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Pulmonary arterial hypertension (PAH) s a life-threatening
disease characterized by progressive PAH and right ven-
tricular failure. Despite recent advances in therapeutic
approaches using prostanoids, endothelin antagonists,
and so on, PAH remains a challenging condition, To
develop a novel therapeutic approach, we have estab-
lished a nonviral gene delivery system of poly(ethylene gly-
col) (PEG)-based block catiomers, which form a polyplex
nanomicelle with a nanoscaled core-shell structure in the
presence of DNA. The polyplex nanomicelle from PEG-
b-poly[N-[N-(2-aminoethyl)-2-amincethyllaspartamide]
(PEG-b-P[Asp(DET)]), having ethylenediamine units at
the side chain, showed ~100-fold increase in luciferase
transgene expression activity in mouse lung via intra-
tracheal administration with a minimal toxicity com-
pared with the polyplex from linear poly(ethylenimine)
(LPEI). The transfection activity was highest on day
3 after administration and remained detectable until
day 14. PEG-b-P[Asp(DET)] polyplex nanomicelles were
formulated with a therapeutic plasmid bearing the
human adrenomedullin (AM) gene and intratracheally
administered to rats with monocrotaline-induced pulmo-
nary hypertension. The right ventricular pressure signifi-
cantly decreased 3 days after administration as confirmed
by a notable increase of pulmonary human AM mRNA
levels. Intratracheal administration of PEG-b-P[Asp-(DET)]
polyplex nanomicelles showed remarkable therapeutic
efficacy with PAH animal models without compromising
biocompatibility.
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Idiopathic pulmonary arterial hypertension (PAH) is a rare discase
characterized by a progressive increase in pulmonary vascular
resistance, leading o right heart failure and death.' Recent advances
in therapeutic approaches to PAH show promising targeting path-
ways believed 1o play critical pathogenic or pathophysiologic
roles;’ however, despite these findings, PAH remains a challenging
condition.*

Adrenomedullin (AM), a peptide isolated from  human
pheochromocytoma,* has multiple beneficial effects on cardiovas-
cular tissues, including a powerful hypotensive effect.” Moreover,
AM is indicated for PAH because o its prodilatory effects and the
abundance of AM receplors in the lung.® Inhalation of AM was
reported to ameliorate PAH in animal models” as well as in PAH
patients without inducing systemic hypotension, but this effect
was transient.* To overcome these barriers, a new, efficacious, and
long-lasting AM therapy for PAH is warranted.

Gene therapy is one of the strategic approaches to continu-
ously supply therapeutic peptides or proleins 1o targel lissues.*
Gene delivery to the lung via inhalation can avoid many problems
associated with intravenous delivery, such as immediate nuclease
degradation in the blood stream and the difficulty associated with
penetrating endothelial barriers. In this regard, AM-based gene
therapy through intratracheal route for PAH may have a promise.”
Successiul gene delivery via inhalation strongly depends on the
development of advanced gene vectors to protect the therapeu-
tic plasmid, provide site-specific targeting, and eflectively release
these plasmmids for the desired pharmacological effect.

To develop a novel gene therapy system, we utilized our
established polymeric library consisting of poly(ethylene glycol)
(PEG)-based block catiomers, whnh form core shdl polyplex
nanomicelles with core ion of the theray plasmid.**
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PAH Therapy Using Polyplex Nanomicelles

These polyplex nanomicelles are well dispersed even in aque.
ous media containing serum proteins and protect plasmid DNA
from degradation by nuclease in vive."" ' We recently developed
PlAsp(DET)], a puly(aspartamide) derivative bearing an N-(2-
aminoethyllaminoethyl group as the side chain, that showed
improved transfection efficiency and biocompatibility compared
to linear poly(ethylenimine) (LPEI)." The PEG-based block cat-
iomer with P{Asp{DET)| was applied in vivo to deliver therapeutic
plasmids for a murine, skull bone defect model and a rabbit carotid
artery with neocintima model; its successiul therapeutic efficacy
with these mammalian studies provided the imyp for expanded
application into the treatment of intractable diseases suited for
gene therapy. ™%

In this paper, we report advanced, pulmonary transfection
efficiencies using intratracheally inhaled PEG-b-P[Asp(DET)]
polymeric nanomicelles without compromising biocompatibil-
ity. ‘The intratracheal administration of the AM gene by PEG-b-
P[Asp-(DET)] polyplex nanomicelles reduced right ventricular
pressure in PAH animal models withoul inducing inflammation,
sugpesting its suitability as a vector for translational research.

Reporter gene transfer using PEG-b-P[Asp(DET)]

via intratracheal administration

Plasmids bearing the luciferase reporter gene were formulated with
PEG-b-P[Asp(DET)| (N/P - 80) and LPEI (N/P - 6) and were
sprayed intratracheally into imprinting control region mice. Here.
N/P ratio refers to the unit molar ratio of the amino group in the
polymer tuthe phosphate group in the plasmid DNA. Afier | day, the
mice were killed and the pulmonary tissues were harvested to quan-
tify luciferase activity. PEG-b-P| Asp{DET)] polyplex nanomicelles
showed nearly a 100-fold increase in luciferase levels than the LPEI
controls (Figure 1). Figure 2 shows the time-dependent changes
of luciferase gene expression in the pulmonary tissue with PEG-b-
P[Asp-(DET)] polyplex nancmicelles. Luciferase activity was high-
est on day 3, and remained detectable until day 14. To elucidate the
effect of PEG-b-P(|Asp{ DET)|/pLuc N/P ratios on luciferase gene

