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The use of bioengineered human skin as a bioreactor to deliver
therapeutic factors has a number of advantages including accessi-
bility that allows manipulation and monitoring of genetically modi-
fied cells. We demonstrate a skin gene therapy approach that can
regulate blood pressure and treat systemic hypertension by express-
ing atrial natriuretic peptide (ANP), a hormone able to decrease blood
pressure, in bioengineered human skin equivalents (HSE). Addition-
ally, the expression of a selectable marker gene, multidrug resistance
(MDR) type 1, is linked to ANP expression on a bicistronic vector and
was coexpressed in the human keratinocytes and fibroblasts of the
HSE that were grafted onto immunocompromised mice. Topical treat-
ments of grafted HSE with the antimitotic agent colchicine select for
keratinocyte progenitors that express both MDR and ANP. Significant
plasma levels of human ANP were detected in mice grafted with HSE
expressing ANP from either keratinocytes or fibroblasts, and topical
selection of grafted HSE resulted in persistent high levels of ANP
expression in vivo. Mice with elevated plasma levels of human ANP
showed lower renin levels and, correspondingly, had lower systemic
blood pressure than controls. Furthermore, mice with HSE grafts
expressing human ANP did not develop elevated blood pressure
when fed a high-salt diet. These findings illustrate the potential of
this human skin gene therapy approach to deliver therapeutic mole-
cules systemically for long-term treatment of diverse diseases.
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Ithough skin can be easily accessed for manipulation, a major
challenge of using skin gene therapy to treat systemic dis-
eases has been the difficulty of achieving sustained expression of
desired therapeutic genes in a high percentage of keratinocytes
(Kc) (1-8), in part because few good markers of Kc stem cells
exist for isolation and gene targeting (9-13). Previously, we
described how topical colchicine treatment of human skin
equivalents (HSE) containing Kc engineered to express the
multidrug resistance (MDR) gene could select and enrich for
MDR-expressing human Kc progenitor cells because only MDR-
expressing Kc were able to pump-out the antimitotic inhibitor and
proliferate (5). However, the therapeutic utility of this gene
therapy approach in treating systemic diseases was unproven.
Gene therapy strategies that have been discussed for the treat-
ment of hypertension include overexpression of genes such as atrial
natriuretic peptide (ANP) that are relevant in reducing blood
pressure (14, 15). ANP is a 126-amino acid peptide hormone syn-
thesized mainly by right atrial cardiomyocytes as an inactive pre-
cursor (pro-ANP) (Fig. S1). Pro-ANP is secreted and converted
into an active ANP peptide of 28 amino acids (a-ANP) by corin
receptors located on the cell surface of cardiomyocytes (16, 17) in
response to volume expansion and increases in venous pressure. In
target tissues such as kidney and endothelial cells, the active a-ANP
peptide signals by binding its specific receptor, NPR-A, which
increases intracellular cGMP levels and decreases blood pressure
by lowering systemic vascular resistance and increasing renal salt
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excretion, two effects aided by inhibition of the renin-angiotensin-
aldosterone pathway. Infusion of ANP has been demonstrated to
decrease blood pressure in hypertensive patients (18, 19) and ani-
mal models (20, 21), but long-term systemic expression of ANP
would be required to control blood pressure. Although systemic
ANP delivery and a decrease in blood pressure has been achieved
following i.v. administration of ANP-expressing adenoviral vectors
that targeted the liver (22), our goal was to achieve stable, long-
term expression of systemic ANP and blood pressure control using
an approach that allows regulation of ANP levels without requiring
repeated doses of vector and without eliciting unwanted immune
responses. We demonstrate a human skin gene therapy approach to
express systemically sustained levels of human ANP that are suf-
ficient to normalize blood pressure effectively in hypertensive mice,
an approach that could produce and deliver therapeutic molecules
for a variety of systemic diseases.

