF-a3, shTNF-a4,
and shGFP were generated. TNF-a knockdown was verified by
co-transfecting these plasmid vectors into HEK293 cells with
plasmid DNA transiently expressing TNF-o from a cytomegalovi-
rus (CMV) promoter. As shown in Figure 1c, transient expression
of shTNF-a3 from the lentiviral vector construct resulted in a 92%
reduction of the TNF-a protein expression compared to the level
of TNF-a protein in the negative control (P = 0.0004). Notably
in this assay, expression of neither shTNF-a2 nor shTNF-a4
did succeed to downregulate the production of TNF-a protein
(Figure 1c), likely reflecting the importance of the context of the
mRNA target sequence. In summary, of the seven shRNA vari-
ants targeting TNF-a mRNA, one shRNA, shTNF-a3, was found
to efficiently reduce TNF-a gene expression.

Downregulation of stable TNF-a expression

following lentiviral transfer of shTNF-a3

The ability of a single or a few copies of lentiviral siRNA templates
to facilitate sufficient production of functional shRNAs is a cru-
cial achievement toward obtaining functionality of RNAI effectors
upon lentiviral delivery in an experimental or therapeutic scenario.
To examine the potential of TNF-a-directed shRNAs to inhibit
TNF-a expression when expressed from lentivirally delivered tem-
plates, we produced vesicular stomatitis virus G-pseudotyped len-
tiviral vectors, LV/shTNF-a2, LV/shTNF-a3, and LV/shTNF-a4,
expressing shRNAs with variable functional efficacies according
to our initial screen. We also generated a HEK293-derived cell
line, designated 293-TNF-a, which stably expressed TNF-a in the
presence of zeocin. These cells were treated with lentiviral vectors
at an approximate multiplicity of infection (MOI) of 40, and the
concentration of secreted TNF-a was subsequently determined by
enzyme-linked immunosorbent assay (ELISA). LV/shTNF-a2 and
LV/shTNF-a4 did not have any significant impact on the produc-
tion of TNF-a as compared to a control vector expressing an irrel-
evant shRNA (LV/shGFP) (Figure 2a). In contrast, lentivirally
delivered shTNF-a3 led to a clear reduction in the level of secreted
TNF-a protein 2 days after vector treatment resulting in a TNF-a
concentration in the medium that was 48% of the level measured
with LV/shGFP (P = 0.003) (Figure 2a). As shTNF-a3 was consis-
tently found to be the most potent RNAI effector, we focused on
this particular shRNA in subsequent experiments.

One of the advantages of a lentiviral delivery approach is the
integration of vector DNA into the genome of treated cells result-
ing in persistence of gene expression. To confirm the consistency of
the effects caused by shRNA expression, the persistence of TNF-a
knockdown in 293-TNF-a cells following lentiviral transfer was
investigated. We included in these experiments an additional
negative control vector encoding a previously used irrelevant
shRNA (shlrr) which does not match any known sequence in the
human genome.? First, the TNF-a concentration in the medium
was determined 2 and 4 days after transductions performed at an
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approximate MOI of 40 and normalized for the number of cells
and the amount of viral vector (as measured by p24 Gag protein)
added in each experiment (Figure 2b). Two days after lentivi-
ral transduction, the relative amount of TNF-a was significantly
reduced with 77% in samples treated with the shTNF-a3-encoding
vector compared to samples treated with shlrr (P = 0.002). In
accordance, the relative amount of TNF-a was reduced with
83% after 4 days in samples treated with shTNF-a3 compared to
samples treated with lentivirally delivered shlrr (P = 0.0007). The
reduction in relative amount of TNF-a from day 2 to 4 in samples
treated with shTNF-a3 was moderate (P = 0.11), indicating that
persistent knockdown had been obtained after 2 days.

To verify that a single or only a few inserted copies of the
shTNF-a3-expressing vector had a persistent effect in TNF-a-
expressing cells, we transduced 293-TNF-a cells with LV/shTNE-
a3 at an MOI of 2. After transduction, the cells were selected by
drug resistance for presence of the vector and the relative amount
of TNF-a produced by a pool of cells at day 11 after transduction
was determined (Figure 2c). Compared to both negative con-
trols, cells treated with shTNF-a3 secreted a significantly reduced
amount of TNF-a. Hence, the shTNF-a3-encoding lentiviral
vector led to a 75% reduction in the relative amount of TNF-a
compared to shlrr (P = 0.0002), providing proof of a persistent
regulatory effect of lentivirally encoded shTNF-a3 effectors.

As our main objective was to investigate the use of TNF-a-
directed shRNAs in human skin transplanted onto mice (see
below), potential regulation by shTNF-a3 of mouse TNF-a would
be of concern in this model. However, processed shTNF-a3 tar-
gets a 19-nucleotide target site within the 3’ untranslated region
of human TNF-a mRNA. As this target site is not intact in murine
TNF-a mRNA (allowing basepairing at only 9 out of the 19 posi-
tions) (Figure 2d) shTNF-a3 is not likely to target mouse TNF-a
mRNA. Therefore, adding to the potency by which shTNF-a3
targets human TNF-q, this particular RNA effector is perfectly
suited for studies in the psoriasis xenograft transplantation model
providing means of downregulating human TNEF-a locally in
transplanted human skin without posing the risk of affecting the
TNF-a level systemically in the animal.

