In conclusion, the automatic, highly sensitive HBsAg CLEIA
Lumipulse HBsAg-HQ assay is a very convenient and precise assay
for HBV monitoring in clinical practice.
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Abstract

AIM: To investigate characteristics of hepatitis B virus
(HBV) implicated in HBV reactivation in patients with
hematological malignancies receiving immunosuppres-
sive therapy.

METHODS: Serum samples were collected from 53
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patients with hematological malignancies negative for
hepatitis B surface antigen (HBsAg) before the start of
and throughout the chemotherapy course. HBV reacti-
vation was diagnosed when the HBsAg status changed
from negative to positive after the initiation of chemo-
therapy and/or when HBV DNA was detected by real-
time detection polymerase chain reaction (RTD-PCR).
For detecting the serological markers of HBV infection,
HBsAg as well as antibodies to the core antigen (anti-
HBc) and to the surface antigen were measured in the
sera by CEIA. Nucleic acids were extracted from sera,
and HBV DNA sequences spanning the S gene were
amplified by RTD-PCR. The extracted DNA was further
subjected to PCR to amplify the complete genome as
well as the specific genomic sequences bearing the
enhancer II/core promoter/pre-core/core regions (nt
1628-2364). Amplicons were sequenced directly.

RESULTS: Thirty-five (66%) of the 53 HBsAg-negative
patients were found to be negative serologically for anti-
HBc, and the remaining 18 (34%) patients were positive
for anti-HBc. Five of the 53 (9.4%) patients with hema-
tologic malignancies experienced HBV reactivation. Gen-
otype D1 was detected in all five patients. Four types of
mutant strains were detected in the S gene product of
HBV strains and were isolated from 3 patients with HBV
reactivation: T/S120, L143, and 1126. HBV DNA was
detected in the pretreatment HBsAg-negative samples
in one of the five patients with HBV reactivation. In this
patient, sequences encompassing the HBV full genome
obtained from sera before the start of chemotherapy
and at the time of de novo HBV hepatitis were detected
and it showed 100% homology. Furthermore, in the
phylogenetic tree, the sequences were clustered to-
gether, thereby indicating that this patient developed
reactivation from an occult HBV infection.

CONCLUSION: Past infection with HBV is a risk fac-
tor for HBV reactivation in Egypt. Mandatory anti-HBc
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screening prior to chemotherapy in patients with hema-
tological malignancies is recommended.

© 2013 Baishideng. All rights reserved.

Key words: Hepatitis B virus; Occult infection; Reactiva-
tion; Hepatitis B surface antigen

Core tip: The study aimed to investigate characteristics
of hepatitis B virus (HBV) implicated in HBV reactiva-
tion in patients with hematological malignancies receiv-
ing immunosuppressive therapy in Egypt. Fifty-three
hepatitis B surface antigen (HBsAg)-negative patients
treated with chemotherapy were included in the study.
The incidence of HBV reactivation was 9.4% among the
studied cohort, and all of the affected individuals' were
positive for HBsAg as well as antibodies to the hepati-
tis B core antigen. The present study provides further
evidence via molecular evolutionary analysis of the de-
velopment of HBV reactivation from an occult HBV in-
fection. Past infection with HBV is a risk factor for HBV
reactivation in Egypt. Mandatory antibodies to the core
antigen screening prior to chemotherapy in patients
with hematological malignancies is suggested. 5

Elkady A, Aboulfotuh S, Ali EM, Sayed D, Abdel-Aziz NM, Ali
AM, Murakami S, Iijima S, Tanaka Y. Incidence and character-
istics of HBV reactivation in hematological malignant patients
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INTRODUCTION

Infection with hepatitis B remains one of the major
causes of acute and chronic liver disease. An estimated
350-400 million people are chronically infected with
hepatitis B virus (HBV) worldwide!".

The reactivation of hepatitis B infection has been
recorded in many clinical settings: chronic HBV infec-
tion after the cessation of HBV treatment, padents with
malignant disease who receive immunosuppressant or
chemotherapy, patients with end stage renal failure, and
patients co-infected with human immunodeficiency virus
(HIV)*¥, Patients with resolved HBV infection are diag-
nosed serologically by clearance of serum hepatitis B sur-
face antigen (HBsAg) and the appearance of the hepatitis
B core antibody (anti-HBc), with or without antibodies
to hepatitis B surface antigen (anti-HBs)", These patients
are at risk of hepatitis B reactivation due to any factor
that can suppress the immune system™”. De s hepatitis
B is of particular concern in this subset of patients be-
cause it commonly leads to severe liver dysfunction and
fatal hepatitis"*'",

Occult hepatitis B is defined by the presence of HBV
DNA in the serum or the liver in the absence of HBsAg,
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with or without anti-HBc or anti-HBs. In these patients,
a low level of HBV replication has been shown to persist
in the liver and in peripheral blood mononuclear cells for
decades™, Occult HBV infection is observed wotldwide,
and its prevalence is related closely to the endemicity of
HBYV infection.

Large scale geographic heterogeneity in the preva-
lence of HBV had been reported worldwide. Africa is
one of the highly endemic regions of HBV, and an inter-
mediate endemicity of HBV infection had been recorded
in Egypt"™'".

The aim of this study was to investigate the incidence
of HBV reactivation and the underlying risk factors of
hepatitis B reactivation in Egyptian patients who received
cytotoxic chemotherapy for hematological malignancies.

MATERIALS AND METHODS

Patients

Fifty-nine consecutive patients with hematological ma-
lignancies were admitted to the oncology department
of Sohag Faculty of Medicine and South Egypt Cancer
Institution from November 2010 to October 2011. After
admission, all patients underwent physical examination
and blood and serum biochemistry analyses. All of pa-
tients received chest computed tomography and ultraso-
nography of the abdomen as an initial evaluation.

In clinical practice, patients are monitored during che-
motherapy using liver function tests. HBsAg and HBV
DNA are tested in patients with clevated liver enzymes.
For the purpose of this study, serum samples were col-
lected before and after the start of the chemotherapy
course. The collected sera were stored at -80 C for fu-
ture examination of HBsAg, anti-HBs, and anti-HBc.
HBYV reactivation was diagnosed when the HBsAg status
changed from negative to positive after the initiation of
chemotherapy and/or when HBV DNA was detected as
measuted by real-time detection polymerase chain reac-
tion (RTD-PCR) using stored samples from patients, as
described latter.

Serological markers of HBV infection

HBsAg was measured by enzyme immunoassay (EIA)
(AxSYM; Abbott Japan, Tokyo, Japan) or chemilumines-
cence enzyme immunoassay (CLEIA) (Fujirebio, Tokyo;
Japan). And-HBc of the IgG class was determined by ra-
dioimmunoassay (Abbott Japan). All serologic assays wete
performed according to the manufacturet’s instructions.

Detection and quantitation of serum HBV DNA
HBV-DNA sequences spanning the S gene were ampli-
fied by RTD-PCR according to the previously desctibed
protocol with a slight modification and a detection limit
of 100 copies/mL (equivalent to 20 TU/mL)".

Sequencing and molecular evolutionary analysis of HBY

Nucleic acids were extracted from serum samples (200 pL)
using the QIAamp DNA extracton kit (Qiagen, Hilden,
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Characteristics Total Anti-HBc Anti-HBc 7 value

i : positive negative .
=53 (=18 (2=35)

Age yr, mean+SD 27.8+262 3444279 27.7 £254 042

Gender (male) = 26{491)  10(556) 16 (45.7) 0.56

Diagnosis

Malignant 26(401) - 9(50.0) 17 (48.6) 1.00

lymphoma :

‘Acute feukemia 25(47.2) 9 (50.0) 15 (42.9) 0.77

Chronic leukemia 1 (1.9) 0(0.0) 129 1.00

Multiple myeloma - 1 (1.9) 0(0.0) 1(29) 1.00

Anti-HBc: Antibody to hepatitis B core antigen.

Germany).

Extracted DNA was subjected to PCR for amplifying
the complete genome and the specific genomic sequences
bearing enhancer I /core promoter/pre-core/core re-
gions (nt 1628-2364), as described previously".

Amplicons were sequenced directly using the ABI
Prism Big Dye ver. 3.1 kit in the AMI 3100 DNA auto-
mated sequencer (Applied Biosystems; Foster City, CA,
United States).

All sequences wete analyzed in both the forward and
reverse directions. HBV genotypes were determined
by molecular evolutionary analysis. Reference HBV
sequences wete retrieved from the DDBJ/EMBL/Gen-
Bank database and aligned by CLUSTALX, and genetic
distances were estimated with the 6-parameter method
in the Hepatitis Virus Database (http://s2as02.gencs.nig,
ac.jp/)m]. Based on the obtained distances, phylogenetic
trees were constructed by the neighbor-joining (NJ)
method with the mid-point rooting option. To confirm
the reliability of the phylogenetic trees, bootstrap resam-
pling tests were petrformed 1000 times for analysis by the
ODEN program of the National Institute of Genetics.

Ethical consideration

This study was conducted in accordance with the guide-
lines of the Declaration of Helsinki and its subsequent
amendments, and informed consent was obtained from
all patients.

Statistical analysis '

Statistical analysis was performed with the Fisher’s exact
probability test and the independent 7 test for the con-
tinuous vatiables using the SPSS software package (SPSS,
Chicago, IL, United States). P values (two-tailed) less than
0.05 were considered statistically significant.

RESULTS

Patient characteristics

Six of the 59 patients with hematologic malignancies
were found to be HBsAg positive and were excluded
from the analysis. Therefore, a total of 53 HBsAg-nega-

&
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Haematological malignant
patients 59 cases

|

Excluded l I
HBsAg (+) HBsAg (-)
6 cases 53 cases
Anti-HBc (+) Anti-HBc (-)
18 cases 35 cases
HBsAg become (+) HBsAg remained (-)
2 cases 16 cases
HBV DNA (+)
2 cases —
HBV DNA (+) HBV DNA (-)
3 cases 13 cases

Figure 1 Longitudinal representation of hepatitis B reactivation after che-
motherapy in patients with hematological malignancies. HBsAg: Hepatitis
B surface antigen; anti-HBc: Antibody to hepatitis B core antigen; HBV: Hepati-
fis B virus.

tive patients were checked for the serological markers of
infection with hepatitis B. The background general char-
acteristics of the 53 HBsAg-negative patients are present-
ed in Table 1. The mean age of the analyzed cohort was
27.8 + 26.2 years old. Thirty-five (66%) of 53 HBsAg-
negative patients were found to be anti-HBc-negative,
and 18 (34%) patents were serologically positive for anti-
HBc. The predominance of male patients was observed
in both the anti-HBc-positive and -negative patient
groups. Twenty-six patients (40.1%) were diagnosed with
malignant lymphoma, whereas 25 patients (47.2%) were
diagnosed with acute leukemia. Solitary cases of chronic
leukemia and multiple myeloma were also included in
the studied cohort. An insignificantly higher incidence
of acute leukemia cases was observed in the anti-HBc-
positive patients (9/18; 50%) compared with the anti-
HBc-negative patients (15/35; 42.9%).