Results

Genetically Modified HSE that Express ANP Exhibit Normal
Differentiation and Stratification. Two bicistronic retroviral vec-
tors were constructed to express ANP and MDR stably in Kc and
fibroblasts (Fb): one expressing MDR alone (control vector; Ctrl-
MDR), and the other expressing both pro-ANP and MDR
(therapeutic vector; Ther-ANP-MDR) (Fig. 14). High trans-
duction efficiency of human Kc and Fb by both therapeutic and
control vectors was demonstrated by flow cytometry using a
rhodamine exclusion assay in which the amount of rhodamine
pumped out is determined by the cellular MDR level (Kc-MDR,
82%; Fb-MDR, 59%; Kc-ANP, 89%; Fb-ANP, 68%) (Fig. 1B)
and by measuring intracellular ANP (Kc-ANP, 80%; Fb-ANP,
2%) (Fig. 1C). HSE that were generated by transducing human
Kc or Fb (or both) with Ther-ANP-MDR (50% transduction
efficiency) (Fig. 24) had a normal differentiated and stratified
human epidermis (Fig. 2B), similar to the control untransduced
HSE. Immunohistochemistry labeling of the genetically modified
HSE confirms ANP expression in the epidermis for transduced Kc
expressing ANP and MDR/transduced Fb expressing MDR only
(Kc-ANP)/(Fb-MDR) and Kc-ANP/ transduced Fb expressing
ANP and MDR (Fb-ANP) HSE and in the dermis for transduced
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transduction efficiencies in primary human Kcand Fb.
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Kc expressing MDR only (Kc-MDR)/Fb-ANP and Kc-ANP/Fb-
ANP (Fig. 2B). These data show that the expression of two novel
proteins in Kc and Fb did not compromise the ability of HSE to
form a differentiated and stratified epidermis.

Colchicine Selection Increases the Amount of ANP that Is Secreted by
Genetically Modified HSE. To determine the ability of the different
HSE combinations to secrete ANP into medium during in vitro
culture and to determine if colchicine selection would increase the
amount of ANP secreted, the different HSE combinations were
grown at the air-liquid interface for 8 days to ensure differentiation
and stratification. HSE were treated with colchicine (10 ng/mL for
10 days), and the levels of human ANP secreted into culture
medium were determined by an RIA. HSE that expressed ANP
from Kcsecreted up to 15 times more ANP (Kc-ANP/Fb-MDR, 3.2
+ 1.1 x 10* pg/mL; Kc-ANP/Fb-ANP, 3.4 + 0.4 x 10* pg/mL) than
did HSE that expressed ANP from Fb alone (Kc-MDR/Fb-ANP,
0.2 x 10* pg/mL) (Fig. 34). Correspondingly, the contribution
of ANP secreted by the dermis in the Kc-ANP/Fb-ANP combina-
tion was negligible. Colchicine treatment for 10 days increased the
amount of ANP secreted into culture medium by an average of 2.6 +
0.6-fold (Kc-ANP/Fb-MDR, 5.5 + 0.7 x 10* pg/mL; Kc-MDR/Fb-
ANP, 0.7 + 0.1 x 10* pg/mL; Kc-ANP/Fb-ANP, 8.5 + 0.8 x 10* pg/
mL) compared with untreated HSE (Fig. 34). Colchicine enrich-

A Kc-MDR
Fb-MDR

Kc-ANP
Fb-MDR

Kc-MDR
Fb-ANP

Kc-ANP
Fb-ANP

@  Kc expressing MDR alone

—4— Fb expressing MDR alone

@  Kc expressing ANP + MDR —4— Fb expressing ANP + MDR
B Kc-MDR Kc-ANP Kc-MDR Kc-ANP
Untransduced Fb-MDR Fb-ANP Fb-ANP

Fb-MDR
e

H&|

Fig. 2. Human Kc and Fb are genetically modified to express ANP and MDR
and are used to generate different HSE combinations. (A) Different combi-
nations of HSE expressing ANP or MDR in Kc (Kc-ANP/Fb-MDR), Fb (Kc-MDR/
Fb-ANP) or both (Kc-ANP/Fb-ANP). (B) Representative areas of paraffin-
embedded sections of normal HSE generated from untransduced Kc and Fb
and different combinations of genetically modified HSE. Arrows indicate Fb
expressing ANP.
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v sentative of multiple transduction experiments
with similar transduction efficiencies.

ment for Kc and Fb expressing increased amounts of ANP was
confirmed by immunohistochemistry for ANP expression in treated
(+ Col) and untreated (— Col) HSE (Fig. 3C). These data show that
HSE epidermal Kc secrete more ANP into culture medium than
dermal Fb and that colchicine treatment significantly increased the
amount of ANP secreted by both Kc and Fb. Although not directly
comparable to in vivo levels, the reported “normal” range of ANP
in human plasma is 10-60 pg/mL (23).