Lentiviral penetration and transduction of skin in vivo
leading to epidermal and dermal expression of eGFP

To investigate the efficacy of lentiviral vectors to penetrate and
transduce human psoriasis skin, we injected lentiviral vectors
encoding enhanced GFP (eGFP) intradermally into human
psoriatic skin grafted onto the back of severe combined immu-
nodeficiency mice in the xenograft transplantation model. Two
transplanted mice received a single dose (150 ul each) of vesicu-
lar stomatitis virus G-pseudotyped LV/PGK-eGFP vector corre-
sponding to 5.3 ug p24 Gag per graft. The mice were killed 3 days
after transduction and eGFP expression in the psoriatic skin grafts
was examined (Figure 3). For both mice, fluorescence micros-
copy of the biopsies illustrated eGFP expression in all cell layers
of the epidermis and to some extent in the dermis (Figure 3d),
whereas skin from untreated negative control mice was found to
be negative as expected (Figure 3b). In conclusion, gene transfer
to lesional human psoriatic skin grafted onto mice was efficiently
accomplished by a single intradermal administration of lentiviral
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Figure 2 In vitro knockdown of stable TNF-a expression by shTNF-a3. (a,b) Knockdown of stable TNF-a expression following transduction with
lentiviral vector-encoded shTNF-a3. 293-TNF-a cells were transduced with LV/shTNF-a2, LV/shTNF-a3, LV/shTNF-a4, LV/shGFP, or LV/shlrr, as indi-
cated below each column, at an estimated MOI of ~40. The column labeled “Vehicle” (a) represents cells that were transduced with LV/PGK-puro and
therefore did not receive any shRNA. “TNF-a minus” refers to HEK293 cells that did not express TNF-a. The concentration of TNF-a in the medium of
the transduced cells was determined (a) after 2 days or (b) after 2 and 4 days. Black and gray columns represent concentrations measured after 2 and
4 days, respectively. Relative TNF-a concentrations (normalized for cell number and amount of viral particles transferred to the cells) are presented
in b. Significant differences between the most relevant groups (indicated by brackets) are indicated by asterisks representing the following P values;
*P =0.003; **P = 0.002; ***P = 0.0007. (c) Stable downregulation of TNF-a expression after vector treatment. 293-TNF-a cells were transduced
with lentiviral vectors at an estimated MOI of ~2 followed by selection of transduced cells with puromycin. TNF-a expression was determined after
11 days by measuring TNF-a concentration in the medium by enzyme-linked immunosorbent assay. The relative amounts of TNF-a were determined
by correlation of TNF-a concentration to the number of cells and to the amount of lentiviral vectors used for transduction (pg p24 Gag) (TNF-a
concentration/cell number/pg p24 Gag). Significant difference (P = 0.0002) between cells treated with shirr and shTNF-a3 is indicated by an asterisk.
All experiments were done in triplicates. Data are presented as mean + SD. (d) shTNF-a3 guide strand sequence complementarity with human and
mouse TNF-a mRNA. Alignment at top shows the degree of sequence similiarity between the human (NM_000594) and mouse (NM_013693) TNF-a
genes in the segment of the gene containing the shTNF-a3 target sequence. Numbers refer to distance from first nucleotide in start codon of the
human TNF-a sequence. Nucleotides that differ between the two sequences are underlined in the mouse TNF-a sequence. Nucleotides that are not
present in mouse sequence are indicated with hyphens. The two alignments below demonstrate that shTNF-a3 has perfect match with human TNF-a
mRNA but matches only 9 out of 19 positions within this region of mouse TNF-a mRNA. TNF-a, tumor necrosis factor-a; shlrr, irrelevant shRNA;
MOI, multiplicity of infection; shRNA, short hairpin RNA.

vectors. Our findings demonstrate that vector penetration of the
skin following intradermal injection causes an initial boost of
transgene expression. Characterization of potential transduction
of stem cells and long-term effects in psoriatic skin, in which a
high turnover rate of transduced keratinocytes could result in loss
of transgene expression, is currently being investigated.

Amelioration of psoriasis by TNF-a knockdown

in shTNF-a3-treated lesional skin

To investigate the effects of lentivirally delivered shITNF-a3 in
human psoriatic skin in vivo, we used the psoriasis xenograft
transplantation model. Upon transplantation of psoriatic ker-
atome skin biopsies, the mice were divided into four groups. The
first group (n = 10) was treated with a single intradermal dose of
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LV/shTNF-a3 (51.5 * 11.0 ug p24 Gag/ml in 150 ul, correspond-
ing to ~7.7 x 10® infectious particles), whereas the second group
(n = 12) was treated with five weekly intraperitoneal injections
of cyclosporin A (CsA), which has previously been shown to
efficiently treat psoriasis in the xenotransplantation model and
therefore has become the standard positive control in this par-
ticular model.”” The third group (n = 7) was treated with a single
intradermal dose of LV/shlrr (same dose as group one) as nega-
tive control. As an additional negative control group a fourth
group of mice (n = 10) was treated with an irrelevant monoclo-
nal antibody as previously described.” The mice were assigned
a baseline semiquantitative clinical psoriasis score based on the
average erythema, thickness and scaliness of the psoriatic plaques.
The effects of treatment were evaluated in a blinded fashion by
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Figure 3 In vivo transduction of human psoriasis skin with eGFP-encoding lentiviral vectors. Psoriatic plaque skin biopsies were transplanted
onto severe combined immunodeficiency mice in the psoriasis xenograft transplantation model. Following healing, eGFP-encoding lentiviral vectors
were injected intradermally into the human psoriasis skin grafts in an amount corresponding to 5.3 ug p24 Gag/mouse. Three days after transduction
skin biopsies were taken, fixed, embedded in paraffin, and stained with anti-eGFP antibody. eGFP expression was analyzed by fluorescence micros-
copy. (a) Negative control (untreated transplanted grafts) stained with Hoechst to visualize cell nuclei. (b) Negative control stained with anti-GFP
antibody. (c) Skin biopsy treated with lentiviral-mediated transfer of eGFP (LV/PGK-eGFP) and stained with Hoechst. (d) Skin biopsy treated with LV/
PGK-eGFP and stained with anti-GFP antibody. Bar = 100 um. eGFP, enhanced GFP.

semiquantitative clinical scores given twice weekly for 3 weeks
until killing. The final endpoint in evaluating the effect on psoria-
sis was determined histologically by measuring epidermis thick-
ness and by quantification of the amount of TNF-a mRNA in the
biopsies obtained from the psoriatic skin grafts.

Mice treated with the lentiviral shlrr-encoding vector and
the irrelevant antibody obtained similar semiquantitative clinical
scores for the duration of the experiment (Figure 4a). Moreover,
the epidermal thickness was indistinguishable between mice
receiving the lentiviral control vector and the irrelevant antibody
(385.9 £ 35.4 um versus 360.7 + 26.6 um; P = 0.538) (Figure 4b),
demonstrating a lack of phenotypical difference between these
two groups. For the subsequent analyses we therefore collected all
mice of groups 3 and 4 in a single negative control group (n = 17).
It has to be mentioned that all mice showed normal well-being
and weight gain throughout the study, suggesting that the treat-
ment had no systemic influence on the physiology of the mice.