Consequences of HBY serology after receiving
anti-cancer freatment

After the initiation of systemic chemotherapy, examina-
tion of the HBV serology revealed that two (3.8%) of the
HBsAg-negative patients became serologically positive
for HBsAg; In addition, 3 more patients (5.8%) exhibited
detectable HBV DNA in their sera after the start of the
anticancer therapy (Figure 1). Interestingly, none of the
serologically negative patients for anti-HBc became sero-
logically positive for HBsAg or moleculatly detectable for
HBV DNA. In contrast, 2 of the 18 anti-HBc-positive
patients (11.1%) became serologically positive for the
HBsAg, and 3 (16.7%) became molecularly detectable
for the HBV DNA. In brief, 5 of the 53 HBsAg negative
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Characteristics Case 1 Case 2. Case 3 Csed o Cae5
Age (yr)/ gender 79/F - - 8/M - 11/F : /M- o0/M
Diagnosis NHL (stage 1) AML ALL Lo ALL o ALL
Treatment' CVP St Jude protocol St Jude protocol St Jude protocol - St Jude protocol
HBYV serology and DNA prior to E . . k - S N f6 n '
chemotherapy . : o . g : e
: HBsAg/anﬁ‘HBs/HBV DNA -}/ (+)/1.8 (-}/ () /negative - (-}/(-)/negative )/ {+)/negative =)/ (nt)/negative
{log copy/mL) , . ; i o ;
HBV reactivation months after anti- 12 : 4 5 : 6 4
. cancer therapy ' : g 8 ' g
HBYV serology and DNA after
chemotherapy ; ELE
HBsAg/anti-HBs/HBY DNA )/ 0t)/7.6 )/ (+)/58 (/)31 /29 0/ ()/20
(log copy/mlL) : S : e o
ALT (IU/mL) .35 195 7 86 17
Total bilirubin (mg/dL) . ; 1 : 1.1 13 1.1 02
Outcome v Died + Died Died : Alive - Alive
HBV genotype D1 ' D1 D1 Bl S opr
Core promoter mutation Wild T1764/G1766 - Al764 Wild - : Lo
- Pre-core A1896 Mutant : Wild Wild o Wild o -
Amino acid mutation in S gene product = | - P120S/5143L P120T : ¥ ' TIZOL

M: Male; F: Female; NHL: Non-Hodgkin lymphoma; AML: Acute myeloid leukemia; ALL: Acute lymphoblastic leukemia; HBsAg: Hepatitis B surface
antigen; Anti-HBs: Antibody to hepatitis B surface antigen; CVP: Cyclophosphamide, vincristine, prednisone; ALT: Alanine amino transferase enzyme. 'St
Jude protocol: (1) prephase: vincristine + steroid; (2) induction: vincristine + farmarabin + aracytine + etoposide, intrathecal; (3) consolidation: high dose

methotrexate + mercaptopurine; (4) continuation: methotrexate + mercaptopurine.

patients (9.4%), representing 27.8% (5/18) of the ant-
HBc-positive patients in the studied cohort, manifested
the criteria of HBV reactivation (Figure 1).

Clinical and virological criteria of the patients who
manifested HBY reactivation

Five of the 53 patients (9.4%) treated for hematologic
malignancies manifested HBV reactivation throughout
the anti-cancer therapy regimen. The demographic, clini-
cal and virological criteria of the HBV infection of the
five patients who experienced HBV reactivation are sum-
marized in Table 2 (cases 1-5). The mean age of the five
patients was 24.6 £ 30.9 years old. Three of the patients
were males (cases 2, 4 and 5), and two were females.
Four patients were diagnosed with acute leukemia (cases
2-5), and only one patient (case 1) was diagnosed with
malignant lymphoma. All of the 5 patients received a
steroid regimen as a part of their anticancer therapy. All 5
patients were positive for anti-HBc. Three patients were
positive for anti-HBs (cases 1, 2 and 4), and only one pa-
tient was serologically negative for the ant-HBs (case 3).
Because of small volume of serum sample obtained from
case 5, anti-HBs could not be tested. After HBV reactiva-
tion, two cases (cases 2 and 4) exhibited abnormal ALT
levels, and one patient (case 2) experienced a more than
3-fold increase in the ALT level, indicating the emergence
of hepatitis in this patient. None of the 5 cases who ex-
petienced had the HBV reactivation after cancer chemo-
therapy received an antiviral treatment for HBV.

The virological and molecular criteria are summatized
in Table 2. The infecting genotype of the HBV strains
was HBV genotype D, subtype D1 in all five cases. Two
core promoter HBV variants were detected in 2 patients.

&

The two variants wete T1764/G1766 and A1764 in cases
2 and 3, respectively. The stop codon pre-cote HBV mu-
tant (A1896) was detected in one patient (case 1).
Infection with HBV mutant strains in the S gene
product was detected in 3 patients. The amino acid es-
cape mutant strains are as follows: $120 and L143 (case
1), T120 (case 2) and 1126 (case 4). Four types of mutant
strains (T/5120, L143, and I126) were detected in the S
gene strains of 3 patients (cases 1, 2 and 4, respectively).

DNA sequencing and phylogenetic analysis

HBV DNA was quantified retrospectively by RTD-PCR
in the stored samples of the five patients with HBV re-
activation. Evidence of occult HBV infection at the time
of the HBsAg-negative status (before the start of anti-
cancer therapy) was detected by RTD-PCR in one patient
(case 1). To determine the source of HBV infecton, sera
from case 1 before (case 1-A) and at the time of HBV re-
activaton (case 1-B) were subjected to HBV full genome
amplification and sequencing. Sequences encompassing
the HBV full genome obtained from sera befote the start
of chemotherapy and at the time of de #ovo HBV hepati-
tis revealed 100% homology, and the two sequences clus-
tered together in the phylogenetic tree (Figure 2). These
results demonstrate that case 1 developed reactivation
from an occult HBV infection.

DISCUSSION

This study is considered the first step in documenting
and characterizing the reactivation of hepatitis B in Egypt
among patients negative for the HBsAg who received im-
munosuppressive therapy. The current study presented
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Figure 2 The complete genome of the hepatitis B virus was isolated and sequenced (case 1) prior to the start of chemotherapy (case 1-A) and after the
emergence of hepatitis B virus reactivation (case 1-B). The phylogenetic analysis demonstrated that the patient (case 1) developed an hepatitis B virus (HBV)

reactivation of an occult HBV infection.

further evidence that resolved hepatitis B infection and
occult HBV infection may represent a hidden risk factor
for the development of de novo hepatitis B.

The incidence of hepatitis B reactivation in the HBsAg-
negative group was 9.4%, and all cases of reactivation
occurred in patients with resolved or past infection with
hepatitis B, as evidenced by the absence of HBsAg and
the serological detection of anti-HBc. The patients who
had HBV reactivation represent 27% of the HBsAg-
negative/anti-HBc-positive patients. This incidence was
compatrable to the incidence that was described by Hui e#
at™. In their study, Hui e a/™ described an HBV reacti-
vation incidence of 3.3% (8/244) in their studied cohort,
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which included HBsAg-negative lymphoma patients
receiving systemic chemotherapy. Of note, all 8 patients
were seropositive for either antt HBc ot anti-HBs anti-
body. Recently, Matsue ez 2/ conducted a retrospective
study on consecutive patients with CD20-positive B cell
lymphoma before and after rituximab-containing treat-
ment. In the latter study, 5 out of 230 patients negative
for HBsAg (2.2%) experienced HBV reactivation, rep-
resermn% an incidence of 8.9% of the anti-HBc-positive
patients’ . In a prospective observational study of pa-
tients with hematological malignancies (a study cohort
similar to the current study), Francisci e a/*” reported the
incidence of HBV reactivation was (18%), which is close
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to that detected in the present study. The reasons for the
difference in the incidence in HBV reactivation among
different studies remain to be elucidated. However, the
intensity of treatment, patient characteristics, and geo-
graphic differences in HBV prevalence and its genotypes
may account for these differences”. Furthermore, the
lack of a clear definition of HBV reactivation should not
be ignored as a possible explanation for this variation in
the incidence. In this study, the inclusion of patients who
had detectable HBV DNA after cancer chemotherapy
plus patients who exhibited HBsAg seroconversion after
receiving the anticancer therapy dramatically increased
the incidence of HBV reactivation among the studied
cohort. This criterion of including cases with detect-
able HBV DNA after cancer chemotherapy as a sign of
HBYV reactivation was not used to define cases with HBV
reactivation in the related studies"™”. The variations in
the cohort size among the different studies cannot be ig-
noted as a possible factor that may be implicated in such
discrepancy.

Occult HBV infection is defined by the detection of
HBV DNA in the sera or in the livers of serologically
HBsAg-negative patients'”. Until recently, the clinical
effects of occult HBV infection were unclear regarding
the influence on the progtession of liver disease, the de-
velopment of hepatocellular carcinoma, the risk for HBV
reactivation, and the transmission of HBV infection™.
The undetlying mechanisms for the pathogenesis of oc-
cult HBV infection may be due to cither viral or host fac-
tors”. One of the important viral factors is the presence
of mutations in the HBV DNA sequence, which may
interfere with the detection of HBsAg by the commercial
assays, Ze., “escape mutations”™. In the present study, 4
types of possible escape mutants were detected in 3 of
the 5 patients who experienced HBV reactivation®™. Pre-
vious 7 vitro studies have reported that escape mutations
are associated with an increased immune evasive capacity
and are capable of causing symptomatic flare up and high
viral loads™. Furthermore, studying the viral genome
isolated from case 1 revealed a complete match of the se-
quences obtained before the start of chemotherapy and
at the time of reactivation. The present study provides
further evidence of the emergence of HBV reactivation
of occult hepatitis B as confirmed by the molecular evo-
lutionary analysis””. Furthermore, two amino acid escape
mutations in the S gene product, P120S and S143L, wete
detected in the HBV viral genome isolated from case 1.