HSE Secretes Functional Pro-ANP that Can Be Converted to Active
a-ANP. To ensure that systemic a-ANP levels are sufficient for
decreasing blood pressure, stable pro-ANP secreted by HSE must
be converted to the active a-ANP form in the heart atria by corin
receptors (Fig. S2). Because the ANP RIA does not distinguish
between pro-ANP and active a-ANP, we used a cGMP assay that
selectively measures active a-ANP levels. This assay utilizes a
target kidney cell line (BHK-21) that increases cGMP levels after
active a-ANP selectively binds their NPR-A receptors. Our results
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Fig. 3. Colchicineselectionincreased the number of ANP-positive cells as well as
the amount of pro-ANP secreted into culture medium. (A) An ANP RIA was used
to measure the amount of human ANP secreted by genetically modified HSE
cultured with (solid bar) or without (open bar) colchicine treatment (10 ng/mL).
Determinations were made in duplicate and were repeated multiple times with
similar results. (B) cGMP assay of pro-ANP levels in culture medium from genet-
ically modified HSE with (solid bar) and without (open bar) preincubation with
the corin-expressing NCI-H1688 cell line that can convert pro-ANP into active
a-ANP. Ten nM vasopressin (VP) was used as a negative control, and 1 mMsodium
nitroprusside (SP) was used as a positive control. (C) ANP localization in genet-
ically modified HSE that were selected with colchicine (+ col) or were not selected
(— col) using human anti-ANP antibody. Arrows indicate Fb expressing ANP.
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demonstrate that the ANP secreted by HSE is intact pro-ANP,
because the conditioned medium does not increase cGMP intra-
cellular levels when incubated with BHK-21 cells expressing NPR-
A (Fig. 3B). In contrast, preincubation of the HSE medium with
cells expressing corin on the cell surface (NCI-H1688) converted
pro-ANP to active a-ANP and increased cGMP levels in the target
BHK-21 kidney cells (Fig. 3B). These data indicate that human Kc
and Fb do not process the secreted human pro-ANP into an active
a-ANP, because corin receptors are not expressed by human Kc
and Fb (Fig. S3); therefore the presence of Kc and Fb neutral
endopeptidase, which could degrade active a-ANP, should not be
a problem (Fig. S3). These results suggest that the stable pro-ANP
form secreted by the genetically modified HSE should reach the
systemic circulation, be converted into active a-ANP by the corin-
expressing cardiomyocytes, and bind NPR-A receptors either on
blood vessels or in kidneys, decreasing blood pressure (Fig. S2).

Human ANP Is Secreted Systemically Following Engraftment and Is
Increased by Topical Colchicine Treatment. To determine if the
genetically modified Kc and Fb in HSE could deliver human ANP
systemically and to evaluate their relative contributions, HSE
were grafted onto immunocompromised mice (Fig. S4), and
plasma levels of human ANP in mice were assessed 2, 4, and 7
months postgrafting. Significantly higher human ANP levels (3.5-
to 7-fold) were detected in mice grafted with HSE expressing
ANP (Kc-ANP/Fb-MDR, 83 + 17 pg/mL, n = 8; Kc-MDR/Fb-
ANP, 41 + 9 pg/mL, n = 8; Kc-ANP/Fb-ANP, 81 + 10 pg/mL, n =
8) compared with the control grafts (Kc-MDR/Fb-MDR, 12 + 8
pg/mL, n = 8) (Fig. 44). These levels are within the low-dose ANP
infusion ranges (12-180 pg/mL) that previously were reported to
produce an effective and prolonged reduction in blood pressure in
patients (24) and are within reported ranges (30-100 pg/mL) of
murine ANP levels (25-27).

Serial measurement of human ANP levels in individual mice,
analyzed at 4 and 7 months after grafting of different HSE com-
binations (Fig. 4B), demonstrated that pro-ANP levels declined
30% or more during this time interval. ANP levels in Kc-ANP/Fb-
ANP-grafted mice declined from 94 + 31 pg/mL (n = 5) at 4
months to 67 + 7 pg/mL (n = 7) at 7 months (29% decrease; P =
0.07). During the same period, ANP levels declined from 110 +
32pg/mL (n =4)to 73 +51 (n = 3),a33% decrease (P = 0.27), in
Kc-ANP/Fb-MDR-grafted mice and from 105 +73 pg/mL (n = 4)
to 49 +19 pg/mL (n = 3), a 53% decline (P = 0.19), in Kc-MDR/
Fb-ANP-grafted mice. Although this consistent downward trend
was not statistically significant, these declines in plasma ANP
levels over time may reflect inefficient transduction of Kc stem
cells and loss of cells containing the ANP transgene and/or the
inactivation of the retroviral vectors expressing ANP.

