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The combination of chemotherapy with HVJ-E containing
Rad51 siRNA elicited diverse anti-tumor effects and
synergistically suppressed melanoma

E Kiyohara?, K Tamai®?, I Katayama? and Y Kaneda'

Dacarbazine (DTIC) is one of the most popular alkylating agents used for the treatment of malignant melanoma. DTIC induces
apoptosis of melanoma cells via double-strand breaks (DSBs). Melanoma cells, however, tend to increase their expression of
DNA repair molecules in order to be resistant to DTIC. Here, we show that DTIC increases expression of Rad51, but not Ku70,
in a cultured B16-F10 mouse melanoma cell line in dose- and time-dependent manners. On introducing Rad51 short interfering
RNA (siRNA) with the hemagglutinating virus of Japan envelope (HVJ-E) to B16-F10 cells, DSBs induced by DTIC treatment
were not efficiently repaired and resulted in enhanced apoptotic cell death. Colony formation of B |6-F10 cells that received

Rad51 siRNA was significantly decreased by DTIC treatment as compared with cells that receive
melanoma-bearing mice, the combination of three intratumoral injections of HVJ-E containing
intraperitoneal injections of DTIC at a clinical dose synergistically suppressed the tumors:*Mo
anti-tumor immunity by inducing cytotoxic T lymphocytes to B16-F10 cells on adminis
that the combination of chemotherapy with HVJ-E containing therapeutic mole
for patients bearing malignant tumors resistant to chemotherapeutic agents.

Gene Therapy (2011) 0, 000-000. doi:10.1038/gt.2011.123

ad51 siRNA and five

ver, HVJ-E demonstrated

¢ f DTIC. These results suggest

s will provide a promising therapeutic strategy

Keywords: HVJ-E; melanoma; immunotherapy; chemotherapy; Rad51

INTRODUCTION

Although a variety of anti-cancer strategies have been developg& '

chemotherapy remains the first-line treatment for most cancers:
However, cancer cells can easily escape from chemoths apy
mutating to become drug resistant, resulting in rather agé"féséive
tumor growth. Dacarbazine (DTIC) is one of the
alkylating agents used for the treatment of malign
Clinical trials of DTIC with or without other chemical gents, such as
tamoxifen and IFN-¢, have found that the combination therapies do
not result in a significantly prolonged survi al period as compared
with DTIC alone.'™ There is no evidenc ‘randomized controlled
clinical trials to show that combina apy is superior to DTIC
alone for the treatment for metasta aneous melanoma.? There-
fore, it is necessary to enhance frhe eneficial effects of DTIC for
melanoma treatment by overcoming DTIC-induced drug resistance.
Some cancer drugs induce double-strand breaks (DSBs) in tumor
DNA. DSBs are immediately repaired by two major nuclear mechanisms:
homologous recombination (HR) and non-homologous end joining.
The recombinase protein Rad51 is an essential molecule in HR.> The
core component of non-homologous end joining is a ku70/80
heterodimer, which binds the broken DNA end and recruits DNA-PKcs.
Rad51 is overexpressed in a variety of tumors,% suggesting that Rad51
inhibition may suppress tumor growth by enhancing the effects of
DSBs generated by cancer drugs. Previously, we successfully treated
HeLa cell tumors in mice by combining cisplatin administration with
the suppression of Rad51 mRNA by short interfering RNA (siRNA).5

ound that the steady-state level of Rad51 expression was elevated
in'HeLa cells, and that Rad51 knockdown by siRNA induced tumor
ensitivity to cisplatin. Another study also showed that the inhibition
of Rad51 function increased the sensitivity of doxorubicin to soft
tissue sarcoma.’

Melanoma cells constitutively express higher levels of Rad51 as
compared with normal fibroblasts!® and have a tendency to become
resistant to chemotherapy and radiation, possibly due to Rad51-
dependent DSB repair. If DTIC treatment is shown to induce Rad51
expression in melanoma cells, Rad51 knockdown may enhance the
DTIC sensitivity of melanomas.

To develop an effective Rad51-knockdown therapy for human
cancer patients, highly efficient procedures for in vivo siRNA intro-
duction are needed. Recently, we have achieved rather efficient in vivo
siRNA delivery by using the hemagglutinating virus of Japan envelope
(HVJ-E), which is an inactivated Sendai virus particle that was
developed as a drug delivery vector.!’13 Purthermore, HVJ-E itself
induces diverse anti-tumor immunity, including dendritic cell matura-
tion, NK cell activation, cytotoxic T lymphocyte (CTL) induction and
regulatory T-cell suppression.'*!¢ Therefore, therapeutic molecules,
such as oligonudleotides, plasmids or siRNA, that are packaged into
HVJ-E are expected to have increased anti-cancer activities. Here, we
tested the dual synergy of the anti-tumor effects of DTIC treatment
combined with Rad51 siRNA-encapsulated HVJ-E. Rad51 siRNA
enhanced the cancer-killing activity of DTIC, and anti-tumor immune
responses were enhanced by HVJ-E.
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RESULTS

