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Fig. 2. AlM-dependent lipolysis induces chemokine production in adipocytes via TLR4 stimulation. (A) Chemotaxis of RAW 264.1 cells in response to specified
stimulant. Attractants: rAIM (25 pg/mL), C75 (25 pM), AIM CM/C75 CM: conditioned medium from 3T3-L1 adipocytes treated for 3 d with rAIM (25 pg/mL) or C75 (25
uM), respectively; AIM+aCD36 CM/AIM+IgA CM: conditioned medium from 3T3-L1 adipocytes treated for 3 d with rAIM (25 ug/mL) in the presence of anti-CD36
Ab or mouse IgA (10 pg/mL each), respectively; none CM, control CM: treated without rAIM or C75; and FM: fresh DMEM culture medium containing 10% FBS.
Averages from n = 3 = SEM. MCP-1 (100 ng/mL) was used as a positive control. (B) Degradation of IkBa in 3T3-L.1 adipoctytes in response to specified stimulant in
the absence (-) or presence (+) of a TIRAP inhibitor (100 uM). LPS (100 ng/mL) was used as a positive control. Representative immunoblotting results are presented.
The density of the signal was quantified using National Institutes of Health Image J image analysis software and presented as values relative to those of presti-
mulation (Lowertwo panels). n = 3. Error bar: SEM. *, versus the value at prestimulation (0 min). (C) QPCR analysis of mRNA levels for MCP-1, CCL5/RANTES, MCP-2,
and MCP-3 using RNA isolated from 3T3-L1 adipocytes treated with specified stimulant for 24 h in the absence (white bars) or presence (black bars) of a TIRAP
inhibitor. Values were presented as relative expression to those without stimulation (none). n = 3 for each. Error bar: SEM. (D and E) No degradation of kBa or
expression induction of MRNA for chemokine genes in 3T3-L1 adipoctytes in response to rAlM alone (25 ug/mL) (D) or AIM+aCD36 CM ().

J774.1 mouse monocyte cells (Fig. S34). Furthermore, 3T3-L1
adipocytes were freated with rAIM in the presence of a CD36-
neutralizing antibody (mouse IgA), which inhibits AIM-dependent
lipolysis by disturbing the endocytosis of AIM into adipocytes (14),
and the conditioned medium (AIM+aCD36 CM) was assessed in
the macrophage migration assay. The AIM+aCD36 CM did not
efficiently attract macrophages (Fig. 24, Right), suggesting that
AlIM-induced lipolysis in adipocytes appears to be responsible for
macrophage recruitment. The CD36-neutralizing antibody itself
had no direct effect on the macrophage migration (Fig. S3B).

Fatty Acids Effluxed from Adipocytes in Response to AIM-Dependent
Lipolysis Stimulated TLR Signaling Pathway and Induced Chemokine
Production in Adipocytes. Accumulating evidence has demon-

12074 | www.pnas.org/cgi/doi/10.1073/pnas.1101841108

strated that saturated fatty acids activate TLR signaling cascade
and that this response is tightly associated with obesity-induced
inflammation (21-25). Thus, it is plausible that an increase in
blood AIM may induce vigorous lipolysis in obese adipose tissues,
and saturated fatty acids effluxed from adipocytes as a result of
lipolysis might activate chemokine production in adipocytes via
the stimulation of TLR(s) in a paracrine/autocrine fashion (26—
28). Indeed, palmitic and stearic acids, the major fatty acids
comprising triglyceride droplets (29) and well known as stim-
ulators of TLR4 and TLR2 (21, 25, 30, 31), were identified as the
components released by adipocytes in response to lipolysis in-
duced by AIM or C75 when the profile of fatty acids in AIM CM
and C75 CM was evaluated by gas-chromatography mass-
spectrometry analysis.
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Consistent with this result, both AIM CM and C75 CM effi-
ciently stimulated the TLR signaling cascade and chemokine
production in 3T3-L1 adipocytes, as assessed by degradation of
IkBa (Fig. 2B) and mRNA expression of chemokines such as
MCP-1, CCL5/RANTES, MCP-2, and MCP-3, which affects
macrophages (Fig. 2C). AIM CM induced substantial levels of
protein of these chemokines as assessed by ELISA (Fig. S4A4).
These responses diminished when adipocytes were treated with
AIM CM or C75 CM in the presence of a toll-interleukin-1
receptor domain containing adapter protein (TIRAP) inhibitor,
which specifically interferes with the interaction of TLR4 (as well
as TLR2) and the adapter protein TIRAP/Mal, resulting in at-

tenuation of TLR signaling (Fig. 2 B and C) (32). Furthermore,
we confirmed that similar effects of TLR activation and che-
mokine production were observed when 3T3-L1 adipocytes were
treated with palmitic acid (PA) or stearic acid (SA) and that the
responses induced by each fatty acid were reduced when sub-
jected to the TIRAP inhibitor (Fig. S5). Consistent with the
results from macrophage migration assay presented in Fig. 24,
neither rAIM alone (Fig. 2D and Fig. S4B) nor AIM+aCD36
CM (Fig. 2E and Fig. S4C) stimulated IkBa degradation or
chemokine mRNA and protein expression in adipocytes. These
findings clearly indicate the necessity of the lipolytic process in
the overall activation of TLR signaling cascade by AIM.
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Fig. 3. Involvement of TLR4 in adipose tissue macrophage recruitment by AlM in vivo. (A-E) TLR4™~ and wild-type littermate mice (B6 background) were i.v.
injected with rAIM or BSA three times every other day (400 pg in 200 pL PBS per injection). The day after the third injection (day 8 from the first injection),
mice were killed, and lipolysis, chemokine expression, and adipose tissue macrophage accumulation were analyzed. n = 5 for each. (A) mRNA levels for FSP27,
Perilipin, and Adipophilin were assessed by QPCR using RNA isolated from epididymal fat. Values were presented as relative expression to those of fat tissue
injected with BSA. Error bar: SEM. (B) Serum levels for FFA and glycerol. (C) mRNA levels for chemokines. (D) Immunoblotting for total and phosphorylated
JNK in epididymal fat. Immunoblot for B-actin is also presented. Results from three mice for each group are presented. Note that comparable results were
obtained in five independent mice in each group. () mRNA levels for F4/80 pan-macrophage marker, M1 and M2 macrophage markers to assess macrophage
recruitment. (F) Immunoblotting for total and phosphorylated JNK using lysates obtained from epididymal fats of AIM** and AIM™~ mice fed a HFD for 12
wk (n = 4-6). Relative values of phosphorylated JNK signals to total JNK are also presented (Lower graph). (G) QPCR analysis of mRNA levels for chemokine
genes in epididymal fat tissue and (H) serum MCP-1 concentration in AIM** and AIM™'~ mice fed a HFD for 0 (lean) or 12 wk (obese); n = 6-8.
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Involvement of TLR4. As TIRAP is downstream of not only TLR4
but also other TLRs, including TLR2 (32), the precise in-
volvement of TLR4 in macrophage recruitment was further
verified. We first suppressed TLR4 expression by siRNA in 3T3-
L1 adipocytes and assessed the induction of MCP-1 by AIM CM.
As shown in Fig. S6 4-C, induction of both mRNA and protein
of MCP-1 by AIM CM was significantly reduced in cells trans-
fected with siRNA for TLR4. In addition, we injected rAIM i.v.
into wild-type and TLR4~~ mice and thereafter assessed the
state of lipolysis and chemokine production in epididymal adi-
pose tissue. In both types of mice, the mRNA levels of FSP27
(also called Cidec), Perilipin, and Adipophilin, coating elements
for lipid droplets, were decreased after challenging with rAIM
(Fig. 34), a finding consistent with the progression of lipolysis
reported previously (17, 33, 34). Similarly, the increase in blood
FFA and glycerol levels was equivalent in TLR4~'~ and wild-type
mice (Fig. 3B). In contrast, induction of mRNA for chemokines
by rAIM injection was significantly less efficient in TLR4 ™'~ than
in wild-type mice (Fig. 3C). In line with this, phosphorylation
levels of c-Jun N-terminal kinases (JNKs) in epididymal fat,
which represent the state of TLR activation, were up-regulated
in wild-type mice but not in TLR4~~ mice (Fig. 3D). Further-
more, the rAIM injection increased mRNA levels for M1 mac-
rophage markers in epididymal adipose tissue of wild-type but
not TLR4™~ mice, demonstrating that AIM-induced lipolysis
could not recruit inflammatory macrophages into adipose tissue
in the absence of TLR4 (Fig. 3F). There was no significant
change in mRNA levels for M2 macrophage markers in both
TLR47~ and wild-type mice (Fig. 3E). Histological analysis
revealed the presence of IL-6 expressing M1 macrophages after
the rAIM injection in epididymal adipose tissue of wild-type
mice but not of TLR4~~ mice (Fig. S6D).

Consistent results were obtained in obese AIM*'* and AIM™'~
mice after 12 wk on a HFD. In epididymal fat, phosphorylation
levels of INKs were decreased in AIM ™~ mice compared with
AIM*™* mice (Fig. 3F). In addition, chemokine mRNA levels

were also lower in 4AIM ™~ than in AIM*/* adipose tissue (Fl%
3G). Moreover, the serum level of MCP-1 was lower in AIM ™"~
than in AIM™'* mice (Fig. 3H).

It is possible that fatty acids effluxed from adipocytes may
stimulate TLR4 expressed not only on adipocytes but also on
resident M2 macrophages within adipose tissue in a paracrine
fashion and may induce chemokine expression in macrophages.
To assess this possibility, we stained epididymal fat from wild-
type AIM™'* mice fed a HED for 6 wk for MR, a M2 macro-
phage marker, and MCP-1. As shown in Fig. S7, both adipocytes
and M2 macrophages stained positive for MCP-1. As expected, in
AIM™" mice, neither adipocytes nor resident macrophages showed
obvious MCP-1 expression. Thus, in summary, AIM-induced li-
polysis provoked the efflux of saturated fatty acids, including
palmitic and stearic acids, from adipocytes, and these fatty acids
stimulated chemokine production in both adipocytes and resi-
dent macrophages via TLR4 activation, resulting in M1 macro-
phage migration.

