© The Ametican Sockety of Gene Theragy

was not different from that in control cells (Figure 3a). In addi-
tion, procollagen PHD2, a member of another prolyl 4-hydrox-
ylase family, was also not influenced by pshPHD2 vector- or
siRNA-induced PHD2 silencing (Figure 3b and Supplementary
Figure S4). However, the mRNA levels of angiogenic growth fac-
tor genes, i.e., VEGF, FGF2, and angiopoietin-1, were significantly
increased (Figure 3c-¢), while the expression level of PDGF-B
was not altered (data not shown). These results indicate that the
increase in VEGF, FGF2, and angiopoietin-1 induced by PHD2
silencing might be caused by the stabilization of HIF-1a rather
than by the increase in HIF-1a mRNA expression.

Effect of PHD2 silencing on VEGF secretion

As shown in Figure 4a, the amount of VEGF secreted was sig-
nificantly higher in PHD2-silenced cells than in control cells.
Consistent with the higher suppressive effect of Ué-pshPHD2-A,
the level of VEGF secretion from cells transfected with U6-
pshPHD2-A was higher than that from cells transfected with
Us-pshPHD2-B. Moreover, the silencing effect of U6-pshPHD2-A
on PHD2 as well as the increased level of VEGF secretion per-
sisted for at least 18 days (Figure 4b and ¢).

PHD2 silencing promotes proliferation of HUVECs

We next investigated whether PHD2 silencing could increase
endothelial cell proliferation. For this purpose, we first inves-
tigated the effect of PHD2 silencing on NIH3T3 cells, PHD2
silencing resulted in an increased proliferation of NIH3T3 cells
(Figure 5a), probably because of the increase in the levels of
growth factors, especially FGF2, which could also have the effect
of enhancing the growth of fibroblast cells. We next determined
the effect of the conditioned media from NTH3T3 cells on the pro-
liferation of human umbilical vein endothelial cells (HUVECs).
HUVECs treated with conditioned medium from PHD2-silenced
cells showed significant increase in growth as compared to those
treated with conditioned medium from controls (Figure 5b).

PHD2 silencing enhances angiogenesis in vivo

In order to test further whether PHD2 silencing is also effective in
neoangiogenesis in vivo, we carried out the in vivo Matrigel plug
assay as described earlier.” The results are shown in Figure 6.
The areas shown in green represent the endothelium of vascu-
lature, with the predominant linear structures indicating small
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vessels and some apparently circular structures indicating larger
vessels. Structures double-positive for green (PECAM1) and red
(SMA) (merged to yellow) indicate vessels with pericyte cover-
age, which are more mature vessels. Matrigel plugs mixed with
NIH3T3 cells transfected with siPHD2-A exhibited slightly more
neovascularization than those mixed with the cells transfected
with control siRNA (Figure 6a). H and E staining also confirmed
the results (Figure 6a, left). Next we investigated the effect of the
Ué-pshPHD2-A vector on neoangiogenesis. Matrigel plugs mixed
with NIH3T3 cells transfected with U6-pshPHD2-A vector exhib-
ited potent angiogenesis, with more pericyte-covered (and there-
fore more mature) neovasculature (Figure 6b), whereas Matrigel
plugs mixed with cells transfected with control U6-pshRNA vec-
tor or mock cells exhibited almost no neoaitgiogenesis. The results
of H and E staining also revealed that the UJ6-pshPHD2-A vector
enhances neoangiogenesis, with tubelike structures containing
red blood cells (arrowheads) exhibiting functional vasculature
(Figure 6b, left). The quantification of mature neovasculature
as revealed by the Matrigel plug assay, determined on the basis
of pericyte-covered endothelium (vascular structures that are
double-positive for SMA and PECAM), confirmed that PHD2
silencing, especially by the shPHD2 vector, enhances the induc-
tion of mature vasculature (Figure 7). The neoangiogenesis effect
induced by the U6-pshPHD2-A vector resulted in an approxi-
mately fourfold increase in mature neovasculature, while the neo-
angiogenesis effect induced by the PHD2 siRNA resulted in only
a twofold increase.

DISCUSSION

Therapeutic angiogenesis is a strategy involving the use of angio-
genic molecules to induce the development of new blood vessels.
However, because the clinical application of either recombinant
VEGF or FGF2 by itself showed a less significant effect than
expected,” " the focus of therapeutic angiogenesis shifted to treat-
ment using combinations of angiogenic molecules."""* We have
already confirmed that the combination (reatment with recom-
binant VEGF and FGF2 has a synergistic cffect on angiogenesis."”
It follows, therefore, that a master regulator capable of simulta-
neously regulating multiple angiogenic growth factors might
be a better choice for the target of gene therapy. An example of
this kind of regulator is HIF-1, which plays an important role in
angiogenesis by coordinately regulating the expression of multiple

Figure 1 Knockdown effect of prolyl hydroxylase domain-2 (PHD2)-suppressing small-interfering RNAs (siRNAs) andl siRNA expression vec
tors on endogenous PHD2 mRANA expression and hypoxia inducible factor-1 (HIF-1) transcriptional activity. (a) The suppressive effect of
PHD2-suppressing sikNAs on the endogenous PHD2 mRNA expression level in NIH3T3 cells. Cells were transfected with PHD2-suppressing siRNAs,
Forty-eight and seventy-two hours after transfection, real-time reverse transcriptase-PCR (RT-PCR) analysis was performed. Nontargeting siRNA was
used as control, and nontransfected cells at each time-point were also shown as mock, The data shown represent mean values £ SD, n = 3. (b) The
effect of PHD2-suppressing U6-pshRNA expression vectors on endogenous PHD2 in NIH3T3 cells. Total RNA was collected trom nontransfected cells
and from cells transfected with the indicated U6-pshPHD2 expression vector or control U6 pshRNA expression vector, and real-time RT-PCR was per-
formed. The results were normalized to the actin mRNA expression level, and shown relative to values from cells transfected with control vector. The
data shown represent mean value + 5D, n = 3. (c) The effect of PHD2-suppressing CMV-pshRNA expression vectors on endogenous PHDZ2 in NIH3T3
cells. Real-time RT-PCR analysis was as described earlier. (d—e) The induction effect of PHD2 silencing on HIF-1 transcriptional activity in
NIH3T3 cells. The cells were cotransfected with control vectors, or (d) the indicated U6 pshRNA expression vectors, or (¢) CMV-pshRNA expression
vectors, hypoxia-response reporter vector (5x hypoxia-responsive element promoter driven firefly luciferase reporter) and Renilla luciferase vector
(pRL-SV40). Forty-eight hours later, dual luciferase assay was performed, and the results were normalized to the Renilla luciferase expression level,
The data shown represent mean values + SD, n = 3. (f) The suppressive effect of U6-pshPHD2-A expression vector on the endogenous PHD2 mRNA
in NIH3T3 cells. The cells were transfected with U6-pshPHD2-A or control vector, selection was carried out, and real-time RT-PCR was performed to
quantify PHD2 expression at the indicated time-points; nontransfected cells at each time-point were shown as mock. The results were normalized
to the actin expression level and shown relative to the values from cells transfected with control vector. The data shown represent mean value + 5D,
n= 3. shRNA, short-hairpin RNA
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Figure 2 Prolyl hydroxylase domain-2 (PHD2) silencing induced sta
bilization of endogenous hypoxia-inducible factor-Ta (HIF-1a) and
increased HIF- 1a transcriptional activity, (a) NIH3T3 cells were trans-
fected with Us-pshPHD2-A or with control U6 vector, and Western blot-
ting analysis was performed for detection of HIF-1a, HIF-2a, and PHD2
in the nuclei under normoxia conditions at the indicated time-points.
Nontransfected cells were also shown as mock. Actin was used as a load-
ing control, (b) Western blotting analysis of HIF-1a in the cytoplasm of
cells transfected with U6 pshRNA expression vector and mock cells under
normoxia conditions at the indicated time-points. (¢) Western blotting
analysis for detection ol HIF-1a and PHD2 in the nuclei of cells trans-
fected with U6 pshPHD2 expression vector or control vector, and mock
cells under hypoxia conditions. NIH3T3 cells transfected with U6 pshRNA
expression vectors were plated under hypoxia conditions (1% O,) for
6 hours, and the nuclei extract of the cells was subjected to Western
blotting analysis. (d) Effect of PHD2 silencing on the induction of HIF-1
transcriptional activity in cells exposed to CoCl, (a hypoxia-mimicking
reagent), normoxia, or hypoxia conditions. NIH3T3 cells transfected
with control siRNA vector or U6-pshpHD2-A vector were cotransfected
with 5x hypoxia-responsive element promoter driven firefly luciferase
reporter and Renilla luciferase vector, and then exposed to medium alone,
medium containing CoCl, (100umol/1), or hypoxia conditions (1% O )
Six hours later, dual luciferase assays were performed. The silencing of
PHD2 significantly induced HIF-1 transcriptional activity under both nor-
moxia (*P < 0.05) and hypoxia conditions (*P < 0.05), as compared to
their respective controls. Results were normalized to the activity level of
Renilla luciferase expressiun. The data shown represent mean value £ 50,
n = 3. shRNA, short-hairpin RNA

genes encoding critical angiogenic growth factors in a cell type-
specific manner.” By virtue of its ability to upregulate multiple
genes, HIF-1a has become an attractive molecular target for the
treatment of ischemic or postischemic tissue injury.
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Figure 3 Effect of prolyl hydroxylase domain-2 (PHD2) silencing on
angiogenic growth factor expression. NIH3T3 cells were transfected
with Ub-pshPHD2-A or with control vector, selection was carried out at
48 hours, and total RNA was isolated and subjected to real-time reverse
transcriptase-PCR analysis: (@) hypoxia inducible factor-1a (HIF-1a); (b) pro-
collagen PHDZ; (€) vascular endothelial growth factor (VEGF); (d) fibroblast
growth factor-2 (FGF2); and (e) angiopoietin-1 (Angl). Nontransfected
cells were also shown as mock. The results were normalized to the mRNA
expression level of actin and shown relative to cells transfected with con-
trol. The data shown represent mean value + 5D, n= 3.