Patients with malignancies in Egypt are monitored
only by testing ALT levels throughout the chemotherapy
course. Therefore, the present study, which is the first
to explore HBV reactivation in Egypt, suggests manda-
tory serological screening for anti-HBc and anti-HBs in
patients planning to receive immunosuppressant therapy.
Patients found to be positive for anti-HBc, particularly
patients who are negative for anti-HBs, should be closely
monitored with HBsAg, HBV DNA and serum bio-
chemistry during chemotherapy and for at least 6 mo
after the completion of therapy. Further prospective
multicenter studies are needed to explore the incidence

&
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and risk factors of HBV reactivation in Egypt. Further
studies are recommended to determine whether specific
genomic mutations are implicated in de novo hepatitis in
this subset of patients infected with HBV genotype D1.

Background

The reactivation of hepatitis B is a syndrome characterized by an abrupt ap-
pearance or rise of the hepatitis B virus (HBV) DNA in the sera of patients with
resolved or inactive hepatitis B infection. Reactivation can be spontaneous but
is typically triggered by cancer chemotherapy, immune suppression or altera-
tions in immune system function. Hepatitis B reactivation is of special clinical
concern in immunocompromised patients because it leads to severe liver
dysfunction and hepatic failure. However, hepatitis B reactivation is easy to
prevent by introducing a prophylactic oral antiviral therapy. Occult hepatitis B is
defined by the presence of HBV DNA in the serum or the liver in the absence
of Hepatitis B surface antigen (HBsAg) with or without hepatitis B core antibody
(anti-HBc) or antibodies to HBY surface antigen (anti-HBs). These patients are
at risk of developing hepatitis B reactivation due to any factor suppressing the
immune system. In Egypt, patients receiving cancer chemotherapy are typically
monitored by liver function tests, with no screening for HBsAg or HBV DNA ex-
cept in cases with elevated liver enzymes. This study aimed to investigate the
incidence of HBV reactivation and the underlying risk factors of reactivation in
Egyptian patients with hematological malignancies who were receiving cancer
chemotherapy.

Research frontiers

In a cohort of 53 patients with hematological malignancies receiving cancer
chemotherapy who were negative for HBsAg, 18 patients (34%) were found to
be positive for the anti-HBc, and five of the 53 (9.4%) patients with hematologic
malignancies experienced HBV reactivation. All five patients were positive for
anti-HBc. HBV DNA was detected in pretreatment HBsAg-negative samples
in one of the five patients with HBV reactivation. In this patient, sera were ob-
tained before the start of chemotherapy and at the time of de novo HBV hepa-
itis; the molecular evolutionary analysis of the sequences encompassing the
HBV full genome obtained from the sera revealed that this patient developed
reactivation from an occult HBV infection.

Innovations and breakthroughs

This study is the first in Egypt to characterize HBV reactivation in Egypt. The
study introduces more evidence through molecular evolutionary analysis that
occult HBV infection is a risk factor for reactivation of hepatitis B in patients with
hematological malignancies receiving cancer chemotherapy.

Applications

The study strongly recommends mandatory serological screening for anti-HBc
and anti-HBs in this subset of patients before the commencement of chemo-
therapy. Patients found to be positive for anti-HBc, particularly patients who are
negative for anti-HBs, should be closely observed for signs of HBV reactivation
through the regular monitoring of HBsAg and HBV DNA.

Peer review

In the study, performance of sequencing and molecular analysis of HBV ge-
nomes seems relevant in characterization of the strains associated with HBV
reactivation. Their findings are significant and beneficial for the readers.
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ARTICLE INFO ABSTRACT

Article history: Angiogenesis is one of crucial processes associated with tumor growth and development, and consequently a
Received 21 May 2013 prime target for cancer therapy. Although tumor endothelial cells (TECs) play a key role in pathological angiogen-
Accepted 3 October 2013 esis, investigating phenotypical changes in neovessels when a gene expression in TEC is suppressed is a difficult

Available online 11 October 2013 task. Small interfering RNA (siRNA) represents a potential agent due to its ability to silence a gene of interest. We

previously developed a system for in vivo siRNA delivery to cancer cells that involves a liposomal-delivery system,

fi?:;;{)rds' a MEND that contains a unique pH-sensitive cationic lipid, YSK05 (YSK-MEND). In the present study, we report
Liposome on the development of a system that permits the delivery of siRNA to TECs by combining the YSK-MEND and a
Anti-angiogenic therapy ligand that is specific to TECs. Cyclo{Arg-Gly-Asp-D-Phe-Lys) (cRGD) is a well-known ligand to af3; integrin,
Cyclic RGD which is selectively expressed at high levels in TECs. We incorporated ¢cRGD into the YSK-MEND (RGD-MEND)
Active targeting to achieve an efficient gene silencing in TECs. Quantitative RT-PCR and the 5’ rapid amplification of cDNA ends
PCR indicated that the intravenous injection of RGD-MEND at a dose of 4.0 mg/kg induced a significant RNAi-
mediated gene reduction in TEC but not in endothelial cells of other organs. Finally, we evaluated the therapeutic
potency of the RGD-MEND encapsulating siRNA against vascular endothelial growth factor receptor 2. A substan-
tial delay in tumor growth was observed after three sequential RGD-MEND injections on alternate days. In con-
clusion, the RGD-MEND represents a new approach for the characterization of TECs and for us in anti-angiogenic

therapy.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction a liposomal siRNA system, a multi functional nano-device {(MEND)

Angiogenesis is a major cause in cancer progression and metastasis
[1,2]. Folkman et al. first proposed the theory that, to be supplied with
oxygen and other nutrients, tumors with sizes over 1-2 mm? inevitably
required angiogenesis, and that, if tumor vasculature development
could be inhibited, tumor tissue would shrink, as the resuit of a lack of
oxygen and other nutrients [3]. Since this publication, anti-angiogenic
therapy has evolved as an innovative treatment for various cancers. A
mono-clonal antibody against vascular endothelial growth factor
(VEGF), which is referred to as Avastin, is currently used in the treat-
ment of various types of cancer [4,5].

Small interfering RNA (siRNA) was predicted to be a potentially
useful drug for this purpose, due to the ability to inhibit the expression
of any genes of interest in a sequence-specific manner [6]. However, its
instability in the blood and the low permeability of the plasma mem-
brane require drug delivery systems that target specific cells in order
to achieve an effective therapy by siRNA [6,7]. We previously developed

* Corresponding author at: Kita-12, Nishi-6, Kita-ku, Sapporo 060-0812, Japan.
Tel.: +81 11706 3919; fax: +81 11 706 4879.
E-mail address: harasima@pharm.hokudatacjp (H. Harashima).

0168-3659/% — see front matter © 2013 Elsevier B.V. All rights reserved.
hitp://dx.doi.org/10.1016/j jconrel.2013.10.003

[8,9]. In the past report, the use of a MEND composed of a pH-
sensitive cationic lipid, YSKO5 (YSK-MEND) caused a significant
gene reduction in tumor tissue when intratumorally and intrave-
nously injected into tumor-bearing mice [10,11]. A number of pH
sensitive siRNA carriers, such as liposomes [12,13}, polyplexes {14]
and micelles [15], have been evaluated for use in tumor targeting.
pH-sensitive carriers are generally thought to be more suitable for
tumor targeting than conventional cationic carriers because of their
highly specific fusiogenicity in acidic endosomes {16]. YSKO5 con-
sists of two linoleyl fatty acid chains and a tertiary amino group,
which are responsible for pH-responsive fusiogenicity in endosomes.
In this study, we incorporated a ligand that is specific to tumor endothe-
lial cells (TECs) into YSK-MEND to achieve anti-angiogenic therapy
using siRNA.

Cyclo {Arg-Gly-Asp-D-Phe-Lys) (cRGD) peptide is a well-validated
ligand for a3 integrin, which is highly and selectively expressed on
the cell surface of TECs and some types of cancer cells themselves [17].
cRGD is a known antagonist of ayf3; integrin, and the injection of free
cRGD suppresses tumor progression in many cancers such as glioblasto-
mas and lung cancer | 18]. This is because ayPs integrin plays a key role
in angiogenesis in tumor tissue [19]. Moreover, the cRGD peptide can be
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used for a variety of purposes, including cancer imaging and therapy by
conjugating cRGD with imaging probes, anti-cancer agents or drug car-
riers [20]. Concerning the in vivo delivery of nucleic acids using cRGD,
several reports have appeared in which tumor growth was inhibited
by the systemic injection of anti-tumor and/or anti-angiogenic oligonu-
cleotides encapsulated in micelles {21] and lipoplexes [22-24]. Howev-
er, in almost all of those reports it was not clear whether siRNA was
delivered to cancer cells and TECs, and no direct evidence showing
that a gene reduction in TECs was mediated by RNA interference. In
this study, we verified gene silencing by siRNA in TECs using quantita-
tive RT-PCR (qRT-PCR) and rapid amplification of the 5’ ¢cDNA ends (5
RACE-PCR), which was the only method available for confirming
RNAi-induced silencing [7].

We chose renal cell carcinomas (RCCs) as a therapeutic model can-
cer by inhibiting angiogenesis, since it is well known that RCCs effective-
ly respond to anti-angiogenic therapy [25]. Since RCCs are known fo
respond poorly to conventional anti-cancer drugs, interleukin-2 and
interferon-ot injections are currently the standard treatment for pa-
tients with progressive RCCs [ 26]. In recent years, however, novel agents
targeting angiogenesis pathways have been developed as the result in
advances in our understanding of tumor biology. Actually, Afinitor and
Toricel (mTOR inhibitors) and Sutent (a multi kinase inhibitor) are cur-
rently being applied for metastatic RCCs in addition to Avastin.