To determine if topical colchicine treatment would reverse this
decline or increase the systemic levels of human ANP by selecting
for cells expressing both ANP and the MDR selectable marker,
HSE grafts in mice more than 7 months postgrafting were treated
topically with an optimal dose of colchicine cream (450 pg/g; 0.1g
3 times per week) for 4 weeks using a chamber apparatus (Fig. S5
A-E) .This colchicine dose was determined to inhibit effectively
the mitosis of cells lacking the MDR selectable marker while
maintaining tissue architecture (Fig. S5 G-K) .Plasma levels of
human ANP were measured in 6 individual mice [1 control (Kc-
MDR/Fb-MDR) and 5 expressing ANP (3-Kc-ANP/Fb-MDR, 1-
Kc-MDR/Fb-ANP, and 1-Kc-ANP/Fb-ANP)] before and after
4 weeks of topical colchicine selection. All mice expressing ANP
from Kc, Fb, or both had ANP levels that increased by an average
of 1.8 + 0.5-fold during the selection period (P = 0.018 by paired -
test given the normal distribution; Wilcoxon signed rank test, P =
0.063) (Fig. 4C). Taken together, these in vivo data show that both
epidermis (Kc) and dermis (Fb) can deliver significant levels of
human ANP systemically and that systemic ANP levels can be
increased significantly by topical colchicine selection.
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Fig. 4. Immunocompromised mice grafted with genetically modified HSE

secreted biologically active human ANP into their bloodstream. (A) ANP
levels in plasma of mice grafted with different HSE combinations at 2, 4, and
7 months postgrafting. (B) Human ANP levels declined over time in the
plasma of mice grafted with HSE. (C) Colchicine treatment of HSE grafts
increased plasma levels of human ANP. Human ANP levels were determined
in 6 individual mice [3 Kc-ANP/Fb-MDR ([7); 1 Kc-MDR/Fb-ANP (O); 1 Kc-ANP/
Fb-ANP (O); 1 Kc-MDR/Fb-MDR (*)] before (- Col) and after (+ Col) colchicine
selection (45 pg of colchicine applied topically 3 times per week for 4 weeks).
The average systemic ANP levels in mice grafted with ANP-expressing HSE
before (77 + 29 pg/mL) and after (144 + 81 pg/mL) colchicine treatment are
represented by A. (D) Plasma renin levels correlated inversely with plasma
ANP levels in HSE-grafted mice.

HSE Grafts Expressing Human ANP Lower Renin Levels in Mice.
Because active a-ANP is an inhibitor of the renin-angiotensin-
aldosterone pathway (28), we sought to determine if human ANP
from grafted HSE could exert a functional effect on plasma renin
levels in recipient mice. Renin levels were measured for ANP-
expressing mice at 6 months postgrafting (Kc-ANP/Fb-MDR, n = 4;
Kc-MDR/Fb-ANP, n = 4; Kc-ANP/Fb-ANP, n = 2) and were
compared with levels in control mice (Kc-MDR/Fb-MDR, n = 3).
We found that renin levels in mouse plasma were inversely corre-
lated with human ANP levels (Fig. 44 and D) and were significantly
decreased in mice with HSE grafts that contained ANP-secreting Kc
(Kc-ANP/Fb-MDR, 0.5 + 0.1-fold; Kc-ANP/Fb-ANP, 0.6 + 0.2-
fold) compared with the control (Ke-MDR/Fb-MDR, 1 =+ 0.1-fold,
P < 0.01 for both) (Fig. 4D). In mice grafted with HSE constructed
with ANP-expressing dermal Fb, the renin levels were lower than in
the controls, but results were not statistically significant (Kc-MDR/
Fb-ANP, 0.8 + 0.2-fold, P = 0.07) (Fig. 4D). Thus, the pro-ANP
produced by genetically modified HSE could be processed into an
active ANP and exert physiological effects, with renin decreased
more by ANP-expressing Kc than by ANP-expressing Fb.