Our results show that PHD2 silencing can functionally protect
HIF-1a protein from proteasomal degradation and induce multi-
ple angiogenic growth factors (VEGFE, FGF2, and angiopoietin-1).
However, to date, the cis-acting hypoxia-response elements (HIF-1
binding sites) have not been demonstrated in the regulatory
regions of those angiogenic growth factor genes (except in VEGF).
It remains to be determined, therefore, whether their regulation
by HIF-1la is direct or indirect. Notably, we could not detect any
obvious increase in the mRNA level of PDGF-B in NIH3T3 cells.
This may be attributed to the fact that the regulation of angio-
genic growth factors by HIF-1a is remarkably cell type-specific."
However, it is still possible that this silencing may induce the devel-
opment of functional vessels. As shown in Figure 3, PHD2 silenc-
ing induced upregulation of both VEGF and FGF-2 in NIH3T3
cells. This result is consistent with the earlier report'” showing that
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Figure 4 The induction effect of prolyl hydroxylase domain-2
(PHD2) silencing on the secretion of vascular endothelial growth
factor (VEGF)., NIH3T3 cells were transfected with U6-pshPHD2 vec-
tors or with control vector for the indicated durations. (a) Quantification
analysis of VEGF protein level in culture medium of cells transfected with
U6-pshPHD2 vectors or control vector, and nontransfected cells (mock)
by enzyme-linked immunosorbent assay (ELISA). (b—c) Long-term silenc-
ing effect of U6-pshPHD2-A in transfected cells 18 days after transfection:
Real-time reverse transcriptase-PCR (RT-PCR) analysis was performed
for the detection of PHD2 mRNA expression levels (b) and ELISA was
performed for the detection of VEGF protein level in culture medium
(c). The results of the real-time RT-PCR analysis were normalized to the
mRNA expression level of actin, and shown relative to cells transfected
with control vector. The data shown represent mean value £ 50, n= 3.

a combination of VEGF and FGF2 could synergistically induce
more mature neovasculature through enhancement of endog-
enous PDGF-BB expression from endothelium, thereby gathering
more pericytes to the endothelium through an enhanced gradient
of PDGF-BB. Our results also showed that PHD2 silencing affects
the proliferation of both NIH3T3 and HUVEC cells. This obser-
vation could be attributable to the increased expression of growth
factors that induce signal-promoting cell proliferation. These
results are consistent with published data showing that overex-
pression of PHD2 suppresses endothelial cell proliferation.”

In agreement with the earlier study,” our experiments showed
that U6-pshPHD2 exhibited a stronger silencing effect than the
CMV-pshPHD?2 vector, thereby confirming that, at least at pres-
ent, the U6 promoter (an RNA polymerase 111 promoter) is one of
the most suitable promoters for expressing siRNAs, given its strong
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Figure 5 Prolyl hydroxylase domain-2 (PHDZ) silencing promotes
proliferation of NIH3T3 cells and human umbilical vein endothelial
cells (HUVECs). (a) NIH3T3 cells transfected with U6-pshPHD2-A or
with control vector were cultured further for the indicated durations,
and cell numbers were counted. Nontransfected cells were also shown
as mock. (b) HUVECs were cultured under serum-starved conditions,
with conditioned medium obtained from U6-psh-PHD2-A- or control
vector-transfected NIH3T3 cells or mock cells, and cell numbers were
counted. Assays were performed in triplicate. The data shown represent
mean value £ SD.

transcription activity™ and absence of any extra sequence such
as 5'-Cap and 3"-poly A** We also confirmed that the pshPHD2
expression vector is more potent in inducing angiogenesis in vivo
than the siRNA of the same target sequence. This might be because
of the short half-life of siRNA, on account of degradation by intra-
cellular RNase. Consequently, the continuous release of angiogenic
growth factors for a long period, which is important for success-
ful angiogenesis, could not be obtained. In general, therefore, two
different approaches can be utilized for therapeutic applications:
siRNA expression vectors for achieving middle- and long-term
knockdown effect, and siRNAs for achieving short-term effect.

We have demonstrated, for the first time, that siRNA against
PHD2 (HIF PHD2) can effectively induce neoangiogenesis by
coordinately regulating the expression of multiple angiogenic
growth factors through the stabilization of HIF-la. Recently,
Natarajan et al. showed that siRNA against procollagen prolyl
4-hydroxylase-2 (GenBank accession no. NM_011031, referred to
also as “PHD2" mistakenly in their report, but in reality a different
gene), can attenuate myocardial ischemia reperfusion injury and
stabilize HIF-1a.* The phenotype they observed might be asso-
ciated with the procollagen prolyl 4-hydroxylases-iNOS pathway,
and not with the HIF prolyl hydroxylase/!I [IF/angiogenic growth
factor pathway. Additionally, consistent with our results, Takeda
et al., using a conditional knockout mouse model, identified the
role of HIF PHD2 in the adult vascular system."

Earlier reports showed that, although the induction of angio-
genesis using only VEGF does result in a vascular response, the
induced vessel is unphysiologically permeable because of the
absence of other external growth factors,” Direct expression of
HIF-1a or HIF-1a lacking oxygen-sensitive degradation domain
for angiogenesis has also been reported,'"" indicating that HIF-1a
might be a good target for angiogenesis. However, the exogenous
high and persistent expression of HIFla" or oxygen-sensitive
degradation domain-deficient HIF-1a*' might result in some
side effects such as development of cancers. Short-hairpin RNAs
(shRNAs), expressed using nonviral vectors and synthetic siRNAs
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Figure se domain-2 (PHD2) silencing enhances
necangiogenesis in a Matrigel plug assay in vivo, NIH3T3 cells trans-
fected with (a) siPHD2-A, or (b) U6-psh-PHD2-A or their controls were
mixed with Matrigel and injected subcutaneously into the abdominal
region of 5-week-old female Balb/c mice (n = 3-5). After 7 days, the gels
were excised and subjedted to hematoxylin and eosin (H&E) staining
(a and b left panels; scale bars = 40pm), and to immunohistochemis-
try with anti-PECAM1 (shown in green, representing endothelium) and
anti-SMA (shown in red, those adjacent to endothelium representing
pencytes) (scale bars = 50um). Representative data from each experi-
ment are shown. (a) Matrigel plug assay using cells transfected with
siPHD2-A, siRNA-induced PHD2-silencing exhibited slightly more endo
thelium as compared to the control, with some of it covered by peri-
cytes (arrow heads), (a: upper panels). (b) Matrigel plug assay using
cells transtected with Un-psh-PHD2-A. Ué-psh-PHD2-A vector-induced
PHD2 silencing exhibited significantly more endothelium, with most of
it covered by pericytes (arrowheads in immunohistochemistry) or more
vessels containing red bluod cells (arrowheads in H&E staining), as com
pared to the controls (b: upper panels) and to those mixed with cells
transfected with siPHDZ-A (a: lower panel). PECAM1, platelet-endothe-
lial cell adhesion molecule-1; SMA, smooth muscle actin

that are modified to enhance their stability, are potentially advan

tageous because of their temporary effect. PHD inhibitors have
also been being explored as potential therapeutic agents; however,
they are likely to lack adequate specificity. As shown in Figure 3b
and Supplementary ligure $4, silencing of HIF-PHD2 has no
influence on procollagen PHD2. Therefore, given its high specific

ity and strong effect, RNAi might be a better choice in therapeutic
applications. Indeed, KNAi-based therapeutic applications have
been in clinical trials for some diseases,”* and some other pre-
clinical trials are under development.®-*

137

sifNA-control  siRNA-PHD2 Ug-control Mock U6-PHL

7 Quantification of the formation of new ve

Is in Matrigel
. (@) Quantification in Matrigel plug assay using cells transfected
with siPHD2-A, and (b) quantification in Matrigel plug assay using cells
transfected with U6-psh-PHD2-A. The quantification of the fraction
of the pericyte-covered vasculature in whole neovasculature was per-
formed by measuring the ratio of platelet-endothelial cell adhesion mol-
ecule-1 (PECAM1) to smooth muscle actin double-positive area (yellow
area) within the PECAM1 area (green area), based on the immunohisto-
chemistry results (n = 9). *P < 0.05; **P < 0.01. PHD2, prolyl hydroxylase
domain-2; siRNA, small-interfering RNA

In this study, we have demonstrated that implantation of
PHD2-silenced cells is sufficient to enhance neoangiogenesis
in vivo. These results could provide a basis for further therapeu-
tic application, i.e., using PHD2-suppressing RNAi as a poten
tial strategy for angiogenic therapy. However, because of the
limitation of our in vive method, some further issues need to be
addressed: (i) systematic evaluations on the basis of the func
tional aspects of regenerated vessels, including vascular hyper-
permeability; (ii) additional preclinical and clinical studies,
particularly in respect of safety and efficacy for therapeutic use
in patients with ischemic cardiovascular diseases such as myocar
dial infarction; (iii) the development of delivery systems to deliver
the siRNA expression vector and/or siRNA to the target sites and
to make them functional in an efficient and safe manner. In this
regard, we have explored polymeric micelle-based nanocarriers for
plasmid DNA*# and siRNA,"* and demonstrated their in vitro
and in vivo efficacies, including efficient gene transfer to primary
cells,” in vivo transfection to a rabbit carotid artery,

and trans-
fection-mediated bone regeneration.* We intend to further inves-
tigate the use of these nanocarriers in PHD2-silencing-mediated

neoangiogenesis therapy

MATERIALS AND METHODS

Cell lines and culture. The mouse fibroblast cells NTH3T3 (Riken Cell
Bank, Tsukuba, Japan) were cultured in Dulbeccos modified Eagle’s
medium (Sigma-Aldrich, St. Louis, MO) containing 10% fetal bovine
serum (Sigma-Aldrich). HUVECs (Lonza, Walkersville, MD) were main
tained in the angiogenic medium EBM2 plus EGM2 (Lonza).

Preparation of sSiRNA expression vectors. siRNAs of murine PHD2 and
PHD3 (GenBank accession no.NM_053207 and NM_028133, respec
tively) were synthesized (Dharmacon, Lafayette, Colorado)
sequences of DNA corresponding to murine PHD2-duplex siRNAs
were 5-GAACTCAAGCCCAATTCAG-3" (siPHD2-A) and 5-TGAG
CGAGCGAGAGCTAAA-3 (siPHD2-B)
corresponding to murine PHD3-duplex siRNAs was 5-GGCAAT
GGTGGCTTGCTAT-3. The SMART pool siRNAs of murine PHD2 and
nontargeting siRNA containing 21 nucleotide sequences with no homology

The sense

The sense sequence of DNA
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to murine genes, which was used for control (NTSC), were also purchased
from Dharmacon. Luciferase reporter gene assays were carried out using
plasmid DNA encoding luciferase driven by the 5x hypoxia-responsive
element (5xHRE) promoter, kindly supplied by Dr. Kondo of the Graduate
School of Medicine, Kyoto University. The shRNA expression vectors
were constructed by placing oligonucleotides based on the two siRNAs
of murine PHDZ and PHD3 (mentioned earlier) into pSilencer 2.1-U6 or
pSilencer 4.1-CMV (nos. 5762 and 5775, respectively; Ambion, Austin,
TX) in accordance with the manufacturer’s instructions.