Prevention of Obesity-Associated Inflammation and Insulin Resistance
in AIM™~ Mice. As a consequence of abolished infiltration of in-
flammatory macrophages, the progression of obesity-associated
inflammation was prevented both locally and systemically in
obese 4IM~'~ mice. In adipose tissue (Fig. 44) and the liver (Fig.
S8), mRNA levels for proinflammatory cytokines, such as TNFa,
IL-6, and IL-1p, were significantly lower in AIM™" than in
AIM*"* mice after a HED for 12 wk. Consistent with this finding,
serum levels of TNFo and IL-6 were lower in AIM™" mice
compared with AIM*'*mice (Fig. 4B).

Having observed decreased inflammation in AIM ™~ mice, we
next assessed insulin sensitivity in AIM~~ and AIM™"* mice fed a
HFD for 12 wk. Activation of the insulin signaling pathway after i.v.
injection of insulin was studied in adipose tissue, skeletal muscle
(gastrocnemius), and liver. As shown in Fig. 4C, substantial insulin-
stimulated phosphorylation of AKT and GSK3p protein kinases
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was observed in all three tissues in AIM ™'~ mice in contrast to the
markedly diminished phosphorylation levels in AIM™'* mice.
Thus, insulin sensitivity was preserved in obese AIM™~ mice.
Consistent with these results, whole-body glucose intolerance and
insulin resistance observed in AIM*'* mice were found to be
ameliorated in AIM ™'~ mice by i.p. glucose and insulin tolerance
tests (GTT and ITT, respectively; Fig. 4D). Insulin production
in pancreatic § cells in response to glucose was comparable in
AIM™ and AIM*'* mice, as assessed in vivo (Fig. S8B) and
in vitro using isolated pancreatic Langerhans islets (Fig. S8C).

Conclusion

The present results provide unique and important evidence re-
garding the role of AIM in the initiation of chronic inflammation
that connects obesity and insulin resistance. Firstly, macrophage
recruitment into obese adipose tissues requires AIM-induced li-
polysis. Augmentation of blood AIM levels may induce vigorous
lipolysis in obese adipose tissues, increasing local extracellular
fatty acid concentration to a level sufficient for the stimulation of
TLR4, which triggers chemokine production by adipocytes and
macrophage recruitment (summarized in Fig. S9). Although we
and others previously reported some related facts underlying this
conclusion, which were observed in a number of different physi-
ological and experimental conditions (12, 14, 21-33), we would
like to emphasize that this study, which focused on AIM, has
uniquely linked apparently independent elements to a process
that occurs during the progression to obesity.

Secondly, adipocyte hypertrophy is not solely sufficient for the
initiation of macrophage infiltration; an increase in blood AIM
needs to be accompanied. In AIM~'~ mice, although the level of
AlM-independent lipolysis increases in line with adipocyte hy-
pertrophy (14), it may not reach a level sufficient for macrophage
recruitment (Fig. S9). Thirdly, within adipose tissue, crosstalk
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between macrophages and adipocytes establishes a vicious cycle
that accelerates inflammation; saturated fatty acids brought
about by lipolysis activate TLR4 to induce TNFo, which in turn
activates the TNFa receptor to produce inflammatory cytokines/
adipokines and chemokines (35). The end point of this response
is further progression of inflammation, lipolysis, and macrophage
recruitment. It is likely that via an increase in lipolysis, AIM may
strengthen this crosstalk, further contributing to the progression
of inflammation (Fig. S9).

Thus, this study might not only advance our knowledge about
the events triggering obesity-associated inflammation, but also
open a door to the development of next-generation antimeta-
bolic therapies via suppression of AIM.

Materials and Methods

Mice. AIM™"~ mice (13) had been backcrossed to C57BL/6 (B6) for 13 gen-
erations before used for experiments. HFD (HFD32, fat kcal: 60%) was pur-
chased from CREA. TLR4™"~ mice (36) were kindly provided from Drs. S. Akira
(Osaka University, Osaka, Japan) and K. Miyake (The Institute of Medical
Science, University of Tokyo, Tokyo, Japan). All mice were maintained under
a specific pathogen free condition.

Statistical Analysis. A two-tailed Mann-Whitney test was used to calculate
P values. ***P < 0.001, **P < 0.01, *P < 0.05. Error bars: SEM.
Please see S/ Materials and Methods for further details.
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Safety is a critical issue in clinical applications of nonviral
gene delivery systems. Safe and effective gene introduc-
tion into the lungs was previously achieved using poly-
plexes from poly(ethyleneglycol) (PEG)-block-polycation
[PEG-block-PAsp(DET)] and plasmid DNA (pDNA).
Although PEGylated polyplexes appeared to be safe,
an excess ratio of polycation to pDNA was needed to
obtain sufficient transgene expression, which may cause
toxicities shortly after gene introduction. In the present
study, we investigated the combined use of two poly-
mers, PEG-block-PAsp(DET) (B) and homo PAsp(DET)
(H) across a range of mixing ratios to construct poly-
plexes. Although transgene expressions following in vitro
transfections increased in parallel with increased propor-
tions of H, polyplexes with B/H = 50/50 formulation
produced the highest expression level following in vivo
intratracheal administration. Higher proportions of H
elicited high levels of cytokine induction with significant
inflammation as assessed by histopathological examina-
tions. Based on the aggregation behavior of polyplexes
in bronchoalveolar lavage fluids (BALFs), we suggested
that rapid aggregation of polyplexes in the lung induced
acute inflammatory responses, resulting in reduced
transgene expression. B/H formulation of polyplex can
help to improve gene therapy for the respiratory sys-
tem because it achieves both effective PEG shielding of
polyplexes and functioning of PAsp(DET) polycations to
enhance endosomal escape.

Received 3 December 2011, accepted 22 /anua‘iy 2012; advance online
publication 14 February 2012, doi:10.1038/mt.2012.20

INTRODUCTION

Nonviral techniques for gene introduction using plasmid DNA
(pDNA) have attracted attention for many clinical uses. Although
the definition of gene therapy includes genetic modification of

deficient cells, gene introduction using pDNA chiefly involves
providing functional proteins and peptides through transgene
expressions. The sustained synthesis of proteins and peptides,
which enables the synchronization of the kinetics of signaling
receptor expression and bioactive factor availability,' is a key
advantage of its application in many chronic diseases.

Among various gene introduction routes, pDNA-containing
nanoparticle inhalation, a direct, noninvasive technique, is a
promising practical system that makes target cells more accessi-
ble. Gene introduction into the respiratory system has numerous
applications for treating severe lung diseases, such as cystic fibro-
sis, pulmonary hypertension, and lung cancer,? and it can systemi-
cally deliver proteins and peptides. However, because immune
responses of the respiratory system are particularly sensitive to
foreign materials, the safety of the delivery systems is extremely
important for successful gene introduction. To realize the promise
of gene therapy, it is essential to achieve adequate safety to avoid
undesirable responses.

pDNA is generally incorporated into nanoscale formulations
by complexing it with cationic lipids or polymers, which provides
greater stability and functionality.*-* The safety of nanoscale particles
(nanotoxicology) has been vigorously investigated in various fields.5
Many studies revealed that the toxicity of these particles in target
tissues, typically the lungs, are primarily mediated by inflammatory
responses that occur after nanoparticle-induced oxidative stress.”®
These responses are sensitive to the physicochemical properties of
nanoparticles, including their size, chemical composition, surface
structure, solubility, shape, and aggregation.>"! For delivery into the
lungs, a biodegradable formulation of nanoparticles composed of
poly(lactic-co-glycolic acid) significantly lowered the inflammatory
responses compared with nonbiodegradable forms, although both
had comparable hydrodynamic diameters.*

These safety issues motivated us to optimize pDNA-con-
taining particle structure for gene introduction into the lungs.
Polyplexes from our original cationic polymer, poly{N’-[N-(2-
aminoethyl)-2-aminoethyl]aspartamide} [PAsp(DET)] and pDNA,
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is promising because they are safe and biocompatible."** We have
already achieved therapeutic outcomes in monocrotaline-induced
pulmonary hypertension animal models using a system based on
PAsp(DET).”* PAsp(DET) possesses high-transfection efficiency
because of its pH-selective membrane destabilization and concomi-
tantly enhanced endosomal escape.'® Furthermore, it is biodegrada-
bile under physiological conditions. Because of rapid degradation
of PAsp(DET) to nontoxic forms after gene introduction, it does not
induce persistent tissue damage and cumulative toxicity, which may
perturb cellular homeostasis in a time-dependent manner.!”

However, pDNA polyplexes from cationic polymers inevita-
bly have a high surface positive charge, which causes undesirable
responses in the body, such as polyplex aggregation and tissue
damage. Poly(ethyleneglycol) (PEG) has often been used to shield
polyplexes. Because of its hydrophilic and flexible nature, PEG
increases steric stability, prevents nonspecific interactions with
surrounding molecules, and eventually reduces toxicity.!*** In our
previous studies on in vivo administrations including the lungs,
we used pDNA polyplexes of a micellar structure surrounded
by PEG palisade, that were formed by complexing pDNA with
a block copolymer composed of PEG and PAsp(DET) [PEG-
block-PAsp(DET)].1>*#% These PEGylated polyplexes achieved
safe gene introduction without inducing severe inflammation,
leading to the effective treatment of rat pulmonary hyperten-
sion model using adrenomedullin-expressing pDNA.'* However,
PEG also tends to reduce transgene expressions by preventing
cellular uptake of polyplexes and hampering their intracellular
processing.*”” Indeed, to obtain sufficient transgene expressions
using the PEGylated polyplexes, we needed higher mixing ratios
of cationic polymers to pDNA (N/P ratios) to enhance the expres-
sions. The higher N/P ratios, however, caused some toxicities,
especially shortly after gene introduction.

In the present study, we investigated the optimal conditions
to break out of the dilemma of PEG, by focusing on the intravital
behavior of polyplexes in lung. We used a PEGylation strategy by
mixing PEGylated and non-PEGylated forms of polycations in the
construction of polyplexes-containing pDNA.?> We found that the
optimal combination of two forms, PEG-block-PAsp(DET) (B)
and homo PAsp(DET) (H), was effective in achieving high trans-
gene expression in lungs with minimal toxicity, by balancing effec-
tive PEG shielding and functions of the polycation. Furthermore,
we acquired new insights into the mechanisms that mediate the
inflammatory responses induced by polyplexes in the lungs.