Systemic Human ANP from Grafted HSE Lowers Blood Pressure in
Mice. For validation, HSE grafts expressing human ANP should
lower blood pressure in the grafted mice and prevent hypertension
induced by a high-salt diet in a hypertensive mouse model. Mice
grafted with different HSE combinations had blood pressure
transducers and transmitters surgically implanted into their carotid
arteries to monitor continuously, by telemetry, mean arterial
(MAP), systolic (SBP), diastolic (DBP), and pulse pressure (PP) as
well as heart rate (HR) and activity under normal diet (n = 12) or
high-salt diet (» = 10) (Fig. S6). One week after surgery, blood
pressure parameters were recorded for 10 s every 2 min and
averaged per hour for a period of 60 h. Fig. 54 depicts pooled data
of cardiovascular parameters at different time points over a 3-day
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period for mice grafted with Kc-ANP/Fb-MDR (n = 4) or control
Kc-MDR/Fb-MDR (rn = 4) HSE. Mice that had high systemic
levels of human ANP and low renin levels (Kc-ANP/Fb-MDR) had
a lower MAP (Fig. 5B), lower SBP (Fig. 5C), and lower HR (Fig.
5E) than the control mice. No significant differences were observed
for DBP (Fig. 5C) between the two groups. These observations
concur with clinical studies in which infusion of low doses of ANP
decreased systolic blood pressure in both normotensive patients
(29) and patients with uncomplicated essential hypertension (19,
30). Of note, mice grafted with Kc-MDR/Fb-ANP HSE did not
have lower MAP, SBP, and DBP than control mice, suggesting that
the lower systemic levels of human ANP produced by Fb in these
mice were not sufficient to lower blood pressure in normal mice.
To determine whether HSE grafts expressing human pro-ANP
could treat or prevent hypertension in mice fed a high-salt diet,
subsets of HSE-grafted mice (three Kc-ANP/Fb-MDR-grafted
mice, three Kc-MDR/Fb-ANP-grafted mice, and four Kc-MDR/
Fb-MDR-grafted mice) were fed a high-salt diet for 3 weeks to
induce hypertension. After 3 weeks, significant increases in MAP,
SBP, and DBP were observed by telemetry monitoring in control
Kc-MDR/Fb-MDR-grafted mice that were fed a high-salt diet
(Fig. 6 A-D), without changes in HR (Fig. 6E). In striking con-
trast, mice expressing ANP from either Kc¢ (Kc-ANP/Fb-MDR
grafts) or Fb (Kc-MDR/Fb-ANP grafts) did not have any sig-
nificant increase in MAP (Fig. 6B) or SBP (Fig. 6C) after a high-
salt diet. Surprisingly, the Kc-ANP/Fb-MDR-grafted mice
maintained the decreased MAP and SBP that they had on a
normal salt diet (Fig. 5 B and C), even when challenged with a
high-salt diet (Fig. 6 B and C). Interestingly, the Kc-ANP/Fb-
MDR-grafted mice also had an increase in DBP (Fig. 6D) along

A -~ Ke-MDR/Fb-MDR (n = 4)

MAP({mmHg)

SBP(mmHg)

-o— Kc-ANP/Fb-MDR (n = 4)

with a decreased HR (Fig. 6E) when fed a high-salt diet. These
data suggest that both epidermis (Kc) and dermis (Fb) can deliver
a therapeutic dose of ANP sufficient to prevent hypertension in
mice fed a high-salt diet.

Discussion

By constructing and comparing HSE that secreted ANP from
human Kc, human Fb, or both, we found that HSE with human
ANP-expressing Kc secreted more human ANP (15-fold higher)
during in vitro culture than HSE with ANP-expressing Fb,
probably because significantly more human Kc than human Fb
were present in the HSE. We did not find a significant difference
in the ability of individual Kc and Fb to secrete ANP. In contrast,
ANP levels in mice grafted with HSE that contained human
ANP-expressing Kc (Kc-ANP/Fb-MDR) are only 2-fold higher
than ANP levels in mice grafted with HSE that contained ANP-
expressing Fb (Kc-MDR/Fb-ANP). An explanation may be that
Fb deliver secreted proteins to the systemic circulation more
efficiently than Kc, because Fb are located in close proximity to
blood vessels in the dermis, even though fewer Fb are present in
grafted HSE. Additionally, factors secreted by Kc in grafted HSE
must traverse the epidermal-dermal junction before gaining
access to dermal blood vessels, potentially decreasing systemic
delivery.

