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Evidence of HBV C/D Recombinant

Figure 3. Alignment and recombination crossover regions found in Y2 clones. (A) Frequency and distribution of the recombination
crossover regions found in Y2 clones along the HBV genome. The bars indicate the number of clones (y axis) showing recombination crossover
regions at each site. The 1-3215 of x axis was consistent with the nt1-3215 of HBV genome. Different colors represent the sites find from clones of
different PCR region: pink bars for fragment A, grey bars for fragment B and green bars for fragment C. (B} Alignment of fragment A (HBV nt 2813-0-
1667). Y2-1'12: clones from fragment A of Y2 patients. (C) Alignment of fragment B (HBV nt 1822-0-257). Y2-21'212: clones from fragment B of Y2
patients. (D) Alignment of fragment C (HBV nt 57-1818) of Y2 clones. Y2-B1'B22: clones from fragment C of Y2 patients. The number on the x axis was
consistent with the site of nuclectides of HBV genome. Solid green lines are genotype C2, solid pink lines are genotype D1, speckled green lines are
the C2 component of genotype recombinant CD1 and speckled pink lines are the D1 component of recombinant genotype CD1. The black lines are
sequence that is common to the recombining genotypes, and within which the recombination probably occurred. C2 (242) is the consensus
sequence formed by 242 subgenotype C2 sequences from GenBank. D1 (88) is the consensus sequence formed by 88 subgenotype D1 sequences
from GenBank. CD1 (33) is the consensus sequence formed by CD1 recombinant sequences from GenBank.

doi:10.1371/journal.pone.0038241.g003

suggests G2 and D1 are parental sequences of CD1 and CD2
recombinants. Virological differences among HBV genotypes
were demonstrated in vitroand in CHiM mice, with genotype G
having a higher replication capacity than D [23]. Why does the
replication-deficient genotype D virus predominate over replica-
tion-competent genotype C? As mixed HBV infections together
with recombination are rare, we have little knowledge about i
this situation. On the one hand, we know little about host impact
on different genotypes and recombinants. On the other hand, we
know little about interference and competition in the quasi-
species of mixed infection. In vitro results showed the replication
capacity of individual clone, exclude the influence of host and
other strains of quasi-species. An example from a ChiM mice
study showed that monoinfection of HBV/G in ChiM mice
display a very slow replication while coinfection with HBV/A
remarkably enhanced the replication of HBV/G. The replication
of HBV/G is heavily dependent on coinfection with other
genotypes. When HBV/G superinfected on other genotypes,
a rapidly takes over of HBV/G from original genotype were
observed, though they are indispensable [24]. This study
confirms that in a mixed infection system of different genotypes,
the replication capacity of a genotype may be different from that
of monoinfection. At the same time, replication capacity is not
the only factor to influence which strain will become dominant.
Variable recombinants found in our study may be mechanisti-
cally capable of genetic exchange, but strong selection guaran-
teed the elimination of hybrid genomes. The mechanism of
selection in mixed infection also needs more investigation.

We found mixed HBV genotypes infection with many novel
recombinants at one point in time, but just one genotype was
found 18 months later. This may indicate that the detectable
mixed infection and recombination has a limited time window due
to the sensitivity of detection or strong selection power of the host.
That’s why in most studies, we can identify a major genotype in
one patient. Even so, evolutionarily visible and invisible re-
combination of HBV could occur and play an important role by
generating genetic variation or reducing mutational load. How-
ever, this study had limitation, because recombination signals were
detected by RDP3 software and confirmed by split phylogenetic
tree and alignment, indicating the recombinant or recombinant-
like form should depend on the software. If we use another
software, the results might be different.

Studies of HBV in endemic areas throughout the world have
resulted in large numbers of full genome sequences available for
phylogenetic analysis enabling the identification of novel, mosaic
HBV genomes that appear to be the result of recombination
between previously known sequences [7,25,26]. One of the most
comprehensive analyses of putative HBV inter-genotype recombi-
nants showed the existence of 24 phylogenetically independent
HBYV genomes involving all known human genotypes [27]. Some
of these recombinants are unique to individual subjects, but some
undergo expansion in specific populations and become recognized

}.@: PLoS ONE | www.plosone.org

as new genotypes or subgenotypes [12,28,29,30]. Four stages in
the process of generating popular HBV recombinant genomes
should be recognized. The first stage is the co-circulation of
different HBV strains or genotypes in the same geographic area.
The second is the existence of individuals who have been infected
with more than one strain of HBV. The third is the generation of
a novel recombinant strain(s) within an individual. The fourth is
the selection of a recombined strain with the ability to replicate
and be transmitted. Our data show the natural process of the
formation and selection of recombination though the recombinant
strains of Y2 that appeared in 2006 that were all removed from
samples in 2007.

By using phylogenetic trees and homology calculations, HBV
variants infecting humans are currently classified into ten
genotypes that differ from each other in nucleotide sequence by
7.5 to 13% [2,3]. There are some characteristic length differences
between the genotypes that facilitates their detection and
discrimination. However, as shown in Figure 2, existence of
a recombinant makes the topology of the phylogenetic tree totally
different from one with no recombinant. Recombinant strains
obscured the definition of genotypes. Based on the algorithm
creating a phylogenetic tree, sequences with high homologues
cluster together. With the same logic, recombinants always
clustered with the backbone parental sequence, in other words,
with which they have high similarity with the larger proportion of
the recombination region. Therefore, recombinants always seem
to be a subgenotype of their backbone parental sequence. Similar
to Y2-8 clone in Figure 2C, for recombinants with similar
proportion of both parental genotypes, the sequence shows
a divergent trend different from both parental genotypes.