RESULTS

In vitro and in vivo transfection using polyplexes with
B/H formulations

For preparation of polyplexes with B/H formulations, the polymer
solutions of PEG-block-PAsp(DET) (B) and homo PAsp(DET)
(H) were first mixed at different ratios, and then added to pDNA
solutions. We conducted in vitro transfections toward mouse
embryonic fibroblasts and HuH-7 cells using CpG-depleted
pDNA-expressing luciferase (pCpG-ALuc); the transgene expres-
sion was increased in parallel with increased proportions of H
(Figure 1) at an N/P ratio of 8. In contrast, cell viability, evaluated
by an MTT assay, was reduced slightly with increased proportions
of H.
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For in wvivo administration, the polyplexes-containing
luciferase-expressing pPDNA were injected intratracheally using
a microspray, and the luciferase expression was evaluated after
extracting the lung tissue, followed by homogenization to obtain
the proteins. Polyplexes with B/H = 50/50 formulation exhibited a
significantly higher expression in the lungs compared with poly-
plexes with B/H = 100/0 and 0/100 formulations (Figure 2). These
data were in contrast with the results of in vitro transfections
(Figure 1). To evaluate the toxic effect of polyplexes, we measured
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Figure 1 In vitro transfection to (a) mouse embryonic fibroblast
(MEF) or (b) HuH-7 cells. Luciferase expression (closed circle) and via-
bility (open circle) was measured 48 hours after transfection. The data
were expressed as the means + the standard errors of the mean (SEM)
(N=5).
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Figure 2 Luciferase expression in lung tissue 48 hours after polyplex
administration. The data were expressed as the means + SEM (N = 5).
RLU, relative luminescence units.
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the induction of proinflammatory cytokines (interleukin (IL)-
6, tumor necrosis factor-a, and IL-10) and cyclooxygenase-2.
Polyplexes with B/H = 0/100 formulation induced significantly
higher mRNA levels of these inflammation-related molecules
compared with other formulations 4 hours after administration
(Figure 3). The other PEGylated polyplexes (B/H = 100/0 and
50/50) induced much lower expressions of these molecules than
polyplexes with B/H = 0/100 formulation, although the levels
of these molecules in the PEGylated groups were slightly higher
compared with the control groups that received naked pDNA or
buffer.

Furthermore, we evaluated the inflammatory responses to
administration of identical amounts of free polymers (B or H)
that were used to form the polyplexes of B/H = 100/0 or 0/100 for-
mulations, respectively. The free polymers induced inflammatory
responses that were similarly low to those by PEGylated polyplexes
(B/H = 100/0 and 50/50) (Figure 3). Thus, it is suggested that the
complexation of H polymer with pDNA augmented the inflam-
matory responses in the lungs compared with the state of free H
polymer. In contrast, PEG effectively shielded the polyplexes and
reduced the inflammatory responses in the lungs.

After 24 hours of administration, cytokine inductions were
similar to the levels observed in the controls (Supplementary
Figure S1), suggesting that the inflammation was transient and
the PAsp(DET) polycation induced no persistent tissue damage,
presumably because of the biodegradability of PAsp(DET).” In
blood tests conducted 24 hours after administration, there were no
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significant changes in the cell counts of white and red blood cells,
and the items for evaluations of liver and kidney functions, and
C-reactive protein, a sensitive marker for inflammatory responses,
remained in an undetectable level (Supplementary Figure S2).

Regulation of inflammatory responses in the lungs by
PEG shielding

Histopathological analyses were performed to investigate the
mechanisms between transfection capacity and toxicity. An
increase in the infiltration of inflammatory cells was observed
4 hours after administration of polyplexes with B/H = 0/100 for-
mulations (Figure 4c). In contrast, following administration of
the PEGylated polyplexes (B/H = 100/0 and 50/50), the alveolar
structures remained intact without infiltration of inflammatory
cells (Figure 4a,b), showing good correlations with the results of
proinflammatory cytokine inductions (Figure 3).

To determine the mechanisms underlying the inflammatory
responses, we observed the uptake of polyplexes by macrophages.
Cy5-labeled pDNAs were introduced into the lungs, followed by
immunostaining using an F4/80 antibody for macrophages and
Hoechst 33342 for cell nuclei. On obtaining fluorescent micro-
scopic images, we quantified the fluorescence intensities of
pDNAs that were colocalized in the macrophages, using an image-
analysis software (In Cell Analyzer 1000 Workstation ver.3.5; GE
Healthcare UK, Buckinghamshire, UK). Representative micro-
scopic images are shown in Figure 5a-d. As observed in the his-
tograms of the pDNA intensity in each macrophage (Figure 5e),
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Figure 3 Messenger RNA expression of cytokines (a) interleukin (IL)-6, (b) tumor necrosis factor-o (TNF-ar), (€) IL-10, and (d) cyclooxyge-
nase-2 (Cox-2) in lung tissue 4 hours after administration of polyplexes, identical amount of free polymers, plasmid DNAs (pDNAs), or buffer.
The data were expressed as the means + SEM (N = 5). $Nonsignificance versus polyplexes with B/H = 100/0 formulation, **P < 0.07 versus polyplexes

with B/H = 0/100 formulation.
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Figure 4 Histclogical analyses of lung in hematoxylin and eosin stained sections. The images were taken 4 hours after administration of poly-
plexes with (a) B/H = 100/0, (b) B/H = 50/50, or (c) B/H = 0/100 formulation. (d) Control was not administered polyplexes. Bars = 100 uym. In (c),

representative infiltration of inflammatory cells is marked by red circles.

polyplexes with B/H = 0/100 formulation were taken up by the
macrophages to a significantly higher extent compared with the
PEGylated polyplexes (B/H = 100/0 and 50/50).

Macrophages are known to effectively ingest large particles
(=500 pum) by phagocytosis.® Thus, it is assumed that aggrega-
tion of polyplexes in lung tissue may significantly affect the activ-
ity of macrophages. Analysis of aggregation of polyplexes under
conditions mimicking that observed in the lungs was performed.
We observed polyplexes-containing Cy5-labeled pDNAs in the
presence of bronchoalveolar lavage fluid (BALF) obtained from
mice. Fluorescence microscopy showed a clear contrast between
the polyplexes depending on the proportion of H; PEGylated
polyplexes (B/H = 100/0 and 50/50) showed uniformly distrib-
uted Cy-5 signals during BALF incubation for up to 90 minutes
(Figure 6). In contrast, polyplexes with 0/100 formulation showed
large spots of Cy-5 signals after 30 minutes of BALF incubation.
Thus, it is likely that particle aggregation of B/H = 0/100 formula-
tion was promptly induced under the physiological circumstances
in the lungs. Based on the obvious relationship between these
findings and the cytokine induction data (Figure 3), we suggest
that the aggregation of polyplexes with B/H = 0/100 formulation
activated macrophages to rapidly ingest these polyplexes.

Enhancement of transgene expressions in the
presence of H polycations

Increased proportions of H enhanced in vitro transgene expres-
sion (Figure 1). We have already revealed that PAsp(DET) has an
excellent capacity of endosomal escape because of acidity-induced
membrane destabilization.’® For the analylsis, an enzymatic assay
to detect Jeakage of cytoplasmic enzyme (lactate dehydrogenase)

was done after addition of free polycations to culture cells.
However, this experiment has difficulty in detecting the initial
changes within several ten minutes after transfection.

In the present study, we used a novel method that allows the
evaluation of cell membrane integrity in a highly sensitive manner
using a nuclear-binding fluorescence molecule such as YO-PRO1
or ethidium bromide.?®* After transfection using polyplexes from
B/H formulations, the cells were treated with YO-PRO1 because
YO-PRO1, which was impermeable to the normal cell membrane,
can penetrate membranes of cells with perturbed integrity and
emit a strong fluorescent signal due to DNA intercalation.”® As
shown in Figure 7, after 30 minutes of transfection under acidic
conditions, polyplexes with B/H = 50/50 formulation destabi-
lized cell membranes to a similar level as polyplexes with B/H =
0/100 formulation, whereas polyplexes with B/H = 100/0 formula-
tion, similar to untreated control, did not destabilize membranes
even at pH 5.5. Thus, it can be said that presence of H polyca-
tions caused efficient endosomal escape of polyplexes shortly after
transfection.

Following in vivo administration to the lungs, we evaluated
the amount of pDNA that was taken up into the lung tissues by
collecting total DNA, followed by quantitative PCR analyses using
specific primers for the pDNA. Prior to the extracting lung tis-
sue, extensive bronchoalveolar lavage (BAL) was done to remove
pDNAs existing in the extracellular space. Interestingly, 24 hours
after introduction of pDNA into the lungs, the amount of pDNA
did not show any significant difference among polyplexes formed
by different B/H formulations (Supplementary Figure S3).
Therefore, it is reasonably assumed that the differences in trans-
gene expressions in the lungs (Figure 2) are not attributable to
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Figure 5 Uptake of polyplexes by macrophages in lung. Fluorescent
microscopic images were taken at 4 hours after polyplex administration.
The polyplexes were prepared using Cy-5 labeled plasmid DNA (pDNA)
(red). The macrophages were immunostained using anti-F4/80 antibod-
ies (green). The cell nuclei were stained with Hoechst 33342 (blue).
Representative images of polyplexes with (a) B/H = 100/0, (b) B/H =
50/50, (c) B/H = 0/100 formulations, or (d) control tissue without gene
administration. Bars = 50 um. (e) Quantification of the amount of pDNA
colocalizing in each macrophage. The fluorescence intensities of Cy-5
labeled pDNA in each macrophage were quantified using an image-
analyzing software, and displayed as a histogram representing the pDNA
intensity in each macrophage.

the uptake of polyplexes into cells, but to the capacities of H poly-
cations to facilitate intracellular processes of endosomal escape,
although the direct observation of intracellular behavior of poly-
plexes was difficult in vivo.

DISCUSSION
Inflammation is a key factor in nanoparticle toxicity.**>* This is
a rapid process that is initially triggered by antioxidant responses
within a few hours of exposure of biological tissue to nanoparti-
cles. Thus, it is important to evaluate these responses shortly after
the administration of nanoparticles.