Consistent with the plasma ANP and renin levels, we found
that Kc-ANP/Fb-MDR HSE grafts significantly lowered the
blood pressure (MAP, SBP, and DBP) in mice that were fed a
normal diet and, more importantly, maintained the decreased
blood pressure when the Kc-ANP/Fb-MDR-grafted mice were
challenged with a high-salt diet. In contrast, Kc-MDR/Fb-ANP
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Fig. 5. Determination of cardiovascular parameters, including blood pressure, of mice grafted with HSE secreting human ANP compared with control mice
during normal diet consumption. Carotid artery/aortic arch blood pressure transducers with transmitters were implanted in 12 mice, 4 from each group (Kc-
MDR/Fb-MDR, Kc-ANP/Fb-MDR, Kc-MDR/Fb-ANP), and different hemodynamic parameters were measured every h for 3 consecutive days. (A) Sample graphs
depicting mean values for different cardiovascular parameters (MAP, SBP, DBP, PP, and activity) of mice grafted with HSE expressing ANP from epidermis (Kc-
ANP/Fb-MDR, @, n = 4) and mice grafted with control HSE (Kc-MDR/Fb-MDR, O, n = 4) measured every h for 60 h. The 24-h mean values for MAP (B), SBP (C),
DBP (mm Hg) (D), and HR in beats per min (bpm) (E) are shown for control mice (Kc-MDR/Fb-MDR) and mice with ANP-expressing HSE (Kc-ANP/Fb-MDR; Kc-
MDR/Fb-ANP). *, P < 0.05; **, P < 0.01; *** , P < 0.005; n.s., not statistically significant.
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Fig. 6. HSE grafts that expressed ANP from either epidermis or dermis prevented blood pressure elevation in a hypertensive mouse model. Ten of the 12 mice analyzed under
normal diet were fed a high-salt diet for 3 weeks. Averages of different hemodynamic parameters over a period of 3 days were compared before and after high-salt diet for
each group of mice. (A) Sample graphs depicting mean values for different cardiovascular parameters (MAP, SBP, DBP, PP, and activity) in mice expressing ANP from epidermis
(Kc-ANP/Fb-MDR) and dermis (Kc-MDR/Fb-ANP) pooled together (@, n = 6) and mice grafted with control HSE (Kc-MDR/Fb-MDR, O, n=4) measured every h for a period of 60 h
after challenge with a high-salt diet. The 24-h mean values for (MAP (B), SBP (C), DBP (mm Hg) (D), and HR (bpm) (E) are shown for control (Kc-MDR/Fb-MDR) and ANP-
expressing mice (Kc-ANP/Fb-MDR; Kc-MDR/Fb-ANP). *, P < 0.05; **, P < 0.01; ***, P < 0.005; n.s., not statistically significant.

grafts did not lower blood pressure in grafted mice that were fed
a normal salt diet but did prevent blood pressure increases when
these mice were challenged with a high-salt diet. These differ-
ences in blood pressure responses correlate with relative ANP
levels in mice with Kc-ANP/Fb-MDR and Kc-MDR/Fb-ANP
HSE grafts, suggesting that normalization of blood pressure in
hypertensive mice may be easier to achieve, at lower plasma
ANP levels, than lowering the blood pressure in mice when they
are on a normal-salt diet. Importantly, these data demonstrate
that modulation of ANP plasma levels can achieve different
therapeutic effects. Although none of the Kc-ANP/Fb-ANP-
grafted mice survived the postoperative monitoring period of
normal and high-salt diets, we would expect equivalent or superior
blood pressure control in mice grafted with Kc-ANP/Fb-ANP
HSE, based on their plasma ANP and renin levels. Although ANP-
secreting Kc can achieve higher plasma ANP levels than Fb, our
data suggest that, for clinical applications, it would be beneficial to
use HSE grafts in which both Kc and Fb are producing ANP.
The optimal colchicine dose used in this study was determined
by finding a dose that provided maximum inhibition of Kc mitosis
but did not disrupt tissue architecture (Fig. S5 G-K) .The colchicine-
selection approach used here provides some important advantages
for ensuring long-term expression of sufficient systemic levels of
human ANP. Colchicine treatment could be used to modulate the
systemic ANP level. If greater blood pressure control is needed,
ANP levels could be raised by colchicine treatment; to lower plasma
ANP, colchicine treatments could be stopped or HSE grafts that
secrete ANP could be removed. Another advantage is that MDR1
can pump out and protect cells from a large variety of different
chemotherapeutic agents, including mitotic inhibitors such as vin-
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cristine and taxol, which can select for MDR-expressing Kc pro-
genitor cells.

The human ANP levels in the grafted mice are within the range
of ANP levels that have been shown to have a therapeutic effect in
patients in clinical studies. Given the relative body surface area
for mice (0.007 m?) and humans (1.7 m?), ANP-secreting HSE
grafts of ~200-240 cm? in total surface area would be calculated
to achieve comparable therapeutic ANP levels in human subjects.
However, a linear scale-up from the mouse models used in this
study to larger animals and humans cannot be assumed, and
experimental studies will be needed to determine the graft size
required for a therapeutic effect in humans. Safety considerations
regarding the use of retroviral vectors also must be addressed, and
nonviral methods of gene delivery, such as the use of integrases to
integrate desired genes stably into cellular genomes (31), should
be considered in the future.