1%10°

110

1%10°)

Luaterase acawwty [RLUmg proty

1x10

LFE) PEG-o-P{Asp-{DE 1|

s

Samples of the polyplex and the polypl elle were
prepared betore the admint andleﬂlloﬂd.ly The mice (five mice
per group) were anesthetized and the polyplex of the polyplex nanomicelle
was administered mmvacheally At Zi hour posmhﬂnutrwun the lung
tissues were harvested, | genized,  for luciferase activity
(mean + SEM, N = 5). LPEI, linear poly{ethylenimine); PEG- b-PlAsp{DET)],
PEG- b poly|N-[N-(2-amincethyl)- 2-aminoethylJaspartamide].

expression, a series of the nanomicelles formulated under the vary-
ing N/P ratios (20, 40, and 80) were also examined. Figure 3 shows
an - 50-fold increase in luciferase expression from N/P = 2010 N/P =
80 uver a 3.day period. Next, PEG-b-P[Asp{DET)] polyplex nano-
micelles loaded with plasmid DNA bearing the vellow fluorescence
protein (YFP) gene (N/P - 80) or LPEI/pYFP polyplexes (N/P

6) were sprayed intratracheally in imprinting control region mice.
After | day, the pulmonary lissue was harvested and the YFP gene
expression was visualized by fluorescence microscopy (Figure 4),
Significantly higher fluorescence inlensity was clearly seen in the
lungs treated with the PEG-b-P{Asp{DET)] polyplex nanomicelle
than the LPE] polyplexes; moreover, YFP fluorcscence activity was
distinctly visible for the animals treated with PEG-b-P{Asp(DET)]
polyplex micelles in the secondary bronchi and lower pulmo-
nary generations. To evaluate the toxicity, immunohistochemistry
was conducted on the lung tissues after the transfection of LPEL/
pluc controls (N/P - 6) (Figure 5a-c) or PEG-b-P[Asp(DET)}/
pluc (N/P - 80) (Figure 5d-f). The lung administered with
LPElpLuc showed moderate infiltration of neutrophils at the
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(&) PEG-b-PlAsp(DET)] polyplex nano-

micelle (N/P = B0), (b) LPEI polyplex (N/P = 6), The lung specimens
were observed under a fluorescence microscope (SZX12; Olympus)

LPEL bnear poly(ethylenimine); PEG-b-P[ASp(DET)], PEG- b-poly [N-[N-(2-
aminoethyl)-2-aminoethyl Jaspar tamide).

i " 2 41 The terminal bronchi-
ole and alveol of the lungs ad tered with LPEI polyplex (a.b) and
PEG-B-P[Asp(DET)] polyplex nanomicelle (d.e) are shown. The neutro-
phil infiltration is indicated with arrows in the photomicrographs with
higher magnification (b,e). Each inset is the picture with higher mag.
nification. The bronchus of the lungs administered with LPEI polyplex
(e) and PEG-b-P[Asp{(DET)] polyplex nanomicelle (f) are also shown.
LPEL, lineac poly(ethylenimine); PEG-bP[Asp(DET)], PEG-b-poly(N.[N-(2-
aminoethyl)-2-aminoethylJaspartamide),

terminal bronchiole and alveoli as indicated (Figure 5ab).
However, the lung administered with PEG-8-P| Asp(DET)]/pLuc,
neutrophilic infiltration was scattered and minimal or absent
(Figure 5d,e). No apparent inflammatory infiltrate was observed
in the bronchus of the both groups (Figure 5¢f). The findings
thereby supported increased biocompatibility with the PEG-b-
P{Asp(DET)] polyplex micelle. To further evaluate the toxicity of
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the gene carrier systems, mRNA levels of inflammatory cytokines
in the pulmonary tissue were measured using real-time reverse
transcriptase (RT)-PCR. A nontreated cohort was used as a con-
trol. Proinflammatory cytokine mRNA levels did nol increase for
intratracheally administered naked pLloc in saline or the PEG-b
P[Asp(DET)] polyplex micelles; however, LPEVpLuc polyplexes
revealed a twolold increase in TNF-a. interleukin (11)-6, 11-10,
and Cox-2 compared to the control (Figure 6a-d). Notably, PEG
b-PlAsp{DET)|/pluc proinflammatory levels were  statistically
similar 10 the negative control cohorts in TNF-a, [L-6. 1L-10, and
Cox-2 mRNA levels.

Effect of AM gene transfer by PEG-b-P[Asp(DET)]
polyplex nanomicelle in a rat model of PAH

After 4 weeks of monocrotaline injection, right ventricular
pressure was increased to twice of the normal value (Figure 7).
Notably, right ventricular pressure was decreased significantly by
an intratracheal spray of the PEG-b-P[Asp(DET)] polyplex nano-
micelle loaded with the expression vector of AM (N/P - 40). On
the other hand. right ventricular pressure did not change signifi-
cantly after administration of naked plasmid encoding the AM
gene in saline or the LPEL polyplex loaded with the AM gene,
or the polyplex nanomicelle loaded with the luciferase gene. The
mRNA levels of human AM in the lung were measured by real-
time RT-PCR (Figure 8), The lung transfected with the polyplex
nanomicelle loaded with the expression vector of AM had high
levels of AM mRNA. Alternatively, the levels were much lower
in the lung transfected with the LPEI polyplex loaded with the
expression vector of AM. The lung transfected with the polyplex
nanomicelle loaded with the luciferase gene or with the naked AM
gene in saline showed no expression of human AM.