In the present study, we determined that PEG shielding of
pDNA-containing nanoparticles reduces inflammatory responses
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in the lungs. PEGylated polyplexes (B/H = 100/0 and 50/50) effec-
tively alleviated inflammatory responses compared with polyplexes
with B/H = 0/100 formulation. Since the administration of free cat-
ionic polymers into the lungs did not induce such inflammatory
responses, we assu;he that the cationic nature of polyplexes was not
the only cause of these responses. Otherwise, the aggregation behav-
ior was different among polyplexes. Polyplexes with B/H = 0/100
formulation showed rapid aggregation in BALE, whereas PEGylated
polyplexes (B/H = 100/0 and 50/50) did not aggregate even after
incubation for > 90 minutes (Figure 6). These observations are
clearly concordant with the tendency to induce cytokine expression
and polyplex uptake by macrophages in the lungs (Figure 3). Thus,
it is reasonable to assume that aggregation of polyplex with B/H =
0/100 formulation in lung tissue caused a high uptake of the poly-
plexes by macrophages, which led to strong inflammatory responses
and the decreased transgene expressions in the lung.

Conversely, the presence of PEG on the surface of polyplexes
effectively prevents inflammatory responses. Although PEG effec-
tively prevented aggregation, in vitro and in vivo transgene expres-
sions were compromised by the increase in B polycation. Since
pDNA amounts in lung tissues after introduction of polyplexes
were not different among the B/H formulations (Supplementary
Figure $3), the decrease in the transgene expressions in parallel
with the increased ratios of PEG, appeared to be chiefly due to the
effects of PEG to hamper the intracellular processes of polyplexes.
Membrane destabilization at pH 5.5 was enhanced by the increased
amounts of H polycations (Figure 7), suggesting a critical role for
H polycations without PEG in facilitating the endosomal escape of
polyplexes.® As a consequence, polyplexes with B/H = 50/50 formu-
lation showed the highest transgene expression levels with minimal
inflammatory responses in the lungs. This formulation successfully
took advantage of both effective PEG shielding and the functioning
of PAsp(DET) polycations to enhance intracellular processes.

These observations highlight the importance of analyzing
intravital behavior of polyplexes from the standpoint of nano-
toxicology. Typically presented as transgene expressions in this
study, therapeutic outcomes with nanoscale polyplexes can be
easily influenced by slight structural modifications, even when no
appreciable changes are detected in their in vitro physicochemical
evaluations. Careful consideration of all processes from polyplex
formation to the intravital behavior is required for effective and
safe gene and drug delivery systems, especially for administration
to the respiratory system.

Based on our originally developed polycation PAsp(DET),
which possesses high endosomal escaping capability with minimal
toxicity due to its biodegradable nature, we determined the optimal
composition of polyplexes for intratracheal administration of pPDNA
by tuning the mixing ratio of PEG-block-PAsp(DET) (B) and homo
PAsp(DET) (H). In vitro transgene expressions increased in paral-
lel with increased proportions of H. In contrast, following in vivo
intratracheal administration into the lungs, polyplexes with B/H =
0/100 formulation significantly induced proinflammatory cytok-
ines and cyclooxygenase-2 expressions, and resulted in histological
findings characteristic of inflammation. Using fluorescence micros-
copy, we found that BALF containing the polyplexes with B/H =
0/100 formulations exhibited rapid aggregate formation. It is thus
reasonable to assume that the rapid aggregation of polyplexes with
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Figure 6 Aggregation of polyplexes during the incubation in bronchoalveolar lavage fluid (BALF). The polypexes were prepared from
Cy5-labeled plasmid DNAs (pDNAs), and after adding BALF, the polyplex solutions were observed by a fluorescent microscope. Bar = 50 um.
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Figure 7 Evaluation of cell membrane destabilizationat pH5.50r 7.4
in the culture medium, After 30 minutes of transfection toward HuH-7,
cells were treated with YO-PRO1. The fluorescence intensity in each cell
nucleus, indicating the amount of YO-PRO1 penetration through the
plasma membrane, was determined using IN Cell Analyzer 1000. The
averages from about 3,000 cells were analyzed in each well. The data
were expressed as the means = SEM (N = 5).

B/H = 0/100 formulation in the lung may elicit acute inflamma-
tory responses, resulting in reduced transgene expressions. Notably,
appropriate PEG shielding of the polyplex prevented aggregate for-
mation effectively, and polyplexes with B/H = 50/50 formulation
achieved appreciable gene expression in the lungs without inflam-
matory responses. Therefore, this polyplex formulation is a highly
practical system for gene therapy for the respiratory system that
takes advantage of both effective PEG shielding and functioning of
PAsp(DET) polycations to enhance endosomal escape.

MATERIALS AND METHODS

Materials. PEG-block-PAsp(DET) block copolymer (B) and PAsp(DET)
homo polymer (H) were synthesized as previously reported.” The PEG used
in this study had a molecular weight of 12,000 Da. The degree of polymer-
ization of PAsp(DET) portion for B and H was determined by '"H-NMR

analyses to be 60 and 55, respectively. CpG-depleted pDNA encoding
luciferase (pCpG-ALuc) was kindly provided by Makiya Nishikawa from
Kyoto University (Kyoto, Japan), which had been constructed as previ-
ously reported.® The pDNA was amplified in GT115 Escherichia coli
(InvivoGen, San Diego, CA) and purified using NucleoBond Xtra EF
(Nippon Genetics, Tokyo, Japan). The pDNA concentration was deter-
mined spectroscopically at 260 nm. Dulbeccos modified Eagle’s medium
and fetal bovine serum were purchased from Sigma-Aldrich (St Louis,
MO) and Life Technologies Japan (Tokyo, Japan), respectively. Linear
polyethylenimine (Exgen 500, molecular weight = 22kDa) was purchased
from MBI FerMentas (Burlington, Ontario, Canada).

Preparation of polyplex solutions. Each polyplex sample was prepared by
mixing pDNA and polycations B and/or H at the indicated ratio. The N/P
ratio [(total amines in polycations)]/(DNA phosphates)] was fixed at eight
throughout the study.

In vitro transfection. Mouse embryonic fibroblast and hepatocellular car-
cinoma (HuH-7) cells were seeded at a density of 5,000 cells/well in 96-well
culture plates and incubated overnight in 100ml Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and penicillin/
streptomycin. For each transfection, the culture medium was replaced with
fresh medium containing 10% fetal bovine serum, and the polyplex solu-
tion containing 0.25 ug of pPDNA was administered to each well. Luciferase
expression was measured with the Luciferase assay system (Promega,
Madison, WI) and the GloMaxTM 96 microplate luminometer (Promega)
according to the manufacturer’s protocol.

Intratracheal gene introduction into mouse lungs. BALB/c mice (female,
7 weeks old) were purchased from Charles River Laboratories (Yokohama,
Japan). Mice were anesthetized intraperitoneally with pentobarbital
(60mg/kg) (Kyoritsu Seiyaku, Tokyo, Japan). Fifty microliter of polyplex
solution containing 10 ug pDNA was administered using a microsprayer
model JA-1C-R (Penn Century, Philadelphia, PA) after tracheostomies. All
animal protocols were conducted with the approval of the Animal Care
and Use Committee, University of Tokyo, Tokyo, Japan.

Evaluation of luciferase expressions in lung. Mice were sacrificed after
24 hours, and lung was excised and thoroughly homogenized using a
Multibeads shocker (Yasui Kikai, Osaka, Japan). Luciferase expression was
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measured by a luciferase assay system using the Lumat LB9507 luminom-
eter (Berthold, Bad Wildbad, Germany). The expression was normalized to
protein concentrations in the cell lysates.

Histological evaluations. Lung specimens were fixed in 10% forma-
lin for 24 hours and embedded in paraffin. These sections (5-pm thick)
were stained with hematoxylin and eosin. For evaluations of polyplex
behavior and macrophages, pDNA was labeled with Cy-5 using Label IT
Tracker Intracellular Nucleic Acid Localization Kits (Mirus, Madison, WI)
following manufacturer’s protocol. Mice were sacrificed after 4 hours and
the excised lung tissue was fixed in 10% formalin for 5 hours, followed
by overnight incubation in 20% sucrose/phosphate-buffered saline (PBS)
solution at room temperature. The specimens were frozen and sectioned at
a 10-pm thickness in a cryostat. Macrophages were immunostained with
an anti-F4/80 monoclonal antibody (AbD Serotec, Oxford, UK) at a dilu-
tion of 1:300 and an Alexa488-conjugated secondary antibody (Invitrogen,
Carlsbad, CA). After staining the nuclei with Hoechst 33342 (Dojindo,
Kumamoto, Japan), the sections were observed with a fluorescence micro-
scope equipped with image-analysis software (IN Cell Analyzer 1000; GE
Healthcare UK), followed by the measurement of fluorescence intensity
of Cy-5 labeled DNA in each macrophage. About 300 macrophages were
analyzed for each group.

Measurement of proinflammatory cytokines. To measure mRNA levels of
proinflammatory cytokines (IL-6, tumor necrosis factor-a, and IL-10) and
cyclooxygenase-2, lung tissue was extracted and total RNA was isolated
using an RNeasy Mini Preparation Kit (Qiagen, Hilden, Germany) follow-
ing manufacturer’s protocol. Gene expressions were analyzed by real-time
quantitative PCR using TagMan Gene Expression Assays (Mm00446190_
m1 for IL-6, Mm00443258 for tumor necrosis factor-a, Mm 01288386_m1
for IL-10, Mm01307334_gl for cyclooxygenase-2, and Mm00607939 for
B-actin) and an ABI Prism 7500 Sequence Detector (Applied Biosystems,
Foster City, CA).

Observation of aggregation in BALF. BAL was performed with 500 ul PBS
(instilled and recovered four times), and the BAL fluid (BALF) obtained
was centrifuged at 300g. To observe the aggregation of polyplexes, Cy5-
labeled DNA was used to prepare polyplex solutions at DNA concentration
of 33.3 ug/ml. BALF was added to equal volumes of polyplex solutions and
observed with an Axiovert 200 fluorescence microscope (Carl Zeiss, Jena,
Germany) using a 20x EC Plan Neofuar objective (Carl Zeiss).