The skin gene therapy approach described here for regulating
blood pressure and treating systemic hypertension also could be
used to express other endogenous therapeutic factors for treat-
ment of systemic diseases; alternatively, genetically modified skin
Kc and Fb could be used as “enzymatic sinks” to process or
degrade unwanted systemic factors to achieve a therapeutic effect.
This study successfully demonstrates that genetically modified skin
can produce and deliver therapeutic proteins and may be a viable
alternative approach for treating systemic disease.

Methods

Cell Culture and Human Skin Equivalents. Primary human Fb and Kc were
isolated from human neonatal foreskin as described previously (32) and in S/
Text. The acquisition of all human skin specimens was approved by the
appropriate institutional review boards.
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Retroviral Expression Vectors and Gene Transfer. The bicistronic retroviral
vector pQCXIX (Clontech) was used to generate Ctl-MDR and Ther-ANP-MDR
vectors (Fig. 1A). To generate the Ctl-MDR vector, MDR1 ¢DNA first was
retrieved from the pHaMDR1/A vector [kindly provided by Michael Gottes-
man, National Institutes of Health (NIH)] and cloned in the second position
of the pQCXIX. The Ther-ANP-MDR vector was generated by cloning an ANP
cDNA into the first position of the Ctl-MDR vector. Retroviral vectors were
produced by the Phoenix amphotropic packaging cell line (Clontech), and
early-passage Fb and Kc were transduced with Ctl-MDR or Ther-ANP-MDR
vectors. Additional details are given in S/ Text.

Flow Cytometry Analysis. Five days posttransduction, Fb and Kc were collected
after trypsinization for rhodamine assay or anti-ANP antibody labeling using
a primary antibody, mAb ANP (ab20893; Abcam), and secondary antibody, rat
anti-mouse 1gG,-PE (BD Biosciences), as described in S/ Text.

¢GMP Assay. To determine if pro-ANP was secreted into medium during in
vitro culture of HSE, the medium first was incubated with a corin-expressing
cell line, NCI-H1688, that can convert pro-ANP to active a-ANP. Converted
a-ANP can then activate BHK-21 cells that express the a-ANP receptor NPR-A.
The amount of cGMP produced in activated BHK-21 cells was assessed by a
cGMP assay as described in S/ Text.

ANP Measurements in Culture Medium and Mouse Plasma. The amount of ANP
secreted into the medium was measured by RIA (Amersham Biosciences)
following the manufacturer’s protocol t. For in vivo studies, human ANP
plasma levels were determined at 2 months, 4 months, and 7 months post-
grafting, using an RIA (Shionoria ANP; Shionogi & Co) that is specific for
human ANP, as previously described (33).

Human Skin Equivalent Grafting. Four- to 5-week-old immunocompromised
NIH male Swiss nu/nu mice (Taconic Farms), housed and used in accordance
with NIH institutional guidelines, were grafted with genetically modified
HSE as previously described (5, 34). Grafts were placed on the muscle fascia
in the correct anatomical orientation (epidermis side up), covered with
sterile Vaseline gauze (Sherwood Medical Industries), and secured with a
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0.75-inch x 3-inch tape dressing (Johnson & Johnson). The dressing was
changed after 2 weeks and was removed after an additional 1 or 2 weeks.

In Vivo Topical Colchicine Treatment. A chamber was constructed as depicted in
Fig. S5. A dose (0.1 g) of colchicine cream (450 pg/g) was applied to human skin
grafts for a total of 4 weeks (45 ug colchicine 3 times per week) in mice that were
more than 7 months postgrafting. Plasma ANP levels were determined at ~10
months postgrafting. Colchicine cream was prepared as previously described (5).

Renin Assay. Plasma renin levels were determined in mice 6 months post-
grafting and then were measured in individual grafted mice at 2-week
intervals for 4 weeks to control for variability in individual mice; then averaged
values for each mouse were calculated. Renin concentration was measured by
an RIA (Gammacoat; DiaSorin) that detected the generation of angiotensin-I
from an excess of rat substrate angiotensinogen, as described in S/ Text.

Blood Pressure Measurement by Telemetry. Telemetry studies to monitor real-
time blood pressure in individual mice were performed 8-10 months after the
grafting of ANP-expressing HSE. Telemetric transmitters were inserted into
the left carotid artery and advanced to the aortic arch (35, 36). Blood
pressure recording began 1 week postsurgery and continued for 1 week
while the mice were fed a normal diet. Some mice then were fed a high-salt
diet for 3 weeks, during which time blood pressure was recorded.