The large number of human diseases presenting poor prognoses
and limited efficacy with current therapeutic regimens neces-
sitates the advent of allernative approaches. PAH is such a dis-
ease without a highly efficacious therapeutic regimen.” PAH
patients are currently treated with a variety of drugs including
prostacyclin, prostacyclin analogues, calcium channel blockers,
nitric-oxide inhalation, angiotensin-converting enzyme inhibi-
tors, endothelin receptor antagonists, and phosphodiesterase
type 5 inhibitors; in severe cases lung transplantation and subse-
quenl immunosuppression are necessary.” However, promising
alternative therapies for PAH have been recently reported. For
example, Champion ef al. reported that adenoviral gene transfer
of enduothelial nitric.oxide synthase to the Tungs of endothelial
nitric-oxide synthase knockout mice ameliorates the symploms
of PAH." Champion ef al also reported that adenoviral gene
transter of calcium gene-related peptide attenuates the symp-
toms of PAH."™ Nagaya ¢! al. reported that transfection of human
prostacyclin synthase using hemagglutinating virus of Japan

liposomes ameliorates monocrotaline-induced PAH** However.
in these attempts, viral or viral-related veclors were used for the
delivery of therapeutic genes and these gene carriers have the
potential for i sgenicity and infl
eases where a single dose can cure or provide palliative care, viral
vectors may be suitable; however, PAH therapy requires repeated

ulory response. In dis
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AL 4 weeks after subcutaneous monocrotaline injection, a
hemodynamic study was performed to measure the RV pressure indicated
a "Before”, The PEG-b-P[Asp(DET)] polyplex nanomicelle loaded with
AM expression vector; AM expression vector in saling; PEG-b-P[Asp(DET)]
polyplex micelle loaded with luciferase gene; of the LPE| polyplex loaded
with AM vector were sp lnhahad’wally. Three days later,

LPEl « AM

“PEG-b
(DET)] + AM

Salne s AM _ PEG b-F[Asp-

{DET)] + weterass

i RIS
U Rm were tramfecud lﬂ\uirxhully at 4 weeks dl« n.bcula-
neous momcrou:m Injection. Three days later, lungs were harvested,
and 1 for AM mRNA using real-time RT-PCR

(rnuntS.EM N= 4). AM, adrenomedullin; LPEI, linear poly{ethylenimine);
y arterial hypert PEG- bP[Asp{DET}] PEG-b-poly(N-

a hemndynamu: study was perf i again to the RV p
indicated as “After”. AM, adtmurm-ddlm, LPEI, linear poly(elhﬁernmm)
PAH, pulmonary arterial hypertension; PEG-b-P[Asp(DET)], PEG-b-poly|N-
[N-{2-aminoethyl}- 2-aminoethyl Jaspartamide}; RV. right ventricular,

administrations for efficacy, hence the utility of viral or viral-
based gene therapy is contraindicated.

Alternatively, nonviral gene carriers have been recognized with
several advantages over viral vectors in terms of safety. immuno-
genicity, and ease of manufacture. To develop a method of gene
therapy suitable for clinical translation, four primary factors must
be clearly addressed: (i) the gene carrier, (il) the therapeutic gene,

[N{2- thyl)-2 Sethyl)

(iiii) the route of administration, and (iv) patient compliance. In
this study, we chose to further explore the promising (i) PEG-b-
PlAsp(DET)| polyplex nanomicelle nonviral gene carrier system
based upon our previous findings. Next, we chose (ii) AM as the
therapeutic gene because of its reported effectiveness in the tran-
sient treatment of PAH. For the route of administration, we selected
(iii) intratracheal administration 1o avoid the rapid propensity of
nuclease degradation in the blood compartment and also that we
might exploil the lung, based upon its enormous surface area, for

www.moleculartherapy.org
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use as a therapeutic bioreactor for AM production. Pulmonary
administration is a promising therapeutic route of administration
in the clinic for its (iv) high patient compliance with utilization of
an inhaler or nebulizer.

Recently, we have demonstrated that PEG-b-P|Asp(DET))
polyplex nanomicelles achieved amplified in vitro and i vivo
transfection activity with minimal cytotoxicity'* '*=* With regard
to the transfection mechanism, P{Asp{DET)] possesses the eth-
ylenediamine side chain, which underpoes two-step protona-
tion from the mono-protonated gauche form at physiological
pH to di-protonated anti form at acidic pH. thereby exhibiting
an effective buffering function in the acidic endosomal compart-
ment.” Also, we revealed the membrane destabilization eflect of
P{Asp(DET)] responding to acidic endosomal pH conditions by
k lysis, leakage of cytoplasmic enzyme (lactate dehydrogenase
assay), and confocal laser scanning microscopic observation. ™
Consequently, we observed the facilitated transport of Cy5-
labeled plasmid DNA by the P| Asp(DET)) polyplexes from endo/
lysosomal compartment into cytoplasm directly under the confo-
cal laser scanning microscope in single cellular level = Therefore,
the increased transgene expression in Figure 3 may be a result of
the facilitated translocation of the polyplex nanomicelles from the
endosome 1o the cytoplasm based on the buffering capacity (pro-
ton sponge effect) andfor endosomal membrane - destabilizing
elfect of Pl Asp(DET)] segment. The reason why a relatively high
N/P ratio was required for the efhicient transfection (Figure 3) may
be because the membrane-destabilizing effect of P{Asp(DET)]| is
dependent on the polymer concentration as previously reported.
Nevertheless, the PEG-b-P| Asp(DET)| polyplex nanomicelles dis-
played minimal cytotoxicity even at a high N/P ratio, which may
be due to the pH-sensitive properties of P{Asp{DET)] segment.
The highly transfectable but less cytotoxic properties of PEG-b-
P|Asp(DET)] polyplex nanomicelles motivated us to apply them
1o the gene therapy of PAH animal models through the intratra-
cheal administration in this study.