Measurement of cellular uptake in lung cells. BAL was conducted eight
times, using 500pul PBS in each time, to remove extracellular pDNA.
Next, pDNA was collected from the excised lung tissue and purified
using a Wizard Genomic DNA Purification Kit (Promega). Purified
DNA was then subjected to a real-time PCR to quantify pDNA copies
using an ABI Prism 7500 Sequence Detector (Applied Biosystems). The
forward primer (TCTGTGGCTTCAGAGTGGTG) and reverse primer
(CTGATTCCTGGGAGATGGAA) were used because they are specific for
pCpG-ALuc. The copy number of B-actin was also determined by TagMan
Gene Expression Assays to normalize the cell number.

Evaluation of endosomal escape inside cells. HuH-7 cells were seeded at a
density of 10,000 cells/well in a 48-multiwell plate and cultured for 24 hours.
The culture medium was then replaced with PBS buffer (pH 7.4) or MES
buffer (pH 5.5) containing 20 mmol/l MES and 150 mmol/l NaCl; a poly-
plex solution containing 0.5 g pDNA was added to each well. The cells were
treated with 1 gmol/l YO-PRO1 (Invitrogen) and 2.5 ug/ml Hoechst 33342 in
PBS 30 minutes later. The fluorescence intensity of each nucleus was quanti-
fied after a 10-minute incubation using an IN Cell Analyzer 1000.

SUPPLEMENTARY MATERIAL
Figure $1 . Messenger RNA expression of proinflammatory cytokines
and Cox-2 in lung at 4 hours and 24 hours after transfection.
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Figure $2. Blood tests at 24 hours after administration.
Figure $3. Uptake of polyplexes by lung cells at 24 hours after
transfection.
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ABSTRACT

Homo-poly{N'-[N-(2-aminoethyl)-2-aminoehtyl]Jaspartamide} [PAsp(DET), H] was attempted to integrate
into poly (ethylene glycol) (PEG)-b-PAsp(DET)] (B) formulated polyplex micelle with the aim of
enhancing cell transfection efficiency for PEGylated polyplex micelle via H integration. In vitro evalua-
tions verified H integration of potent stimulation in enhancing cell-transfecting activity of PEGylated
polyplex micelles via promoted cellular uptake and facilitated endosome escape. In vivo anti-angiogenic
tumor suppression evaluations validated the feasibility of H integration in promoting gene transfection to
the affected cells via systemic administration, where loaded anti-angiogenic gene remarkably expressed
in the tumor site, thereby imparting significant inhibitory effect on the growth of vascular endothelial
cells, ultimately leading to potent tumor growth suppression. These results demonstrated potency of H
integration for enhanced transfection activity and potential usage in systemic applications, which could
have important implications on the strategic use of H integration in the non-viral gene carrier design.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, development of non-viral gene delivery carriers
has been highlighted with respect to their advantages in low host
immunogenicity and large-scale manufacturing [1,2]. Cationic gene
carriers, which are formulated through electrostatic self-assembly
of anionic plasmid DNA (pDNA) and cationic materials (e.g. poly-
cations, cationic lipids), have emerged as a tempting gene delivery
modality in view of their tremendous potential to circumvent
ensemble of predefined biological barriers via engineering their
chemistry [3]. The principle design criteria in view of the barriers
encountered in delivery of exogenous gene to the targeted cells
include the abilities of protecting encapsulated pDNA from
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enzymatic degradation, preventing undesired non-specific inter-
actions in the biological environment, readily being internalized
into the affected cells and retrieving from endosome entrapment
[4]. To these required principles, we have developed a multi-
biofunctional catiomer, poly{N’-[N-(2-aminoethyl)-2-aminoehtyl]
aspartamide} PAsp (DET) (H) [5—8]. This PAsp(DET) catiomer
featured as the flanking ethylenediamine moiety in the side chain
of N-substituted polyaspartamide (PAsp), displayed distinctive
two-step protonation behavior in response to pH gradient, where
the protonation of ethylenediamine is facilitated in acidic pH.
Interestingly, this acid-responsive trait of PAsp(DET) elicits a selec-
tive endosome membrane destabilization function. In contrast to
minimal membrane destabilization at physiological pH, fully
protonated PAsp(DET) in acidic endosome milieu exerts strikingly
explosive destabilization power on cellular membrane, accordingly
results in liberation of embedded gene from endosome entrapment
to the cytosol and efficient gene transfection without penalty in cell
viability {6,9,10]. Still, PAsp(DET) that remains in the cytosol will
not provoke cumulative cytotoxic concern due to its appreciable
self-catalytic degradable nature, consequently allowing safe gene
expression in the affected cells [7].
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On the other hand, it is well acknowledged that direct use of
homo-catiomer formulations in systemic therapy was limited since
they can readily interact with charged components in the blood
stream, in consequence subjected to rapidly clearance by reticulo-
endothelial system or macrophage cells. To improve the biocom-
patibility and bioavailability of H formulation, surface modification
of polyion complex with poly(ethylene glycol) (PEG) was developed
via complexation of block-catiomer PEG-b-PAsp(DET) (B) with
pPDNA, where single pDNA can be packaged into nanosized core
covered by the hydrophilic and biocompatible PEG corona [5].
With merits of this PEG shielding shell, non-specific interactions
with biological components were minimized and allows for well
dispersing in the blood fluid to stealthily circulate [11]. However,
PEG shell reduces affinity to cell membrane so that transfection
efficiency extends significance for the ultimate therapeutic potency.
In light of dramatic high cell-transfecting activity mediated by
homo-PAsp(DET) (H) compared to B [12], we are encouraged to
integrate H into B based polyplex micelle in pursuit of enhance-
ment for the cell transfection efficiency of PEGylated polyplex
micelle in virtue of H integration and ultimately achieving
improved drug efficacy at the targeted site via systemic adminis-
tration. Indeed, our recent study has validated feasibility of such
block copolymer and homo polymer combined polyplex micelles
(BHPMSs) with pronounced enhancement in transfection efficiency
via intratracheal lung administration and remarkably reduced
inflammatory response due to inactivated macrophage recognition
to polyplexes with PEG shielding [13].

In the present work, we studied the functionalities of H inte-
gration to PEGylated polyplex micelle and identified the most
appreciable combinatorial ratio of B and H for systemic application.
The identified BHPM containing anti-angiogenic gene was utilized
for treatment of pancreatic tumor bearing mice to demonstrate the
utility of BHPM for systemic anti-angiogenic tumor therapy.

2. Materials and methods
2.1. Materials

a-Methoxy-w-amino-poly(ethylene glycol) (M, 12,000) was obtained from
Nippon Oil and Fats Co., Ltd. (Tokyo, Japan). B-Benzyl-i-aspartate N-carboxyanhy-
dride (BLA-NCA) was obtained from Chuo Kaseihin Co., Inc. (Tokyo, Japan).
Diethylenetriamine (DET), N,N-dimethylformamide (DMF), n-butylamine,
dichloromethane, benzene, and trifluoroacetic acid were purchased from Wako Pure
Chemical Industries, Ltd. Alexa-488 succinimidyl ester was a product of Invitrogen
(Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Dainippon Sumitomo
Parma Co., Ltd. (Osaka, Japan). The pDNAs, pBR322 (4,363 bp) and pGL3 control
vector (5,256 bp) were purchased from Takara Bio Inc. (Otsu, Japan). The pDNA
encoding luciferase with a CAG promoter provided by RIKEN Gene Bank (Tsukuba,
Japan)was amplified in competent DH5a Escherichia coli and purified with a QIAGEN
HiSpeed Plasmid MaxiKit (Germantown, MD). Cell culture lysis buffer and luciferase
Assay System Kit was purchased from Promega Co. (Madison, WI). The Micro BCA™
Protein Assay Reagent Kit was purchased from Pierce Co., Inc. (Rockford, IL). The
PDNA encoding a soluble form of VEGF receptor-1 (sFlt-1) was a kind gift from Prof.
Masabumi Shibuya in Tokyo Medical and Dental University, and was prepared as
previously reported [14]. Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from Sigma—Aldrich (St. Louis, MO). For cellular uptake and intracellular
distribution assay, pDNA was labeled with Cy5 using a Label IT Nucleic Acid Labeling
Kit from Mirus Bio Corporation (Madison, WI) according to the manufacturer’s
protocol. Human hepatoma cells (HuH-7) and human umbilical vein endothelial
cells (HUVEC) were obtained from the Japanese Collection of Research Bioresources
Cell Bank (Tokyo, Japan) and Lonza Ltd. (Basel, Switzerland), respectively. BALB/c
nude mice (female, 5 weeks old) were purchased from Charles River Laboratories
(Tokyo, Japan). All animal experimental protocols were established according to the
guidelines of the Animal Committee of the University of Tokyo.

2.2. Synthesis of B and H

B and H were prepared according to a ring-opening polymerization scheme as
previously reported [5,7]. In brief, the polymerization of monomer BLA-NCA was
initiated from the w-NH; terminal group of 2-methoxy-w-amino-poly (ethylene
glycol) (My, 12,000) (for block-catiomer, B) or n-butylamine (for homo-catiomer, H)
to obtain PEG-PBLA or PBLA, respectively, followed by aminolysis reaction to

introduce diethylenetriamine molecules into the side chain of PBLA. The prepared
polymers were determined to have a narrow unimodal molecular weight distribu-
tion (B: Mw/Mn = 1.05; H: My/M, = 1.06) by gel permeation chromatography. The
polymerization degree of PAsp(DET) segment in B was confirmed to be 61 from the
peak intensity ratio of the methylene protons in PEG (-OCH2CHa-, § = 3.7 ppm) to the
methylene groups in the bis-ethylamine of PAsp(DET): NHjy(CH3),NH(CH;)NH-
8 = 3.1-3.5 ppm settled in the side chain in the 'H NMR spectrum in D50 at 25 °C.
The polymerization degree of H was confirmed to be 55 according to the peak
intensity ratio of the protons of the butyl group at the 2-chain end CHs- to the
methylene groups in the bis-ethylamine of PASp(DET) in the 'H NMR spectrum in
D,0 at 25 “C.