Transient transfections and dual luciferase reporter assays. NIH3T3
cells were seeded in 24-well dishes at 1.5 x 10* cells/dish. The next day.
the cells were cotransfected with the indicated siRNA expression vec-
tors, 5xHRE reporter and Renilla luciferase expression vector (pRL-SV40,
Promega), using FuGENES reagent (Roche Applied Science, Mannheim,
Germany). Twenty-four hours after cotransfection, the cells were exposed
to either medium alone, or medium containing CoCl, (100pmol/l), and
then incubated for 6 hours so as to chemically stabilize HIF-1a. For the
hypoxia-environment experiment, 24 hours after cotransfection the

Enhanced Angiogenesis via Silencing of PHD2

monosodium salt (Cell C g Kit-8; Dojindo, Ki Japan) in
accordance with the manufacture’s instructions. For cell viability assays in
NIH3T3 cells, the cells transfected by the siRNA control expression vector
and those transfected by the siPHD2 expression vector were seeded into
48-well culture plates at a density of 8,000 cells/well in Dulbecco's modified
Eagle’s medium. After 24 and 48 hours, live cells were counted as described
carlier.

in vivo Matrigel piug assay. NTH3T3 cells were transfected with siRNA

ion vector of murine PHD2 (pSilencer 21-U6 puro) using
FUGENES (Roche Applied Science). After 24 hours, selection was per-
formed with puromyein so as to eliminate untranstected cells. Two days
later, the selected cells were harvested 1.0 x 10°NTH3T3 cells were mixed
with regular Matrigel (BD Biosciences, Bedford, MA). The Matrigels
(400l each) were injected subcutaneously into the abdominal region of
female Balb/c mice (CLEA Japan, Tokyo, Japan). Each mouse was injected
with one implant. Each experiment performed on three to five mice. The
Matrigel plugs were removed on day 7, and were either directly frozen in
dry-iced acetone for immunohitochemistry or fixed with formalin and

siRNA vector-transfected NIH3T3 cells were plated into an A pouch
Box (1% O,; Mitsubishi GAS chemical Company, Tokyo, Japan) and cul-
tured for 6 hours. Dual luciferase assays were then performed using the
Dual Luciferase Assay System (Promega). Relative luciferase activities were
determined by calculating the ratio between the activity levels of firefly and
Renilla luciferase. The results are shown as mean value + 5D (n = 3). For
SIRNA experiments, NIH3T3 cells were first transfected with the indicated
siRNA for 12 hours using Lipofectamine 2000 (Invitrogen, Carlsbad, CA),
and then cotransfected with 5xHRE reporter and Renilla luciferase expres-
sion vectors. Dual luciferase assays were performed 24 hours later.

Quantitative RT-PCR analysis. RNA was purified using TRIZOL reagent
and the RNeasy column (Invitrogen). Total RNA (1 pg) treated with DNase |
(Qiagen, Hilden, Germany) was reverse transcribed using QuantiTect
Reverse Transcription (Qiagen), and real-ime RT-PCR was performed
using the ABI 7500 Fast Real-time RT-PCR System (Applied Biosystems,
Foster City, CA) and QuantiTect SYBR Green PCR Master Mix (Qiagen).
All reactions were run in triplicate. All expression data were normalized
to actin. The sequences of the primers used are listed in Supplementary
Table S1.

Western blot analysis. Whole cells were collected by centrifugation. The
upmnmofnmmdmoplamxmmpafmedmugm
NE-PER Kit (Pierce, Rockford, IL). Sample proteins were elec

resed on mdlmdodecﬂtdf&epoﬂpcrylmsdegddmmph«emmd
transferred to a polyvinylidene fluoride membrane (Bio-Rad. Hercules,
CA). Western blottings were performed as described earlier.** Primary
antibodies against mouse HIF-1a (NB100-449; Novus Biological, Littleton,
CO), HIF-2a (NB100-122; Novus), PHD2 (NB100-2219; Novus), and actin
(Sigma-Aldrich) were used for detecting the corresponding protein.

Enzyme-linked immunosorbent assay, NIH2T3 cells were transfected
with the indicated siRNAs or siRNA expression vectors. For siRNA vec-
tor-transfected cells, a selection was carried out 24 hours after transfection
50 as to eliminate the untransfected cells. The transfected cells were sceded
onto 24-well plates. Culture supernatants were harvested at the indicated
time-points, VEGF was measured using a commercially available sand-
wich immunoassay kits (MMV00; R&D Systems, Minneapolis, MN).

Cell viability assays. HUVECs were seeded into collagen 1-coated 24-well
culture plates at a density of 3 x 10" cells/well. After 24 hours, the medium
was changed to Dulbecco’s modified Eaglé's medium containing 1% fetal
bovine serum and 20% conditioned medium, and plates were again incu-
bated at 37°C in 5% CO,. The viable cells were counted 24 and 48 hours
after additional culture, using colorimetric assays with 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2.4-disulphophenyl)-2H-tetrazolioum
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paraffin-embedded for H&E staining. For the Matrigel plug assay mixed
with siRNA-transfected cells, NTH3T3 cells were mixed with Matrigel and
injected into the mice 24 hours after transfection with control siRNA and
PHD2 siRNA. All experiment protocols were conducted in accordance
with the policies of the Animal Ethics Committee at the University of
Tokyo.

Immunohistochemistry of Matrigel plugs. The frozen matrigel plugs
were sliced into sections of 10pum thickness using a cryostat. The fixed
sections were incubated with antimurine PECAMI (Clone Mecl3.3; BD
Pharmingen 553730, BD Biosciences Pharmingen, San Diego, CA) for 1
hour. The specimens were subsequently stained with antirat/IgG conju-
gated with Alexa Fluor 488 (Invitrogen Molecular Probes) and monoclo-
nal antimurine a-SMA Cy3 conjugate (Sigma-Aldrich) for | hour at room
temperature. Confocal laser scanning analysis was performed using an
LSM 510 microscope (Carl Zeiss, Germany) at an excitation wavelength
of 488 and 543 nm.

Quantification in Matrigel plug ossays. We quantified the formation of
mature vessel structures in Matrigel plugs by measuring the ratio of the
PECAMI area to the SMA-postive (yellow) area within the PECAMI-
postive (green) area using LSM image software (Carl Zeiss), yielding the
fraction of endothelial-positive structures that are co-positive for smooth
muscle structures. Microsoft Excel software was used for statistical analy-
sis. The data represent average values from nine areas from three indepen-
dent Matrigel plugs.
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SUPPLEMENTARY MATERIAL

Figure §1. PHD2-silencing via siRNAs indaced HIF-1 transcriptional
activity in NIH3T3 cells and C2CI2 cells.

Figure $2. PHD2-silencing via siRNAs induced VEGF mRNA expression
in NIH3T3 cells.

Figure $3. PHD2-silencing via siRNAs induced the secretion of VEGF.
Figure 54. The influence of PHD2-silencing induced siRNA on pro-
collagen PHDZ.

Table $1. Primers used for real-time RT-PCR.
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Charge-Conversion Ternary Polyplex with Endosome Disruption
Moiety: A Technique for Efficient and Safe Gene Delivery**

Yan Lee, Kanjiro Miyata, Makoto Oba, Takehiko Ishii, Shigeto Fukushima, Muri Han,
Hiroyuki Koyama, Nobuhiro Nishiyama, and Kazunori Kataoka*

DNA or RNA delivery into target cells by synthetic nonviral
vectors (lipoplexes and polyplexes) is widely recognized as a
promising alternative to delivery with viral vectors, which
encounter the safety issues inherent to their biological
propensities!!! Nevertheless, even in the case of nonviral
vectors, the inconsistency between the delivery efficiency and
the safety issue, particularly with regard to chemotoxicity, has
been a major matter of concern. The vectors with high
transfection efficiency often show high toxicity, whereas those
with low toxicity frequently raise the issue of low transfection
efficiency.

Various polycations with regulated basicity have been
developed for the construction of polyplexes directed toward
high transfection efficiency since Behr and co-workers
introduced to the gene-delivery field the concept of endo-
somal escape through the “proton-sponge™ effect hypothe-
sized for polyethyleneimine (PEI), yet the toxicity of these
polycations lends the polyplexes to only limited applica-
tions.”) One of the main reasons for the limited success is
probably that different, and even conflicting, functionalities
of the polyplexes are required at each different stage of the
delivery processes. For example, the moieties of high amine
density in the polyplexes are important to overcome endo-
somal membrane barriers because their protonation potential
contributes 1o endosome buffering as well as 1o membrane
destabilization.”) On the other hand, the positively charged
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nature of the polyplexes may induce nonspecific interactions
with negatively charged serum components to form thrombi
in the capillary and carries the risk of perturbing the structure
of the plasma membrane to induce high cytotoxicity and
excessive immune responses” Shielding of the positive
charges by covering the polyplex surface with polyanions'”
or poly(ethylene glycol) (PEG)" is a well-known practical
solution to these problems, vet significant lowering of the
transfection efficiency is inevitable, mainly due to the reduced
cellular uptake and the impaired capacity for endosome
escape. Therefore, much effort has been concentrated on the
development of deshielding methods at a specific stage during
the transfection process!”

Herein, we wish to communicate a novel approach to the
design of polyplexes exerting both high transfection efficiency
and lowered cytotoxicity by integrating a charge-conversion
moiety into the polyplex structure. Maleic amide derivatives,
cis-aconitic amide, and citraconic amide have negative
charges at neutral pH values, but they degrade prompily at
weakly acidic pH 5.5 to expose positively charged amines."
‘Therefore, if we cover the surface of the positively charged
polyplexes with degradable amide-derivatized polymers to
form ternary polyplexes (plasmid DNA/polycation/polyanion
with the degradable side chain), the polyplexes maintain a
neutral to negatively charged nature on the cell exterior,
whereas the charge-conversion components are expected to
turn positive in the acidic milieu of the endosome 1o facilitate
the endosomal escape of the polyplexes through membrane
disruption (Figure 1).