A number of nonviral vectors including polyplex and lipoplex
have been applied for i vivo intratracheal transfection. Special
notice for the pulmonary gene delivery via airways is that the
lung has the features critically influencing the transfection effi-
ciency, such as the presence of surfactant, alveolar
and mucocilliary clearance mechanisms. In the early 1990s, lipo-
plex was used by aerosol delivery or intratracheal instillation.
However, cationic lipids were shown to have a decreased transfec-
tion efficiency due 1o the interaction with lung surfactant com-
pared to cationic polymer like PEL*** To overcome the surfactant
barriers, cationic emulsion was used and showed much higher
transfection activity compared with lipoplexes, such as lipofectin,
lipofectamine, and DMRIE/c** However, even for the cationic
emulsion, the luciferase activity was limited to 55 pg/mg protein,
which is significantly lower than the value attained by the polyplex
nanomicelles loaded with PEG-b-P{ Asp(DET)] [3.000,000 relative
length unit/mg protein (135mg/mg protein)] as reported here.
Polyplexes made from cationic polymer was reported to show
higher transfection efficiency compared with cationic lipoplexes
for pulmonary gene delivery via airways.** PEI or modified PEI
has been shown to be one of the most effective agents for con-
structing gene delivery systems available today with high levels
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of pulmonary gene transfer by airways® Intratracheal injec-
tion of polyplex loaded with 22kd of LPEI (ExGen 500) showed
up b 20,000 40,000 relative length unit/mg protein of luciferase
activity in the lung by adjusting N/P ratio. Worth noting 1s that
the nanomicelles achieved two orders of magnitude higher value
in luciferase gene expression compared 1o the LPE] polyplex.
Furthermore, no induction of cytokine responses is appealing
for the nanomicelles over LPEI polyplex (Figure 6). which was
reported to induce the activation of CD8' and CD4' T cells, and
Fas ligand - mediated antigen-induced cell death.>*

To ameliorate the symptoms of PAH in animal models, sev-
eral genes have been identified including: endothelial mitric-
oxide synthase, inducible nitric-oxide synthase, PGIS, calcium
gene-related peptide, vascular endothelial growth factor, and
hepatocyte growth factor.” “* * We used AM as a therapeu-
tic gene because of its high potency and long-term effective-
ness as a vasodilator in the pulmonary vascular bed.” The effect
of pulmonary vasodilation is mediated by cyclic adenosine
monophosphate - dependent and nitric oxide dependent mecha-
nisms.* PAH patients have elevated plasma AM concentrations,
which increase in step with the disease’s severity™* often result-
ing in pulmonary hypotension. In previous studies, intravenous
administration" and inhalation® of the AM peptide showed acute
hemodynamic and hormonal efficacy in PAH patients. However,
despite alternative routes of delivery, the small AM peptide was
rapidly degraded in vivo displaying a poor pharmacokinetic pro-
file with a temporal window of only 30- 45 minutes. For the treat-
ment of PAH, sustained effect of AM is required. In this report,
the therapeutic indicator for successful nonviral AM delivery
was a decrease in the right ventricular pressure. Indeed, for the
polyplex nanomicelle/pAM formulation, the right ventricular
pressure did decrease, but more importantly the persistence of
AM gene expression continued within a therapeutic range for
a minimum of 3 days. The results indicate that the therapeutic
approach using the polyplex nanomicelle as a vector does not
require chranic infusion or very frequent inhalation, which will
make the therapy more clinically applicable.

In this study, we succeeded in delivering DNA 10 the lung
via intratracheal administration using the polyplex nanomi-
celles, resulting in extremely improved transfection efficiency
with concomitant high biocompatibility. More specifically, the
lung transfected with the polyplex nanomicelle had much lower
toxicity than that transfected with the LPEL polyplex, accord-
ing to the histological findings and measurement of the mRNA
levels of inflammatory cytokines (Figure 6a-d). We also devel-
oped an effective treatment for the PAH rat model by delivering
the therapeutic AM gene with polyplex nanomicelles from PEG-
b-P|Asp(DET)]. These results showed a significant increase in
transfection efficiently in vive with intratracheal administration.
The PEG-b-P|Asp(DET)| polyplex nanomicelle delivery system
clearly showed promising in vive results of transgene and thera-
peutic AM expression, when coupled with the clear visual, local-
ization of the polyplex nanomicelles in the pulmonary tissue and
the lack of proinflammatory responses. We posit that the PEG-b-
P{Asp(DET) | nonviral gene carrier clearly shows those character-
istics requisite for novel and advanced therapeutic systems ideally
suited for translational research.
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Materials. An expression vector for YFP (RIKEN, Tokyo, Japan) was
amplified in competent HB101 Eschiricia colf and purified by Plasmid
Giiga Kits {Qiagen, Hilden, Germany ). An expression vector for lucilerase
with a CAG promoter was provided by RIKEN, An expression vector for
human AM was conutrocted as follows. The EcoREXEol fragment of the
full-length human AM complementary DNA (<DNAY was ligated into
the EcoRUXhol site of pcDINAT (Invitrogen, Carlsbad, CA). The restriction
maps of expression vector for luciferase and human AM ¢DNA are listed in
Supplementary Figure Slab, respectively. To confirm that peDNAJAM