To compare the effect of treatment with a single injection of
shTNF-a3-encoding lentiviral vectors with five weekly injections
of CsA (Figure 5a), the semiquantitative clinical psoriasis scores
assigned to shITNF-a3- and CsA-treated mice were compared to
those of the negative control group. During the 3 weeks of incuba-
tion, the scores of ShTNF-a3-treated grafts reduced gradually in
a pattern similar to the scores for CsA-treated mice (Figure 5b).

Molecular Therapy vol. 17 no. 10 oct. 2009

shTNF-a3 significantly reduced the semiquantitative clinical pso-
riasis scores of the treated grafts compared to grafts treated with
negative controls (P = 0.03). Histological examination of skin
biopsies from psoriasis skin grafts revealed a significant decrease
in epidermal thickness corresponding to a 22% reduction
(P = 0.03) of the thickness in shTNF-a3-treated grafts relative to
negative control-treated grafts (Figure 5c). The effect of repeated
administration of CsA was confirmed in this assay (48% reduc-
tion of epidermal thickness in mice treated with CsA compared to
the negative control group). Additionally, we investigated whether
TNF-a mRNA was downregulated in psoriasis skin grafts treated
with LV/shTNF-a3 and, therefore, performed quantitative reverse
transcription (RT)-PCR on RNA extracted from treated skin
grafts. The TNF-a mRNA level in the grafts treated with lentiviral
shTNF-a3 vector was reduced with 29% relative to grafts isolated
from mice in the negative control groups (Figure 5d). Moreover,
the presence of lentiviral DNA in the treated psoriatic skin grafts
after 3 weeks was confirmed by PCR analysis (data not shown).
To verify that the level of TNF-a mRNA in the untreated lesional
skin grafts was not artificially increased in the transplanted skin
relative to psoriatic skin biopsies from patients, we also quanti-
fied TNF-a mRNA in lesional skin biopsies derived from seven
patients. Notably, comparable levels of TNF-a mRNA were
detected in lesional skin biopsies and untreated grafted lesional
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Figure 4 Comparison of control treatments of psoriatic plaques in
the xenograft transplantation model. (a) Semiquantitative clinical
psoriasis scores were given twice weekly for 3 weeks to mice treated
with the irrelevant monoclonal antibody (filled circles, n=10) or LV/shlrr
(filled squares, n = 7). The two control treatments showed no signifi-
cant difference in semiquantitative clinical psoriasis scores. (b) Epidermal
thickness of skin biopsies after treatment with the irrelevant monoclonal
antibody and LV/shlirr. Upon sacrifice 3 weeks after treatment biopsies
were taken, fixed and paraffin-embedded, and stained. Epidermal thick-
ness was measured in irrelevant antibody-treated (black column, n=10)
or LV/shlrr-treated (gray column, n = 7) mice. The two control treat-
ments showed no significant difference in the epidermal thickness. Data
are presented as mean + SEM. shlrr, irrelevant shRNA.

skin (Figure 5d), supporting the notion that shINF-a3 in the
xenotransplantation model did in fact reduce the level of TNF-a
mRNA below the range observed in patients. Histological assess-
ment of skin grafts revealed amelioration of the psoriasis phe-
notype by the injected lentiviral vectors. Negative control grafts
had retained a characteristic psoriatic phenotype with elongated
rete pegs (Figure 5f, panel A). In contrast, xenografts from both
shTNF-a3- and CsA-treated animals (Figure 5f, panels B and C)
demonstrated a psoriatic skin phenotype with 20-30% reduction
of the epidermal thickness along with histological characteristics
of prominent rete ridges, acanthosis and parakeratosis and thus
partial correction of psoriasis with indications of progression
toward skin normalization (as demonstrated by a comparison
with a nonlesional skin sample, shown in Figure 5f, panel D).
shTNF-a3 does not target murine TNF-o (Figure 2d) and there-
fore is unlikely to affect the expression of murine TNF-a in the pso-
riasis xenograft transplantation model. To verify that the expression
level of murine TNF-a was not affected in LV/shTNF-a3-treated
animals, we performed quantitative RT-PCR on total RNA derived
from the spleen of LV/shlrr- and LV/shTNF-a3-treated animals.
Among the two groups (7 mice treated with LV/shlrr and 10 treated
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with LV/shTNF-a3), we did not detect any measurable difference
in the RNA level (Figure 5e). As an additional control of potential
systemic effects of the lentiviral vector, we analyzed DNA samples
from spleens of LV/shlrr- and LV/shTNF-a3-treated animals for
the presence of lentiviral DNA. Using different primer sets and a
range of different PCR conditions, we were not able to detect DNA
remnants of the shRNA-encoding vector (data not shown). Taken
together, these findings suggest that putative long-term systemic
effects affecting expression of endogenous TNF-a in the LV-treated
psoriasis xenograft transplantation model are limited under the
conditions used.

In summary, our findings demonstrate an efficient RNAI
response in human psoriatic skin triggered by lentivirally deliv-
ered small RNAs targeting the 3 UTR of the TNF-a gene followed
by alleviation of the psoriasis phenotype in the xenograft trans-
plantation model.