Initially, a polyplex between plasmid DNA (pDNA) and a
polycation was prepared. As the polycation, we chose pAsp-
(DET) (Figure 2 A), which had been proven by our group to
be an endosome-disrupting and membrane-destabilization
moiety with lower cytotoxicity than conventional polycations,
including PEL"™ The polyplexes showed positive surface
charges with a zeta potential of approximately +40mV
because of the excess amount of polycations (N (amines in
pAsp(DET))/P (phosphate in pDNA) ratio of 4-8). The
polyplex was then added to 1-4 molar equivalents of the
charge-conversion polymer pAsp(DET-Aco) (Figure 2A) 1o
form the ternary polyplex. The pAsp(DET-Aco) should turn
into pAsp(DET), which could also disrupt the endosome
cfficiently, at the endosomal pH value after degradation of
the cis-aconitic amide moieties. Each ternary polyplex at
various charge ratios showed unimodal size distribution with
a mean diameter of about 130 nm, as measured by dynamic
light scattering (DLS), even in the presence of excess
pAsp(DET-Aco). Although there is a possibility of the
formation of the binary polyplex between pAsp(DET-Aco)
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Figure 1. Diagram of the charge-conversion ternary polyplex with an
endosome-disrupting function. pAsp(DET): poly{N-[N"-(2-aminoethyl)-
2-aminoethyljaspartamide}; pAsp(DET-Aco): poly(N-{N"[(N"-cis-aconi.
tyl)-2-aminoethyl)-2-aminoethyl}aspartamide).
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Figure 2. A) The structures of the polycation pAsp(DET), the non-
charge-conversion polyanion poly|(N -succinyl-2-aminoethyl) asparta-
mide] (pAsp(EDA-Suc)), and the charge-conversion polyanion pAsp-
(DET-Aco). B) The charge conversion of the ternary polyplex of DNA/

pAsp(DET)/pAsp(DET-Aco). C) The change of hydrodynamic diameter
of the ternary polyplex. o: results at pH 5.5; @: results at pH 7.4.

and pAsp(DET) without DNA, the formation of the DNA-
containing ternary polyplex was confirmed by gel electro-
phoresis assays (see the Supporting Information).

The charge-conversion behavior of the ternary polyplex
was monitored from the change in the zeta potential, as
illustrated in Figure 2B. The ternary polyplex maintained a
zela potential of around —40 mV at pH 7.4. However, the zeta

www.angewandte.org
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potential at pH 5.5 increased gradually from negative to
positive:; this result indicates the charge conversion due to the
degradation of the cis-aconitic amide moieties. After incuba-
tion for 2 h at pH 5.5, the zeta potential reached 0 mV. As a
negative control, we used a non-charge-conversion polyanion
with a similar structure, pAsp(EDA-Suc) (Figure 2A). The
ternary polyplex with pAsp(DET) and pAsp(EDA-Suc)
maintained a zeta potential of around —40mV at pH5.5
and pH 7.4, and it showed no sign of charge conversion (see
the Supporting Information).

The charge conversion also induced a dramatic size
change in the ternary polyplex. As shown in Figure 2C, the
ternary polyplex maintained a diameter of around 130 nm at
pH 74, but there was an immediate increase in its size at
pH 535, even after 1 h. After 2 h, large aggregates with a
diameter of over 1 um had formed. The reason for the
aggregation is probably the reduction in the repulsive forces
due to the partial charge neutralization after 1 h and the
complete neutralization after 2 h at pH 5.5, as indicated from
the data of the zeta potential measurements.

For the potential in vivo applications, the polyplex
stability in a solution of serum proteins should be addressed.
In a solution of bovine serum albumin (BSA), the ternary
polyplexes maintained their original diameter, whereas the
positive polyplex of pAsp(DET) showed a prompt increase in
diameter, even after 1 h of incubation (Figure 3A). The
improved stability of the ternary polyplex was probably due
to the repulsive forces between the anionic ternary polyplex
and the BSA: this could be a merit for future systemic
applications.

The transfection was performed by using human umbilical
vein endothelial cells (HUVEC). Only limited transfection
reagents have been available for these cells in the past
because they are very difficult to transfect and sensitive to
toxicity.""!
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Figure 3. A) The stability of the polyplex in BSA solution. B) The
transfection activity of the various vectors. C) The relative viability of
HUVEC transfected with the various vectors. D) The colocalization
ratio of the red fluorescence of cyanine-5-labeled DNA with the green
fluorescence of LysoTracker Green (see Figure 4). Error bars indicate
the standard error. Black bars: ExGen 500; @ and dark gray bars:
pAsp(DET) polyplex; ¥ and light gray bars: pAsp(EDA-Suc) ternary
polyplex; © and white bars: pAsp(DET-Aco) ternary polyplex.
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The resulting transfection data with luciferase pDNA are
summarized in Figure 3 B. The N/P ratios between DNA and
pAsp(DET) in both the simple polyplex and the ternary
polyplex were 6, the value at which they showed the highest
transfection efficiency. The ternary polyplexes were formed
by addition of two molar equivalents of pAsp(DET-Aco) or
pAsp(EDA-Suc) to the simple polyplex. The control ternary
polyplex with pAsp(EDA-Suc) showed similar transfection
efficiency to the simple polyplex of pAsp(DET), whereas the
polyplex of pAsp(DET-Aco)
showed a tranfection efficiency that was more than ten
than that of
available transfection reagent of linear PEI, and two times

charge-conversion ternary

times higher ExGen 500, a commercially
higher than that of the pAsp(DET) polyplex. Even though the
negative surface charge of the ternary complex was not
helpful for the cellular uptake and endosomal escape, it
increased the stability of the complex in the presence of the
serum proteins, as shown in Figure 3A, and reduced the
toxicity, so that the non-charge-conversion ternary polyplex
(DNA/pAsp(DET)/pAsp(DET-Suc)) showed similar trans-
fection efficiency to the simple polyplex. With the introduc-
tion of the charge-conversion endosome-disrupting moiety
into the ternary polyplex on the basis of that stability and low
toxicity (DNA/pAsp(DET)/pAsp(DET-Aco)), the transfec-
tion efficiency was still more increased. The transfection
results with vellow-fluorescence-protein (YFP) pDNA, which
also showed the appreciable transfection efficiency of the
ternary polyplex system, is summarized in the Supporting
Information

The cytotoxicity, as measured by an MTT viability assay, is
shown in Figure 3 C. At N/P ratios of 6 and 8, which were the
optimal ratios for the transfection, ExGen 500 showed very
high toxicity with a viability below 10%, and the pAsp(DET)
polyplex also showed the viability to be decreased to 50%
One of the main reasons for the decreased viability was
probably the positive surface charge of the polyplexes
inducing membrane toxicity."""!
plexes, which had negatively charged surfaces at the cell
extenior, showed almost no cytotoxicity at both N/P ratios

However, the ternary poly-

For the confirmation of the enhanced endosomal escape
of the charge-conversion ternary polyplex, the intracellular
distribution of the polyplex was investigated by confocal laser
scanning microscopy (CLSM) by using cyanine-5S-labeled
pDNA (Figure 4). The yellow Muorescence changes to red
when the polyplex is released from the acidic vasicular
organelles. The positively charged pAsp(DET) polyplex
showed significant endosomal escape, even only after 3 h,
and over 80% of the DNA had escaped after 24 h. Both
ternary polyplexes showed low endosomal escape after 3 h.
However, the charge-conversion ternary polyplex from pAsp-
(DET-Aco) showed similar levels of endosomal escape to the
positive pAsp(DET) polyplex after 24 h, whereas large
portions (over 40% ) of the non-charge-conversion lernary
polyplex with pAsp(EDA-Suc) still remained in the endo-
SOmes.

The quantitative analyses of the CLSM images are
summarized in Figure 3D. The charge-conversion polyplex
showed similar behavior to the non-charge-conversion poly-
plex until 3 h, but it showed less colocalization ratio after 7 h,

Figure 4 CLSM images of HUVEC transfected with pAsp(DET) poly
plex (A and B), pAsp{DET-Aco) ternary polyplex (C and D), and
pAsp(EDA-Suc) ternary polyplex (E and F). (A, C, and E) are images
after 3 h of transfection; (B, D, and F) are images after 24 h of
transfection. Plasmid DNA labeled with cyanine 5 (red) was used. The
cell nuclei were stained with Hoechst 33342 (blue), and the late
endosome and lysosome were stained with LysoTracker Green (green)
Each scale bar represents 20 um

and finally had a similar ratio to the positive pAsp(DET)
polyplex after 24 h. By considering that the endosomal
acidification and the charge conversion required some time,
the CLSM data were reasonable and agreed with the
luciferase transfection data

In summary, we have developed ternary polyplexes that
express negalive charges at the pH value of the cell exterior
and that turn positive to disrupt the endosome at endosomal
pH values. Eventually, these polyplexes achieved appreciably
high transfection activity and low toxicity against sensitive
prmary cells (HUVEC). The translection efficiency of this
ternary polyplex system could be enhanced more by the
conjugation of appropriate ligands, such as an RGD peptide
for active internalization through binding of the integrin
receplor i
polyplex with an endosome-disrupting moiety could easily be

The concept of our l:h.lr}:l:-L"un\L'iﬁlm‘. lernary

applied to various sensitive primary cells, the efficient and
non-chemotoxic transfection of which 15 one of the most
important and urgent issues in the biomedical field. Also, the

stability of the ternary polyplex in the presence of negatively

sah, Weinheim www.angnwandte‘org
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charged serum proteins could be helpful for the development [7] a) E. R. Gillies, A.P. Goodwin, J. M. Fréchet, Bioconjugate
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of in vivo gene vectors.
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Abstract: PEG-based polyplex micelles, which can detach the surrounding PEG chains responsive o the
intracellular reducing environment, were developed as nonviral gene vectors. A novel block catiomer, PEG-
SS-P[Asp(DET)), was designed as follows: (i) insertion of biocleavable disulfide linkage between PEG and
polycation segment 1o trigger PEG detachment and (ii) a cationic segment based on poly(aspariamide)
with a flanking N-(2-aminoethyl)-2-aminoethyl group, P{Asp(DET)], in which the Asp(DET) unit acts as a
butfering moiety inducing endosomal escape with minimal cytotoxicity. The polyplex micelles from PEG-
SS-P[Asp(DET)] and plasmid DNA (pDNA) stably dispersed in an aqueous medium with a narrowly
distributed size range of ~B0 nm due to the formation of hydrophilic PEG palisades while undergoing
aggregation by the addition of 10 mM dithiothreitol (DTT) at the stoichiometric charge ratio, indicating the
PEG detachment from the micelles through the disulfide cleavage. The PEG-SS-P[Asp(DET)] micelles
showed both a 1-3 orders of magnitude higher gene transfection efficiency and a more rapid onset of
gene expression than PEG-P[Asp(DET)] micelles without disulfide linkages, due to much more effective
endosomal escape based on the PEG detachment in endosome. These findings suggest that the PEG-
SS-P[Asp(DET)] micelle may have promising potential as a nonviral gene vector exerting high transfection

with regulated timing and minimal cytotoxicity.