Although anti-angiogenic treatment has had significant therapeutic
effects for cancer progress and metastasis, it has been reported that
some patients are refractory or acquire resistance to VEGF inhibition
[27]. Several mechanisms are thought to be involved in the resistance
anti-angiogenic treatment by VEGF blockade. Compensation by other
pro-angiogenic mechanisms, such as basic fibloblast growth factors
(bFGF), platelet-derived growth factor (PDGF) and angiopoietins, ap-
pears to be a dominant factor in the development of acquired resistance
to VEGF inhibition. Moreover, recent reports suggest that the recruit-
ment of other cells, such as pericytes and bone marrow-derived myeloid
cells, to tumor vessels is implicated in the resistance to anti-angiogenic
therapy [28,29]. A methodology that will permit the complete control
any gene that is expressed in TECs is needed for further elucidating
the mechanism of anti-angiogenic therapy resistance, and hence devel-
oping a better therapy that targets tumor angiogenesis. In the study, we
report that the RGD-MEND represents an efficient siRNA delivery sys-
tem for cancer treatment through anti-angiogenic therapy.

2. Materials and methods
2.1. Materials

1,2-Distearoyl-sn-glycerophosphocholine (DSPC), 1-palmitoyl-2-
oleoyl-sn-glycerophosphoethanolamine (POPE), 1,2-dimyristoyl-
sn-glycerol, methoxypolyethylene glycolyg00 (PEG-DMG), 1,2-
distearoyl-sn-glycerol, methoxypolyethylene glycolyage (PEG-DSG) and
N - hydroxysuccinimide- polyethylene glycolyggp-1,2 -disteaoyl-sn-
glycerophosphoethanolamine (NHS-PEG-DSPE) were purchased NOF
(Tokyo, Japan). Cholesterol (chol), RPMI-1640 medium and DMEM
were obtained from SIGMA Aldrich (St. Louis, MO). Egg phosphatidyl
choline (EPC) and 1,2-distearoyl-sn-grycelo, methoxy polyethylene
glycol (PEG-DSPE) were purchased from Avanti Polar Lipids (Alabaster,
AL). siRNAs were obtained from Hokkaido System Science Co., Ltd.
(Sapporo, Japan). [*H]-choresteryl hexadecyl ether (CHE) was pur-
chased from PerkinElmer Life Science (Tokyo, Japan). Dil and DiD
were purchased from Invitrogen (Carlsbad, CA).

2.2. Synthesis of cRGD conjugates

We synthesized cRGD-conjugated PEG (RGD-PEG) as previously re-
ported [30}. In brief, cRGD peptide was incubated with NHS-PEG-DSPE
in 20 mM phosphate buffered saline (pH 7.4, PBS) at 37 °C for 12 h.
The mixture was then subject to dialysis using Spectra Por 6 (MWCO

1000 Da, Spectrum) to remove un-conjugated RGD. The molecular weight
of the conjugate was determined by MALDI TOF-MS.

2.3. MEND preparation

YSK-MENDs were prepared as previously reported [10,11]. Briefly,
1500 nmol of YSK05, 750 nmol of POPE, 750 nmol chol and 150 nmol
PEG-DMG were dissolved in 400 L of 90% (v/v) aqueous tertiary bu-
tanol (t-BuOH). When the fluorescence was incorporated into the
YSK-MENDs, 0.5 mol% (of the total lipid) DiD was added to the
tubes and the organic solvent was removed by evaporation before
the lipid solution was mixed. Two hundred microliters of siRNA solution
(concentration 0.8 mg/mL in 2 mM filter-sterilized citrate buffer
(pH4.5)) was gradually added to the shaking lipid solution, and homog-
enous particles of liposomal siRNA were spontaneously formed by dras-
tically diluting the siRNA-lipid mixture to 2 mL with 20 mM citrate
buffer. The t-BuOH was then removed by ultrafiltration. For RGD-
modification, a RGD-PEG solution was incubated with a YSK-MEND
solution at 60 °C for 30 min at various molar ratios (RGD-PEG/total
lipid of YSK-MEND). The YSK-MENDs were characterized by a Zetasizer
Nano ZS ZEN3600 instrument (Malvern Instruments, Worchestershire,
UK). The encapsulation efficiency and recovery ratio were calculated
using RiboGreen (Invitrogen) as previously described [10]. siRNA en-
capsulation efficiency rate of all MENDs used in this study was over
90%. The sequences of the used siRNAs are shown in Supplemental
Table S1.

24. Cell culture

OS-RC-2 cells and HEK293T cells were cultured in RPMI-1640 and
DMEM, respectively. These media were supplemented with 10% fetal
bovine serum, penicillin (100 U/mL) and streptomycin (100 pg/mL).
TECs, which were previously isolated by Ohga et al. {31}, and HUVEC
were cultured in EBM-2 medium supplemented with 2% FBS (v/v) and
bullet kits (Lonza, Walkersville, MD). All cells were maintained at 37 °C
in a 5% CO, humidified atmosphere.

2.5. Evaluation of antigen expression

For evaluating the expression of ay33 integrin, 1.0 x 10° trypsinized
cells were suspended in 1 mL of FACS buffer (0.5% bovine serum albu-
min and 0.1% sodium azide in 20mM PBS), and the suspension was cen-
trifuged at 4 °C for 4 min at 500 xg. The cells were incubated in 100-fold
diluted anti human o5 integrin rat IgG (R&D systems, Minneapolis,
MN) for 30min on ice. The antibody solution was then removed by cen-
trifugation and the cells were washed twice with 500 pL of FACS buffer,
Two hundred-fold diluted Alexa633-labeled anti rat IgG goat F(ab’)
(Invitrogen) was added to the cells. The cells were washed twice
with 500 pL of FACS buffer, and re-suspended in 1 mL of FACS buffer.
The cell suspension was analyzed by FACSCalibur (Becton Dickinson,
Franklin Lakes, NJ).

2.6. Animal study

Male, 4-week-old ICR mice and BALB/cAjcl-nu/nu were pur-
chased from Japan SLC (Shizuoka, Japan) and CLEA (Tokyo, Japan),
respectively. For preparing 0S-RC-2-bearing mice, 1.0 x 10° OS-RC-
2 cells in 75 pl of sterilized PBS were inoculated into anesthetized
BALB/cAJcl-nu/nu mice on the right flank. The experimental protocols
were reviewed and approved by the Hokkaido University Animal Care
Committee in accordance with the Guide for the Care and Use of Labo-
ratory Animals.
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2.7. Confocal laser scanning microscopy (CLSM) to determine the localization
in tumor tissue of the MEND

0S-RC-2-bearing mice were intravenously administered with
3.0 mg/kg of DiD labeled-YSK-MEND. FITC-labeled Isolectin B4 (Vector
Laboratories, Burlingame, CA) were injected via the tail vein 10 min
before collecting. Tumor tissue was excised 24 h after injection of the
YSK-MENDs, and then fixed with 4% paraformaldehyde (PFA). Fixed
tumor tissue was washed with 10%, 30% and 50% sucrose over night.
Tumor tissue was embedded in OCT compound, and 16 pm thick slices
were prepared on the slideglass SUPERFROST S9441 (MATUSNAMI)
with CM-3050S (Leica, Wetzlar, Germany). Tumor slices were washed
with PBS twice, and covered with a cover glass. The tumor slices were
observed with an FV10i-LIV microscope.

2.8. Flowcytometry (FCM) anclysis for the internalization of MEND into
cells

To investigate the localization of the YSK-MENDs in tumor tissue
after systemic injection, 0S-RC-2 bearing mice were systemically
injected with DiD labeled-YSK-MENDs at a dose of 3 mg/kg. Tumor
tissue was collected 6 h after injection, and then shredded. The shred-
ded tumor tissue was then incubated in 2mL of Hanks' Balanced Salt So-
lution (HBSS, SIGMA Aldrich) containing 20 mg of type I collagenase
(Gibco, Rockville, MD), 200 pig of DNase 1 (Gibco), 1 mL of inactivated
FBS and 2.0 mmol of CaCl, for 30 min at 37 °C. The resulting cell suspen-
sion was filtered through a 100 um Cell Strainer (BD Falcon), and then
centrifuged at 4 °C for 3 min at 500 rpm after the addition of 10 mL of
HBSS and the supernatant was removed. This “washing procedure”
was repeated 2 times. To remove red blood cells, the centrifuged cells
were incubated in Red Blood Cell Lysing Buffer (SIGMA Aldrich) for a
several minutes at room temperature and the washing procedure was
repeated once. Next, 1.0 x 10% cells were incubated with an anti
mouse PE-labeled CD31 antibody (Biolegend, San Diego, CA) or PE-
labeled Rat IgG2a, x isotype control (Biolegend) for 30 min on ice.
Cells were washed, and then analyzed with FACSCalibur 10 min after
7-AAD (IMGENEX, San Diego, CA) addition. The 7-AAD-positive popula-
tion was assumed to be dead cells and were gated out.

2.9. Evaluation for gene silencing by gRT-PCR

Cells plated onto 6-well plate were lysed by treatment with 350 L of
TRIzol (Invitrogen). For the in vivo experiment, approximately 50 mg of
collected tissue was homogenized by means of a PreCellys (Bertin Tech-
nologies, Montigny-Le-Bretonneux, France) in 5004L of TRIzol, and then
centrifuged at 12,000 xg at 4 °C for 15 min. Supernatant was used as an
RNA extraction sample. RNA extraction and purification was then per-
formed according to the manufacturers' protocol. One microgram of
total RNA was subjected to reverse transcription reaction using a High
Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA).

Fifty-fold diluted cDNA was subject to qPCR with Fast SYBR Green
Master Mix (Applied Biosystems) using LightCycler-480 (Roche Diag-
nostics, Germany). The reaction conditions were according to the
manufacturer's protocol. The sequences of all primer sets in the experi-
ment are shown in Supplemental Table S1.

2.10. Confirmation of RNAi-mediated gene silencing by 5’ RACE-PCR

5’ RACE-PCR for the detection of Cd31 mRNA cleaved by si-Cd31 was
carried out as previously reported [11]. Briefly, GeneRacer Adaptor was
ligated into cleaved Cd37 mRNA, and then reverse transcribed with
Cd31 Gene Specific Primer by SuperScript Il (Invitrogen). Next, cDNA
was amplified by 2 times PCR (i.e. nested PCR) with 2 different sets of
PCR primers (Ad5 outer and Cd31 outer primers for the 1st PCR, and
Ad5 inner and Cd31 inner primers for the 2nd PCR). All oligonucleotides
used in the procedure are shown in Supplemental Table S1.