DISCUSSION

TNF-a is upregulated in lesional psoriatic skin and plays a key
role in psoriasis development.*'** Treatment with specific inhibi-
tors of TNF-a-protein, including antibodies and soluble recep-
tors, causes resolution of psoriasis providing proof that TNF-a is
indeed a crucial therapeutic target.”’-** Positive clinical effects of
TNF-a antagonists, such as infliximab, adalimumab, and etaner-
cept, require repeated systemic administration with potential neg-
ative and long-term side effects including increased risk of cancer
and tuberculosis.* Interests have been given therefore to alter-
native methods of intervention that may offer both a local and
target-specific therapy. The ability to control disease-associated
genes makes RNAi one of these potential alternatives for treat-
ment of psoriasis. RNA effectors can be designed to target any
gene involved in a disease and may potentially be administered
locally to minimize side effects due to systemic administration of
TNF-a antagonists in the patient. A recent report demonstrated
that the increased TNF-a protein expression in lesional psoriatic
skin is not the result of abnormal high levels of TNF-a mRNA
but is caused by upregulation of gene expression at the post-
transcriptional level triggered by an increased level of activated
MK2." This could argue that targeting TNF-a mRNA molecules
by RNAi-based intervention would have a limited, if any, effect.
However, we hypothesized that reducing the pool of TNF-a
mRNA would lead to a reduction of TNF-a protein, provided
that regulation at the post-transcriptional level was not affected.
Hence, targeting of TNF-a mRNA by local RNAi would lead to a
reduction in the level of TNF-a protein in the skin and serve as a
potential alternative strategy toward treatment of psoriasis.

To test this hypothesis we generated a panel of TNF-a-targeted
shRNAs and demonstrated that the naturally occurring endog-
enous RNAi pathway can be harnessed in human skin to control
production of cytokines involved in development of psoriasis.
Based on functional evaluations of a panel of shRNAs directed
against TNF-a-encoding mRNA, we identified one shRNA vari-
ant, designated shTNF-a3, which led to consistent downregula-
tion of TNF-a expression. Among seven tested shRNA targets,
shTNF-a3 was the only shRNA designed to target the 3" untrans-
lated region of the gene. Importantly, the murine TNF-a gene
does not contain the shTNF-a3 target sequence, and the shRNA
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Figure 5 In vivo knockdown of TNF-a in human psoriasis skin by shTNF-a3. (a) The schedule for treatment of psoriasis plaques in vivo. Psoriatic
plaque skin biopsies were transplanted onto SCID mice in the psoriasis xenograft transplantation model. All mice were allowed to heal for 10 days
before onset of treatment. Grafts were treated either by a single injection with LV/shTNF-a3 or LV/shlrr, or five times weekly with CsA injections (posi-
tive control) and killed 3 weeks after treatment. Arrows indicate injection time points. (b) Semiquantitative clinical psoriasis scores were given twice
weekly for 3 weeks to mice treated with negative control (filled squares, n = 17), LV/shTNF-a3 (open squares, n = 10), or CsA (positive control) (filled
triangles, n = 12). shTNF-a3 significantly decreased the semiquantitative clinical psoriasis score (*P = 0.03). Intradermal injections were performed at
day 0. (c) LV/shTNF-a3 treatment decreased the epidermal thickness in psoriasis skin grafts. Mice were killed after treatment and biopsies were taken,
fixed, paraffin-embedded and stained with H&E. Epidermal thickness was measured in negative control-treated (black column, n = 17), LV/shTNF-
a3-treated (dark gray column, n=10), and CsA-treated (light gray column, n = 10) grafts. shTNF-a3 significantly decreased the epidermal thickness
as compared to negative control (*P = 0.03). A measurement of nonlesional skin (n = 12) is included for comparison (white column). (d) Reduction
of TNF-a gene expression in psoriasis skin in LV/shTNF-a3-treated skin. Biopsies were taken 3 weeks after treatment and TNF-a mRNA levels were
measured by gPCR in negative control-treated (black column, n=17) and in LV/shTNF-a3-treated (dark gray column, n = 9) grafts (P = 0.10). The
black/white-graduated column (n = 7) represents the mean level of TNF-a mRNA detected in psoriatic plaque skin biopsies obtained from seven skin
donors and which were not grafted onto mice. (e) The level of mouse TNF-a mRNA in the spleen is unaffected by shTNF-a3 treatment. Quantitative
reverse transcription-PCR was performed on total RNA derived from spleens of mice treated with LV/shlrr (black column; n=7) and LV/shTNF-a3 (dark
gray column; n = 10), respectively (P = 0.77). (f) Histological assessment of grafted skin samples. Representative tissue samples of each treatment
group are shown. Bar = 100 um. All data are presented as mean + SEM. TNF-a, tumor necrosis factor-a; SCID, severe combined immunodeficiency;
CsA, cyclosporin A; shirr, irrelevant shRNA; H&E, hematoxylin and eosin.

therefore should not potentially target mouse TNF-a mRNA but
only human TNF-a mRNA in the psoriasis xenograft transplan-
tation model. As lentiviral vectors pseudotyped with vesicular
stomatitis virus G envelope protein facilitated efficient gene trans-
fer to both epidermis and dermis, we employed lentiviral vectors
for transfer of shTNF-a3-encoding cassettes to xenografted pso-
riatic skin. Following a single, intradermally administered dose
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of lentiviral vector in human skin, we detected a reduction in the
level of TNF-a mRNA in shTNF-a3-treated skin samples as well as
clinical and histological improvements of the psoriasis phenotype.
The severity of the psoriasis phenotype, as evaluated by the semi-
quantitative clinical psoriasis score, improved following lentiviral
treatment to an extent that was comparable with that observed in
mice receiving systemically administered CsA five times weekly
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for the duration of the experiment. In addition, treatment with
the shTNF-a3-encoding vector reduced epidermal thickness sig-
nificantly in the skin xenografts. Together, our data showed that
persistent TNF-a knockdown mediated by RNAI leads to reduced
epidermal thickness and reduced clinical severity.

Recent in situ investigations have demonstrated that the
TNF-a mRNA levels are not increased in lesional relative to non-
lesional skin."" Our results support a model by which a reduction
of the TNF-a mRNA level in xenografts treated with potent TNF-
a-directed shRNAs leads to an overall decrease of the production
of TNF-a protein and amelioration of the psoriasis phenotype.
These findings demonstrate the therapeutic potential of RNAi-
based intervention in the xenotransplantation model and lend
hope for the future use of RNA-based drugs in human skin. In
further support of a claim of therapeutic utility of a TNF-a RNAi
treatment in patients, we showed comparable levels of TNF-a
mRNA in lesional skin biopsies and untreated lesional skin grafts.
These findings suggest that TNF-a mRNA production in the
lesional grafts was not artificially increased due to surgical stress
or the process of wound healing and, hence, that a therapeutic
effect of sShTNF-a3 in the model was biologically relevant. To our
knowledge, this is the first study employing siRNA technology in
the xenograft transplantation model; however, at present we can-
not exclude that specific properties of the model may influence
the RNAI response either positively or negatively. Furthermore, it
has to be mentioned that the level of TNF-a-encoding mRNA is
variable among psoriatic skin from distinct patients which may to
some degree influence the response to standard anti-TNF-a bio-
logical treatments. In accordance, it is not possible at this prelimi-
nary stage to predict whether an RNAi-based intervention has the
full potential to manage the variable levels of TNF-a mRNA in
lesional skin from different patients.