Based on phylogenetic topology changes of different regions of
HBYV, it was hypothesized that some of the genotypes that are
conventionally regarded as “pure,” actually were recombinant.
Genotype E strains show evidence of recombination with genotype
D at 1950-2500. new reported genotype “I” actually belongs to
genotype C. Furthermore, Subgenotype Ba possesses the re-
combination with genotype C at 1740 to 2485 [31,32,33].
Recombinants comprising regions with different histories have
important implications for the way we think about HBV evolution.
It means that there is no single phylogenetic tree that can describe
the evolutionary relationships between genotypes.

In conclusion, mixed HBV genotypes infection with many novel
recombinants at one point in time ended up with just one genotype
18 months later in this study. This may indicate that the detectable
mixed infection and recombination have a limited time window
due to the sensitivity of detection or strong selection power of the
host. Also, as the recombinant or recombinant-like nature of HBV
precludes the possibility of a “true” phylogenetic taxonomy, a new
standard may be required for classifying HBV sequences.
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Supporting Information

Figure S1 Recombination map of fragment A created by
RDP software.

(TTF)

Figure 2 Recombination map of fragment B created by
RDP software.

(T1F)

Figure 83 Recombination map of fragment C created by
RDP software.

(TIF)

Figure S4 Split phylogenetic trees constructed by MEGA
software. clone number and fragment used to construct trees are

indicated beside each tree.
(TIF)

Figure 85 Split phylogenetic trees constructed by MEGA
software. clone number and fragment used to construct trees are
indicated beside each tree.

(TIF)

Figure S6 Split phylogenetic trees constructed by MEGA
software. clone number and fragment used to construct trees are
indicated beside each tree.

(TTF)

Figure 87 Alignment of fragment A(HBV nt 2813-0-
1667)of Y2 clomes. Deep green lines are genotype C2, deep
pink lines are genotype D1, light green lines are the C2 component
of genotype recombinant CD1 and light pink lines are the DI
component of recombinant genotype CDI1. The black lines are
sequence that is common to the recombining genotypes, and
within which the recombination probably occurred. C2 (242):
consensus sequence formed by 242 subgenotype C2 sequences
from GenBank. D1 (88): consensus sequence formed by 88
subgenotype D1 sequences from GenBank. CD1 (33): consensus
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sequence formed by CD1 recombinant sequences from GenBank.
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Figure S8 Alignment of fragment B(HBV nt 1822-0-257)
of Y2 clones. Deep green lines are genotype C2, deep pink lines
are genotype D1, light green lines are the G2 component of
genotype recombinant CDI, light pink lines are the DI
component of recombinant genotype CDI1. The black lines are
sequence that is common to the recombining genotypes, and
within which the recombination probably occurred. C2 (242):
consensus sequence formed by 242 subgenotype C2 sequences
from GenBank. D1 (88): consensus sequence formed by 88
subgenotype D1 sequences from GenBank. CDI1 (33): consensus
sequence formed by CD1 recombinant sequences from GenBank.
Y2-21'212: clones from fragment B of Y2 patients.

(DOC)

Figure 89 Alignment of fragment C(HBV nt 57-1818) of
Y2 clones. Deep green lines are genotype G2, deep pink lines are
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common to the recombining genotypes, and within which the
recombination probably occurred. C2 (242): consensus sequence
formed by 242 subgenotype C2 sequences from GenBank. D1
(88): consensus sequence formed by 88 subgenotype D1 sequences
from GenBank. CD1 (33): consensus sequence formed by CD]
recombinant sequences from GenBank. BiB22: clones from
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DOC)

Author Contributions

Conceived and designed the experiments: ZW MM JH. Performed the
experiments: BZ ZW. Analyzed the data: BZ JY JS. Contributed reagents/
materials/analysis tools: HL YT. Wrote the paper: BZ YT.

functional analysis and reveals deletion mutants in immunosuppressed patients.
J Virol 69: 5437-5444.

12. Sugauchi F, Orito E, Ichida T, Kato H, Sakugawa H, et al. (2003)
Epidemiologic and virologic characteristics of hepatitis B virus genotype B
having the recombination with genotype C. Gastroenterology 124: 925-932.

13. Martin D, Rybicki E (2000) RDP: detection of recombination amongst aligned
sequences. Bioinformatics 16: 562-563.

14, Heath L, van der Walt E, Varsani A, Martin DP (2006) Recombination patterns
in aphthoviruses mirror those found in other picornaviruses. J Virol 80:
11827-11832.

15. Worobey M, Holmes EC (1999) Evolutionary aspects of recombination in RNA
viruses. J Gen Virol 80 (Pt 10): 2535-2543.

16. Abdou CM, Brichler S, Mansour W, Le Gal F, Garba A, ct al. (2010) A novel
hepaititis B virus (HBV) subgenotype D (D8) strain, resulting from recombination
between genotypes D and E, is circulating in Niger along with HBV/E strains.
J Gen Virol 91: 1609--1620.

17. Phung TB, Alestig E, Nguyen TL, Hannoun C, Lindh M (2010) Genotype X/C
recombinant (putative genotype I) of hepatitis B virus is rare in Hanoi, Vietnam-
genotypes B4 and C1 predominate. J Med Virol 82: 1327--1333.

18. Fang ZL, Hue S, Sabin CA, Li GJ, YangJY, et al. (2011) A complex hepatitis B
virus (X/C) recombinant is common in Long An county, Guangxi and may have
originated in southern China. J Gen Virol 92: 402-411.