2.11. Somatic and hepatic toxicity

Liver toxicity was evaluated 24 h after injection of the MEND at a
dose of 3.0mg/kg. Serum asparate aminotransferase (AST) and alanine
aminotransferase (ALT) were measured using a transaminase Cll test
kit (Wako Pure Chemicals, Osaka, Japan) in accordance with
manufacturer's instructions.

2,12, Statistical analysis

Comparisons between multiple treatments were made using one-
way ANOVA, followed by the Bonferroni test. Pair-wise comparisons
between treatments were made using a Student’s t-test. A p-value of
<0.05 was considered significant.

3. Resuits

3.1. Preparation and characterization of YSK-MEND modified with RGD-
PEG (RGD-MEND)

The expression of integrin oy in two cell lines was determined by
FCM (Fig. 1).

We next evaluated the optimal modification ratio of RGD-PEG into
the YSK-MEND at 0-10 mol% against the total lipid. The lipid composi-
tion of the YSK-MEND was YSK05/POPE/chol/PEG-DMG (50/25/25/3,
molar ratio), which showed the most efficient silencing effect in the
in vitro cultured cell line {10]. The PEG-DSPE (without cRGD) modified
YSK-MEND (PEG-MEND) was regarded as a negative control in the
in vitro study. The characteristics of these RGD-MENDs are shown in
Table 1. In HUVEC, a 5.0 mo}% modification facilitated the cellular inter-
nalization of the YSK-MEND to the greatest extent (Fig. 2). However, a
further increase was not observed when the modification ratio was
10 mol% against the total lipid. On the other hand, no change in the cel-
lular uptake of nanoparticles was observed in the case of HEK293T cells.
We also carried out this cellular uptake experiment with RGD-modified
liposomes (Fig. S1), and similar results were observed in FCM and CLSM
studies. Taken together, we conclude that the RGD-incorporation ratio
was 5.0 mol%. In addition, RGD-modification had no effect on the
pH-sensitivity of the YSK-MEND (Fig. S2). Next, we evaluated the
knockdown effect of RGD-MEND. Anti polo-like kinase 1 siRNA (si-
PLKT) formulated into both RGD-MEND and PEG-MEND was added
to HUVEC and HEK293T at a concentration of 11-100 nM. Anti-
luciferase siRNA (si-luc) was used as a negative control siRNA. The
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Fig. 1. anf33 integrin expression in HUVEC and HEK293T cells, HUVEC (left panel) and
HEK293T (right panel) were treated with anti-a 33 integrin antibody and s fluorescence
labeled-2nd antibody, and then analyzed by FCM. In the histograms, the black dotted line,
the black solid line and the gray solid line denote untreated cells, cells treated with both
the 1st and 2nd antibody and cells treated with only the 2nd antibody, respectively.
N.T.: non treatment.
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Table 1
Characteristics of the RGD-MENDs used in the in vitro cellular uptake experiments.

RGD-modified MEND

Lipid composition YSKO05/POPE/chol/PEG-DMG 50/25/25/3

RGD-PEG (mol%) 0 1.0 25 50 10
Diameter (nm) 106+ 6 107+ 8 106+ 10 101+£3 110+ 12
pd 0.10 +0.02 0.15 +0.01 0.16 + 0.04 0.13 £ 0.02 022 =005
¢-potential (mV) —5+3 ~6+5 -9 10 ~1144 —13+8

Data represents mean = SD.

RGD-MEND reduced target gene expression in a dose-dependent
manner, while the PEG-MEND caused no detectable changes in tar-
get gene expression in HUVEC (Fig. 3A). In the case of HEK293T,
however, neither the PEG-MEND nor the RGD-MEND induced gene
silencing (Fig. 3B). On the other hand, si-PLK1 transfection with
RNAIMAX significantly inhibited PLKT expression in HEK293T cells
(Fig. S3). This result clearly shows that HEK293T was not refractory
to si-PLK1.

3.2. Localization of RGD-MEND after systemically injection

We next investigated the tumor accumulation of RGD-MEND intra-
venously injected into mice. Tumor distribution was observed by CLSM
and FCM in order to detect the specific delivery siRNA to TECs, not
tumor whole tissue. To evaluate the targeting potency of the RGD~
MEND, we compared with active targeting RGD-MEND with a “cancer
cell targeting” YSK-MEND (a conventional YSK-MEND), which was
originally developed for silencing cancer cell genes [11}]. Generally
speaking, liposomes with a prolonged circulation time after systemic
injection can passively accumulate and diffuse in tumor tissue
through the enhanced permeability and retention (EPR) effect [32].
The EPR effect is caused by increasing vessel permeability and de-
creasing lymphatic drainage in tumor tissue due to the development
of an aberrant tumor vasculature. The conventional YSK-MEND could
circulate in blood stream as previously shown [11], and consequently
accumulated and spread in tumor tissue. Therefore, the non-active
targeting conventional YSK-MEND achieved “cancer cell targeting” via
the EPR effect, which resulted in a significant gene silencing in cancer
cells. In addition, we previously reported that non-ligand PEG-MEND
(YSKO5/POPE/chol/PEG-DMG 50/25/25/3) was not able to deliver
siRNA in target organs, and concluded that the PEG-MEND could not
be used as a negative control in the in vivo study. Taken together, in
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Fig. 2. Cellular uptake of RGD-MENDs containing various amounts of RGD-PEG. Cellular
uptake was determined by FCM at 3 h after adding the fluorescence-labeled MENDs to
the cefls. In the graph, the fluorescence intensity was normalized to RGD 0% in each celf
line. White columns and black columns indicate the cellular uptake of HUVEC and that
of HEK293T, respectively. **:p < 0.01 {ANOVA followed by Bonferroni correction vs. RGD
0% in HUVEC. n == 3).

the in vivo section, the conventional YSK-MEND was regarded as a con-
trol non-TEC targeting carrier. The characteristics and lipid composition
of the MENDs used in the in vivo experiments are shown in Table 2. Ac-
tually we were not able to observe the effective knockdown in TECs
after the injection of the conventional YSK-MEND (Fig. $4). In TECs,
the DiD signal was detected only in the group treated with the RGD-
MEND (Fig. 4A). In addition, the RGD-MEMD was co-localized with
TECs (Figs. 4B, S5). However, the intravenously injected conventional
YSK-MEND was not observed in TECs but was diffused over the entire
tumor tissue. To demonstrate the effect of cRGD, we also investigated
the targeting ability and the knockdown efficiency of the PEG-MEND
(YSK-MEND modified with PEG-DSPE instead of RGD-PEG). The sys-
temically injected PEG-MEND neither accumulated in TECs (Fig. S6A)
nor inhibited TECs-specific gene expression (Fig. S6B).

Regarding the distribution in other organs, a high accumulation of
systemically administered RGD-MEND was detected in the liver, spleen
and lungs (Fig. S7).

3.3. Selective gene silencing of systemic administered RGD-MEND

We then evaluated the in vivo knockdown and therapeutic effect
of the RGD-MEND. To specifically determine the extent of gene
knockdown in TECs, Cd31, which is selectively expressed in both
TECs and normal endothelial cells (ECs), was used. OS-RC-2-bearing
mice were treated with anti Cd31 siRNA (si-Cd37) encapsulated in the
RGD-MEND at a dose ranging from 0.5 to 4.0 mg/kg. As a result, the
RGD-MEND caused a reduction in Cd31 expression in a dose-dependent
manner while the si-luc encapsulated in RGD-MEND did not (Fig. 5A).
In contrast, RGD-MEND did not downregulate the gene in cancer cells
(Fig. S8). Furthermore, we confirmed that this inhibition was caused
by RNAi with 5’ RACE-PCR (Fig. 5B). As a result of a 5" RACE-PCR exper-
iment, approximately 250bp of PCR products were obtained at a dose of
4.0 mg/kg. Thus, the reduction in Cd31 expression can be attributed to
an RNAi-mediated mechanism (Fig. 5C). To evaluate the possibility
that RGD-MEND injection causes side effects, we investigated the si-
lencing effect of other organs’ ECs. However, no inhibitory effect on
the siRNA-target gene was observed in these tissues (Fig. S9).

34. Therapeutic effect of si-Vegfr2 encapsulated in the RGD-MEND

Finally, we examined the therapeutic effect of the RGD-MEND.
VEGFRZ is one of the dominant factors in angiogenesis, and the inhi-
bition of VEGFR2 by an antibody induced anti-tumor effect via thor-
ough inhibition of angiogenesis including RCCs [33,34]. Therefore,
we chose VEGFR2 as a therapeutic gene in this tumor model. The se-
quence of the anti Vegfr2 siRNA was determined by comparing the
gene silencing effect in cultured TECs (Fig. S10A). Then, OS-RC-2-
bearing mice were daily injected twice with the most effective anti
Vegfr2 siRNA (si-Vegfr2) encapsulated in the RGD-MEND at a concen-
tration of 3.0 mg/kg. As a result, a significant Vegfr2 knockdown was
observed in vivo (Fig. S10B). Additionally, si-Vegfr2 had no effect on
the viability of OS-RC-2 itself (Fig. S11). Then, when we monitored
tumor growth after 3 injections of si-Vegfr2 encapsulated in the
RGD-MEND, a significant delay in tumor growth was observed
(Fig. 6A). The si-Vegfr2 treatment significantly lowered the amount
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Fig. 3. Gene silencing effect of PEG-MEND and RGD-MEND. Cells were seeded on a 6-well plate 24 h prior to the MEND treatment, and the MENDs were then added to cells at the indicated
concentrations for 24 h. Target gene mRNA expression was determined by qRT-PCR 24 h after the addition of PEG-MEND and RGD-MEND. PLKT expression was normalized to GAPDH.

of tumor wet tissue on day 17 compared to si-luc (Fig. 6B, C). To in-
vestigate whether Vegfr2 suppression led to the inhibition of angio-
genesis, vessels in tumor tissue were observed after 2 si-Vegfr2
injections of 3.0 mg/kg by CLSM (Fig. 6D) The anti-angiogenesis
effect was then evaluated by counting pixels indicating vessels; the
vessels were significantly decreased in the si-Vegfr2 group (Fig. 6E).