Our findings reveal the potential of small RNA effectors in
treatment of skin disorders and establish a new platform for car-
rying out systematic validations of therapeutic targets among
numerous potential target molecules involved in psoriasis devel-
opment. Previous such in vivo validations have relied on systemic
administration of antibodies with specificity for relevant proteins.
Importantly, shRNAs can be designed to target any known gene
based only on the primary gene sequence. Hence, by using lenti-
viral vectors for shRNA delivery it may be possible to target any
predetermined gene in transplanted psoriasis skin and evaluate
and compare degrees of psoriasis resolution. Furthermore, by
construction of lentiviral vectors expressing two (or potentially
more) different shRNAs, it should be possible to predict potential
beneficial effects of combinatorial treatments targeting several key
components in disease development.

In vivo lentiviral gene transfer to human skin xenografts has
been carried out previously with results ranging from transduc-
tion of <1% of the human keratinocytes® or just around the needle
tract site of injection to efficient transduction resulting in trans-
gene expression in all layers of the epidermis.*® Moreover, based
on a single injection of lentiviral vectors encoding luciferase or
human erythropoietin, Siprashvilli and Khavari documented effi-
cient gene transfer to human skin transplanted onto severe com-
bined immunodeficiency mice.? The latter is consistent with our
findings showing eGFP expression in all layers of the epidermis
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as well as in dermis, although eGFP detected as early as 3 days
after injection most likely is derived from episomal vector DNA
intermediates as well as integrated vectors. Furthermore, lentiviral
vector DNA was easily detected in genomic DNA isolated from
biopsies of treated skin 3 weeks after injection. Recent findings
have demonstrated efficient and persistent gene expression from
episomal lentiviral vector forms in quiescent cells in vivo.”” In the
case of hyperproliferative psoriatic skin, unintegrated vector DNA
will be diluted upon cell growth, and persistent shRNA expression
leading to TNF-a downregulation is most likely entirely derived
from integrated vectors. However, we cannot exclude that the
beneficial effects of TNF-a-directed shRNAs are supported by an
initial boost of sStRNA production encoded by episomal templates
shortly after the injection of vector particles.

As an easily accessible organ, skin is an attractive target for
RNAi-based therapeutics. Recent findings have documented
targeting of chimeric luciferase reporter RNA molecules by syn-
thetic siRNAs injected into the paws of mice.*®*** Such data have
led to a proposed clinical trial using siRNA directed against kera-
tin genes in patients with dominant-negative keratin disorders.*’
Other groups have reported effects of siRNAs delivered to skin
by electroporation**? or by cream-emulsified preparations of
siRNA* as well as in human organotypic skin models,* support-
ing potential future use of synthetic siRNAs in skin. However,
recent striking reports exploring gene-regulatory efficacy of syn-
thetic siRNAs directed against vascular endothelial growth factor
in the eye have demonstrated that therapeutic effects of sequence-
specific RNA agents administered as ex vivo synthesized RNAs
are not necessarily triggered by sequence-specific degradation
of mRNA. Notably, the positive effects were caused rather by the
interaction of siRNAs with Toll-like receptors on the cell surface
and induction of a cellular signalling cascade leading to inhibi-
tion of angiogenesis.*” Such findings call for extra caution when
considering the beneficial effects of synthetic siRNAs. The present
report provides evidence of in vivo knockdown of an endogenous
gene in human skin facilitated by DNA-encoded shRNA mole-
cules produced inside the treated cells. By exploring the potential
of shRNA expression in skin our proof-of-concept study docu-
ments the potential of using RNAi for treatment of psoriasis, a
disease that widely affects the human population worldwide and,
moreover, provide a new strategy for validating psoriasis targets.
We anticipate that RNAi in such studies of target validation will
impact future regiments for treatment of psoriasis.

MATERIALS AND METHODS

Plasmid construction. The sense strand of all shRNA-encoding DNA
oligonucleotides designed for this study is presented in Table 1 with tar-
get sequences underlined. shTNF-al through shTNF-a4 were designed
by using an algorithm provided by Dharmacon (Dharmacon siDESIGN
http://www.dharmacon.com/). shTNF-a5 through shTNF-a7 were
designed on the basis of murine TNF-a targets which have previously
been found to be efficiently targeted by siRNAs.***” These sequences
were modified to target the corresponding sequences in human TNF-a
mRNA. All DNA oligonucleotides were obtained from DNA Technology
(Risskov, Denmark). Complementary sense and antisense DNA oligo-
nucleotides were annealed by incubation for 5 minutes at 100°C fol-
lowed by slow cooling. Annealed oligonucleotides carrying terminal BglII
and Xbal overhangs were inserted downstream of the H1 promoter in
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Table 1 shRNA oligonucleotide sequences