19. Mahgoub S, Candotti D, El EM, Allain JP (2011) Hepatitis B virus (HBV)
infection and recombination between HBV genotypes D and E in asymptomatic
blood donors from Khartoum, Sudan. J Clin Microbiol 49: 298-306.

20. Hamnoun C, Norder H, Lindh M (2000) An aberrant genotype revealed in
recombinant hepatitis B virus strains from Viemam. J Gen Virol 81: 2267-2272.

21. Banner LR, Lai MM (1991) Random nature of coronavirus RNA recombination
in the absence of selection pressure. Virology 185: 441-445.

22. Kato H, Orito E, Gish RG, Sugauchi F, Suzuki S, et al. (2002) Characteristics of
hepatitis B virus isolates of genotype G and their phylogenetic differences from
the other six genotypes (A through F). J Virol 76: 6131-6137.

June 2012 | Volume 7 | Issue 6 | 38241



23.

24.

25.

26.

28.

Sugiyama M, Tanaka Y, Kato T, Orito E, Ito K, et al. (2006) Influence of
hepatitis B virus genotypes on the intra- and extracellular expression of viral
DNA and antigens. Hepatology 44: 915-924.

Sugiyama M, Tanaka Y, Sakamoto T, Maruyama I, Shimada T, et al. (2007)
Early dynamics of hepatitis B virus in chimeric mice carrying human
hepatocytes monoinfected or coinfected with genotype G. Hepatology 45:
929-937.

Yang J, Xing K, Deng R, Wang J, Wang X (2006) Identification of Hepatitis B
virus putative intergenotype recombinants by using fragment typing. j Gen Virol
87: 2203-2215.

Tran TT, Trinh TN, Abe K (2008) New complex recombinant genotype of
hepatitis B virus identified in Vietnam. J Virol 82: 5657-5663.

. Simmonds P, Midgley S (2005) Recombination in the genesis and evolution of

hepatitis B virus genotypes. J Virol 79: 15467-15476.
Morozov V, Pisareva M, Groudinin M (2000) Homologous recombination
between different genotypes of hepatitis B virus. Gene 260: 55-65.

f@; PLoS ONE | www.plosone.org

— 81 —

30.

31

32.

33.

Evidence of HBV (/D Recombinant

. Owiredu WK, Kramvis A, Kew MC (2001) Hepatitis B virus DNA in serum of

healthy black African adults positive for hepatitis B surface antibody alone:
possible association with recombination between genotypes A and D. J Med
Virol 64: 441-454.

Kurbanov F, Tanaka Y, Fujiwara K, Sugauchi F, Mbanya D, et al. (2005) A new
subtype (subgenotype) Ac (A3) of hepatitis B virus and recombination between
genotypes A and E in Cameroon. J Gen Virol 86: 2047-2056.

Tran TT, Trinh TN, Abe K (2008) New complex recombinant genotype of
hepatitis B virus identified in Vietnam. J Virol 82: 5657-5663.

Tatematsu K, Tanaka Y, Kurbanov F, Sugauchi F, Mano S, et al. (2009) A
genetic variant of hepatitis B virus divergent from known human and ape
genotypes isolated from a Japanese patient and provisionally assigned to new
genotype J. J Virol 83: 10538-10547.

Sugauchi F, Orito E, Ichida T, Kato H, Sakugawa H, et al. (2002) Hepatitis B
virus of genotype B with or without recombination with genotype C over the
precore region plus the core gene. J Virol 76: 5985-5992.

June 2012 | Volume 7 | Issue 6 | e38241



Biomaterials xxx (2012) 1-9

Contents lists available at SciVerse ScienceDirect

Biomaterials

journal homepage: www.elsevier.com/locate/biomaterials

Homo-catiomer integration into PEGylated polyplex micelle from block-catiomer
for systemic anti-angiogenic gene therapy for fibrotic pancreatic tumors

Qixian Chen?, Kensuke Osada®™*, Takehiko Ishii b Makoto Oba¢, Satoshi Uchida 9, Theofilus A. Tockary ?,
Taisuke Endo?, Zhishen Ge ?, Hiroaki Kinoh ?, Mitsunobu R. Kano ¢, Keiji Itaka ¢, Kazunori Kataoka *¢*

2 Department of Materials Engineering, Graduate School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

b Department of Bioengineering, Graduate School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

¢ Department of Clinical Vascular Regeneration, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan

d Division of Clinical Biotechnology, Center for Disease Biology and Integrative Medicine, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan

¢ Department of Molecular Pathology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 9 February 2012
Accepted 4 March 2012
Available online xxx

Homo-poly{N'-[N-(2-aminoethyl)-2-aminoehtyl]aspartamide} [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

Igﬁxvords: tumor suppression evaluations validated the feasibility of H integration in promoting gene transfection to
Micelle 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

Nanoparticle
Gene transfer
In vitro test

In vivo test

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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of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033,
Japan. Tel.: +81 3 5841 7138; fax: +81 3 5841 7139.
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0142-9612/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
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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].