centrifuged at 14,000¢ tor 10 minutes at 4°C, and 20pl of the superna-
tant was analyzed for luciferase activity by o Luminous CT-90000) lumi-
numeter (Dia-tatron, Tokyo, Japan), according to 4 previously described
method!” Backgruund of luciferase activity in the lung was measured
from the lung of mice alter administration of saline, which was <%
ol the total activity of day 14, All the data of uciferase activity were
ubtained by subtraction of background data. To detect YFP expression,
mice were killed by cervical dislocation and the lungs harvested. Frozen
sections (5-pm thick) of the lung specimens were visualized by a fluo-
fescence micruscope (SZ2X12; Olympus, Tokyo, lapan), To examine the

encides AM. pcDNAJAM was translected into Chinese b ovary
cells, and the medium and the cells were collected tor the measurement of
immunoreative AM using an AM radivimmuncassay Shionogs (Cosmic,
Tokyn, Japan).

Animals. Male imprinting control region mice weighing 25 30g were
administered the reporter gene intratracheally. Male Wistar rate weigh-
ing 100 120g were used 1o make o model of PAH. All protocals were
performed in accord with the gi ol the Animal Care Ethics
Committee of the National Candlovascular Center Research Instinute
(Oxaka, Jupan),

and tion of PEG-b-P[Asp(DET)] PEG.b-
PM.H DET)) was prepared as previously &urllm:l. Briefly, P!’h pﬂiyﬂl
benzyl-L-avpartae) (PEG-PBLA} diblock was by

Camadieat i

histological | of the fung tissue, the specimens were also fived in
A% parsl’urmdl!u.'hylle and embedded in paraffin, Sections (3-pm thick)
were staned with hematoxylin,

Isolation of RNA and cDNA synthesis. Total RNA was extracted using the
Trizol method (Giboo BRL Life Technologies, Breda, Netherlande) accord-
ing to the protocol provided by the manufacturer. The RNA was dissolved
in RNAse-free water and quantified by a spectrophutometer. The cDNA
was synthesized using the High Capacity <DNA Reverse Transcription Kir
(Applied Biosystems, Foster City, CA).

Real-time RT-PCR. mRNA expression levels of TNF-a, IL-6, IL-10, Cox-2

and human AM were measured by quantitative real-time RT-PCR based
un TagMan chemistry (Applied Biosystems) using an ABI PRISM 7700

the ring-opening pulymerization of ﬁ—hmryl L—alpmak N-carhoxy-
anhydride from the terminal primary amino group of a-methoxy-w-aming
PEG (M_: 12,000; Nippon 08 and Fats, Tokyo, Japan). Gel-y

juence detector { Applied Biosystems), The resction mixture contained
0.5 of 5 pmal/l probe (final concentration, 10Gamol); L of 10pmoll
forward primer and Lyl of 10pmol/l ceverse primer (400nmoldl final

chromatography confirmed that the copolymer was unimodal with a
narrow muolecular weight disteibution (M /M : 1.23), and the number of
benzyl-L-aspartate repeating units was calculated to be 68 by 'H-NMR.
The N-terminal amino group of PEG-PBLA was then acetylated using
acetic anhydride in dichloromethane solution 1o obtain PEL. PBLA M.

tration of cach primer): 12.5p) of TagMan Universal Mastermix,
“.d of diethyl pyrocarbonate-treated water, and Spl of a cDINA sample.
Assay controls were performed in lhc same TagMan plate with no.
template contrals 1o test for the of any assay reagents, The
thermocycling conditions were initisted @t 50°C for 2 minutes with an
enzyme activation step of 959 for 10 minutes followed by 40 PCR cycles

The obtained polymer was dissolved in distilled NN-di
(Waka Pure Chemical Industries, Osaka, Japan) und reacted with dieth-
yhenetriamine (Tokyu Kasei Kogyo, Tokya, Japan) for 24 hours at 40°C in
a dry argon stmuosphere to undergo sminolysis of the benzyl side chain.
After 24 hours, the solution was slowly dripped into o 10% acetic acid salu-
tion and dialyzed tSpntrnJ‘Pur Membrane, 3,500 molecular weight cutoff;
Spevtrum Lab ies, Ranchi I CA) againgt (01N HCI and
subsequently ugainst distilled water, The final solution was Iyophilized
to obtain PEG-b-PIAspIDET)] as the hydrochloride salt I'uml. 'H-NMR

of & at 95°C for 15 seconds, and I fon at 60°C
for | minute.

y studies. Hemodynamic studies wete purfanmd 4 mks
after gene fer. Rats were hetized with | it

bital { 3mg/kg) and placed on a hemngpldlommmn body mnperuum
37-38°C throughout the study. Under sterile condition, a polyethylene
catheter (PE-50: BD Biosciences, San Jose, CA) was inserted through the
right jugular wm h'm; the right ventricle to measure right ventricular

confirmed the com;lleu luhﬁluuurl af benzyl ester of the p r with
diethyl ramine through the aminolysis reaction, as \u.'li as I.l!thcrm
cal «rumﬂ of the uhnmcd PEG-b-P|Asp(DET)] Block copolymer,

Preparation of polyplex nanomicelles. The PEG-6-PlAsp(DET)] block
copolymer and plasmid [INA were separately dissolved in 10 mmal/l
HEPES buffer (pH 7.4). Both solutions were mixed at the indicated nitro-
gen/phosphate ratios | -(1otal amines in cationic segment)/{phasphates in
plasmid DNAJ] und incubated overnight at room lemperature to make
PEG-b-PlAsp-LDET]] polyplex nanomicelle. LPEI (ExGen; Cosmo Bio,
Tokyo, lapan) polyplexes were prepared by mixing plasmid DNA and LPE
according to the manufacturer’s protocol