Anti-TNF-a RNAI for Alleviation of Psoriasis

shRNA 5’-3’ Oligonucleotide sequence

shGFP* GATCCCCGCTGACCCTGAAGTTCATCACTCGAGAGATGAACTTCAGGGTCAGCTTTTTTGGAAA
shlrr® GATCCCCCCTATGAACGTTATGACGAACTCGAGATCGTCATAACGTTCATAGGTTTTTTGGAAA
shTNF-al* GATCCCCGCCTGTAGCCCATGTTGTAACTCGAGATACAACATGGGCTACAGGCTTTTTTGGAAA
SshTNF-a2¢ GATCCCCGGTCTACTTTGGGATCATTACTCGAGAAATGATCCCAAAGTAGACCTTTTTTGGAAA
shTNF-a3¢ GATCCCCGAAGACCTCACCTAGAAATACTCGAGAATTTCTAGGTGAGGTCTTCTTTTTTGGAAA
shTNF-a4¢ GATCCCCTGGCGTGGAGCTGAGAGATACTCGAGAATCTCTCAGCTCCACGCCATTTTTTGGAAA
shTNF-a5¢ GATCCCCGATAACCAGCTGGTGGTGCACTCGAGAGCACCACCAGCTGGTTATCTTTTTTGGAAA
shTNF-a6° GATCCCCGATCAATCGGCCCGACTATACTCGAGAATAGTCGGGCCGATTGATCTTTTTGGAAA
ShTNF-a7¢ GATCCCCGGTGCTTGTTCCTCAGCCTAECTCGAGAAGGCTGAGGAACAAGCACCTTTTTTGGAAA

aFrom ref. 26. *From ref. 28. <Designed by use of algorithm at www.dharmacon.com. ¢Adapted from ref. 47. ¢Adapted from ref. 46.

Bglll/Xbal-digested pBC.HI1,” generating pBC.H1-shTNF-al through
pBC.H1-shTNF-a7. Similarly, shRNA-encoding cassettes, one with speci-
ficity for eGFP (shGFP) and one without any known target sequence
in the human genome (shlrr, referred to as “scrRNA” in ref. 28), were
inserted into pBC.H1 to provide appropriate negative controls. H1-shRNA
expression cassettes were isolated from pBC.H1-shTNF-al through pBC.
H1-shTNF-a7, pBC.H1-shGFP, and pBC.H1-shlrr by digestion with Clal
and inserted into the self-inactivating 3" long terminal repeat (LTR) region
of BbsI-treated pBSK-3" LTR, as previously described,” generating pBSK-
3’LTR.H1-shTNF-al through pBSK-3'LTR.H1-shTNF-a7, pBSK-3'LTR.
H1-shGFP, and pBSK-3’LTR.H1-shlrr, respectively. To generate the lenti-
viral vector plasmid pLV/PGK-puro, the puromycin resistance gene (puro)
was amplified by PCR from pSBT/PGK-puro, previously described and
referred to as pTpuro,* digested with BamHI/Xhol, and inserted into the
BamHI/Xhol-digested pCCL-WPS-PGK-eGFP-WHYV (here referred to as
pLV/PGK-eGFP).* The original 3" LTR of pLV/PGK-puro was replaced
with 3" LTRs containing the shRNA expression cassettes by digesting
pBSK-3’LTR.H1-shTNF-a2 through pBSK-3'LTR.H1-shTNF-a4, pBSK-
3’LTR.H1-shGFP, and pBSK-3'LTR.H1-shlrr with Scal/Kpnl and insert-
ing the resulting fragments into Scal/Kpnl-digested pLV/PGK-puro,
generating pLV/shTNF-a2 through pLV/shTNF-a4, pLV/shGFP, and pLV/
shlrr. To generate psiCHECK-2-TNF-a, mRNA was isolated from human
Psor T cells® using Tri Reagent (Sigma, St Louis, MO) according to manu-
facturer’s instructions. The mRNA was reverse-transcribed into cDNA
using Cloned AMYV First-Strand cDNA synthesis kit (Invitrogen, Carlsbad,
CA) according to manufacturer’s instructions. TNF-a cDNA was amplified
by PCR using TNF-a-specific primers 5'-AAAGCGGCCGCGAGCAGAG
GCTCAGCAATGA-3"and5-AAACTCGAGCCCTGACAAGCTGCCAG
GC-3". The TNF-a fragment was digested with Xhol/NotI and inserted into
Xhol/NotI-digested psi-CHECK-2 (Promega, Madison, WI). A Sleeping
Beauty DNA transposon vector encoding the TNF-a cDNA was created
by amplification of TNF-a ¢cDNA from psi-CHECK-2-TNF-a using prim-
ers 5-AAAGCTAGCCCTGACAAGCTGCCAGGCA-3"and 5-AAAGCT
AGCCTCATTTAGATCCTCACAC-3". The PCR fragment was digested
with Nhel and inserted after the CMV promoter into Nhel-digested pSBT/
CMV.EFla-zeo, creating a transposon, pSBT/CMV-TNF-a.EFla-zeo,
with two expression cassettes; TNF-a driven by the CMV promoter and
the zeocin resistance gene driven by the EFla promoter.

Cell lines. HEK293, 293-TNF-a (see below), and 293T cells were cul-
tured at 37°C in 5% (vol/vol) CO, and maintained in Dulbeccos modi-
fied Eagle’s medium (Cambrex, Verviers, Belgium) supplemented with
10% fetal calf serum, penicillin (100 U/ml), streptomycin (0.1 mg/ml),
and L-glutamine (265mg/1). Psor T cells* were likewise cultured at 37°C
in 5% (vol/vol) CO, and maintained in RPMI 1640 medium (Cambrex,
Verviers, Belgium) supplemented with 10% fetal calf serum, penicil-
lin (100U/ml), streptomycin (0.1 mg/ml), L-glutamine (265mg/l), and
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recombinant human interleukin-2 (50ng/ml; Chiron, Emeryville, CA).
For generation of the 293-TNF-a cell line, an approach based on the
Sleeping Beauty DNA transposon system was employed. HEK293 cells
were seeded at a density of 2 x 10* cells/cm? in 6-well dishes 1 day prior
to transfection. Cotransfections were performed with a total of 2 ug DNA
(1 ug pSBT/CMV-TNF-a.EFla-zeo and 1pug pCMV-SB* the latter encod-
ing the SB10 transposase) using FuGENE-6 (Roche, Basel, Switzerland)
according to manufacturers instructions. Two days after transfection
cells were trypsinized and reseeded in appropriate dilutions. Diluted cells
were grown in medium containing zeocin (200 ug/ml; Invitrogen) until
single clones could be isolated and subcloned. Subsequently, 293-TNF-a
cells were continuously grown in medium containing zeocin (200 pug/ml).
TNF-a expression was verified by ELISA using a Human TNF-a Ready-
SET-Go! kit (eBioscience, San Diego, CA).