2 Q. Chen et al. / Biomaterials xxx (2012) 1-9

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
PDNA, 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-L-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 succinimidy! 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 DH5¢ 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, W1). 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 Band 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 a~methoxy-w-amino-poly (ethylene
glycol) (M, 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/M, = 1.05; H: M/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 (-OCH,CH>-, 6 = 3.7 ppm) to the
methylene groups in the bis-ethylamine of PAsp(DET): NHy(CH;);NH(CH;);NH-
0 = 3.1-3.5 ppm settled in the side chain in the "H NMR spectrum in D,0 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 a-chain end CHs- to the
methylene groups in the bis-ethylamine of PAsp(DET) in the 'H NMR spectrum in
D0 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 BfH 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: { = 4wnv/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 BHPMSs containing pBR322 pDNA. Copper TEM grids with carbon-coated collo-
dion film were glow-discharged for 10 s using an Eiko [B-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% (wj/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 urany! 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 ] 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 BHPMSs at varying BfH ratio, N/P 8 with pDNA (pGL3 control
vector). After overnight incubation at 4 °C, 500 uL 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 puL of DMEM containing 10% FBS in a humidified atmo-
sphere with 5% COy at 37 °C. The medium was replaced with 400 pL of fresh medium,
followed by addition of 30 uL 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 pL of PBS, and
lysed in 150 puL 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 il, BD,
Franklin Lakes, NJ). Cy5-labeled pDNA were used to prepare a group of BHPMs. HuH-
7 cells were seeded on 6-well culture plate (100,000 cells/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 ug 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 medijum was replaced with fresh medium, followed
by addition of 75 uL BHPM solution (33.3 ug 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 BJH 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 (%) = (H74 — Hs)/H7.4 x 100 (%)

where Hz4 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 L 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 ug pDNA/well). After 24 h incubation at 37 °C, the medium was changed to
400 L 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 uL
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 108
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 sFlit-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 pym 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 um 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. Resuits 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 B180 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 BHPMSs 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. 1b and c¢) 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 BfH 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 ultracentrifuge 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 BHPMSs 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 BHPMSs 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) B/H = 100/0;
b) B/H = 70/30; ¢) B/H = 50/50; and d) B/H = 0/100. The scale bars represent 100 nm in all TEM images. e) 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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Fig. 2. Binding fashions of B and H to pDNA in BHPMs at varying H integration ratio. a): Binding compositions of B and H in BHPMs at pH 7.4. Open circles: B; Closed circles: H;
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pH 74 and pH 5.

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 BHPMs 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 BHPMs 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 BHPMs 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 BHPMSs were characterized by CLSM observations
(Fig. 4). No significant amount of pDNA (stained as red) localized
inside the cells for B10O (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
BHPMSs 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 = 7.4), 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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summarized in (a) as bar graph (mean + SEM, n = 10). The scale bars represent 10 um 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
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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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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
BHPM s 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
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Fig. 7. Expression of sFit-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 sFit-
1 pDNA. Blue: nucleus; Red: vascular endothelial cells. Green: expressed sFit-1 (or inherent Fit-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 ¢ 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 sFit-1
pDNA expression at the tumor site, we immunostained the tumor
tissue using an antibody for Fit-1. The antibody detected both
soluble and membrane-bound VEGFR1/Flt-1 for both human and
mouse, therefore both overexpressed and naturally expressed
VEGFR1/Flt-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 BHPMs compared to control sample. This observation
suggested that administration of BHPMs enabled -effective
expression of sFlt-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 (cell
nucleus stained into blue). Since BXPC3 pancreatic adenocarcinoma
has thick fibrosis [34], possibly sFlt-1 pDNA encapsulated in BHPMs
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 BHPMSs 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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Abstract Three-dimensional (3D) cellular spheroids have
attracted much attention as a transplantation procedure be-
cause the increased cell-to-cell interaction in spheroids
enhances cell survival and its functions after the transplan-
tation into the body. Furthermore, the potency of spheroidal
cells may be further improved by introducing transgenes to
augment cellular functions as well as enhance the paracrine
effects by secreting key proteins involved in the essential
cellular signaling cascades. In this study, we organized a
new platform for genetically-modified cell transplantation
by combining a microfabricated culture system for 3D
spheroid formation with a newly developed non-viral trans-
fection system, polyplex nanomicelle. After transfection of
Gaussia luciferase using the nanomicelle, the prolonged
luciferase expression was obtained for more than a month
with continuous albumin secretion from the hepatocyte
spheroids to the level comparable with control spheroids
receiving no transfection. In contrast, by the transfection
using FuGENE HD, a commercially available lipid-based
reagent, the luciferase expression was obtained, yet the
albumin secretion was significantly decreased with disinte-
gration of the spheroid architecture. To assess the feasibility
of the hepatocyte spheroids for in vivo transplantation, the
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spheroids were recovered by the use of micropatterned
culture plate functionalized with thermosensitive polymer
and dispersed into Matrigel™ Matrix. The luciferase ex-
pression as well as albumin secretion was maintained for
more than a month from the spheroids in the Matrix. Thus,
the combination of spheroid cell culture on micropatterned
plates with gene introduction using polyplex nanomicelie is
a promising platform for genetically-modified cell trans-
plantation to achieve sustained transgene expression with
maintaining innate cell functions.

Keywords Cell transplantation - Spheroid - Polyplex
nanomicelle - Genetic modification - Micropatterned cell
culture

Introduction

Cell transplantation is a promising strategy for the treatment
of many intractable diseases. Since the therapeutic efficacy
of cell transplantation is considered to be chiefly mediated
by secreting factors from the transplanted cells [1], a key for
successful therapeutic outcome is to find a proper way to
keep the transplanted cells in good condition in vivo, lead-
ing to sustainable production of major proteinous factors
regulating cellular functions [2-4]. In this regard, three-
dimensional (3D) cell culture has attracted attention, in
which the increased cell-to-cell interaction enhances cell
survival and its functions. Particularly, 3D spheroid culture
has an advantage to show an accelerated production of
regulative proteinous factors and extra cellular matrix com-
pared to monolayer culture system, thereby keeping cells in
the condition similar to in vivo situation [5]. Indeed, it is
reported by several groups, including ourselves, that the 3D
spheroid culture allows not only the enhanced survival of
the cells but also the increased cell functions such as
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albumin secretion from primary hepatocytes and the multi-
lineage differentiation from mesenchymal stem cells [6—12].