In viva gene delivery by i heal admini Imprinting con-
trol region mice were anesthetized by intraperitoneal administration of

tobarbital (30 mg/kg) (Dainippon § Pharma, Osaka, Japan).
Trthmtnrnm were performed under sterile conditions for PEG-b-
PlAsp-DET)] polyplex nanomicelle or LPEI polyplex (10pg of DNA
for each mouse) in a S0pl of solution administration by a microsprayer
Model 1A-1C (Penn Century, Philadelphin, PA). After the indicated
time, the mice were killed by cervical dislocation and the pulmonary
tissues harvested. To measure luciferase activity, the pulmonary nissues
were homogenized in a lysis buffer using a polytron. The lysate was then

byah transducer (PowerLab 8/30; ADInstruments,
Colorada Springs, COJ.

Evaluation of gene transfer effect in a PAH rat model. Monocrotaline
(60mp/kg) was subcutaneously injected into male Wistar rats and left for
4 weeks to make @ model of PAH. After 4 weeks, o hemodynamic study
was performed to introduce a catheter into the right ventricle through the
right jugular vein. The PEG-b-P[Asp(DET)] polyplex nanomicelle loaded
with the AM expression vector (200 g of DNA for each rat) in a 200l
of solution was sprayed intratracheally. Three days later, & hemodynamic
study was performed again and the gene transfer effect was evaluated.
Pulmonary tissue specimens were trozen Lo AM gene expressi
by real-time RT-PCR.

Statistical analysis. All data are expressed as means = SEM unless other-
wise indicated. Comparisons of parameters among four groups were made
by one-way analysis of variance, followed by Scheffes multiple-comparison
test. Paired r-test was applied for the comparison of the values before and
after the gene transfection ( Figure 7).

SUPPIEMENTARY MATERIAL
Figure $1. The restriction maps of expression vector for luciferase
and human adrenomedullin cDNA.
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Fundamental Studies on Genetically Engineered Elastin
Model Peptides for Biomaterials
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Elastin model peptide ((Val-Pro-Gly-lle-Gly)s; VPGIGy) was designed and
biosynthesized as injectable scaffold for cell transplantation therapies. In this
report, the thermoresponsiveness and the potential as the base materials for
injectable scaffold of VPGIG,, expressed using genetic-engineering technique
were explored.

Keywords: biomaterials, elastin model peptide, genetic engineering, injectable
scaffold, thermoresponsiveness

Introduction

Recently, cell transplantation therapies are much attended with progress of
regenerative medicine and stem-cell research. It is known that substantial effects can
not be obtained only by injecting the cell suspensions and then feasible scaffolds are
necessary for the cell transplantation therapies. Therefore, various biodegradable
polymeric materials have been investigated as scaffolds actively. However. these
scaffolds are not suitable for the cell transplantation therapy, because these bulk-type
scaffolds require invasive surgery, and the cells inside the scaffold often necrotize. In
order to solve these problems, photo-crosslinkable and thermoresponsible hydrogels
have been investigated as injectable scaffolds. However, these non-biodegradable
materials are not approved for the clinical use yet.

Elastin, the major component of elastic fibers in basement membrane, provides
the resilience or restorative force to tissues. Noteworthy, soluble elastin-related
polypeptides, such as tropoelastin, a-elastin and synthetic elastin model peptides,
indicate the characteristics of temperature-depending phase transition. Therefore, we
are interested in the potential of elastin model peptides as injectable scaffolds. In this
report, we try to biosynthesize and characterize an elastin model peptide
((Val-Pro-Gly-1le-Gly)y; VPGIGy,) and develop the gel matrices consisting of
VPGIGy to apply as injectable scaffold.

Results and Discussion
The elastin model peptides with repetitive sequence, VPGIGy, were
biosynthesized using E. coli [BL21(DE3)pLysS| which was transformed with an
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expression-vector encoding VPGIG sequence [pET-28ap (VPGIGy)] [1]. The insert
region in pET-28ap (VPGIGy,) was confirmed by direct PCR of E. coli using primers
which were flanking sequence of the insert region. By agarose electrophoresis, a
band was observed at approximately 650 bp corresponding to the DNA length for the
insert region of VPGIG,,. Protein expression was induced with the addition of
p-isopropyl thiogalactoside (IPTG) and was allowed to continue for 24 hours.
Protein purification was performed using the thermoresponsible property of VPGIGy,
namely, VPGIGy, was purified with temperature control over/below the transition
temperature. By SDS-PAGE, it is confirmed that crude VPGIGy, was gradually
purified by repeating this method and a clear band was indicated at approximately 18
kDa (Fig. 1). The purified VPGIGy, was also confirmed by MAL DI-TOF/MS analysis.

Fig. 1. SDS-PAGE (12%) for elastin model peptide VPGIGy at each purification step.
(lane 1; marker, lane 2; bacterial lysate, lane 3; peptide purified once, lane 4; peptide
purified twice)

Furthermore, the cloud points of purified VPGIG,, were 28.2, 23.6 and 21.9 °C
at 002, 005 and 0.1 w/ %, respectively. The mechanism for the
temperature-depending phase transition of VPGIG,, in solution has been suggested
that the peptides are aggregated by hydrophobic interaction with conformational
change from random-coil to B-spiral [2, 3].