To evaluate the toxicity of systemically injected 3.0 mg/kg of RGD-
MEND, we monitored changes in body weight during the treatment
and also measured liver toxicity. No body weight change was observed
in the OS-RC-2-bearing mice (Fig. 7A). Moreover, liposomal carriers
sometimes severely injure the liver as liposomes tend to accumulate
in liver. The activity of liver enzymes, AST and ALT, were not increased

in the ICR mice at 24 h after the injection of 3.0 mg/kg MEND:s (Fig. 7B).

4. Discussion

The cRGD peptide is a well-known ligand for both cancer cells and
TECs. Although cRGD has been widely used as a targeting ligand for ol-
igonucleotide delivery to TECs, there are few reports directly showing
TEC-specific gene silencing mediated by siRNA. In this study, we verified
that the RGD-MEND is capable of inducing siRNA-mediated gene silenc-
ing in TECs and attempted to develop a cancer therapy through an anti-
angiogenic effect by delivering siRNA.

As previously described, the apparent pKa of the carrier is a domi-
nant factor for escaping from endosomes in pH responsive carriers
[ 10]. After internalization via endocytosis, the YSK-MEND is rapidly con-
verted into a cationic molecule in response to acidification in the
endosomes, and, consequently, the endosomal membrane is disrupted
by interacting with endosomal membranes with a negative charge.
Therefore, it is important to adjust the pKa of the particle to around

Table 2
Characteristics of the YSK-MENDs used in the in vivo experiments.

RGD-MEND PEG-MEND conventional
YSK-MEND
Lipid composition  YSKO5/POPE/chol/  YSKO5/POPE/chol/ YSKO5/DSPC/chol

PEG-DMG/RGD-PEG ~ PEG-DMG/PEG-DSPE  PEG-DSG

50/25/25/3/5 50/25/25/3/5 50/10/40/3
Diameter {nm) 115+ 10 1154+17 105410
pdl 0.18 4 0.01 0.21 £ 003 0.16 + 0.04
¢-potential (mV) —1844 -18+ 14 2814

6.5 in order to rapidly respond the declining pH in endosomes. The ap-
parent pKa of the RGD-MEND was compared with the RGD-modified
MEND. As a result, the pKa was around 6.5 and remained unchanged
as the result of the modification of RGD (Fig S2). This suggests that the
RGD-MEND would be able to efficiently escape from the endosome in
response to endosome acidification after internalization mediated by
ayf3; integrin~RGD interaction. Five mole percent (mol%) of RGD-
modification resulted in the maximum cellular yptake in HUVEC cells,
whereas additional RGD-modification had no further effect on uptake.
This saturation might be due to fixed quantity of cwf; integrin present
on HUVEC cells. In addition, it was previously reported that the
PEGylation ratio in liposomes was, at most, 5.0 mol% [35]. Collectively,
5.0 mol% of RGD-PEG might be the optimized modification condition
in both aspects of cells and siRNA carriers.

The above mentioned properties on internalization via ayPs integrin
and pH responsive fusiogenicity allows RGD-MEND to achieve a signif-
icant level of gene silencing in TECs at a dose of si-Cd31 4.0 mg/kg
(Fig. 5). Nevertheless, gene silencing was saturated at 50% of N.T. In ad-
dition, two injections of 4.0 mg/kg of the RGD-MEND failed to drastically
improve gene silencing (data not shown). This saturation might be
caused by a limited distribution of the RGD-MEND in tumor tissue.
When the distribution in tumor tissue was measured after systemic in-
Jjection of the RGD-MEND, the fluorescence derived from the RGD-
MEND was detected in approximately 80% of the TECs (Fig. $5). As the
tumor vasculature is more heterogenous than normal tissue, blood
flow is not sufficient in some parts of tumor vessels [ 36,37]. This hetero-
geneity in blood flow could lead to a limited distribution of the system-
ically delivered RGD-MEND.

As gene silencing in endothelial cells in normal organs would cause
undesirable adverse effects, we determined the extent of accumulation
in plasma, liver, spleen, kidney and lung by the Ri-labeled not-
PEGylated YSK-MEND (MEND), the PEG-MEND and the RGD-MEND
containing Rls were injected into ICR mice, and the radio activity of
these tissues were then measured (Fig. S7). Only the PEG-MEND
showed a prolonged circulation time, while the others did not. Notably,
a significant increased accumulation of RGD-MEND was observed in the
spleen and {ungs. The MEND accumulated most highly in the liver of
three MENDs. The increased accumulation in the spleen can be attribut-
ed to platelets, which are abundant in the spleen. Platelets express
ayysP3 integrin, which has a relatively similar structure to o33 integrin
[38]. As cRGD can also weakly bind to the o35 integrin, the RGD-
MEND may have accumulated in spleen. Though the mechanism re-
sponsible for the high accumulation of RGD-MEND in lungs is currently
unclear, the cRGD conjugated oligopeptide~plasmid DNA complex also
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accumulated at slightly higher levels in the lungs compared to the
un-modified version used in a previous report [39]. Thus, a modest
higher accumulation in the lungs must be accompanied by cRGD modifi-
cation. Taking into consideration the fact that the highest accumulation
was in the liver and an increased accumulation was found in the lungs
and spleen, Cd31 gene silencing in these organs were evaluated 24 h
after injection of the RGD-MEND. No significant gene reduction was ob-
served in any of these organs (Fig. S9). Although a modestly higher
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accumulation of the RGD-MEND in the spleen and lungs was observed,
there is little possibility that the systemic injection of RGD-MEND in-
duced side effects in other organs. In the case of present anti-
angiogenic agents, the inhibitory effect on angiogenesis in normal tissue,
except for tumor tissue, can lead to an unfavorable influence. For exam-
ple, Avastin can induce mortal side effects, such as bowel perforation and
pulmonary hemorrhages because Avastin can inhibit VEGF signaling in
normal tissue, which is required for the maintenance of healthy blood
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Fig. 5. Gene silencing via RNAI after injection of RGD-MEND. A) siRNA formulated in RGD-MEND was injected into OS-RC-2-bearing mice were injected at the indicated doses, and 24 h
after the injection, Cd31 expression was determined by qRT-PCR. B) Schematic diagram of the 5” RACE-PCR method. Predicted cleavage site by si-Cd37 was Cd37 mRNA (3248 bp) and is
indicated by an arrow between 969 and 970 bp of Cd31 mRNA. siRNA specific cleavage was detected as follows. First, the Gene Racer RNA adaptor was ligated into cleaved uncapped Cd31
mRNA, and adaptor-ligated mRNA was then reverse transcribed with the gene specific primer {GSP). Next, complementary DNA was amplified by PCR with two independent primer sets
(nested PCR). As a result, the production of 245 bp PCR fragment is indicative of siRNA-specific cleavage. C) The actual gel image of the 5’ RACE-PCR products. RNA extracted from tumor-
bearing mice which were treated with 4.0 or 2.0 mg/kg siRNA encapsulated in RGD-MEND was subjected to a 5’ RACE-PCR procedure, N.T.: non treatment.
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vessels [40,41]. In contrast, since the RGD-MEND could selectively sup-
press gene expression in tumor tissue, its use should be safer than the
currently used anti-angiogenic agents.

Although 0S-RC-2 cells were o35 integrin positive (data not shown),
no significant knockdown was observed in cancer cells (Fig. S8). The
failure of cancer cell gene silencing was probably due to the lack of
spreading of RGD-MEND in tumor tissue. Actually, almost all of the
RGD-MEND appeared to remain in tumor vessels in the CLSM result
(Fig. 5B). Although long-circulating liposomes can accumulate in
tumor tissue after intravenous administration via the EPR effect as
described above, the RGD-MEND failed to accumulate and diffuse in
tumor tissue because of the instability of the RGD-MEND in the blood-
stream (Fig. S7).

Although some groups reported on the therapeutic effect of cRGD it-
self, the injection of RGD-MEND encapsulating si-luc failed to inhibit
tumor growth (Fig. 6A). In the reports dealing with the therapeutic ef-
fects of cRGD, the dosage of cRGD was 10-30 mg/kg {19,42,43]. On the
other hand, the amount of ¢cRGD was 1.6 mg/kg in the case of 4.0 mg/
kg of cRGD-MEND. These facts suggest that the amount of cRGD on
the RGD-MEND was insufficient to produce a curative effect. In contrast,
tumor growth in the group treated with si-Vegfr2 was markedly
delayed. To exclude the possibility that si-Vegfi2 led to cell death in
0S-RC-2 cells themselves, we examined the effect of si-Vegfr2 transfec-
tion to OS-RC-2 cells on viability. When OS-RC-2 cells were treated with
si-Vegfr2 and si-luc, no detectable reduction in cell viability compared to
N.T. was found in both groups (Fig. $11). These results suggest that the
injection of si-Vegfr2 inhibits tumor growth via angiogenic gene knock-
down in TECs.

5. Conclusions

The RGD-MEND caused significant gene silencing in tumor endo-
thelial cells, but not in endothelial cells in normal organs and cancer
cells without severe toxicity. In addition, 5’ RACE-PCR revealed that
siRNA-mediated RNA interference was responsible for the gene re-
duction observed in TECs. In other words, we succeeded in develop-
ing an efficient system for the delivery of siRNA specifically to tumor
endothelial cells. This system is a promising siRNA delivery system
for investigations of the pathological characteristics of tumor endo-
thelial cells, and moreover for cancer treatment via controlling of
the biological function of tumor endothelial cells.
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Efficient delivery continues to be a challenge in microRNA {miRNA) therapeutics. We utilized a pH-sensitive
multifunctional envelope-type nano device (MEND) containing a pH-sensitive lipid YSK05 (YSKOS-MEND) to
regulate liver specific miRNA-122 (miR-122). Anti-microRNA oligonucleotides including 2-OMe and phosphoro-
thioate modifications against miR-122 (AM0122) were encapsulated in the YSKO5-MEND. Despite the lower
uptake, the YSKO5-MEND showed a higher activity in liver cancer cells than Lipofectamine2000 {LFN2k) due to
efficient endosomal escape. Cytotoxicity was minimal at 100 nM of AMO122 in YSK05-MEND treated cells, but
LFN2k showed toxicity at 50 nM. When mice were administrated with free AMO122, it was eliminated via the
kidney due to its molecular weight, and lesser amounts were detected in the liver. Conversely, the YSKO5-MEND
delivered higher amounts of the AMO122 to the liver. Systemic administration of YSKO5-MEND induced the
knockdown of miR-122 and an increase in target genes in the liver, and a subsequent reduction in plasma cholesterol
at a dose of 1 mg AMO/kg while free AMO122 showed no activity at the same dose. The effect of AMO122 delivered
by YSKO5-MEND persisted for over 2 weeks. These results suggest that YSKO5-MEND is a promising system for
delivering AMOs to the liver.