Another approach to increase the potency of cell trans-
plantation is the genetic modification of the cells by intro-
ducing transgene(s) with either viral or non-viral methods
[13]. The cell functions for prolonged survival and differen-
tiation can be augmented by the transgene expressions such
as erythropoietin, growth factors, and survival signaling
molecules [13, 14]. In addition, the transgene will be capa-
ble to secret functional proteins and peptides such as growth
factors to enhance the paracrine effects from the cells.

In this study, we applied non-viral gene transfection to
3D spheroid culture systems to induce genetically-modified
spheroidal hepatocytes with sustainable function feasible as
a platform for future therapeutic application. Obviously the
transfection system used for this purpose needs to be non-
toxic and effective enough to introduce an external gene for
producing proteinous factors in a controlled manner. Here,
we applied the polyplex nanomicelle developed in our group
as a safe and effective method for gene introduction [15].
This system is composed of plasmid DNA (pDNA) and the
block copolymer of poly(ethylene glycol) (PEG) and a
cationic segment, poly[N'-[N-(2-aminoethyl)-2-aminoethyl]
aspartamide] ([PAsp(DET)]) [16-20]. By mixing of pDNA
with this block copolymer in buffer, a micellar structure
containing pDNA in a condensed state in the core with
surrounding PEG palisade formed spontaneously. This sys-
tem has high transfection capacity due to the pH-responsive
membrane destabilization and eventually enhanced endo-
somal escaping property motivated by facilitating proton-
ation at endosomal pH of diaminoethane units in the side
chain of PAsp(DET) segment [21, 22]. Furthermore, PAsp
(DET) is unique in its character to degrade into non-toxic
forms under physiological conditions [23]. Thus, this sys-
tem can minimize cell damage and toxicity incidental to
gene introduction, and eventually, prevents the transfected
cells from dysfunctions that often occur after the transfec-
tion in a time-dependent manner [17, 18].

To evaluate the applicability of this polyplex nanomicelle in
3D spheroid culture, we constructed spheroid arrays from rat
primary hepatocytes on the microfabricated culuture plate spe-
cially designed for this purpose, followed by the introduction of
pDNA encoding a secretory luciferase (Gaussia luciferase)
using polyplex nanomicelles to form genetically-modified
spheroids. The feasibility of gene introduction by nanomicelles
was evaluated by quantifying the amount of secretory lucifer-
ase in the medium. Moreover, the albumin secretion was mon-
itored to evaluate the preservation of the innate function of
hepatocytes after the gene introduction. Then, to confirm the
availability of this system for cell transplantation, the geneti-
cally-modified spheroids were transplanted into Matrigel™;
the matrix mimicking the in vivo condition, and the sustained
secretion of albumin and luciferase were monitored over time.

Materials and methods
Materials

Calcium chloride hydrate (CaCl,°H,0), sodium hydrogencar-
bonate (NaHCOs) collagenase, sodium chloride (NaCl), po-
tagsium chloride (KCl), sodium dihydrogen phosphate
dehydrate (NaH,PO,4°2H,0), disodium hydrogen phosphate
12-water (NayHPO4°12H,0), glucose, dimethylsulfoxide
(DMSO), dexamethasone, insulin, and L-proline nicotinamide
were purchased from Wako Pure Chemical Industries (Osaka,
Japan). 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic
acid (HEPES) and ethylene glycol tetraacetic acid (EGTA)
were purchased from Dojindo Laboratories (Kumamoto, Ja-
pan). Hanks’ balanced salt solution and Asc-2P (L-ascorbic
acid 2phosphate) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Trypsin inhibitor, Dulbecco’s modified
eagle’s medium (DMEM), and 1 % Pen-Strep-Glut (PSQ)
were purchased from GIBCO (Frederich, MD, USA). Human
epidermal growth factor (hEGF) was purchased from
TOYOBO (Osaka, Japan). Plasmid DNAs (pDNAs) encoding
Gaussia luciferase (Gluc) and AcGFP were purchased from
New England BioLabs (Ipswich, MA, USA) and Clontech
(Madison, W1, USA), respectively, and used after replacement
of the promoter to CAG, the combination of cytomegalovirus
(CMV) early enhancer element and chicken beta-actin promot-
er. These pDNAs were amplified in competent DHS o Escher-
ichia coli, and purified using a NucleoBond Xtra Maxi Plus
(Takara Bio, Shiga, Japan). A transfection reagent, FuGENE
HD, and Renilla Luciferase Assay System were purchased
from Promega (Madison, WI, USA). Rat Albumin ELISA
Quantitation Set was purchased from Bethyl Laboratories
(Montgomery, TX, USA). BD Matrigel™ Basement Mem-
brane Matrix and BD BioCoat™ Cellware six-well Plates were
purchased from BD (Frankline Lakes, NJ, USA). PEG-PAsp
(DET) block copolymer and PAsp(DET) homopolymer were
synthesized as previously reported [16]. The PEG used in this
study had a molecular weight of 12,000 and the polymerization
degree of the PAsp(DET) portion was determined to be 59 by
"H-NMR. The polymerization degree of the PAsp(DET) ho-
mopolymer was determined to be 55 also by "H-NMR.