DTIC treatment increased Rad51 expression in F10 cells

We first examined the effect of DTIC treatment on Rad51 and Ku70
expression in F10 melanoma cells. F10 cells were treated with DTIC
for 1h, and then Rad51 and Ku70 expression was measured. The
untreated F10 cells were used as a control. Western blot analysis
indicated that Rad51 protein expression increased 1.6-fold at Oh after
stimulation with DTIC, while Ku70 protein expression did not show a
significant change (Figures la and b). Rad51 and Ku70 expression
was measured at various time points after the DTIC was removed
(Figures 1¢ and d). Rad51 expression increased 1.9-fold at 4h after
stimulation with DTIC.

In response to DSBs, histone H2AX is rapidly phosphorylated by
ataxia-telangiectasia mutated/ataxia telangiectasia and RAD3 ataxia-
telangiectasia mutated related PI3K-family kinases on chromatin to
become y-H2AX.71? Immunofluorescence studies showed that the
increased numbers of Rad51 foci were merged with y-H2AX foci 2h
after 1.1mm (200 ugml™!) DTIC treatment (Figure le). These two
proteins initiate HR complex formation.

Rad51 knockdown prolonged DSBs repair

We then investigated the effect of Rad51 knockdown on the sensitivity
of F10 melanoma cells to DTIC. We first checked the Rad51 expres-
sion level after introducing Rad51 siRNA by HVJ-E to F10 melanoma
cells. Real-time (RT)-PCR analysis indicated that DTIC dosedepen-
dently increased Rad51 expression. However, the Rad51 expression
caused by DTIC treatment was significantly suppressed by Rad51
siRNA, as compared with scramble siRNA (Figure 2a). In western blot
analysis, Rad51 protein expression caused by DTIC treatment was

suppressed by Rad51 siRNA, as compared with scramble siRNA‘

(Figure Zb) e

Western blot analysis showed that the F10 cells containing Rad
siRNA had a sustained increase in y-H2AX caused by DTIC treat
whereas the level of y-H2AX in the F10 cells containing scrar
siRNA decreased continuously 1h after DTIC treatment’ Fi

i in the nuclei
Quantitative

the transfer of Rad51 siRNA as with scramble siRNA

comp
transfer (Figure 3b). ; -
Rad51 knockdown increased ‘the sensitivity of DTIC in F10 cells
in vitro '
To test the effect of Rad51 siRNA and DTIC combination treatment
in vitro, a colony formation assay and fluorescence-activated cell
sorting analysis of annexin V expression were performed. In a colony
formation assay of F10 cells after DTIC treatment, the number of
colonies of cells transferred with Rad51 siRNA was significantly
decreased to 50.2% of the number of colonies of scramble siRNA-
transferred cells (Figure 4a).

Rad51 knockdown significantly increased F10 cell apoptosis
induced by DTIC. Apoptosis induced by a combination of 0.55mM
(100 pgml™!) DTIC and Rad51 siRNA was not significantly different
from that induced by a combination of 1.1 mm DTIC and scramble
siRNA (Figure 4b). Similarly, the combination of 1.1 mm DTIC and
Rad51 siRNA showed no significant difference in apoptotic cell
number as compared with the combined treatment of 2.2mm
(400 pgml™!) DTIC and scramble siRNA. These data indicate that
the transfer of Rad51 siRNA into F10 cells could induce two-fold
greater sensitivities of F10 cells against 0.55 or 1.1 mm DTIC in vitro.

Gene Therapy

The combination of DTIC and Rad51 siRNA also increased the
sensitivity of B16-F1 mouse melanoma cells to DTIC as seen in
B16-F10 cells (Supplementary Figures la and b).

HVJ-E enhanced the anti-tumor effect of combined therapy

of DTIC with Rad51 siRNA

We then evaluated the anti-tumor activity of HVJ-E, in addition to the
DTIC-Rad51 siRNA combination therapy. Three injections of HVJ-E
containing Rad51 siRNA into F10 tumors decreased Rad51 protein
expression (Figure 5a). Three intratumor injections of phosphate-
buffered saline (PBS) or HVJ-E (sc-HV]J: scramble siRNA enclosed by
HV]J-E, Rad51-HV]J: Rad51 siRNA enclosed by HV]-E) combined with
five intraperitoneal injections of 80 mgkg™! DTIC were administered
when the intracutaneous F10 tumor volume had reached 40 mm? on
the backs of C57/BL6 mice (Figure 5b). At 29 days post inoculation of
F10 cells, sc-HVJ+DTIC and Rad51-HVJ+DTIC resulted in tumor
growth inhibition of 41.9% and 77.7%, respectively. Thus, the
combination of Rad51 siRNA a: TIC had a greater effect on F10
tumors, as compared with th f scramble siRNA and DTIC.
However, even without DTI sigxuﬁcallt tumor suppression was
observed. On day 29, sc BS and Rad51-HVJ+PBS resulted in
tumor growth inhibitio l.é% and 29.4%, respectively, as com-
pared with PBSJ;PB§f§iT11eSe data show that HVJ-E containing siRNA
suppresses the growth of F10 tumors ir vivo irrespective of the variety
of siRNA.