© 2013 Elsevier B.V. All rights reserved.

1. Intreduction

MicroRNAs (miRNAs) are a class of small non-coding RNAs (~22 nt)
that regulate gene expression by binding to the 3’-untranslated region
(3’-UTR) of target genes, triggering the degradation of messenger RNA
(mRNA) or the inhibition of protein translation {1]. MicroRNA-122
(miR-122) is a conserved liver-specific miRNA that accounts for 70% of
the total miRNA population [2] and plays important roles in liver
physiology, such as lipid metabolism [3,4], diseases in hepatic virus
C (HCV) infections [5] and hepatocellular carcinoma (HCC) [6]. In
addition, the expression of miR-122 in other organs such as heart is
negligible [7]. Thus, miR-122 is an attractive and selective therapeutic
target for the treatment of liver diseases |8].

A number of attempts have been made to induce the specific
inhibition of endogenous miRNAs in vivo. Plasmid DNA vectors that
express miRNA sponges, which contain multiple tandem miRNA
binding sites, have been designed to competitively inhibit miRNA
functions in mammalian cells {9]. It was recently reported that the
intravenous administration of recombinant adeno associated virus
(rAAV) vectors with miRNA tough decoys (TuDs) result in reduced

* Corresponding author. Tel: +81 11 706 3919; fax: +81 1! 706 4879.
E-mail address: harasima@pharm.hokudai.ac,jp (H. Harashima).

0168-3659/$ — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/) jeconrel.2013.10.023

levels of miR-122 and serum cholesterol {10]. Anti-microRNA oligo-
nucleotides (anti-miRs) have been widely employed to inhibit miRNAs,
including a variety of nucleoside modifications, such as 2’-O-methyl
(2'-0Me), 2'-0-methoxyethyl (2’-MOE), and locked nucleic acid (ENA)
was developed in an attempt to enhance binding affinity to target miRNAs
with phosphorothioate (PS) linkages to improve nuclease resistance [11].
The systemic injection of these anti-miRs against miR-122 (anti-miR122)
into mice resulted in a reduction in cholesterol levels [3,4,12-14}.
Miravirsen, an LNA-modified anti-miR122, is currently in phase 2 clinical
trials for the treatment of HCV [15].

However, large doses of anti-miR-122 are required to induce the
phenotype when the free form of anti-miR-122 is injected due to renal
excretion and poor tissue selectivity as well as cellular uptake [16-18].
To overcome these issues, systems that are capable of delivering nucleic
acids to a targeted organ are desired [18]. Lipid based nanoparticles
have been extensively investigated as vehicles for delivering siRNAs,
miRNAs, as well as anti-miRs [19-23]. We developed a multifunctional
envelope-type nano device (MEND), in which nucleic acids are encap-
sulated within a lipid envelope [24,25]. We recently synthesized a pH-
sensitive cationic lipid, referred to as YSKO5 [26]. A MEND composed
of YSKO5 (YSKO5-MEND) showed efficient pH-sensitive fusogenic
properties and a higher gene knockdown ability than a commercially
available transfection reagent, Lipofectamine 2000 (LFN2K) in HeLa cells
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[26]. The systemic administration of YSKO5-MEND modified with PEG
delivered siRNA to tumor tissue in renal cell carcinoma xenograft mice
via the enhanced permeability and retention (EPR) effect and induced
the knockdown of approximately 50% of the target gene at a dose of
3 mg/kg body weigh [27]. These findings indicate that YAK05-MEND
has the potential for use in nucleic acid delivery both in vitro and in vivo.
In the present study, we report on an investigation of whether the
YSKO05-MEND could be applicable for use in an anti-miR-122 delivery
system to murine liver. We first evaluated the physical properties of
the YSKO5-MEND encapsulating anti-miR-122 modified with 2'-OMe
and PS linkages (AMO122) and its activity in murine hepatoma cells
in comparison with LFNZk. For in vivo studies, we compared the activity
of systemically administrated YSKO5-MEND with free AMO in terms of
distribution in the liver and kidney, and the effect of antagonism of
target miR-122 on the increase in the expression level of genes that
are regulated by miR-122 and the subsequent reduction in plasma
cholesterol levels. The findings indicate that the YSKO5-MEND has the
potential for use in the efficient delivery of AMOs to murine liver.

2. Materials and methods
2.1. Materials

Cholesterol (Chol) was purchased from AVANTI Polar Lipids
(Alabaster, AL, USA). 1,2-Dimyristoyl-sn-glycerol-methoxypolyethylene-
glycol 2000 ether (PEG-DMG) was purchased from NOF Corporation
(Tokyo, Japan). YSKO5 was synthesized as described previously [26].
Anti-miR against miR-122 (AMO122) (5-ACAAACACCAUUGU;
CACALCUCLCA-3) and Cy5-labeled AMO (Cy5-AMO) (5'-Cy5-AsCs
GAUAAACGGUUGUCUALGUCA-3') were purchased from Holdkaido
System Science Co., Ltd. (Sapporo, Japan) (2’-OMe-modified nucleotides;
subscript ‘s’ represents a phosphorothioate linkage). Quant-iT RiboGreen
RNA assay was purchased from Molecular Probes (Eugene, OR, USA).
MEM alpha, Lipofectamine 2000 (LF2k) and TRIzol were purchased
from Invitrogen (Carlsbad, CA, USA). Tagman MicroRNA Reverse
Transcription Kit, TagMan microRNA assay kit, High Capacity RNA-
to-cDNA kit, and Fast SYBR Green Master Mix were obtained from
Applied Biosystems (Foster City, CA). Amicon Ultra (MWCO 100 K)
was obtained from Millipore (Bedford, MA, USA). Murine hepatoma
Hepalclc7 cells obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA).

2.2. Preparation of the YSKO5-MEND encapsulating AMO122 (AMO122-
YSKO5-MEND)

The YSKO5-MEND was prepared with the pH-sensitive cationic lipid
YSKO5, cholesterol and PEG-DMG (molar ratio: 70/30/3) using a t-BuOH
dilution method. The lipid in 90% (v/v) t-BuOH was mixed with
AMO122 in 20 mM citrate buffer (pH 4.0) at an AMO/lipid ratio of 0.1
(wt/wt) under strong agitation to a t-BuOH concentration of 60% (v/v).
The lipid/AMO122 mixture was then added to 20 mM citrate buffer
(pH 4.0) under strong agitation to a t-BuOH concentration of <12%
(v/v). Ultrafiltration was performed using Amicon Ultra for removing
t-BuOH, replacing external buffer with phosphate buffered saline (PBS,
pH7.4) and concentrating AMO122-YSK05-MEND,

2.3. Characterization of AMO122-YSKO5-MEND

The average diameter, polydispersity index (pdi) and zeta-potential
of AMO122-YSKO5-MEND were determined using a Zetasizer Nano
ZS ZEN3600 (MALVERN Instrument, Worchestershire, UK). AM0O122
encapsulation efficiency was determined by RiboGreen assay [26].
AMO122-YSKO5-MEND was diluted in 10 mM hepes buffer (pH7.4)
containing 20 pg/ml dextran sulfate and Ribogreen in the presence or
absence of 0.1 w/v% Triton X-100. Fluorescence was measured by a
Varioskan Flash (Thermo scientific, Waltham, MA, USA) with hex =

500 nm, Aem = 525 nm. AM0O122 concentration was calculated from
AMO122 standard curve. AMO122 encapsulation efficiency was cal-
culated by comparing the AMO122 concentration in the presence and
absence of Triton X-100. Free AMO122 and AMO122-YSKO5-MEND
including 1.2 ug AMO122 in the presence and absence of 20 pg/ml
dextran sulfate and 0.1 w/v% Triton X-100 were electrophoresed
through a 2.5% agarose gel at 100 V for 20 min and then stained
with ethidium bromide and visualized under UV light using an Image
Quant LAS4000 (GE healthcare, Piscataway, NJ, USA). The pH-sensitivity
of AMO0122-YSKO5-MEND was determined using 6-(p-toluidino)-2-
naphthalenesulfonic acid (TNS) (Wako, Osaka, Japan) [26]. 30 pM of
lipid of AM0O122-YSK05-MEND and 6 uM of TNS were mixed in 200 ul
of 20 mM citrate buffer, 20 mM sodium phosphate buffer, or 20 mM
Tris-HC buffer, containing 130 mM NaCl at a pH ranging from 3.0 to
9.0. Fluorescence was measured by a Varioskan Flash with hex =
321 nm, Aem=447nm, at 37 °C. The highest fluorescence was relatively
assigned value of 1. The curve fitting was accomplished using Sigmaplot
12 (Hulinks, Tokyo, Japan). The pKa values were measured using the
fitting curve as the pH giving rise to half-maximal fluorescent intensity.

2.4. In vitro transfection of AMO122 into hepatocytes and RNA isolation

Hepalcic7 cells were cultured in cell-culture dishes (Corning, New
York, NY, USA) containing MEM alpha supplemented with 10% fetal
bovine serum, penicillin (100 U/ml) and streptomycin (100 mg/ml) at
37 °C in an atmosphere of 5% CO, and 95% humidity. One day prior
to the transfection of AMO, 2.5 x 10% Hepalclc7 cells were seeded in
6-well plates. AMO122-YSKO5-MEND was diluted by MEM alpha
supplemented with 10% fetal bovine serum (FBS). The cells were
washed by PBS (pH 7.4), then 1.5 ml of MEM alpha containing
AMO122-YSKO5-MEND at the indicated concentration of AMO122 was
added to the wells, followed by incubation at 37 °C for 48 h. LFN2k
was used as a control, according to the manufacturer's protocol. The
cells were washed twice with 1 ml PBS. Total RNA was extracted with
TRIzol reagent according to the manufacturer’s instructions. To evaluate
cytotoxicity, cells were washed twice with PBS at 48 h, then incubated
with 400 pl of Passive Lysis Buffer (Promega, Madison, WI, USA),
followed by centrifugation (12,000 rpm, 4 °C, 5 min). Protein
concentration in the supernatant was determined using BCA Protein
Assay Kit (PIERCE, Rockford, IL). Phase-contrast images of the diluted
sample were captured using a phase-contrast microscope (CKX41,
OLYMPUS, Tokyo, Japan).