Animals

Wister rats (male, 5 weeks old) were purchased from Charles
River Laboratories (Yokohama, Japan). All animal protocols
were conducted with the approval of the Animal Care and Use
Committee of the University of Tokyo, Tokyo, Japan.

Preparation of polyplex nanomicelle

Polyplex nanomicelle was formed by mixing pDNA and
polymer solutions that were solved in 10 mM Tris—HCl
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buffer (pH 7.4). For preparing the polymer solution, we
recently revealed that the combined use of two polymers,
PEG-PAsp(DET) block copolymer and PAsp(DET) homo-
polymer, was advantageous to achieve both effective PEG
shielding and functioning of PAsp(DET) to enhance endo-
somal escape [24]. The nanomicelle has the diameter around
70 nm with almost a neutral zeta-potential of ~+10 mV [25].
Each nanomicelle is loaded with a single pDNA folded
regularly into rod-like shape, which was confirmed by trans-
mission electron microscopy [25]. Thus, in this study, we
used this type of nanomicelle prepared by mixing pDNA
solution with premixed solution of the two polymers at the
equal molar ratio of residual amino groups at the N/P ratio
(residual molar ratio of total amino groups in the two poly-
mers to phosphate groups in pPDNA) of ten. The final pDNA
concentration was adjusted to 100 pg/ml for transfection
into hepatocyte spheroids.

Isolation and culture of primary hepatocytes

Hepatocytes of male Wistar rats (160-200 g) were isolated by
modified two-step collagenase digestion reported previously
[26, 27]. Briefly, after the rat liver was perfused from the
hepatic portal vein, the collagenase solution was recirculated
through the liver to obtain hepatocytes. The hepatocytes were
diluted to 4x 10° cells/ml in the culture medium composed by
DMEM medium, 10 % FBS, 1 % PSQ, 1 % DMSO, 107 mol/
I, 1 % PSQ, dexamethasone, 0.5 pg/ml insulin, 10 mmol/
1 nicotinamide, 0.2 mmol/l Asc-2P, and 10 ng/ml hEGF [28].
For monolayer culture, the hepatocytes were seeded onto
6-well or 24-well culture plates (8x10° and 2x10° cells/
well, respectively) and incubated at 37 °C in a humidified
atmosphere containing 5 % CO; in the culture medium (1.5
and 400 ml, respectively). Spheroid arrays were formed on
novel micropatterned culture plates, in which cell adhesion
sites in 100 um diameter are regularly arrayed in two-
dimensional manner surrounded by non-cell adhesive poly
(ethylene glycol) (PEG) matrix (Cell-able™ multi-well
plate, Transparent, Chiba, Japan). Hepatocyte densities
seeded onto the Cell-able™ culture plate were 8x
10° cells/well in 2 ml culture medium, 4% 10° cells/well in
1 ml culture medium, and 4 x 10* cells/well in 100 pl culture
medium, for 6-, 12-, and 96-well plates, respectively. The
cells were incubated for 72 h prior to gene introduction.

In vitro gene introduction to hepatocytes

After the culture medium was replaced with fresh medium, the
solution of the polyplex nanomicelles containing 100 pg/ml
of pDNA encoding Gaussia luciferase were added to each
well at the volume ratio of 1/10 to the culture medium.
FuGENE HD was also used for gene introduction by mixing
pDNA solutions with FuGENE HD reagent at the weight ratio
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(reagent/pDNA) of three. The final dose of pDNA was adjust-
ed equal for both FuGENE HD and nanomicelles.

Evaluation of transgene expression of Gaussia luciferase

The Gaussia luciferase is secreted into culture medium and
remains stable for more than a week [29]. In this study, to
trace the real-time activity of transgene expressions, the
culture medium was replaced to fresh medium precisely
24 h prior to each indicated measuring point. Then, the
culture medium was collected for the evaluation of lucifer-
ase expression during the last 24 h, using a Renilla Lucifer-
ase Assay System and a Lumat LB9507 luminometer
(Berthold Technologies, Bad Wildbad, Germany) following
the manufacturer’s protocol.

Enzyme-linked immunosolvent assay (ELISA)

The collected medium was also subjected to the enzyme-
linked immunosolvent assays for the evaluation of secreted
albumin from hepatocytes, using Rat Albumin ELISA
Quantitation Set (Bethyl Laboratories) following the manu-
facturer’s protocol.

Flow cytometry

For the evaluation in transgene expression by a flow-
cytometric analysis, the pDNA encoding AcGFP was used.
After 24 h of gene introduction, the culture medium was
replaced and the cells were incubated for additional 96 h.
Then, the cells were washed twice with cold PBS and
collected by trypsinization. The AcGFP expression in the
resuspended cells in cold PBS was analyzed using a BD™
LSR I flow cytometer (BD Biosciences).

Transplantation of hepatocyte spheroids into Matrigel ™

The micropatterned architecture was constructed on the ther-
mosensitive cell culture plates (Upcell™, Cellseed, Tokyo,
Japan) to prepare the thermosensitive micropatterned plates
for spheroid culture. Cultured spheroids on this plate were
recovered as suspension for transplantation study by lowering
temperature without any damage in the structure.