The results suggest that genetically engineered VPGIGy has high potential as
injectable scaffold for cell transplantation.
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OHRL ZPBET0ERL E OO R BE 2 h, TOREARLEE TS, 2
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Thomson ST X N®EE h 2 F ESHINEE T 1999 ) Pittenger & (2 X S BHER ¥ r#llizc)
DrEEk {LREIZ DO TOMET | 2002 5O Verfaillie & (2 & 5 MSER G HIBO ATFHE 20 TD
$R° . 2007 Yamanaka 62 &5 AT EitEeraile (iPS) OfFROMINY i3, S4FEHC
T HMMRY - 20 MEE L TREL L 32 bES5AL. L L, AEMFR¥zH5
Uil R0 iz Y SMARRE 5 HERB A LEHETESLOTIER . #HiRy
SHHRL -efaE hdiay — 2 L LTHAT 286, SIEHA 2 CWESHBOREENT
5EMITE. TOME, BlLol—# [ROTEELEFTCEETILELNSE D, K1zt
i entlfoffieT L, frltadiiacaiutid~DFEL Gl TERT I 2402
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&2 ERIMaN
T ® ®m Force field Type | 2 W | m =
Centrifngal Digital ' &M DRGE.L7H | BHERR 5 00 10
WrEmiR Adhesion Digital  Adhesion population | 18 % #IBE a0 Sy
(HiBu K& &, Continuous ' DEP MIBOPTREEDM S
KWz &) (Dielectrophoresis) X

Electronic | Digital  FACS | REMNEUE Y~ T T

(Fluorescence activated | &L T %@l

cell sorting) |
Continuous | DMFF HMEBOPTHRERI-ES < E
| (Dipole Magnet Flow ‘ W oy
e Dl Magnetic | Fraction)

(el — 5 —) Digital | MACS | REMEERR Y~ X T

(Magnetic activated cell =~ 3L T %8

sorting) i

Continuous | Column system | Ay L Wil T e
Hydrodynamic | B=1 2 7IZENFRED T~
| A ORI TR
Digital | Membrane 7 R TR ) R 4
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Digital 5B TH 2 ER OB LCPHEM-H T 2R FHE TEO TETI2B/ESER 2/
BTHERE. HE-HETERisETIZLHATELL, ZETE O SHEHY S BT
FEHETHRTIRE, MREREICBTIhIMI /I (KEv—-H—) ¥, #lant
BENCHR A B 3AFIESOHTHETA LD THLILEEALNS

531 BEBEFAL BBEIN

Fluorescence activated cell sorting (FACS) &2 T Odlakdi~— » — (23 L T kg
MAZRAZ 3 L TEMMaERY L. MY h-dRisRB X0y —F4 745 W
BOEAEV- A 42828083 LTEOMEELY — T+ Y I/HOREIZ LS4 . BHICLBEL
ABROWRLEHMTYETI G LY, L L, Brofilankifiv—»— CHEEDH 1
Z-PIBMEERATELIC L. REOMKSRGECRI IRz ¥ -NETES L
6. BRSSO TRED THED L FEL LS.

AHNERBEBOT HEOBAMLHROBOZEN FHTSFELMEE ATV,
AR T A L PMTEAZLARELRRLELDY . EMEMAHROB LSBT
MTEZVAY, BETRTORMERIREENI2LOLEDN S,

' 5.3.2 HBEFALHERIME

IRAIEMRES L — X 12 X DTS EOMMAE Y 2 L — & 3 % 51+ % Magnetic activate cell sorting
(MACS) &E4'$ 522, ZOF&E, MKEHRERA L — X2k DZRE N Mgt izt b3
27U BBV ELHRE T 2 7TL) WEOHRAL 7RSI ELEATES. BBIZLD 78
TELW, KBEFMETHEL0, KROMIRE —MIZARBTEAI LR ELALEE»>T
Wi, CO%W, BIRTERTEIEBLMREENTED, 2O AT LE2HOTEWERSST
il s d 52 LIC L AN HEFHOBEICMLTLRAEEh T 57,

MAY-ZTIZ X DR L -l ety 2B h ChEd s REME T TLaY,
DFELT. MR hARA Y -2’ (Afv—»—RICHYT3) CiEL THlaxr Y -7
1 ¥ %% % Continuous RN L 2 74 Th 3.

5.3.3 Hydrodynamic Z¥|fL =98

Z DO F #Eid Hydrodynamic!= & O #IRIZ % L T shear strese # 5 2 | [F5EfL 240231k = dife
ZEiL+ 79— (HRRE@~—»—) LOMERERC. No—LedndgicshBMdat
ST AELDOTHS, Katoh 2, polyethylene terephtalate 7 + L 2 — (- i Ekilfa % Fi1 =
& T. lineage CD34 OMIlaEY 2L - 3 v A FRTESZZ LA #ME LTS5 ¥ | Nagrath
L Sequist 52, MATHML T4 it RETSEMNT=1 205 » TRECEELE N
EIAICE DHINSE ML ST T E B CTC-chipE 2B L THAY® . ZThiz. #sriz&100
0 OMBOBEARRL, HIZEELz AN ML O AERTEMDHRE L 2 L
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—YarEGMTSLDOTHS, BHOAH=ZT 4L LT, Chang 5DOBMETL 7 7 O
PUCECE L ZHIC Y 7 v FAREEL . MIas@ T LT AL FERAL-MIA HETE S
ZLHHMEENATNEY, 0L LFHR. WEOHREEH LCMET S L THEAR
WT57%. Digital Wrlik: LTHMT2IL0TES,