2.3. Preparation of BHPMs

Synthesized B and H powders were separately dissolved in 10 mM HEPES buffer
(pH 7.4) as stock solution. Mixture of B and H stock solutions at varying B/H ratios
(residual molar ratio of amino groups in B and H) was added to pDNA solution for
complexation at varying N/P ratios (residual molar ratio of total amino groups in B
and H to phosphate groups in pDNA), followed by overnight incubation at 4 °C. The
final concentration of pDNA in all the samples was adjusted to 33.3 pg/mL. Note that
all the pre-experimental procedures involved with polymer solution or complex
solution were strictly carried out at low temperature, e.g. 4 °C refrigerator or ice bath
to avoid polymer degradation [7]. Polyplex micelle formulated from B and pDNA was
referred hereafter as B100, and polyplex formulated from H and pDNA was referred
hereafter as H100.

2.4. Dynamic light scattering

The size and polydispersity index (PDI) of BHPMs were determined from the
dynamic light scattering (DLS) measurement by the Zetasizer nanoseries (Malvern
Instruments Ltd., UK) at a detection angle of 173° and a temperature of 25 °C. BHPMs
were prepared as described above for three times measurement. The data derived
from the rate of decay in the photon correlation function were treated from
a cumulant method, and the corresponding diameter of each sample was calculated
according to the Stokes—Einstein equation [15].

2.5. Zeta potential

The zeta potential of BHPMs was determined from the laser-doppler electro-
phoresis using the Zetasizer nanoseries (Malvern Instruments Ltd., UK). According to
the obtained electrophoretic mobility, the zeta potential of each sample (n = 3) was
calculated according to the Smoluchowski equation: { = 4mnv/e, where 7 is the
viscosity of the solvent, v is the electrophoretic mobility, and e is the dielectric
constant of the solvent.

2.6. Transmission electron microscopy (TEM) measurement

TEM observation was conducted using an H-7000 electron microscope (Hitachi,
Tokyo, Japan) operated at 75 kV acceleration voltages for insight on the morphology
of BHPMs containing pBR322 pDNA. Copper TEM grids with carbon-coated collo-
dion film were glow-discharged for 10 s using an Eiko IB-3 ion coater (Eiko Engi-
neering Co. Ltd., Japan). The grids were dipped into desired BHPM solution, which
was pre-mixed with uranyl acetate solution (2% (w/v)), for 30 s. The sample grids
were blotted by filter paper to remove excess complex solution, followed by air-
drying for 30 min. The morphology of the prepared BHPMs was determined from
the TEM images obtained by staining pDNA with uranyl acetate (UA). Note that PEG
shell is invisible under TEM due to its low affinity with UA. Thus, the contours of
pDNA strands in the complex were selectively visualized without interference from
PEG moieties surrounding pDNA strands. The obtained TEM image was further
analyzed by Image J 1.44 (National Institutes of Health) to quantify the length of
major axis in each sample, and 100 individual nanoparticles were measured for
distribution.

2.7. Binding numbers of B and H to pDNA in BHPMs

The binding behaviors of B and H to pDNA in each BHPM were investigated
according to a preparative ultracentrifuge method. As reported previously [14],
ultracentrifugation of complex solution allows selective sedimentation of polyplex
micelles, while unbound free polymers remain in the supernatant. In consequence,
the binding fraction of polymer can be determined by subtracting free polymer
(remain in the supernatant after sedimentation) from the total fed polymer. For
instance, to quantify the associating number of B in the BHPMs, Alexa-488 labeled B
(labeling procedures according to protocol provided by the manufacture, conjuga-
tion efficiency: 0.41 Alexa-488 molecules per B) and non-labeled H were used to
prepare a class of BHPMs at varying BfH ratio, N/P 8 with pDNA (pGL3 control
vector). After overnight incubation at 4 °C, 500 pL aliquot of each BHPM solution was
injected into thickwall polycarbonate tube, 343776 (Beckman Coulter, Inc., Fullerton,
CA) and subjected to ultracentrifugation (Optima TLX, Beckman Coulter, Inc., Full-
erton, CA) equipped with TLA-120.1 rotor for 3 h under 50,000 g for complete
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sedimentation of BHPMs. The supernatant with the content of free B was collected
for fluorescence intensity measurement using a spectrofluorometer (ND-3300,
NanoDrop, Wilmington) with an excitation wavelength of 470 nm and an emission
wavelength of 519 nm. The concentration of free B in the supernatant or the fed B
solution prior to ultracentrifugation was determined from the obtained fluorescence
intensity according to a calibration curve from Alexa488-labeled B solutions. Same
method was applied to determine the binding number of H (conjugation efficiency:
0.34 Alexa-488 molecules per H) to pDNA.

2.8. In vitro transfection efficiency

HuH-7 cells were seeded on 24-well culture plates (20,000 cells/well) and
incubated overnight in 400 pL of DMEM containing 10% FBS in a humidified atmo-
sphere with 5% CO; at 37 °C. The medium was replaced with 400 pL of fresh medium,
followed by addition of 30 pL each BHPM solution (prepared at N/P 8, 1 ug pDNA/
well). After 24 h incubation, the medium was exchanged with 400 pL fresh DMEM,
followed by another 24 h incubation. The cells were washed with 400 uL of PBS, and
lysed in 150 pL of the cell culture lysis buffer. The luciferase activity of the lysates was
evaluated from the photoluminescence intensity using Mithras LB 940 (Berthold
Technologies, USA). The obtained luciferase activity was normalized according to
corresponding amount of proteins in the lysates determined by the Micro BCATM
Protein Assay Reagent Kit.

2.9. Cellular uptake

Cellular uptake efficiency was evaluated by flow cytometry (BD LSR I, BD,
Franklin Lakes, NJ). Cy5-labeled pDNA were used to prepare a group of BHPMs. HuH-
7 cells were seeded on G-well culture plate (100,000 celis/well) and incubated
overnight in 2 mL of DMEM containing 10% FBS. The medium was replaced with
fresh medium, followed by addition of 150 uL BHPM solution (33.3 pg pDNA/mL)
into each well. After 24 h incubation, the cells were washed 3 times with PBS to
remove extracellular Cy5 fluorescence. After detachment by trypsin from the culture
plate, the cells were harvested and re-suspended in PBS for flow cytometry
measurement.

2.10. Intracellular distribution

Endosome escape capacity was determined by evaluating colocalization degree
of pDNA and endosome by Confocal laser scanning microscopy (CLSM). In brief, Cy5-
labeled pDNA were used to prepare a class of BHPMs at N/P 8. HuH-7 cells (50,000
cells) were seeded on 35 mm cell culture dishes and incubated overnight in 1 mL of
DMEM containing 10% FBS. The medium was replaced with fresh medium, followed
by addition of 75 uL BHPM solution (33.3 pg pDNA/mL) into each cell culture dishes.
After 24 h incubation, the medium was removed and the cells were rinsed three
times with PBS prior to the imaging. The intracellular distribution of each BHPM was
observed by CLSM after staining acidic late endosomes and lysosomes with Lyso-
Tracker Green (Molecular Probes, Eugene, OR) and nuclei with Hoechst 33342
(Dojindo Laboratories, Kumamoto, Japan). The CLSM observation was performed
using LSM 510 (Carl Zeiss, Germany) with a 63 x objective (C-Apochromat, Carl
Zeiss, Germany) at excitation wavelengths of 488 nm (Ar laser), 633 nm (He-Ne
laser), and 710 nm (MaiTai laser for 2-photon imaging) for LysoTrakcer Green
(green), Cy5 (red), and Hoechst 33342 (blue), respectively. The colocalization ratio
was calculated as previously described [9,12,14] according to the formula:

Colocalization ratio = number of yellow pixels/number of yellow and red pixels,

where yellow corresponds to the pDNA that is trapped into endosome, while red
corresponds to the pDNA that is released into the cytosol.

2.11. Release of H in endosome milieu

A group of BHPMs containing pGL3 control vector was prepared with Alexa488-
labeled H at varying BfH ratio, N/P 2 (approximate stoichiometric charge ratio) in
10 mM HEPES buffer (pH 7.4). After overnight incubation at 4 °C, aliquot of each
BHPM solution was mounted by 50 mM acetic acid/acetic sodium buffer (the final
pH was adjusted to be 5 for mimicking endosome milieu), followed by another 48 h
incubation at 4 °C. The released number of H from each BHPM was quantified by
preceding ultracentrifuge measurement. The releasing percentage was calculated
according to the formula:

Released H (%) = (Hy4 — Hs)/H7.4 x 100 (%)

where Hy4 denotes associating number of H on a pDNA at pH 7.4, and Hs denotes
associating number of H on a pDNA after 48 h incubation of BHPMs at pH 5.

2.12. Cell viability

HuH-7 cells or HUVEC were seeded in 24-well culture plates (20,000 cells/well)
and incubated overnight in 400 uL DMEM supplemented with 10% FBS (or MCDB131
containing 10% FBS and 10 ng/mL b-FGF for HUVEC). The medium was replaced with
400 L of fresh medium, followed by addition of 30 uL each BHPM solution into each
well (1 pg pDNA/well). After 24 h incubation at 37 °C, the medium was changed to
400 pL of fresh medium, followed by another 24 h incubation. The cells were washed

with 400 pL, and cell viability was determined using the Cell Counting Kit-8 (Dojindo,
Kumamoto, Japan) according to the manufacturer’'s protocol. Each well in 200 pL
fresh medium was reacted with 20 pL Cell Counting Kit-8 Agent. After 2 h reaction at
37 °C, the absorbance at 450 nm of the formazan in each well was quantified from
a microplate reader (Model 680, Bio-rad, UK). The cell viability in each well was
calculated and presented as a percentage of control wells without any addition.

2.13. Tumor suppression efficacy

BALB/c nude mice were inoculated subcutaneously with BxPC3 cells (5 x 10°
cells in 100 pL of PBS). Tumors were allowed to grow for 3 weeks till proliferative
phase (the size of the tumors was approximately 50 mm?). Subsequently, each
sample (20 pg sFlt-1 pDNA/mouse) in 10 mM HEPES buffer (pH 7.4) with 150 mM
NaCl was intravenously injected via the tail vein 3 times on days 0, 4 and 8. Tumor
size was measured every two or three days by a digital vernier caliper across its
longest (a) and shortest diameters (b), and its volume (V) was calculated according
to the formula V = 0.5 ab?, Tumor progression was evaluated in terms of relative
tumor volume (to day 0) over a period of 28 days, n = 6.