Hepatocytes were incubated for 3 days in the wells of the
thermosensitive plates to form spheroids. Then, the plates
were placed on ice and rinsed with cold PBS, followed by
the addition of chilled BD Matrigel™ Basement Membrane
Matrix in liquid form to each well. After confirming the
spheroid detachment from the substrate, the Matrix in liquid
form with dispersed spheroids was collected from the wells
and applied to another fresh culture plate for consecutive
incubation at 37 °C for 1 day to obtain the Matrix gel with
dispersed spheroids.
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Results and discussion
Hepatocyte spheroid formation and gene introduction

After seeding primary hepatocytes to the micropatterned
culture plate (Cell-able™"), arrays of hepatocyte spheroids
were formed corresponding to the micropatterned culture
bed of 100 um diameter (Fig. 1). Transfection was done
after a 3-day incubation using either polyplex nanomicelles
or FuGENE HD, a commercially available lipid-based trans-
fection reagent, and the expressed Gaussia luciferase as well
as albumin secreted from the hepatocytes into the culture
medium was quantified simultaneously. Note that we mea-
sured albumin secretion as fundamental and essential func-
tion of hepatocytes to evaluate whether cells are in good
vital condition because there is a good correlation between
the ability of albumin secretion and vital status of hepato-
cytes. The luciferase expression was observed on the next
day of transfection by the polyplex nanomicelle and contin-
uously detected for more than a month (Fig. 2a). The albu-
min secretion was also maintained similarly as the control
spheroids without receiving transfection, indicating that the
nanomicelle has minimum adverse impact on hepatocyte
function (Fig. 2b). When using FuGENE HD, the luciferase
expression was in a similar extent as nanomicelle case,
however, albumin secretion showed a remarkable decrease
even after 2 days of transfection. Furthermore, the spheroids
were mostly disintegrated one day after the FuGENE HD
transfection (Fig. 3b), indicating a substantial damage to
cell-to-cell adhesion functions even Gaussia luciferase ex-
pression was continuously observed.

Identification of major cell types undergoing transgene
expression

Primary hepatocytes collected by the collagenase digestion
performed in this study contain small non-parenchymal cells
as well as larger parenchymal cells that secrete albumin [30].

Fig. 1 Hepatocyte spheroids three days after the seeding of primary
hepatocytes onto the micropatterned culture plate. Bars=100 um
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Fig. 2 a Transgene expression of Gaussia luciferase after transfection
to hepatocyte spheroids using polyplex nanomicelle, FuGENE HD, or
naked pDNA. b Albumin secretion from hepatocytes spheroids or
hepatocytes in monolayer culture. Spheroids received transfection by
nanomicelle or FuGENE HD. The albumin secretion from control
hepatocytes (in spheroids or monolayer culture) without receiving
transfection was also represented. Results are means+SEM, n=4 for
monolayer culture and #n=6 for spheroids, respectively

Thus, we need to identify the cell types mainly undergoing
transgene expression by polyplex nanomicelle. To get insight
into this issue, pDNA encoding AcGFP gene was transfected
to the spheroids by polyplex nanomicelle. Then the flow-
cytometric (FCM) analysis was done after trypsinization of
the spheroids to single cell, in order to examine the transgene
expression in each subgroup of parenchymal and non-
parenchymal cells that can be discriminated by cell size.

For smaller cell population corresponding to non-
parenchymal cells, the cell distribution in the intensity histo-
gram of GFP fluorescence showed a clear upper shift to the
right after the transfection (Fig. 4a), indicating the GFP ex-
pression in a considerable number of non-parenchymal cells.
The change in the histogram after the transfection of the
larger-sized cell population, mainly consisted with parenchy-
mal cells, was not clear due to the considerably high auto-
fluorescence from the cells, and thus, the efficacy of transfec-
tion to parenchymal cells was yet to be confirmed (Fig. 4b).
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Fig. 3 Hepatocyte spheroids a day after the gene transfection using
polyplex nanomicelle (a) or FuGENE HD (b). Bars=100 um

The FCM analysis was unavailable for detection of GFP
after transfection using FuGENE HD because the cell num-
ber was significantly decreased after the transfection as
indicated by the disintegration of spheroids (Fig. 3b). How-
ever, even in this case, cumulative luciferase expression was
maintained as almost the same level as the spheroids

a === After transfection

control

Count

10{) %{}1 102 103 10

Fluorescence intensity
Fig. 4 Flow-cytometric analyses after transfection of AcGFP gene by

polyplex nanomicelle. The cells in spheroids were isolated by trypsi-
nization and subjected for flow cytometry for each subgroup of non-
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transfected by the nanomicelles (Fig. 2a). Careful observation
by the microscopy of the cells that were still remaining on the
plate after FuGENE HD transfection revealed that the major
fraction of the observed cells apparently belonged to small cell
population. It is thus likely that observed expression of lucif-
erase in FuGENE HD transfected system may chiefly be
derived from the small non-parenchymal cell population.
However, most of the parenchymal cell population was lost
due to the disintegration of spheroids, resulting in the signif-
icant decrease in albumin secretion as seen in Fig. 2b.

The reason of the spheroid disintegration observed in
FuGENE HD transfected system may be the membrane
destabilization induced by FuGENE HD. The transfection
reagents based on cationic lipids such as FuGENE HD are
known to induce membrane destabilization to facilitate the
internalization of the lipoplexes into cells [31, 32]. It should
be noted that the change in cell membrane is likely to be
transient and recoverable, not inducing the cell death. In-
deed, as shown in Fig. 2a, the luciferase expression was
maintained for almost a month after the transfection using
FuGENE HD, strongly suggesting the survival of the
luciferase-expressing cells. However, for the spheroids
where the cell-to-cell contact plays an important role in
maintaining the structure, the perturbation in the membrane
integrity, even transient, is likely to deteriorate cell-to-cell
contact, resulting in the disintegration of the spheroids, and
eventually the decrease in albumin secretion (Fig. 2b).