Introduction

Successful gene therapy, which is a promising treatment for
numerous intractable diseases, rehies on the development of
efficient gene vectors. Polyplexes formed by electrostatic
interaction between plasmid DNA (pDNA) and cationic poly-
mers (catiomers) have auracted much auention as a safe,
versatile alternative to viral vectors."” A promising approach
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""Center for Disease Biology and Integrative Medicine, The University
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1o realizing the polyplexes for in vivo gene delivery is the use
of PEG-based block catiomers. These catiomers spontaneously
associate with pDNA to form sub-100 nm polyplex micelles
with a dense, hydrophilic PEG palisade surrounding the core.®!
These micelles show high colloidal stability under physiological
conditions and substantial transfection activity against various
cell types even after preincubation with serum proteins.'*"*
Moreover, polyplex micelles demonstrate prolonged blood
circulation and in vivo gene transfer to the liver and tmor,'*'*
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Intracellular PEG detachment

Figure 1. Schematic illustration of PEG-detachable polyplex micelle formation and the PEG detachment in the reducing intracellular environment

We recently reported high transfection efficiency and low
cytotoxicity with the #se of polyplex micelles formed by PEG-
block-poly(aspartamide) copolymers carrying the N-(2-amino-
ethyl)-2-aminoethyl group in the side chain (PEG-P[Asp-
(DET)])."” With regard to in vivo application, the polyplex
micelles demonstrate appreciable gene transfer into vascular
lesions without any vessel occlusion by thrombus'® and bone
regeneration of a mouse bone defect when transfected with genes
coding for osteogenic factors.'” These successful in vivo gene
therapies have been explained by the specific structure of the
side chain of P[Asp(DET)], in which the 12-ethanediamine
moiety of the N-(2-aminoethyl)-2-aminoethyl group exhibits a
distinct two-step protonation behavior, suggesting a potential
proton sponge capaclly of Asp(DET) units for efficient endo/
lysosomal escape.'

However, polyplex micelles formed from PEG-P[Asp(DET))
could be further improved upon to achieve successful in vivo
systemic therapies. P{Asp(DET)] homopolymer polyplexes show
higher transfection efficiency than PEG-P[Asp(DET)] micelles
especially at low charge ratios,”” suggesting that the PEG
palisade surrounding PEG-P[Asp(DET)] polyplex micelles
would hamper the transfection. The decrease in gene transfection
efficiency by PEGylation to catiomers (PEG dilemma) is also
observed in previous work.'“?'** In addition, the time-depend-
ent monitoring of gene expression against multicellular tumor
spheroids reveals that the polyplex micelles from PEG-P[Asp-
{DET)] cause delayed gene expression, compared with poly-
plexes from cationic homopolymers.”” This is sometimes
undesired especially when rapid expression is required. On the
other hand, the polyplexes from P[Asp(DET)] homocatiomers
tend to aggregate through interactions with serum proteins,'™
suggesting limited in vivo application of the system without
PEGylation. Although P[Asp{DET)] homocatiomers exhibited
appreciably lower cytotoxicity compared with typical polyca-
tions such as polyethyleneimine (PEI),”* PEGylation to P[Asp-
(DET)] further decreases the cytotoxicity to obtain successful
transfection of primary cells,'”'#20
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In order to overcome the aforementioned PEG dilemma. we
designed here PEG detachable smart polyplex micelles sensitive
to the intracellular environment as a smart gene vector (Figure
1). Block catomers contaiming disulfide linkages between PEG
and P[Asp{DET)] segments, PEG-SS-P[Asp(DET)], were syn-
thesized to obtain this design goal (Scheme 1). Subsequent
disulfide reduction of the block catiomer can occur during
several steps of the endocytic pathway.™ The cytoplasm and
nuclear space are highly reducing environments due to abundant
reduced glutathione (GSH) as well as redox enzymes such as
the thioredoxin family. In addition, several studies suggest that
disulfide bond reduction can begin on the exofacial surface of
the cell and must continue after endocytosis. In this regard,
mvolvement of plasma membrane-associated protein disulfide
isomerase (PDI) is strongly implicated, as disulfide reduction
is inhibited by an anti-PDI antibody and a PDI-inhibitor.”*"**
Moreover, NADH-oxidase (NOX) 1s reported as another cell
surface-associated protein with disulfide—thiol interchange
activity similar to PDI. Interestingly. the activity of this enzyme
is constitutively activated in cancerous cells such as Hel.a and
hepatoma cells.”” Finally, cysteine is actively transported from
the cytoplasm to the lysosome lumen via a specific transporter
in fibroblasts.?®

Though the cleavage mechanism of the disulfide linkages
cannot be predicted for the PEG-SS-P[Asp(DET)] micelle
system utilized herein, the effect of PEG detachment on the
gene transfection efficiency can be predicted based on where
cleavage may occur. As a result of PEG detachment at the cell
surface, the exposed cation segments may trigger a strong
association to cells, increasing the cellular uptake of the micelles.
Inside endosomes, the PEG detachment would cavse the
interaction between the exposed cation segments and the
endosomal membrane and/or increase endosomal pressure,
resulting in the destruction of the endosomal membrane to
enable effective endosomal escape. In the cytoplasm and
nucleus, the release of pDNA that forms the polyplex core might
become smoother because steric repulsion disappears as the PEG
cleaves, causing easier access of cellular polyanions to the
complex core. Even if the reduction of disulfide linkages occurs
in any of the steps outlined above. a more rapid alteration of
gene expression and an increased transfection efficiency are
expected.

(24) Saito, G.; Swanson, 1. A.; Lee, K.-D. Adv. Drug Delivery Rev. 2003,
55, 199-215.
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). G. J. Cell Biol. 1990, 110, 327-335.
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Route of PEG-55-P{Asp(DET)] Synthesis (Lsft) and the Chemical Structures of Control Polymers Used in This
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Based on such assumptions, we newly synthesized the PEG-
5S-P[Asp(DET)] copolymer and prepared polyplex micelles
sensitive 1o reducing environments. These micelles were
expected to show comparable colloidal stability w PEG-
P[Asp(DET)] micelles before cellular uptake, while, inside the
cell, detachment of PEG would enable pDNA activity and
alteration to gene expression. Therefore, careful characterization
of both the PEG-SS-P[Asp(DET)] copolymer and the polyplex
micelles was performed in regards to the reduction of disulfide
linkages. In addition, the influence of the PEG detachment on
the onset of gene expression and the mechamsm of the disulfide
reduction were evaluated through the time-dependent observa-
tion of the gene expression and the intracellular localization of
pDNA.

Materials and Methods

Materials. a-Methoxy-w-mercapto PEG (PEG-SH, M, = 10000,
MM, = 1.03) and f-benzyl-L-aspartate N-carboxyanhydride
(BLA-NCA) were obtained from NOF Co. (Tokyo, Japan). Me-
thanol (MeOH), 2-aminoethanethiol, benzene, acetonitrile, hexane,
ethyl acetate, and p-luciferin were purchased from Wako Chemical
Industries, Ltd. (Osaka, Japan). Dichloromethane, NN-dimethy-
formamide (DMF), diethylenetriamine (DET), and N-methyl-2-
pyrrolidone (NMP) were also purchased from Wako Chemical
Industries and purified by distillation before use. A pGL3 control
vector, which was purchased from Promega Co. (Madison. WI),
was used as pDNA in all the expeniments. This pDNA was
amplified in competent DH5a. Escherichia coli and purified using
HiSpeed Plasmid MaxiKit purchased from QIAGEN Inc. (Valencia,
CA). Water was purified using a Milli-Q instrument (Millipore,
Bedford, MA).

Synthesis of PEG-SS-P[Asp(DET)]. As shown in Scheme 1,
PEG-SH (1 g, 0.1 mmol) was dissolved in MeOH (100 mL),
followed by the reaction with 2-aminoethanethiol (100 equiv to
PEG-SH, 0.77 g, 10 mmol) at room temperature to obtain PEG-
S5-NH;. After a GPC peak due to PEG dimers (PEG-SS-PEG)
generated by the side reaction disappeared, the reaction mixture
was dialyzed against MeOI for 2 days and evaporated. Then, 80
ml. of benzene were added, and the mixture was freeze-dried to

9
‘(0\/}"6,5“&,.«“ n)m
,\vﬂwnw {o\/}nsfswu i :}w&m

fo’\-}"u & N n"]w.:
' H"(Jong/}om
HN
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obtain the white powder, To remove the PEG disulfide dimers
(PEG-SS-PEG) generated during the dialysis, the powder dissolved
in 30 mL of HyO/CH:CN (4:1) was loaded onto a CM Sephadex
C-50 cation exchange chromatograph (GE Healthcare UK, Lud.,
Lirtle Chalf-ont, England), eluted with H;O/CH,CN (4:1) containing
0.125% NH;. The eluate was evaporated and freeze-dried with
distilled water to obtain the PEG-SS-NH; (570 mg, 57% yield).
From gel permeation chromatography (GPC), M, and M./M, were
determined to be 9880 and 1.02, respectively. The conversion to
the amunoethanethiol moiety was confirmed to be quantitative (94%)
based on the 'H NMR data [CH, (3.2 ppm) and CH; (2.8 ppm)]
(Figure S1) measured with a JEOL EX300 spectrometer (JEOL,
Tokyo, Japan).