2.14. Vascular density

BHPMs loading either sFlt-1 or Luc pDNA (20 ug of pDNA) were intravenously
injected into the BXPC3-inoculated mice though the tail vein on days 0 and 4. Mice
were sacrificed on day 6, and the tumors were excised, frozen in dry-iced acetone,
and sectioned into 10 um thick slices with a cryostat. Vascular endothelial cells
(VECs) were immunostained by rat monoclonal antibody antiplatelet endothelial
cell adhesion molecule-1 (PECAM-1) (BD Pharmingen, Franklin Lakes, NJ), followed
by incubation with Alexa Fluor 488-conjugated secondary antibody. The immuno-
stained sections were observed with CLSM (Carl Zeiss, Germany). The vascular
density was quantified by counting the percentage area of PECAM-1-positive pixels
per image with 15 images per sample.

2.15. sFlt-1 expression in the tumor site

BHPMs loading sFlt-1 (20 pg of pDNA) were intravenously injected into the
BxPC3-inoculated mice via the tail vein. Mice were sacrificed at 48 h after injection.
The tumors were excised, frozen in dry-iced acetone, and sectioned into 10 pm thick
slices with a cryostat. VECs were immunostained using antibodies anti-mouse
PECAM-1 (BD Pharmingen, USA) and anti-human and mouse VEGFR1 (ab32152,
Abcam Japan, Tokyo, Japan). The sections immunostained was observed with CLSM
(Carl Zeiss, Germany). The sFlt-1 gene expression was quantified by counting the
percentage area of ab32152-positive pixels per image with 6 images per sample.

3. Results and discussion
3.1. Characterizations of BHPMs

One of most important factors for developing gene delivery
carriers is possession of nanosized dimensions and stealth surface
characteristics to enable circulation in the blood stream to the
targeted tissue. In this respect, the size and zeta potential of BHPMs
were examined. From the size characterization by DLS, all
B-included samples presented cumulant diameters ranging from
60 nm to 100 nm (Supplementary Table S1) with unimodal size
distributions of low PDI from 0.1 to 0.2 (Supplementary Table S2),
whereas H100 presented remarkably larger size over 1000 nm at
a critical N/P range of 1.5—2. In the range over this critical N/P range
(N/P > 2), H100 possessed comparable size of approximate 75 nm
with unimodal size distribution.

The zeta potential of BHPMs was examined because possession
of neutral zeta potential is necessary to diminish non-specific
interactions with biological components, protein adsorption,
aggression, opsonization [16,17]. For this purpose, the zeta poten-
tial of BHPMs was examined. Overall, negative net charge of pDNA
in all complexes was approximately neutralized at a critical N/P of
1.5—2, which is consistent with the protonation degree (53%) of
amino groups in PAsp(DET) at neutral pH 7.4 [5]. This suggests
aforementioned large-sized formulation of H100 at this critical N/P
range may form through the secondary aggregation of the charge
neutralized polyplexes. In the range above this critical N/P range,
H100 (N/P > 2) possessed remarkable positive value in zeta
potential approximate +40 mV (Supplementary Table 3). On the
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contrary, the zeta potential of B100 was significantly suppressed to
neutral approximate +5—6 mV, indicating charge-masking effect of
PEGylation from B. To our interests, the neutral zeta potential
remained for the BHPMs with H% < 50%, though BHPM at B/
H = 75/25 showed higher zeta potential (over +10 mV) possibly
ascribe to insufficient PEG shielding due to low B content. Each
group of BHPMs with same H% (over than stoichiometric charge
ratio, N/P > 2) showed comparable size and zeta potential
regardless of N/P ratios. Here, we choose BHPMs prepared at N/P 8
as representative for hereafter investigations.

The morphology of BHPMs was investigated by TEM measure-
ment (Fig. 1). Note that pDNA strands in the BHPMs were selec-
tively observed in the TEM image due to stronger affinity of uranyl
acetate (UA) to DNA compared to PEG. B100 presents as uniform
rod-shaped particles (Fig. 1a), suggesting DNA strand is packaged
into the rod-shaped bundle through a regular folding behavior [18].
In contrast, H100 in absence of PEG surface tethering adopted
a completely collapsed spherical configuration (Fig. 1d). This stark
contrast implied the crucial role of the tethered PEG chains in
mediating pDNA packaging. To obtain this collapsed spherical
configuration using B, the tethered PEG chains must be stuffed as
a corona surrounding the spherical core. Apparently, this PEG
crowding hinders segmental motion of PEG chains, which is unfa-
vorable with respect to conformational entropy. Hence, it is
reasonable to assume that osmotic pressure caused by the crowded
PEG chains sustains pDNA collapsing induced by PAsp(DET)
binding. Presumably, the tethered PEG may regulate pDNA pack-
aging configurations. According to this discipline, an intermediate
pDNA packaging configuration may reside in BHPMs by reducing
tethered PEG chains. The TEM observations approved our specu-
lations and revealed progressive pDNA configuration change from
rod to ellipsoid with shortened length of major axis (58 nm - 44 nm,
Fig. 1e) in BHPMs along a decreasing content of B (Fig. 1band ¢) and
ultimately collapsed into spherical configuration in the absence of B
(H100). This tendency coincides with the prior DLS measurement,
where smaller size and lower PDI were obtained at lower B%. Of
note, this B/H ratio dependent manner in pDNA packaging config-
uration implies the binding content of B and H to pDNA relies on
the fed BfH ratios.

To gain direct insight on the binding fashions of B and H to
pDNA, the compositions of B and H in BHPMs were quantified

according to uitracentrifuge technique. In principle, appropriate
ultracentrifugal field was applied for selective sedimentation of
complexes, whereas unbound polymer to pDNA (free polymer)
stays in the solution. Appending fluorescence dye to B (vice versa
for H), the binding compositions of B can be quantified by
comparing the total fed number of B and the free number of B.
Overall, the binding compositions of B and H in the BHPMs remain
fairly consistent with the fed BfH ratios (Fig. 2a). Interestingly,
identical number of amino groups was found for complexation with
one pDNA. Since the bound PAsp(DET)s onto a pDNA possessed
20,000 amino groups in total, in which 53% of amino groups
(10,600) presumes to be positively charged at pH 7.4, which coin-
cide with the number of phosphate groups in one pDNA (pGL3:
10,652 negative charges from 5,326 bps). All the BHPMs appeared
to be formulated exclusively according to stoichiometric charge
ratio independent on the fed B/H ratio. This result provides
essential insight on BHPMs formulation with the binding ratio of B
and H according to the fed B/H ratio, thereby allowing precise
control of compositions in BHPMs by simply altering the fed B/H
ratios.

In summary, we have successfully integrated H into polyplex
micelle and fabricated distinct PEGylated BHPM micelle formula-
tion with neutral zeta potential in the range of H < 50%. In addition,
the composition of B and H in BHPMs can be facile controlled by
varying fed B and H ratio. The biological impacts of H integration on
PEGylated polyplex micelle were then investigated.

3.2. Enhanced cellular transfection of BHPMs from H integration

The transfection efficiency of BHPMs was evaluated to verify the
effect of H integration. Notably, H integration appeared to signifi-
cantly enhance transfection efficiency of polyplex micelle, whereas
no observable transfection activities were found in B100 (Fig. 3). In
particular, a pronounced jump of transfection efficiency was
observed from the point of H% of 30%, e.g. BHPM at B/H = 50/50
capable of mediating comparable high level of transfection effi-
ciency as H100. This result approved the powerful potency of H
integration in enhancing transfection activity of PEGylated polyplex
micelle. To understand how H integration to PEGylated polyplex
micelle worked in transfection, we examined cellular uptake effi-
ciency and endosome escape capacity of BHPMs as varying H
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Fig. 1. Morphology of BHPMs at varying H integration ratio according to TEM observation. a)—d): Representative TEM images of BHPMs at varying H integration ratio, a) BfH = 100/0;
b) B/H = 70/30; c) B/H = 50/50; and d) B/H = 0/100. The scale bars represent 100 nm in all TEM images. ) Number average length of major axis of BHPMs at varying H integration ratio

analyzed according to acquired TEM images (n = 100).
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integration ratio because these two events are the crucial factors
determining the magnitude of transfection efficiency. The cellular
uptake efficiency of BHPMs was evaluated by quantifying the
internalized pDNA using flow cytometry analysis (Fig. 4a). In
consistent with the transfection tendency, no observable cellular
uptake was found in B100, whereas BHPMs exhibited striking
contrast with remarkable enhancement in cellular uptake effi-
ciency, e.g. BHPMs at B/H = 70/30 and 50/50 experienced potent
promotion in cellular uptake activity (comparable to H100). The
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Fig. 3. Transfection efficiency and cell viability of BHPMs at varying H integration
ratio, Dotted line: background level of transfection efficiency in HuH-7. Open dia-
monds: transfection efficiency of BHPMSs in HuH-7 cells; Closed circles: cell viability of
HuH-7 cells; Open circles: cell viability of HUVEC cells (mean =+ SEM, n = 4).