In vitro analysis of shRNA efficiency. To perform the dual-luciferase
reporter assay, HEK293 cells were seeded with a density of 10* cells/
cm? in 24-well dishes the day before transfection. Cells were transfected
with a total of 0.4pg DNA (0.04pug psi-CHECK-2-TNF-a and 0.36 ug
pBC.H1-shTNF-al through -shTNF-a7 and pBC.H1-shGFP) using
FuGENE-6. Forty-eight hours after transfection, Renilla and Firefly
luciferase activity was analyzed by using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI) according to manufacturer’s
instructions. Reactions were performed in 96-well arrays and reading was
performed in a multi-sample plate-reading luminometer (Berthold, Bad
Wildbad, Germany). R-luc activity was normalized to Firefly luciferase
activity and is presented relative to the negative StRNA control (pBC.
H1-shGFP). In assays based on transient expression of TNF-a, HEK293
cells were seeded with a density of 5 x 10* cells/cm? in 6-well dishes 1 day
prior to transfection. Transfections were performed with a total of 2ug
DNA (0.2 ug pSBT/CMV-TNF-a.EFla-zeo and 1.8 ug of pLV/shTNF-a2,
pLV/shTNF-a3, pLV/shTNF-a3, or pLV/shGFP) using FuGENE-6. The
medium was changed 24 hours after transfection and 48 hours after trans-
fection the medium was collected and analyzed for TNF-a expression by
ELISA, as described above. In transduction studies of shRNA-encoding
lentiviral vectors, 293-TNF-a cells were seeded with a density of 2.5 x
10* cells/cm? in 6-well dishes. On the following day, lentiviral supernatant
corresponding to an MOI of ~40 was added to the cells and allowed to
incubate overnight. Vector-containing medium was collected 48 hours
after transduction and analyzed for TNF-a expression by ELISA. To fol-
low TNF-a expression for 4 days after transduction, cells transduced with
crude viral supernatants were trypsinized and reseeded at 5 x 10* cells/
cm? in 6-well dishes. After 48 hours, the medium was harvested and ana-
lyzed for TNF-a expression by ELISA. For analysis of TNF-a expression
following lentiviral transduction at a lower MOI (MOI of ~2), 293-TNF-a
cells were seeded at 5 x 10° cells/cm? in 6-well dishes. On the following day
the cells were transduced overnight with serially diluted lentiviral vectors
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and selected with puromycin (3 ug/ml; Sigma) for 8 days. Subsequently,
the resistant population was seeded in normal medium which was col-
lected after 24 hours for determination of the TNF-a concentration by
ELISA. Whenever TNF-a expression was correlated to the number of cells
and the lentiviral load, the cells were counted upon collection of medium
for TNF-a analysis and the concentration of p24 Gag was determined by
ELISA (see below).

Lentiviral vector production. For production of lentiviral vectors, 293T
cells were seeded at a density of 5 x 10* cells/cm? in 10-cm dishes 1
day before transfection. Cells were transfected by CaPO, treatment with
3.75ug pMD.2G, 3 ug pRSV-Rev, 13 pg pMDGP-Lg/RRE (constructs as
in ref. 23), and 13 ug pLV/shTNF-a2, pLV/shTNF-a3, pLV/shTNF-a4,
pLV/shGFP, pLV/shlrr, or pLV/PGK-eGFP. Forty-eight hours after trans-
fection the viral supernatant was harvested and passed through 0.45 pm
filters to remove cellular debris (Sarstedt, Nimbrecht, Germany).
The resulting lentiviral vectors were designated LV/shTNF-a2, LV/
shTNF-a3, LV/shINF-a4, LV/shGFP, LV/shlrr, and pLV/PGK-eGFP.
Colony-forming titer assays were performed on HEK293 cells, allowing
us to determine the MOI for subsequent experiments. Briefly, HEK293
cells were seeded at a density of 5 x 10° cells/cm? in 6-well dishes 1 day
before transduction. Lentiviral supernatants were serially diluted and
supplemented with polybrene (8 pg/ml; Sigma-Aldrich, Milwaukee, WI)
before addition to the cells. Transduced cells were grown in medium
containing puromycin (3 pg/ml; Sigma) for ~10 days. For in vivo trans-
ductions, the lentiviral supernatants were ultracentrifuged for 2 hours
(4°C at 25.000r.p.m.) in a SW28 rotor (Beckman Coulter, Fullerton,
CA). Virus pellets were resuspended overnight in PBS™ at 4°C in
a volume of 1/300 of the original volume. The lentiviral vector yield
was determined by measuring the amount of p24 Gag protein using a
HIV-1 p24 Antigen ELISA Kit (ZeptoMetrix, Buffalo, NY) according to
manufacturer’s instructions.

Psoriasis xenograft transplantation model. Four psoriatic plaque skin
biopsies were obtained from donors with moderate to severe plaque pso-
riasis aged 39-67 years (mean, 54 + 12 years). The psoriasis of the par-
ticipants was untreated for at least 1 month prior to the time of biopsy.
Informed consent was obtained and the study was approved by the
Central Ethical Committee and conducted according to the Declaration
of Helsinki protocols. Animal studies were carried out with permission
from the Danish Experimental Animal Inspectorate. Each keratome skin
biopsy, containing both epidermis and dermis, was split into several grafts
(each 1.5 x 1.5 x 0.05cm) and transplanted onto C.B-17 severe com-
bined immunodeficiency mice, 6-8 weeks old (Taconic M & B, Silkeborg,
Denmark), as described.” Shortly, the mice were anesthetized prior to
surgery by a subcutaneous injection of Ketaminol (ketamine, 100 mg/kg;
Intervet, Skovlunde, Denmark) and Narcoxyl (xylazine, 10 mg/kg; Intervet,
Skovlunde, Denmark). The back was shaved and part of the exposed skin
removed. The grafts were sutured with absorbable 6-0 suture (Caprosyn,
Tyco, Copenhagen, Denmark) and covered with Xeroform dressings
(Sherwood Medical Company; Markham, Ontario, Canada) for 1 week.
The mice were kept under pathogen-free conditions throughout the study.
The grafts healed for 10 days before the mice were randomized and sub-
jected to treatment as indicated.