CHIZHLTHESDI LT T3, BENL) H Y FLfilagdiv—»— LMtz 8HE
HEfALTHRFE 2L~ 3 v 59T FE4M%L T3, Thit. Hydrodynamics
IZEDHIINE ) Ay FEZLREANRT I ETY H» FERRIIZEBA L 2 H00%5 shear stress
EZOEEAR (o-)>Y) L, #REGL 74 -RICEUAARGEF BRIAZ LT
5. ZOU—)r YEERERL £ T 2 -RIZISLTET 578, Continuous WO #ile %
BLLTHMTSL2TES, HMEHETS

fili= € . FACS % %M L T Hoechst 33342 D% W7 5 7@ & 3 SP (side population)
Hifa % FFHL L THrhila s MY S H ik e 5. M@IeO K~ — » —HFE X h T3 HSC, EPC
DHETIE. KEMEBCH—2@IEY 2L -0 s v 4T a3, LaL
MSCOBAE T, KALEIHL 22 ¥ ZEM7— - ORIV MET R THBIZL8HS
TaveorH2x8RHHohTHin. HALZHROBETRIFEDET -7 - OO
HELCLOHREE 2L -2 3 v lliEEh B0, £atadlanlls . Zliv—-»-ORER
BEMMZEMTILDLRHLNSE, MSCRHSCIZH U TCD34DRIUL . in vitro D418
MICREOFEMIE > T—BIIRBLED I EATRTF - 2L WB\ENTHED ® . k>
ZBlEPCRECO TN - T T}, #Mlekiliv—H—ORBAVIZGE RS ALY 4 L —
a3y kIR RE S S LY AT LOMBRERN TS

5.4 MRAMHZ LOBMR
CHETIEFRRASOIA-T TR, Kifiv—H—RBRICIEC THlas S8+ 280078 2
FTLEMRLTOS, Th3EAY—»— T84 3MAA FRBER EABEEL, Sk-25@
lRFo—-) 7225 Z LT, WREDT~ -5 — LFEELMAE L ORBEER %352 L B O+
Calb—Ya %5#Y4d. CORARRRG. MBMTREMMTICEMER LT 21842
WEzh2AMKD - » BRRELTHGATENY  LL o+ LOBREFERIZL AR
BRoo—) » riREL AT AN COFMAEIEH L T Greenberg 513, Aifi=— #
~DHBIZEZ20-) Yy YREOELFAL THIRIBETSFELMELTHET . 22,
Langer 5 (X PHEM LAY 4 v F 22500z L . M LA 7 =2k ) #2 F ETH
U=y EE5Z LIZXNHNOMIRE Y 2L —2 3 V25t a2 1 0%, 72 MRLT
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“634:

dlgo—) s Y IEBIBN Ay FELLT AL OMRBERCI-MT 2 A7 =X LOERAZ
B2 Hammer 6D 70— 74 RLIZEMRE T A TS Y Hicillfac — ) » 78K
MLTE. 2B -2 —ORBOAZLTEORREL LG TIZENRELTIISY.
20, ?-A-ORBEWLAFERL, ECERIVHEEFAORIL &L L57H, o-
Dy rEFRENSTS ([1). 22 CRESOIL-T TR ZoOHEERCLVEROER
T A—RRERCICCTHRATETES AT LERARLTNS

TOFEORSE EEV-A-ORBEHIILOML SETES L. THEhSERA
BAMEETERT LB DERE NS HRAMSIBETESZ . 27 AKHEETL
THMKhSB IV HY FABIRTBZLCaE T4 LMV —H - 2B THlHEKTES
CEHEFOND, ZONELATAOFEHEEFMET A2, v A RHMEEA S I
EV5ARAEEEML . CD34ttkeEEMLAA I AL THRELE (R2). VA2 FARIE
ftxhThuaL 74084, B 752Y 3 2-3ATIXTHERTIOLHLT.
CD34 MARENLH 7 L 2BOLABETIELMNYFBES 2 70— FoBHE -2 REhE
([43). ZOBHE— 2 12HET 54020 CD34 ARG AE MM U TELLTHAZ L
6. IOVATFALAIZENERAV-H—RORLLBRETBTETVEENDLEFEATVS

dNy
gt keNoNa=No: [k exp(y “Fe/ko'T)]
Cell Rolling ;
[ Yorward reverse
N.: binding density Fg [force per bond) T M
—_— ki farward rate constant i e ds
SRR No: ligand density on the subsirare ' Boftamann canstan
A N,: free receptor density within the contact area
K reverse rate constant
T . Characterstic structyral length

T: Absolute temperature

/ e . ] / I{; / __.-’ /, .!‘.
[/ /% /[ Substrate A

r; { { / J"J
1 8BREO-YIDIHZAA
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Cantral column Arti-CD34 immobilized column 255UV RE
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dlattdites & 0eHlle s 7HET SBE . KEC AU T22D T 7u—FHTHEELTL LD -
HEATUD, 123 AETH—AMSCA 7B+ 3F. 2oBL L TIEMSCR S 4 S0
FE2L= 3 02T SFETHS. MSCORBELTOMBRAEHN BB 20I712.
B THRENAZMSCERVTHLECETY— H—ORRBRAFHM-BATILE1H 3
~HT, MSCIZL2EHDRAERM T IME. AROMSCHRBWL 2207, M@ L
DARIZHIIETETESZ LIS, S, BRI ZA0ORIEPKE THEN LB
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