results suggest powerful potency of H integration in promoting
cellular uptake of PEGylated polyplex micelle. Possibly, decrease of
PEG chains in the BHPMSs with increasing H content may facilitate
cellular uptake because PEGylation reduces affinity of PEGylated
nanocarriers to cell adhesion [19,20]. The detailed underlying
mechanism for this enhancement in cellular uptake is ongoing.
The internalized BHPMSs after endocytosis are subjected to
endosome entrapment and eventually end up with enzymatic
degradation if they cannot afford adequate facilities to retrieve the
entrapped gene from late endosome [21]. Hence, intracellular
distributions of BHPMs were characterized by CLSM observations
(Fig. 4). No significant amount of pDNA (stained as red) localized
inside the cells for B100 (Fig. 4b), which is in agreement with flow
cytometry result. On the contrary, BHPMs at B/H = 70/30 and 50/50
and H100 (Fig. 4c—e) reveals larger amount of pDNA were inter-
nalized into the cells than B100. Endosome escape capacities of
BHPMs were studied in term of quantifying colocalization degrees
of pDNA and late-endosome/lysosome (green), thus lower coloc-
alization degree represented higher endosome escape capacity.
Interestingly, colocalization ratios of BHPMs appeared to follow
a clear H content dependent manner (Fig. 4a), where lower coloc-
alization ratio attained in the BHPMs with larger H content. This
tendency suggests H integration played a prominent role in medi-
ating the release of BHPMs from endosome entrapment. A plau-
sible reason for this tendency may lean on the potent membrane
disrupting activity of H in endosome milieu [6]. As we demon-
strated previously, the membrane destabilizing capacity of H was
low at pH 7.4, while it was remarkably high in acidic condition
(endosome milieu), which gave rise to substantially enhanced
potency of H in endosome escape. In light of the fact that BHPMs
were self-assembled according to stoichiometric charge ratio, it is
reasonable to anticipate that some fraction of integrated H might be
released from BHPMs in endosome milieu, which accounts for
endosome membrane disruption. At physiological milieu
(pH = 74), the ethylenediamine side chain of PAsp(DET) takes
almost monoprotonated form with the protonation degree of 0.53,
while the protonation was facilitated by acidification, e.g. the
majority of ethylenediamine side chain takes double protonated
form in endosome milieu with the protonation degree of 0.90
(pH = 5) [6]. The promoted protonation of PAsp(DET) would
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Fig. 4. Cellular uptake and endosome escape profiles of BHPMs at varying H integration ratio. Open circles: Cellular uptake efficiency of BHPMs to HuH-7 cells (mean = SEM, 1 = 3).
b) - e): CLSM images for insight on intracellular distributions of BHPMs at varying H integration ratio. b) B/H = 100/0; ¢) B/H = 70/30; d) B/H = 50/50; and e) B/H = 0/100. Blue:
nucleus; Green: late endosome or lysosome; Red: pDNA. Endosome escape was determined by quantifying colocalization ratio of pDNA and late-endosome/lysosome as
summarized in (a) as bar graph (mean + SEM, n = 10). The scale bars represent 10 pm in all CLSM images. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

concomitantly elicit transient over-stoichiometric charge for
the polyion complex core. Apparently, this transient over-
stoichiometric complex are not stable due to the electrostatic
repulsion of excessive charged catiomers in the complex and would
readily release charged chains in the polyion complex to recover
electrostatic equilibrium. For evidence of this speculation, a class of
BHPMs prepared in the HEPES buffer (pH 7.4) was subjected for pH
5 for mimicking endosome entrapment. The remaining binding
numbers of H per pDNA in BHPM were quantified by ultracentri-
fuge analysis as aforementioned and compared to original binding
numbers of H per pDNA at pH 7.4. Fig. 2b approves considerable
amount of integrated H released from each BHPM at pH 5 as
compared to that at pH 7.4. The releasing numbers of H displayed
a clear H integration ratio dependent manner, where those BHPMs
with higher H% tend to release more. Accordingly, we may specu-
late that the releasing fraction of H would exert disruption of
endosome membrane so that allowing for facilitated endosome
escape. Indeed, our recent study has verified H of powerful
membrane destabilization potency in acidic endosome milieu [13],
thus approved H integration as a convincing strategy in facilitating
pDNA release from endosome entrapment,

Minimizing the cytotoxicity, aside from increasing efficacy, is
one of key factors in establishing safer gene carriers which are
clinically applicable. In this respect, we assessed cell viability in
presence of BHPMs for two cell lines. First, cell viability was
accessed in HuH-7 cells, which was used in the transfection effi-
ciency evaluations. As shown in Fig. 3, no significant cytotoxicity
was observed, suggesting safety of our BHPMs. Cytotoxicity was
further assessed in HUVEC cell-line, which is more sensitive in
terms of toxicity [6], and confirmed minimal cytotoxicity was
observed with the BHPMs at low H% (H% < 50%). In particular,
cytotoxicity was negligible with H% < 30%.

In summary, H integration conferred multi-merits in elevating
transfection efficiency of PEGylated polyplex micelle, including
promoted cellular uptake and facilitated endosome escape. Ulti-
mately, BHPMs at B/H = 70/30 was identified as the most appre-
ciable BHPM comprising high transfection efficiency, minimal
cytotoxic profile and charge-shielded surface characters for
subsequent systemic gene therapy test.

3.3. Potent tumor growth suppression by treatment with BHPMs

Pancreatic cancer remains one of the highest fatalities among
various cancers [22—26] and anti-angiogenic approach is recently

Relative tumor volume

15
Days

20 25 30

Fig. 5. Antitumor activity of BHPM loading sFlt-1 pDNA in subcutaneously BxPC3-
inoculated mice via intravenous administration. Open circles: HEPES buffer as
control; Closed circles: B100; Crossed squares: BHPM at B/H = 70/30 (mean + SEM,
n = 6). Data points marked with asterisks are statistically significance of BHPM group
relative to both control group and B100 group (*P < 0.05, **P < 0.01; Student's ¢ test).
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Fig. 6. CLSM image of immunostaining of PECAM-1-positive-vascular endothelial cells in the BxPC3 tumor tissue. a) HEPES; b) B100 loading sFit-1 pDNA; ) BHPM (B/H = 70/30)
loading sFlt-1 pDNA; and d) BHPM (B/H = 70/30) loading Luc pDNA. The scale bars represent 100 um in all CLSM images. e) Areas of PECAM-1-positive region (green) quantified
from CLSM images (mean + SEM, n = 15; P < 0.01, Student’s t test). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

thought to be a promising way to treat this type of cancer [27,28].
Vascular endothelial growth factor (VEGF), a major signaling
molecule to stimulate angiogenesis via promoting endothelial cell
proliferation and migration [29,30], is one of most intensively used
targets for antiangiogenesis tumor therapy [31—-33]. Here, we
selected pDNA encoding soluble VEGF receptor-1, or soluble fms-
like tyrosine kinase-1 (SVEGFR1, or sFlt-1) [31], which inhibits

VEGF signaling by strong binding to VEGF molecules without
transducing signals into cells, as payload to test the feasibility of
BHPMs in systemic applications in vivo.

BHPMs at B/H = 70/30 (simply referred as BHPMs hereafter)
containing sFlt-1 were intravenously injected into mice bearing
pancreatic adenocarcinoma BxPC3 via the tail vein on day 0, 4 and
8. BHPMs exerted significantly tumor suppression compared to the

=S
[}
o
< 10
[
2
B
[o]
& |
x
L
O]
2
T 5r
i
0

**

Control

Fig. 7. Expression of sFlt-1 protein by pDNA loaded in BHPM (B/H = 70/30) in the BXPC3 tumor tissue in vivo. a) HEPES buffer used as a control. b) BHPM (B/H = 70/30) loading sFlt-
1 pDNA. Blue: nucleus; Red: vascular endothelial cells. Green: expressed sFlt-1 (or inherent Flt-1/VEGFR1). The scale bars represent 200 um in all CLSM images. c) Areas of Flt-1/
VEGFR1-positive region (green) were quantified from the images (mean = SEM, n = 6; **P < 0.01, Student’s t test). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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mice treated with HEPES buffer (control) and B100 (*P < 0.01,
Fig. 5). Moreover, no noticeable side effect appeared in both B100
and BHPMs treated mice, according to mice weight measurement
(data not shown). To confirm the inhibited tumor growth due to
anti-angiogenic effect, vascular endothelial cells (VECs) was
immunostained by using PECAM-1, and quantified. As shown in
Fig. 6, vascular density of tumors treated by BHPMs was signifi-
cantly lower than that of the other groups (*P < 0.01). Note that the
vascular density treated by BHPMs loading Luc pDNA was the same
as the control group. The result suggests the expression of loaded
sFit-1 pDNA in BHPMs suppressed vascular growth, thus led to
inhibitory growth of tumor tissue.

To confirm obtained anti-angiogenic effect due to loaded sFlt-1
pDNA expression at the tumor site, we immunostained the tumor
tissue using an antibody for Flt-1. The antibody detected both
soluble and membrane-bound VEGFR1/Flt-1 for both human and
mouse, therefore both overexpressed and naturally expressed
VEGFR1/Fit-1 in both mouse tissues and human-derived cancer
cells were observable. Still, as shown in Fig. 7, the expression of
total VEGFR1/Flt-1 (green) was remarkably higher in the mice
administered BHPMSs compared to control sample. This observation
suggested that administration of BHPMs enabled effective
expression of sFit-1 in the tumor tissue, in agreement with the
observations for vascular density decrease (Fig. 6) and tumor
growth suppression (Fig. 5). Moreover, it was found that the
expressed sFlt-1 enriched in the tumor stroma adjacent to the
vascular endothelial cells (red), rather than the tumor mass (celi
nucleus stained into blue). Since BxPC3 pancreatic adenocarcinoma
has thick fibrosis [34}, possibly sFlt-1 pDNA encapsulated in BHPMSs
may have not directly transfected to the cancer cells in the tumor
nests, alternatively, it transfected to the stromal cells adjacent to
the vascular lumens (e.g. VECs, fibroblasts). The sFlt-1 proteins
secreted from these cells might conduce to potent anti-angiogenic
environment for the entrapment of VEGF protein in the tumor site,
consequently decreased the growth of vascular endothelial cells
and retarded the growth of pancreatic tumor. It should be noted
that, as opposed to anti-cancer drug, antiangiogenesis gene therapy
delineates a particularly fascinating tool due to no necessity of
selective and massive transfer of anti-angiogenic genes into all the
cancer cells. Namely, transferring anti-angiogenic genes into the
cells merely in the vicinity of the tumor site was able to cause
spontaneously local accumulation of anti-angiogenic product in the
tumor tissue, although not in tumor nests per se, resulted in
providing adequate anti-angiogenic environment for tumor
regression. Since delivering pharmaceutical agent to all the tar-
geted tumor cells is an onerous task, anti-angiogenic tumor therapy
is of particular interests and should be an emphasized strategy in
treatment for solid tumor.

4. Conclusions

We have demonstrated the utility of H integration into B based
polyplex micelle that potentiates cellular endocytosis and endo-
some escape for PEGylated polyplex. Furthermore, the most
appreciable BHPM according to the perspectives of both safety and
efficacy was identified toward systemic anti-angiogenic therapy
and has validated the feasibility of H integration in creating safe
and efficient non-viral systemic gene delivery carrier. BHPM
loaded by sFlt-1 pDNA imparted potent suppression on tumor
growth due to inhibitory growth of tumor vascular endothelial
cells by the expression of loaded sFlt-1 gene at the tumor site.
Therefore, the use of BHPMs by strategically integration of H is of
great interest to promote gene transfection efficiency and worthy
to further develop to find broad utility in gene therapy via systemic
route.
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