Lentiviral vector penetration in human psoriatic skin. To examine the
ability of lentiviral vectors to penetrate psoriatic skin, 150 ul of the LV/
PGK-eGFP vector preparation was injected intradermally into grafted
skin at a dose of 35 ug p24 Gag/ml. The mice were killed after 3 days and
biopsies from the center of the graft were isolated, fixed, and embedded
in paraffin. Sections were incubated overnight with mouse anti-GFP anti-
body (5 pug/ml; Clontech, Mountain View, CA, USA) and 30 minutes with
the secondary antibody Alexa Fluor 488 conjugated with goat-anti-mouse
IgG (5 ug/ml; Invitrogen) and finally embedded with antifade containing
Hoechst 33258 (1pg/ml; Molecular Probes, Eugene, OR). All sections
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were treated identically during the staining process and subsequently
analyzed by fluorescence microscopy.

In vivo administration of shRNA-encoding lentiviral vectors. LV/
shTNF-a3 and LV/shlrr were administered intradermally into the graft
(at a dose of 51 & 11.0ug p24 Gag/ml in 150 pl) as a single treatment. As
an additional negative control we injected mice IP with an irrelevant mAb
previously used as a negative control treatment in this model.” As posi-
tive control, CsA (20mg/kg; CsA; Sandimmun, Novartis, Copenhagen,
Denmark) was administered IP five times weekly (Figure 5a).

Xenograft evaluation following treatment. The severity of psoriatic
lesions in the grafts was assessed blinded twice weekly and scored semi-
quantitatively according to the clinical signs: scaliness, induration, and
erythema. On a scale from 0 to 3 a maximal score of 3 represents severe
scale, induration, and erythema of the psoriatic xenografts, as described.”
After treatment, biopsies from the center of the graft were obtained, fixed,
embedded in paraffin. The remaining grafted skin was snap-frozen in lig-
uid nitrogen and stored at —80°C for further analyses. Employing stan-
dard methods sections were stained histochemically with hematoxylin and
eosin. Epidermal thickness was measured on three equally distantly cut
hematoxylin and eosin-stained sections. All sections were blinded prior
to evaluation and evaluated randomly. Mean epidermal thickness values
for each graft in each treatment group were calculated, and the data sum-
marized as mean + SEM.

RNA isolation and quantitative RT-PCR. Skin biopsies, samples of grafted
skin, or spleen were incubated in RNAlater-ICE (Ambion, Austin, TX) for
24 hours prior to RNA isolation, and RNA was purified employing the SV
Total RNA Isolation System (Promega, Madison, WI) according to the man-
ufacturer’s instructions. In the lysis buffer the biopsies were homogenized
2 x 2 minutes at 25 Hz using a TissueLyser (Qiagen, Ballerup, Denmark).
Isolated RNA was dissolved in RNase/DNase-free water and stored until
further use at —80°C. For RT Tagman reagents (Applied Biosystems, Foster
City, CA) were used according to the manufacturer’s instructions. RT ther-
mal cycling was performed using a Peltier Thermal Cycler-200 (M] Research,
Waltham, MA); 25°C for 10 minutes, 48°C for 30 minutes, and 95°C for
5 minutes. Complementary DNA was stored at —80°C. Human TNF-a
mRNA expression was determined employing TNF-a (Hs00174128_m1,
Applied Biosystems) and RPLPO (Hs99999902_ml, Applied Biosystems)
primers and probes (FAM-labeled MGB-probes) using a Tagman 20x
Assay-By-Design gene expression assay mix (Applied Biosystems). Mouse
TNF-a mRNA was measured using TNF-a (Mm00443258_m1, Applied
Biosystems) and GAPDH (Mm99999915_g1, Applied Biosystems) prim-
ers. Expression of each gene was analyzed in triplicate. PCR conditions
were 10 minutes at 95°C, 50 cycles of 15 seconds at 95°C and 60 seconds
at 60°C. A Rotorgene-3000 (Corbett Research, Sydney, Australia) real-time
PCR machine was used. Relative gene expression levels were determined
by using the relative standard curve method as outlined in User Bulletin
no. 2 (ABI Prism 7700 sequencing detection system, Applied Biosystems).
Briefly, a standard curve for each gene was made from fivefold serial dilu-
tions of total RNA isolated from normal human epidermal keratinocytes.
The curve was then used to calculate relative amounts of target mRNA in
the biopsies. Mean mRNA values for all grafts in each treatment group were
calculated, and the data summarized as mean + SEM.

DNA isolation and PCR. Genomic DNA was isolated from another sam-
ple of the grafted skin by salt precipitation. Samples were lyzed by addi-
tion of lysisbuffer (0.5ml; 10 mmol/l Tris, 1 mmol/l EDTA, 150 mmol/l
NaCl, 0.5% SDS; pH 10.5) and Proteinase K was added (100 pg;
Invitrogen) followed by incubation for 2 hours at 55°C. 6 mol/l NaCl
(165 ul) and samples were mixed by shaking followed by centrifugation
at 4°C, 13,000 r.p.m. for 10 minutes. Two volumes ice-cold 99% ethanol
was added to the supernatant and DNA was precipitated by centrifuga-
tion 4°C, 13,000r.p.m. for 10 minutes. DNA pellets were resuspended in
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TE-buffer. The presence of lentiviral DNA was confirmed by PCR (using
sense primer 5-AATCAACCTCTGGATTAC-3" and antisense primer
5-GACTCTAGAACCACGGAATTGTCAGTGCC-3") and sequencing
of PCR amplicons.

Statistical analyses. The two-tailed Student’s t-test was used to test the
null hypothesis of no difference between treatment groups studied in tissue
culture experiments. The assumption of equal variances was tested by the
F-test. The nonparametric Mann-Whitney test was used to test for dif-
ferences between treatment groups in semiquantitative clinical psoriasis
scores and the t-test was used to test the null hypothesis of no difference
between treatment groups for epidermal thickness and TNF-a gene expres-
sion. Each patient donated skin to several mice; however, observations
made for different mice were assumed to be independent of each other. In
all statistical analyses, P-values <0.05 were considered significant.
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