The PEG-SS-poly(fi-benzy| 1-aspanate) (PEG-SS-PBLA) co-
polymer was prepared by the ring opening polymerization of BLA-
NCA (44 mmol, 1.1 g) in CH:Cl/DMF (10:1, 15 mL) at 35 °C
from the terminal primary amino group of PEG-SS-NH, (0.04
mmol, 400 mg).*” The reaction mixture was precipitated into
hexane/AcOEt (6:4). After filtration, the precipitate was dissolved
in a small amount of CH,Cl,, followed by the addition of an excess
amount of benzene, and lyophilized to obtan the white powder
(910 mg, 61% yield). The degree of polymerization (DP) of PBLA
was calculated to be 100 from 'H NMR spectroscopy based on the
peak intensity of benzyl protons of PBLA side chains (7.3 ppm) to
the methylene protons of the PEG chain (3.6 ppm) (Figure S2),

Lyophilized PEG-SS-PBLA (130 mg) was dissolved in NMP
(5.2 mL) ar 27 °C, followed by the reaction with DET (2.3 mL, 50
equiv to benzyl group of PBLA segment) diluted in NMP (2.3 mL)
under anhydrous conditions at 15 °C. After 15 min, the reaction
mixture was slowly added dropwise intd an aqueous solution of
acetic acid (10% v/v, 40 mL) and dialyzed against a solution of
0.01 N HCl and, subsequently, distilled water (MWCO: 6-8000
Da). The final solution was lyophilized to obtain the polymer as
the chloride salt form with a yield of 66% (104 mg). The structure
of this block catiomer was confirmed by 'H NMR and size-
exclusion chromatography (SEC) [column: Superdex 200 10/300
GL (GE Healthcare UK, Lid.); eluent: 10 mM Tris-HCl buffer +
500 mM NaCl (pH 7.4); flow mate: 0.75 ml/min; detector RI;
ambient temperature],

(29) Harada, A.; Kataoka, K. Macromolecules 1995, 28, 5204-5200,
J. AM. CHEM. SOC. = VOL 130, NO. 18, 2008 6003
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Preparation of PEG-SS-P[Asp(DET))/pDNA Polyplex Micel-
les. The PEG-55-P[Asp(DET)] block copolymer and pDNA were
separately dissolved in 10 mM Trs-HCl buffer (pH 7.4). The
polymer solution was added 10 a 2-times-excess volume of 50 ug/
mL pDNA solution to form the polyplex micelles at various N/P,
the residual molar ratio of the amino group in the block catiomer
to phosphate group in pDNA. The final concentration of pDNA in
all the samples was adjusted to 33 ug/mL. The PEG-P[Asp(DET)]
block copolymer (M, = 39 000; DP of P[Asp(DET)] segment: 100)
and P[Asp(DET)] (DP = 98) (Scheme 1) were used as controls,
and their polyplexes were prepared in the same way as PEG-SS-
P[Asp(DET)}/pDNA polyplex micelles.

Gel Retardation Assay. Polyplex solutions formed with pDNA
(33 ug/mL) were diluted to 20 gg/mL with 10 mM Tris-HC1 buffer
and then electrophoresed at 100 V for | h on a 0.9 wt% agarose
gel in 3.3 mM Tns-acetic acid buffer containing 1.7 mM sodium
acetate. The migrated pDNA was visualized with ethidium bromide
staining (0.5 pg/mL in deionized water).

Dynamic Light Scattering (DLS) Measurements. The size of
the polyplexes was evaluated by DLS. Sample solutions with
various N/P ratios in 10 mM Tris-HCl buffer (pH 7.4) were adjusted
to have a pDNA concentration of 33 ug/ml.. DLS measurements
were carried out at 37 °C using a Zetasizer Nano-ZS instrument
(Malvern Instruments, Malvern, UK), equipped with a He—Ne ion
laser (A = 633 nm) with a scattering angle of 90°,

Radiolabeling of pDNA and Cellular Uptake Study of the
Polyplexes. pDNA was radioactively labeled with **P-dCTP using
the Nick Translation System (Invitrogen Co, Carlsbad, CA).
Unincorporated nucleotides were removed using the High Pure PCR
Product Purification Kit (Roche Diagnostics Co.. Indianapolis, IN).
After the purification, 7 ug of labeled pDNA were mixed with 700
ug of nonlabeled pDNA. The polyplex and mucelle samples were
prepared by mixing the radioactive pDNA solution with each
polymer solution (33 ug pDNA/mL). For the cellular uptake
experiment, HelLa cells were seeded in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS) on
24-well tissue culture treated plates 24 h prior to experimentation,
The cells were incubated with 30 uL. of the radioactive polyplex
solution (1 ug of pDNA/well) in 400 uL. of DMEM containing
10% FBS. After 6 h of incubation. the cells were washed 3 times
with PBS and lysed with 200 ul of cell culture lysis buffer
(Promega, Co., Madison. WI). The lysates were mixed with 5 mL
of scintillation cocktail, Ultima Gold (PerkinElmer, MA), and then,
the radioactivity was measured using a liquid scintillation counter.
The results are presented as a mean and standard deviation of the
mean obtained from four samples.

In Vitro Transfection. Hela cells were seeded on 24-well
culture plates and incubated for 24 h in 400 L of DMEM con-
taining 10% FBS before transfection. The cells were then incubated
with the polyplex micelles prepared from PEG-SS-P[Asp(DET)],
PEG-P[Asp(DET)], and P[Asp(DET)] (30 L., 1 ug of pDNA/well)
with various N/P ratios in DMEM containing 10% FBS for 6 h,
followed by an additional incubation for 42 h in the absence of
polyplexes. The cells were washed in triplicate with 200 ul. of
Dulbecco’s PBS and lysed by the addition of 400 ul/well of the
Promega lysis buffer. Luciferase gene expression was evaluated
using the Luciferase Assay System (Promega Co., Madison, WI)
and a Lumat LB957 luminometer (Berthold Technologies Co., Bad
Wildbad, Germany). The results were expressed as light units per
milligram of cell protein determined by a BCA assay kit (PIERCE
Biotechnology, Rockford, IL). The results are presented as a mean
and standard deviation of the mean obtained from four samples.

Time-Dependent Monitoring of in Vitro Transfection. HelLa
cells and 293T cells were seeded on 35-mm culture dishes and
incubated for 24 h in 2 mL of DMEM containing 10% FBS before
transfection. The cells were then incubated with the polyplex
micelles prepared from PEG-SS-P[Asp(DET)], PEG-P[Asp(DET)],
and P[Asp(DET)] (90 ulL/dish, 3 ug of pDNA/dish) at N/P = 32
i DMEM containing 10% FBS. After 6 h, the medium was

6004 J. AM. CHEM. SOC. = VOL. 130, NO. 18, 2008

exchanged with fresh media containing 100 uM p-luciferin. The
dishes were set in a luminometer incorporated in a small CO;
incubator (AB-2550 Kronos Dio, ATTO Co., Tokyo. Japan), and
the bioluminescence was monitored every 20 min (2 min collection
time ).

Confocal Laser Scanning Microscope (CLSM) Observa-
tion. pDNA was labeled with Cy5 using the Label IT Nucleic Acid
Labeling Kit (Mirus, Madison, W1) according to the manufacture’s
protocol. HeLa cells were seeded on a 35-mm glass base dish
(Iwaki, Japan) and incubated overmight in 1 mL of DMEM
containing 10% FBS. After the medium was replaced with fresh
medium, 90 uL of polyplex solution containing 3 ug of Cy5-labeled
pDNA (N/P = 32) were applied. After 6 h of incubation, the
medium was removed, the cells were washed twice with PBS, and
fresh media was added. The intracellular distributions of the
polyplex micelles were observed by CLSM following acidic late
endosome and lysosome staining with LysoTracker Green (Mo-
lecular Probes, Eugene, OR). The CLSM observation was performed
using LSM 510 (Carl Zeiss, Germany) with a 63x objective (C-
Apochromat, Carl Zeiss, Germany) at excitation wavelengths of
488 nm (Ar laser) and 633 nm (He—Ne laser) for LysoTracker
Green and CyS, respectively. Colocalization of polyplex micelles
in the late endosome and lysosome was quantified as follows:

Colocalization ratio = Cy3 pixels colocalization/Cy$ pixels total
where Cy5 pixels colocalization represents the number of pixels
with Cy5 colocalizing with LysoTracker inside the cells and the
Cy35 pixels total represents number of all pixels with Cy5 existing
in the cells. The results are presented as a mean and standard error
of the mean obtained from 10 cells.

Results and Discussion

Synthesis of PEG-SS-P[Asp(DET)]. A PEG-poly(aspartamide)
block copolymer with a disulfide linkage between PEG and
poly(aspartamide) was prepared as shown in Scheme 1. Initally,
a-methoxy-m-mercapto PEG (PEG-SH, M, = 10000) was
reacted with 2-aminothanethiol in MeOH to introduce a primary
amino group into PEG-SH via a disulfide linkage. The conver-
sion ratio was confirmed to be 94% based on the '"H NMR data
(Figure S1). Then, 3-benzyl -aspartate N-carboxyanhydride
(BLA-NCA) was polymerized in CH>Cl,/DMF at 35 °C by an
initiation from the terminal primary amino group of PEG-SS-
NH:. The degree of polymerization (DP) of PBLA was
calculated to be 100 from 'H NMR spectroscopy, and GPC
measurement revealed that the obtained PEG-S5-PBLA showed
a ummodal molecular weight distribution (Figure S2). The
aminolysis of PEG-SS-PBLA in NMP in the presence of a molar
excess of diethylenetnamine (DET, 50 equiv relative to benzyl
groups) was carried out. The 'H NMR spectrum of the obtained
polymer (Figure S3) reveals that the introduction of DET into
the side chains of PBLA was almost quantitative (98.5%) in
spite of the extremely short reaction time (15 min) and relatively
low temperature (15 °C). The detailed mechanism of this unique
aminolysis reaction of PBLA was reported elsewhere.’” Size-
exclusion chromatography (SEC) measurements revealed a
unimodal molecular weight distribution of the obtained polymer
(Figure 2, line 1), suggesting a minimal occurrence of inter- or
intrapolymer cross-linking by DET during aminolysis. To
confirm the presence of disulfide linkages between PEG and
polycation segments, SEC measurement was done after the
addition of 10 mM dithiothreitol (DTT) to the PEG-SS-
PlAsp(DET)] solution. In the SEC chromatogram, two overlap-
ping peaks (Figure 2. line 2) were observed at elution times
extremely similar to those for PEG-SH (Figure 2, line 3) and

(30) Nakanishi, M.; Park, 1.-S.; Jang, W.-DD.; Oba, M.: Kataoka, K. React.
Funcr. Polym. 2007, 67, 1361-1372.
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Figure 2. SEC chans of PEG-SS-P{[Asp(DET)] (line 1), PEG-SS-P{Asp-
(DET)] after 4 h incubation with 10 mM DTT (line 2), PEG-SH (line 3),
and P{Asp(DET)] (line 4).