In a sharp contrast to FuGENE HD, the polyplex nano-
micelle is unique to maintain the spheroid architecture dur-
ing transfection, leading to appreciably high transgene
expression as well as sustainable albumin production com-
parable to control spheroids receiving no transfection. The

b === After transfection
meesz CONErol

Count

100 ’%‘JIE 192 1{}3 104

Fluorescence intensity
parenchymal (a) and parenchymal cells (b) that can be discriminated

by cell size. The data were represented by histograms of the fluorescent
intensity corresponding to GFP

— 95 —



Drug Deliv. and Transl. Res. (2012) 2:398—405

403

nanomicelle-transfection system was thus feasible to intro-
duce a transgene to produce genetically-modified spheroids
with maintaining the innate functions of spheroidal cells.
Possibly due to the PEG shell layer, the nanomicelles were
revealed previously to percolate deep into the spheroid
interior [33], and this may also be a factor contributing to
increase the transfection efficiency.

Transplantation of hepatocyte spheroids into Matrigel ™

To assess the feasibility of hepatocyte spheroids for in vivo
transplantation, we evaluated luciferase expression and al-
bumin secretion after the spheroids were transplanted into
BD Matrigel™ Basement Membrane Matrix, a model gel
matrix mimicking the physiological conditions inside the
body. As described in the “Materials and methods™ section,
the spheroids were successfully dispersed in the liquid form
of the chilled Matrigel™ Matrix using the thermosensitive

a

Fig. 5 Hepatocyte spheroids after the transplantation into Matrigel
(BD Matrigel™ Basement Membrane Matrix). a Spheroids inside
Matrigel after 30 days of transplantation. 4bove Spheroids subjected
to the gene transfection by polyplex nanomicelle. Below Control

oy

Relative luminescence unit

O

Albumin concentration (pg/mi)

micropatterned plates. Even after the gelation of the Matrix,
the hepatocyte spheroids could indeed survive inside of the
Matrix with maintaining their original architecture (Fig. 5a).
Notably, the luciferase expression stably continued for more
than a month from the Matrix-embedded spheroids receiv-
ing transfection by polyplex nanomicelle (Fig. 5b), with an
enhanced secretion of albumin into the culture medium over
time comparable to the control spheroids receiving no trans-
fection (Fig. 5¢). This increase in albumin secretion indi-
cates sustainable function of embedded spheroids, even after
receiving nanomicelle transfection, in the Matrigel™ Ma-
trix containing growth factors.

It should be noted that hepatocyte spheroids are usually
prepared by co-culture with feeder cells, such as endothelial
cells, because the feeder cells contribute to stabilize spher-
oid structure, eventually sustaining the functions of constit-
uent hepatocytes [34]. However, in this study, we avoided
the use of feeder cells in spheroid formation because the
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0 10 20 30

Days after transfection
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50 ——control

—e—nanomicelle

40
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Days after transfection

spheroids without receiving transfection. Bars=100 pm. b Transgene
expression of Gaussia luciferase from the transplanted spheroids. ¢
Albumin secretion from the transplanted spheroids. Results are
means+SEM, n=3
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heterogeneous cell source was not suitable for certain
aspects of transplantation. Consequently, the optimum culture
condition to form spheroid array on Cell-able™ plate was
successfully established without using the feeder cells, yet
recovery of intact spheroids from the plate was another issue
because procedures such as trypsinization and mechanical
scratching might impair the structure and function of sphe-
roids. Thus, we solved this issue by newly developing the
micropatterned plate having arrayed wells immobilized with
thermosensitive polymer, poly(iso-propylacrylamide)
(PIPAAm), which are widely used in the thermoresponsive
cell recovery system [35-37]. Another note which might be
worthy to mention is that the spheroid formation became
inefficient with irregular shape after purifying the hepatocytes
by removing non-parenchymal cells with low-speed centrifu-
gation (data not shown). Thus, it is likely that the non-
parenchymal cells may play a similar role as feeder cells to
stabilize the spheroid structure on the micropatterned plates,
and even after transplanted into Matrigel ™.

It is demonstrated that the hepatocyte spheroids on the
thermosensitive micropatterned culture plates were success-
fully recovered for cell transplantation after gene transfec-
tion by the polyplex nanomicelle. The transgene expression
as well as the major hepatic function of albumin secretion
was maintained for more than a month after spheroid trans-
plantation into Matrigel'™. These achievements are now
directing us to investigate in vivo transplantation of sphe-
roids for animal disease models after transfection of thera-
peutic transgenes by polyplex nanomicelles. The results will
be reported elsewhere in near future.

Conclusion

In this study, the feasibility of gene introduction using
polyplex nanomicelle was investigated for the spheroids of
primary hepatocytes on the micropatterned culture plates.
After transfection to spheroids using the nanomicelle, the
prolonged transgene expression was obtained for more than
a month. During the transfection, albumin secretion from the
hepatocyte spheroids was maintained to the level compara-
ble with control spheroids receiving no transfection. More-
over, the spheroids were successfully recovered without any
damage in the architecture by the use of micropatterned
culture on newly developed thermosensitive plates. After
transplantation of the spheroids into Matrigel™ Matrix,
the transgene expression as well as albumin secretion was
maintained for more than a month. Thus, the combination of
spheroid cell culture on micropatterned plates with gene
introduction using polyplex nanomicelle is a promising
platform for genetically-modified cell transplantation to
achieve sustained transgene expression with maintaining
innate cell functions.
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