ACKNOWLEDGMENTS. We thank Mark Udey, Carole Yee, and Girish Patel of
the Dermatology Branch, National Cancer Institute (NCI), National Institutes
of Health, for critical input and review of the manuscript (M.U.) and for
technical assistance and helpful discussion of experimental design (C.Y. and
G.P.). We thank Diane Milenic of the Radiation Oncology Branch, NCI, for
assistance with the gamma-counter and Diane Mizel of the Renal Function
and Injury Section, National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK), for assistance with the renin assay. We also thank John
Dennis and the animal facility staff for helpful advice regarding the animal
studies. This research was supported by the Center for Cancer Research, NCl,
and the NIDDK, NIH. J.-P.T. was the recipient of a fellowship from Canadian
Institutes of Health Research.

19. Janssen WM, de Zeeuw D, van der Hem GK, de Jong PE (1989) Antihypertensive effect
of a 5-day infusion of atrial natriuretic factor in humans. Hypertension 13:640-646.

20. Garcia R, et al. (1985) Chronic infusion of low doses of atrial natriuretic factor (ANF
Arg 101-Tyr 126) reduces blood pressure in conscious SHR without apparent changes
in sodium excretion. Proc Soc Exp Biol Med 179:396-401.

21. Koepke JP, Tyler LD, Blehm DJ, Schuh JR, Blaine EH (1990) Chronic atriopeptin
regulation of arterial pressure in conscious hypertensive rats. Hypertension 16:642-647.

22. Schillinger KJ, et al. (2005) Regulatable atrial natriuretic peptide gene therapy for
hypertension. Proc Nat/ Acad Sci USA 102:13789-13794.

23. Richards AM (1987) Human plasma atrial natriuretic peptide concentrations in health
and disease. Curr Opin Cardiol 2:660-670.

24. Hollister AS, Inagami T (1991) Atrial natriuretic factor and hypertension. A review and
metaanalysis. Am J Hypertens 4:850-865.

25. Ellmers LJ, et al. (2002) Ventricular expression of natriuretic peptides in Npr1(-/-) mice
with cardiac hypertrophy and fibrosis. Am J Physiol Heart Circ Physiol 283:H707-H714.

26. Barbee RW, Perry BD, Ré RN, Murgo JP, Field LJ (1994) Hemodynamics in transgenic
mice with overexpression of atrial natriuretic factor. Circ Res 74:747-751.

27. Dubois SK, Kishimoto |, Lillis TO, Garbers DL (2000) A genetic model defines the
importance of the atrial natriuretic peptide receptor (guanylyl cyclase-A) in the
regulation of kidney function. Proc Nat/ Acad Sci USA 97:4369-4373.

28. Stoupakis G, Klapholz M (2003) Natriuretic peptides: Biochemistry, physiology, and
therapeutic role in heart failure. Heart Dis 5:215-223.

29. Nicholls MG, Richards AM (1987) Human studies with atrial natriuretic factor.
Endocrinol Metab Clin North Am 16:199-223.

30. Singer DR, et al. (1989) Prolonged decrease in blood pressure after atrial natriuretic
peptide infusion in essential hypertension: A new anti-pressor mechanism? Clin Sci
(Lond) 77:253-258.

31. Ortiz-Urda S, et al. (2002) Stable nonviral genetic correction of inherited human skin
disease. Nat Med 10:1166-1170.

32. Pfutzner W, Hengge UR, Joari MA, Foster RA, Vogel JC (1999) Selection of keratinocytes
transduced with the multidrug resistance gene in an in vitro skin model presents a
strategy for enhancing gene expression in vivo. Hum Gene Ther 10:2811-2821.

33. Clerico A, et al. (1996) Analytical performance and clinical usefulness of a
commercially available IRMA kit for measuring atrial natriuretic peptide in patients
with heart failure. Clin Chem 42:1627-1633.

34. Terunuma A, et al. (2007) Stem cell activity of human side population and alpha6 integrin-
bright keratinocytes defined by a quantitative in vivo assay. Stem Cells 25:664-669.

35. Butz GM, Davisson RL (2001) Long-term telemetric measurement of cardiovascular
parameters in awake mice: A physiological genomics tool. Physiol Genomics 5:89-97.

36. Carlson SH, Wyss JM (2000) Long-term telemetric recording of arterial pressure and
heart rate in mice fed basal and high NaCl diets. Hypertension 35:E1-E5.

PNAS | January 19,2010 | vol. 107 | no.3 | 1183

MEDICAL SCIENCES


http://www.pnas.org/cgi/data/0908882107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0908882107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0908882107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0908882107/DCSupplemental/Supplemental_PDF#nameddest=sfig05
http://www.pnas.org/cgi/data/0908882107/DCSupplemental/Supplemental_PDF#nameddest=STXT