P[Asp(DET)] (Figure 2, line 4), indicating that the obtained
polymer was linked via a disulfide linkage between PEG and
P[Asp(DET)] segments,

Formation of Polyplex Micelles from pDNA and PEG-SS-P-
[Asp(DET)]. Polyplex micelles were prepared by mixing each
polymer solution with the pDNA solution at various N/P ratios.
In order 1o demonstrate polyplex formation between PEG-SS-
P[Asp(DET)] and pDNA, a gel electrophoresis retardation assay
was performed using 0.9 wt % agarose gel. A PEG-P[Asp-
(DET)] block copolymer without the disulfide linkage and
P[Asp(DET)] homocatiomer were used as controls (Scheme 1).
As shown in Figure 3, the band of free pDNA disappeared at
NIP = 2 in all of the samples, indicating successful and complete
polyplex formation between pDNA and the three catiomers. This
is stoichiometrically consistent with the monoprotonated form
of the ethylenediamine unit in PEG-P[Asp(DET)] and P[Asp-
(DET)] at pH 7.4."7*" The diameters of the polyplexes or the
polyplex micelles prepared at different N/P ratios are shown in
Figure 4a. The diameters of the polyplex micelles from PEG-
P[Asp(DET)] and PEG-SS-P[Asp(DET)] were determined to
be 80-90 nm throughout the examined N/P ratios (1-16). On
the other hand, the polyplexes from P[Asp(DET)] formed large
aggregates with a size of approximately 600 nm specifically at
N/P ~2. Considering that zeta-potential of the P[Asp(DET))
polyplex was close to neutral at N/P = 2 (Figure S4), the
aggregation was presumably due to the formation of charge
stoichiometric complexes showing lower electrostatic repulsion
among the polyplexes. The system of PEG-SS-P[Asp(DET))
and PEG-P[Asp(DET)] did not show such aggregation, indicat-
ing a high colloidal stability due to the steric repulsion of the
PEG palisades of the shell."

Reducing Environment-Sensitive Cleavage of the Disulfide
Linkages of the Polyplex Micelles from PEG-SS-P{Asp(DET)]. To
confirm the detachment of PEG from the PEG-SS-P|Asp(DET)]
polyplex micelles, the diameter of the micelles (N/P = 2) was
monitored after the addition of 10 mM DTT, as a model reaction
for the reducing environment of the cytoplasm. As shown in
Figure 4b, 10 mM DTT rapidly induced an crease in size of
PEG-SS-P[Asp(DET)] micelles, whereas, in the case of control

pONA PEG-SS-PlAsp(DET)] PEG-PlAsp(DETH PlAsp{DET)]

Figure 3. Gel retardation assay of the polyplexes

micelles from PEG-P[Asp(DET)], such a size increase was not
observed, indicating that the PEG chains on the PEG-SS-
P[Asp(DET)] micelles were detached due to the cleavage of
the disulfide bond. Moreover, as a model of the extracellular
environment, the polyplex micelles were incubated in 10 uM
DTT, which is an effective 50-fold molar equivalent of the PEG-
SS5-P[Asp(DET)] within the micelles. As a result, the polyplex
micelles did not show increased size (Figure 4b), indicating that
the PEG detachment would be dependent on the concentration
of the surrounding thiol groups. To check the PEG detachment
at other N/P ratios, the &-potential of the polyplex micelles was
measured in the absence or presence of 10 mM DTT. The
polyplexes from PEG-8S-P[Asp(DET)] and PEG-P[Asp(DET)]
were observed to have {-potentials with a very small absolute
value (~4 mV) in N/P = 2 (Figure S4), suggesting that the
polyplexes from the PEG-h-catiomers form a core—shell micellar
architecture with a hydrophilic and neutral PEG shell surround-
ing the polyplex core. After the addition of 10 mM DTT, the
&-potental of PEG-SS-P[Asp(DET)] polyplex micelles shifted
to a positive value (~28 mV) comparable to that of the
P[Asp(DET)] polyplexes. On the other hand. there was no
change in the C-potennal of PEG-P[Asp(DET)] micelles by the
additon of DTT. These results indicate that, regardless of N/P
ratio, the surface-covered PEG chains detached from the PEG-

SS-P[Asp(DET)] polyplex micelles when present in a reducing
environment.

Cellular Uptake Study. Though the PEG-SS-P[Asp(DET))
polyplex micelles were responsive to reducing environments,
it is significant to determine where the PEG chains will be
detached after contact with cells. Rice et al. concluded that the
complexes formed from PEG(5 kDa)-SS-Lysig and pDNA
showed more in vitro cellular uptake than PEG-Lys,s complexes
without disulfide linkages. suggesting partial reduction of the
disulfide linkages outside cells.** To confirm that the disulfide
linkages were cleaved either outside or inside cells, polyplexes
with **P-radiolabeled pDNA were prepared and the uptake to
human cervical carcinoma HelLa cells was measured. As shown
in Figure 5, PEG-SS-P[Asp(DET)] and PEG-P[Asp(DET)]
polyplex micelles showed a minimal uptake into the cells, with
only ~0.5% of the total dose being taken up. In contrast, 2—4%
of P[Asp(DET)] polyplexes were taken into the cells, probably
due to the electrostatic association between the positive charge
of the polyplexes and the negative charge of the plasma
membrane. If the disulfide linkages were reduced prior to uptake
by cells, a higher percentage of the PEG-SS-P{Asp(DET)]
micelles would be taken up than the PEG-P{Asp(DET)] micelles.
In contrast, the cellular uptakes of PEG-P[Asp(DET)] and PEG-
SS-P[Asp(DET)] micelles are equivalent, suggesting that the

(31} Kawokas, K.; Harada, A, Nagasaki, Y. Adv. Drug Delivery Rev. 2001,
47, 113-131,

(32) Kwok, K. Y., McKenzie, D. L, Evers, D. L; Rice, K. G. J. Pharm
Sei. 1999, 88, 996-1003.
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Figure 5. Cellular uptake of pDNA complexed with catiomers: PEG-55-
PlAsp(DET)] (), PEG-P[Asp(DET)] (W), and P[Asp(DET)] (@), **p-
labeled pDNA polyplexes were incubated with HeLa cells in DMEM
containing 10% FBS at 37 °C for 6 h. The amount of internalized pDNA
is represented as a percentage for the dosed pDNA (1 ug/well).

PEG-SS-P[Asp(DET)| micelles maintain their PEG palisade
structure under normal culture conditions for at least 6 h. Note
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assessed using a luciferase assay. Based on the cellular uptake
study, cells were incubated with the polyplexes for 6 h, followed
by a 42 h incubation after medium replacement. As shown in
Figure 6. PEG-SS5-P[Asp(DET)] polyplex micelles showed 2-3
orders of magnitude higher transfection efficiency than the PEG-
P[Asp(DET)] polyplex micelles at N/P = 16, which is compa-
rable 1o branched polyethyleneimine (B-PEI, 25 kDa). It is
surprising that the introduction of disulfide linkages to the block
catiomers remarkably increased the transfection efficiency,
though the efficiency was somewhat less than P[Asp(DET)]
polyplexes. Low cytotoxicity together with high transfection
efficiency is an extremely important aspect for nonviral gene
vectors. The cytotoxicity of the polyplexes was evaluated with
the same cell culture procedure as the transfection, followed
by the CellTiter-Glo luminescent cell viability assay. Polyplex
micelles from PEG-SS-P[Asp(DET)], PEG-P[Asp(DET)], and
P[Asp(DET)] polyplexes showed more than 90% cell viability
in all N/P ratios tested in this study, while B-PEI polyplexes
induced a significant decrease in cell viability (~40%) at N/P
= 64 (Figure S5). A similar tendency was observed at lower
N/P as well in the case of longer incubation times and higher
doses (data not shown). These results indicate that P[Asp(DET)]
and the block catiomers would be desirable as in vivo gene
vectors due to their high transfection efficiency as well as low
toxicity.

Mechanism of the High Transfection Efficiency of PEG-55-P-
[Asp(DET)] Micelles. It is important to understand where the
disulfide linkages of the PEG-SS-P{Asp(DET)] polyplex mi-
celles are cleaved inside the cell. Therefore, the time-dependent
profile of transfection efficiency was monitored with AB-2550
Kronos Dio (ATTO Co. Lwd., Tokyo, Japan), which is a
luminometer incorporated into a small CO; incubator, allowing
continuous measurement of bioluminescence by transfected
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Figure 7. Time-dependent profiles of transfection efficiency against Hela
cells (a) and 293T cells (b) induced by PEG-5S-P[Asp(DET)] (solid line),
PEG-P{Asp(DET)] (dotted line), and P[Asp(DET)] (dashed line) polyplexes
al NIP = 32 The cells were incubated with each polyplex in DMEM
containing 10% FBS for 6 h, followed by incubation in DMEM containing
10% FBS and 100 uM p-luciferin in the absence of polyplexes. The time
shown in the r-axis started from the addition of polyplex solutions and the
measurement started from 6 b. The inserts are expanded figures from 5 to
15 h (a) and from 5 0 20 h (b),

cells, After HeLa cells were incubated with the polyplexes for
6 h, the medium modified to include lucifenn was vsed to culture
the cells and bioluminescence from expressed luciferase was
monitored at 20 min intervals. As shown in Figure 7a. the gene
expression induced by P[Asp(DET)] polyplexes started to be
observed immediately after the medium replacement (at 6 h),
while the expression by PEG-55-P[Asp(DET)] micelles started
at 11 h and increased remarkably after 16 h. A similar tendency
of delayed expression with PEG-SS-P[Asp(DET)] micelle
carriers compared with P[Asp(DET)] polyplexes was observed
with 293T cells as well (Figure 7b). The reason of the delayed
expression of PEG-SS-P[Asp(DET)] micelles is presumably
related to the process of the disulfide reduction inside the cell.
In addition, clear expression by PEG-SS-P[Asp(DET)] micelles
in 293T cells was observed 10 h earlier than PEG-P[Asp(DET)]
micelles, probably due to the detachment of PEG chains. These
results indicate that PEG-SS-P[Asp(DET)] micelles could

regulate the onset of the gene expression, which is a significantly
attractive charactenistic in this system.