2.5. Reverse transcription (RT) and real-time PCR for miRNA and mRNA
quantification

Mature miRNA-122 expression was determined using a Tagman
MicroRNA Reverse Transcription Kit according to the manufacturer
recommended protocols. Briefly, 100 ng of isolated RNA, 0.5 pl of
stem-loop RT primer, RT buffer, 1 mM deoxyribonucleoside triphosphate
mix, 3.35 units/ul MultiScribe reverse transcriptase, and 0.26 units/ul
RNase inhibitor were used in 10 p RT reactions for 30 min at 16 °C,
30 min at 42 °C, and 5 min at 85 °C. Complementary DNA was then
subjected to real-time PCR using a TagMan™ microRNA assay kit. The
15 ul reaction volume included 5 pl of cDNA (1:60 dilution), 0.75 pl of
primer, and 7.5 ul of TagMan Universal PCR Master Mix reactions was
processed in Lightcycler480 system II (Roche) as follows: for 10 min at
95 °C (denaturation) and 40 cycles of 15 s at 95 °C and 1 min at 60 °C
(annealing/extension). miRNA expression was calculated using AACt
method being normalized to small nuclear RNA (snRNA) RNU6B.

For the determination of mRNA, 1.0 pg of isolated RNA was reverse
transcribed using a High Capacity RNA-to-cDNA kit according to the
manufacturer’s instructions as described previously |27]. A quantitative
PCR analysis was performed on 20 ng of cDNA using Fast SYBR Green
Master Mix and Lightcycler480 system 11 All reactions were performed
at a volume of 15 pl. The PCR was processed in Lightcycler480 system il
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as follows: for 20's at 95 °C (denaturation) and 40 cycles of 3 s at 95 °C
and 30 s at 60 °C for 30 s (annealing/extension). The amount of
target gene was calculated using the AACt method normalized to
hypoxanthine phosphoribosyltransferase 1 (Hprt1) mRNA. The primers
for murine aldolase A (Aldoa) were (forward) 5'-GATGGGTCCAGCT
TCAAC-3’ and (reverse) 5-GTGCTTTCCTTTCCTAACTCTG-3', branched-
chain ketoacid dehydrogenase (Bckdk) were (forward) 5'-AGGACCT
ATGCATGGCTTTG-3' and (reverse) 5'-CCGTAGGTAGACATCCGTG-3/,
N-myc downstream regulated gene 3 (Ndrg3) were (forward) 5'-
ATGGGCTACATACCATCTGC-3’ and (reverse) 5'-TCTGACTGATTGCT
GGTCAC-3" and Hprt1 were (forward) 5-CGTGATTAGCGATGATGAAC-3'
and (reverse) 5'-GCAAGTCTTTCAGTCCTGTC-3".

2.6. Determination of cellular uptake of Cy5-AMO encapsulated
YSKO5-MEND

One day prior to the transfection of Cy5-AMO, Hepalc1c7 cells were
seeded at a density of 1.5 x 10 cells per well in 6-well plates (Corning).
Cy5-AMO encapsulated YSKO5-MEND was diluted with MEM alpha
containing 10% FBS, followed by the incubation with cells for 2 h at
20 nM of AMO. The cells with incubated with LEN2k complexed with
Cy5-AMO in MEM alpha for 2 h at 20 nM of AMO, according to the
manufacture's protocol. The cells were washed with 1 ml PBS, and
detached by treatment with 0.05% trypsin-PBS. The cells were kept in
ice and evaluated on a FACSCalibur flow cytometer (BD Biosciences,
San Diego, CA, USA). The results were analyzed using Cell-Quest (BD
Biosciences).

2.7. Observation of intracellular trafficking of Cy5-AMO encapsulated
MEND

One day prior to transfection, 1.5 x 10° Hepalclc7 cells were seeded
in a 35-mm glass-bottom dish (Iwaki, Osaka, Japan) in 1.5 ml of
medium. YSKO5-MEND or LFN2k containing Cy5-AMO was added at
100 nM of AMO concentration, followed by incubation at 37 °Cfor 1 h.
The cells were washed twice with 1 ml of PBS, and were then fixed
with 4% paraformaldehyde (PFA)-PBS for 10 min. The fixed cells were
stained with Hoechst 33342 (Wako, Osaka, Japan) for 10 min. The cells
were washed twice with 1 ml of PBS. The cells were added to Krebs
Henseleit buffer and images were captured with a FLUOVIEW FV10i
confocal microscope (OLYMPUS, Tokyo, Japan) equipped with a x60
water objective lens.

2.8, In vivo experiments

Female ICR mice (7-8 weeks old) were purchased from Japan SLC
(Shizuoka, Japan). One day prior to administration (day — 1), blood
was collected to determine cholesterol and alanine aminotransferase
(ALT) levels. Either free AMO122 or AMO122-YSK05-MEND at a dose
of 1mg/kg AMO122 in a total volume of 10-15 ml/kg was intravenously
administered to mice via the tail vein at days 0, 2 and 4. At the indicated
times after the administration, the blood and liver were collected. Blood
sample was centrifuged at 8 g at 4 °C for 5 min to obtain plasma. To
obtain serum, blood samples were stored overnight at 4 °C, followed
by centrifugation (10,000 rpm, 4 °C, 10 min). Cholesterol in plasma
and ALT levels in serum were determined by a Cholesterol E-test
WAKO and Transaminase Cll-test WAKO (Wako, Osaka, Japan),
respectively according to manufacturer recommended protocols. Liver
tissue was homogenized in TRIzol using a PreCellys (Bertin Technologies,
France). The total RNA in the supernatant was then isolated following the
manufacturer's instructions. Target miRNA and mRNA levels were
determined as described above. For histological observation, either free
Cy5-AMO or YSKO5-MEND encapsulating Cy5-AMO was intravenously
administered to mice via the tail vein at a dose of 1 mg/kg AMO. At
30 min after administration, each animal was perfused with PBS to
remove blood from the liver, which was then collected and fixed in 4%

PFA-PBS for 24 h. The liver was sectioned into 150 pum thick sections
using a super microslicer ZERO1 (Dosaka, Kyoto, Japan), and nuclei
were stained by Hoechst33342. Images were captured using a Nikon Al
confocal microscope (Nikon, Tokyo, Japan) equipped with a x60 water
objective lens. Kidney tissue stained by Hoechst33342 was imaged by
Nikon A1 equipped with a x40 dry objective lens. The experimental
protocols were reviewed and approved by the Hokkaido University
Animal Care Committee in accordance with the “Guide for the Care and
Use of Laboratory Animals”.

2.9. Statistical analysis

Comparisons between multiple treatments were made using one-
way analysis of variance {ANOVA), followed by the SNK test. Pair-wise
comparisons between treatments were made using a Student's t-test.
A P-value of <0.05 was considered as significant difference.

3. Results
3.1. Characterization of the prepared AMO122-YSKO5-MEND

The average diameter, pdi and zeta-potential of the AMO122-
YSKO5-MEND were 71 4+ 2 nm, 020 4+ 001 and 3.1 &£ 0.5 mV,
respectively. The characteristics of empty YSKO5-MEND prepared by
the same procedure without AMO122 were similar (72 4 2 d. nm, pdi
0.24 + 0.02, zeta-potential 7.3 4 12 mV). The recovery and
encapsulation efficiency of AM0122 determined with RiboGreen were
91 4 6% and 99 4 1%, respectively. The encapsulation of AM0O122 was
also confirmed by electrophoresis (Fig. S1a). The apparent pKa of
AMO122-YSKO5-MEND was determined to be approximately 6.6,
indicating that the YSKO5-MEND could be converted into a cationic
species in early endosomes (Fig. S1b).

3.2. Determination of the in vitro expression of miR-122 targeted genes and
cytotoxicity

It has been reported that Aldoa is regulated by miR-122, and the
inhibition of miR-122 leads to an increase in the expression level of
AldoA [3,4]. Therefore, we first determined the expression level of
Aldoa by qRT-PCR after the AMO122-YSKO5-MEND treatment in
comparison with a commercially available reagent, LFN2k {5,28]. The
use of the AM0122-YSK05-MEND caused an increase in the expression
of Aldoa in a dose-dependent manner, and the enhancement by
AMO122-YSKO5-MEND was higher than that for LFN2k/AMO122
complex {717 + 68 d. nm, pdi 0.43 + 0.09, zeta-potential 27.1 +
4.0 mV) (Fig. 1a). Even though the AM0122-YSK05-MEND showed no
cytotoxicity up to 100 nM of AMO122, LFN2k showed cytotoxicity at
more than 50nM of AMO, which can be attributed to the potent cationic
charge of LFN2k (Fig. 1b and c).

The uptake amount of Cy5-labeled AMO (Cy5-AMO) formulated in
the YSKO5-MEND and LFN2k was assessed by flow cytometry. LFN2k.
A heterogeneous cellular uptake of Cy5-AMO was observed in the case
of LFN2k. On the other hand, Cy5-AMO was homogenously taken up
by cells that had been treated with YSK05-MEND (Fig. 2a). Despite the
higher activity (Fig. 1a), the relative mean fluorescent intensity of the
YSKO5-MEND treated cells was around 2 fold less than that for LFN2k
(Fig. 2b). Intracellular observations indicated that aggregated forms of
Cy5-AMO were produced when LFN2k was used, but diffused pattern
was found in the case of YSKO5-MEND (Fig. 2¢). These findings suggest
that Cy5-AMOs formulated in LFN2k becomes trapped in endosomes/
lysosomes or in vesicular compartments. On the other hand, Cy5-
AMOs encapsulated in YSKO5-MEND was able to efficiently escape
from endosomes. These results indicate that a pH-sensitive MEND
composed of YSKO5 induced the efficient inhibition of miRNA
by delivering AMO to the cytosol and subsequently increasing the
expression of the target genes.
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