In order to gain more insight into the relationship between
the cleavage of disulfide linkages and transfection efficiency.
intracellular trafficking of pDNA in the micelles was observed
with a confocal laser scanning microscope (CLSM), using PEG-
SS-P[Asp(DET)] polyplex micelles with CyS-labeled pDNA
(red) at N/P = 32. LysoTracker (green) was used as an endo/
lysosomal marker. As shown in Figure 8a, Cy5-pDNA of the
polyplex micelles from PEG-P{Asp(DET)] and PEG-SS-P[Asp-
(DET)) associates to the plasma membrane 6 h after transfection,
whereas the red fluorescence from P[Asp(DET)] polyplexes
seemed to spread out from the green fluorescence of LysoTrack-
er even at 6 h, indicating fast endosomal escape. This result
would correspond to the transfection profile (Figure 7a) where
transfection by P[Asp(DET)] polyplexes is observed starting at
6 h. Figure 8b shows CLSM images after 6 h of incubation
with the polyplex and 6 h postincubation in the absence of
polyplexes, corresponding to the ime when a gene expression
by PEG-SS-P[Asp(DET)] micelles started (12 h in Figure 7a).
In these images, the pDNA of PEG-P{Asp(DET)] micelles is
colocalized and sequestered in the endo/lysosome, resulting in
the absence of expression in Figure 7a. On the other hand, the
pDNA of PEG-SS-P[Asp(DET)] micelles spread out from
LysoTracker, indicating that the PEG-SS-P[Asp(DET)] micelles
that escaped from the endosome would be capable of inducing
gene expression. In the case of P[Asp(DET)] polyplexes, pDNA
spread out from endo/lysosome increased remarkably. Time-
dependent colocalization of pDNA in the endo/lysosomes was
quantified and 1s shown in Figure 8c. PEG-P[Asp(DET)]
micelles exhibited high colocalization even after 2 days, while
less colocalization was observed in the PEG-SS-P[Asp(DET)]
system, suggesting a more effective endosomal escape. A similar
localization profile of pDNA in the PEG-SS-P[Asp(DET)]
system was observed in 293T cells (Figure S6), Considering
the transfection profile as well as CLMS images (Figure 7 and
8), it is likely that cleavage of the disulfide linkages of PEG-
SS-P[Asp(DET)] micelles occurs in the endocytic pathway,
resulting in effective endosomal escape probably due 1o interac-
tion between the exposed polycation segments and endosomal
membrane, and/or increased osmotic pressure in the endosome
induced by detached PEG chains. As a result, the gene
expression onset of PEG-SS-P[Asp(DET)] micelles was inter-
mediate when compared with P[Asp(DET)] polyplexes and
PEG-P[Asp(DET)] micelles. There is an issue that disulfide
reduction in the endosome would be disfavored due to the low
GSH concentration as well as the acidic environment inducing
protonation of thiol groups and decreased reactivity of
thiol—disulfide oxidoreductase (e.g., PDI, thioredoxin, etc.)
because these enzymes typically exhibit optimal activity around
neutral pH. Nevertheless, Low et al. directly observed images
of disulfide cleavage with FRET technology using folatle—SS—
rhodamine conjugates.” In addition, calcein-loaded polymer-
some formed from a PEG-SS-poly(propylene sulfide) block
copolymer showed the rapid release of calcein inside the
endosome due to the disulfide reduction, facilitating endosomal
rupture.** In the case of the PEG-SS-P[Asp(DET)] system,
considening the increased endosomal escape, not all PEG chains
but a substantal fraction of them are assumed to be detached

(33) Yang. 1.; Chen, H.; Viahov, L R.; Cheng, 1.-X; Low. P. §. Proc.
Natl. Acad, Sci. U.S.A. 2006, 103, 13872-13877.

(34) Cemitelli, S.; Velluto, D.; Hubbell, J. A. Biomacromalecules 2007, 8,
1966-1972.
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Figure 8. (a, b) Intracellular distribution of pPDNA challenged by PEG-P[Asp(DET)] and PEG-55-P[Asp(DET)] micelles, and P[Asp(DET)] polyplexes at
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in the endocytic pathway as a result of disulfide reduction. In
the future, further mechanistic investigations of the disulfide
cleavage will be performed to reveal a detailed relationship
between PEG detachment and gene transfection efficiency,
contributing to establishing the design criteria for smart polyplex
micelles useful for in vivo transfection studies.

Conclusion

We newly synthesized a disulfide-linked block catiomer,
PEG-55-P[Asp(DET)]. to develop a PEG detachable polyplex
micelle sensitive to an intracellular reducing environment, This
micelle showed several orders of magnitude higher gene
transfection efficiency than a nmcelle without disulfide linkages

6008 J. AM. CHEM. SOC. » VOL. 130, NO. 18, 2008

in spite of the similar level of their cellular uptakes. Moreover.
gene expression induced by the PEG-SS5-P[Asp(DET)] micelle
started between the expression onsets of the P[Asp(DET)]
polyplex and PEG-P[Asp(DET)] micelle, indicating that the
PEG-55-P[Asp(DET)] micelle could regulate the onset of the
gene expression. CLSM images revealed that this transfection
behavior of the PEG-SS-P[Asp(DET)] micelle could be ex-
plained by effective endosomal escape due to the PEG detach-
ment i the endosome. As this rmcelle overcame the PEG
dilemma, it would be highly promising for in vivo application
to exert spatio-temporal regulated transfection with minimal
cytotoxicity.
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Photodynamic Therapy for Corneal Neovascularization
Using Polymeric Micelles Encapsulating

Dendrimer Porphyrins

Kenji Sugisaki,' Tomobiko Usui,' Nobubiro Nishivama,” Woo-Dong Jang,>*
Yasuo Yanagi,' Satoru Yamagami,' Shiro Amano,' and Kazunori Kataoka "

Puwrose. To investigate the accumulation of new photosensi-
tizers (PSs), dendrimer porphyrin (DP, free DP), and DP en-
capsulation into polymeric micelles (DP-micelle) and the effi-
cacy of photodynamic therapy (PDT) in an experimental
comeal neovascularization model in mice.

Memons, Corneal neovascularization was induced by suturing
10-0 onylon 1 mm away from the limbal vessel in C57BLG/]
mice, To determine the accumulation of free DP and DP-
micelle, 10 mg/kg free DP or DP-micelle was administered by
intravenous injection 4 days after suture placement. Mice were
killed 1, 4, 24, and 168 hours after the injection of PS. Twenty-
four hours after the administration of free DP or DP-mucelle,
mice were treated with a diode Liser of 438-nm wavelength at
10 or 50 J/em®. Fluorescein angiography was performed before
and 7 days after irradiation, and the area of corneal neovascu-
larization was quantified.

Resurrs. Free DP and DP-micelle accumulated in the neovascu-
larized area | hour to 24 hours after administration. Fluores-
cence of DP was weaker than that of DP-micelle. Neither
DP-micelle nor DP could be detected in normal limbal vascu-
lature. In the PDT experiments using PS, mean residual rates of
corneal neovascularization were 10.1% in the mice treated
with DP-micelle and 21 6% in the mice treated with free DP at
10 J/em® (P < 0.01). At 50 J/cm?®, mean residual rates of
corneal neovascularization were 10.6% in the mice treated
with DP-micelle and 13.7% in the mice treated with free DP
(P = 0.05). Although corneal neovascularization in PDT-treated
mice exhibited significant regression compared with the con-
trol group, significant energy-related vessel regression with
increasing laser energy could not be observed.

Conasions. PDT with DP-micelle and free DP can provide
efficacious treatment of comeal neovascularization. (Invest
Opbtbalmol Vis Sci. 2008;49:894 - 899) DOI'10.1167 fiovs.07-
0389
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orneal neovascularization is a major sight-threatening con-
dition and is caused by infections, inflammation, degener-
ative disorders, and longtime contact lens wear ' This major
ocular complication can lead 10 cormeal scarring, edema, lip-
idic deposition, and inflammation that may not only compro-
mise visual acuity but also decrease the success rate of subse-
quent penctrating keratoplasty * In the clinical setting, topical
corticosteroids  and  nonsteroidal  anti-inflammatory  drugs
(NSAIDs) remain the principal primary treatment for suppress-
ing proliferating corneal vessels® However, in corneas in
which vessels have been established for extended periods,
corticosteroid and NSAID treatment are ineffective. Although
laser photocoagulation for comeal neovascularization has been
reported,*™” this method achieves an inadequate effect be-
cause of the high incidence of recanalization and thermal
damage to adjacent tissue * The discovery of the many factors
involved in corneal neovascularization and their mechanisms
of action has been followed by efforts 10 develop new drugs
specifically targeting these molecules. For example, therapy
targeting  vascular endothelial growth factor (VEGF) looks
promising for the treatment of corneal neovascularization ®
However, the agents tested thus far have yet to become avail-
able clinically
Photodynamic therapy (PDT) has been introduced recently
as a novel treatment for comeal neovascularization.” In this
therapy, a photosensitizer (PS) is injected systemically and
accumulates in newly formed vessels; it is then activated by
mild laser excitement to liberate cytotoxic reactive oxygen
species (ROS) that selectively occlude the target vessels. Al
though benzoporphyrin (verteporfin), a PS, is used for choroi-
dal and corneal neovascularization clinically,” nonspecific
binding activities of veneporfin induce skin phototoxicity in
bright conditions, and patients must remain in the dark for 48
hours after injection of this drug. Hence, innovative PS should
be developed for realizing safe and effective PDT
Specific delivery of a PS to the neovasculature site might be
a promising way 10 achieve safe and effective PDT for corneal
neovascularization. Drug velicles such as liposomes can be
used for this purpose; however, the self-quenching effect of PS
caused by aggregate formation could decrease the efficiency of
ROS production. To solve this problem, we have recently
developed dendrimer porphyrin (DP) as a novel PS for drug
delivery (Fig. 1A)."? It is assumed that the dendritic framework
of DP might prevent the interactions of the center dye mole-
cules, thereby achieving efficient ROS production even at ex-
wremely high concentrations. Indeed, encapsulation of DP into
polymeric micelles (DP-micelle), which are characterized by
the polyion complex core surrounded by poly(ethylene glycol)
(PEG) palisades (Fig. 10C), resulted in remarkably increased
photocytotoxicity.'*'* We previously reported the review and
general introduction of drug delivery of these PSs in corneal
neovascularization. ' In this study, 10 demonstrate the poten-
tial usefulness of DP and DP-micelle for PDT of corneal neo-
vascularization, we investigated the accumulation of those PS
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