HVJ:E induces. anti-tumor immunity by various mechanisms.
is unknown whether anti-tumor immunity induced by
achieved in the presence of chemotherapy. We examined the
‘sponse induced by HVJ-E in vivo. First, the infiltration of
and CD8* T cells into tumor tissue was examined. Quantitative

"RT-PCR analysis also showed that tumors of mice treated with

sé:fIVI+PBS and Rad51-HVJ+DTIC had significantly increased

“CD8* and CD4" expression (Figure 5c).

To test the CTL activity induced by HVJ-E, an enzyme-linked
immunospot assay was performed (Figure 5d). Lymphocytes from
mice treated with sc-HVJ+PBS showed more spots than the control
groups, PBS+PBS and PBS+DTIC. Tumors treated with Rad51-
HVJ+DTIC also showed the same CTL activity as tumors treated
with scHVJ-PBS. Thus, the CTL activity induced by HVJ-E was not
inhibited by DTIC. These data indicate that the adaptive immunity
activated by HVJ-E was not affected by DTIC treatment and was
maintained in the mouse tumor model.

DISCUSSION .
In the present study, we demonstrated that the combination chemo-
therapy of DTIC with Rad51 siRNA delivered by HVJ-E significantly
suppressed melanoma in vitro and in vivo. This novel therapeutic
strategy was then shown to elicit both direct apoptosis and anti-tumor
immunity, which synergistically suppressed the tumor growth in vivo.
Until now, many chemotherapeutic agents have been used alone or
in combination to treat melanoma. However, these therapies do not
have sufficient efficacies to eradicate melanoma cells, and recurrences
are often observed. To overcome these difficulties, it is necessary to
increase the sensitivity of tumor cells to chemotherapy or to develop
new effective therapies for malignant melanoma. Several approaches
have been used to increase the sensitivity of melanoma to DTIC.
Intratumor injections of anti-sense oligonucleotides against Clusterin,
an anti-apoptotic protein in melanoma cell lines, improved the
susceptibility to DTIC.?® DNA repair molecules are also targets to
increase the sensitivity of chemotherapy or radiotherapy. Suppression
of ataxia-telangiectasia mutated, ataxia-telangiectasia mutated related
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Figure 1 DTIC increased Rad51 protein expression. (a) Western blot analysis of Rad51, Ku70 and B-actin levels in F10 cells; 2.2mu DTIC was added to a
culture of F10 cells for 1 h (n=3, each group). (b) Statistical analysis of a. Rad51 and Ku70 expression was normalized to B-actin expression. Columns are
the mean of three samples. Bars, s.d. *P<0.05. (c) Western blot analysis of Rad51, Ku70 and B-actin levels in F10 cells at the indicated time points after
2.2 mm DTIC treatment. For the positive control, Ku70 and B-actin levels in HEK293 cells were detected 10min after y-ray irradiation. (d) Quantification of
the intensity of Rad51 and Ku70 (in ¢) normalized by B-actin intensity. (¢) 2.2 mu DTIC was added to cultures of F10 cells for 1 h. Two hours after the DTIC
was removed from the cultures, the immunofluorescence of Rad51 and y-H2AX was determined. For the positive control, F10 cells were examined 10 min
after irradiation with 10 Gy y-ray. Green indicates Rad51 antibody and Alexa Fluor 488-labeled secondary antibody. Red indicates y-H2AX antibody and
Alexa Fluor 546-labeled secondary antibody. Scale bar, 10pum. :
and poly ADP-ribose polymerase inhibits the initiation of DNA repair  inhibitor, reduced the Rad51 expression induced by cisplatin or
and enhances apoptosis in combination with chemotherapy.21% mitomycin C by blocking ERK1/2 activation.?* Under the suppression
Among DNA repair molecules, Rad51 plays a main role in DSB  of Rad51 by gefitinib, human lung cancer cells became more sensitive
repair in the HR pathway. Cancer cells have been targeted by their  to chemotherapeutic agents. Rad51 expression was also shown to be
tendency to highly express Rad5l. A Rad5l promoter-driven increased by fusion of tyrosine kinase BCR/ADI in chronic myelogen-
diphtheria toxin A gene efficiently induced apoptosis when introduced ~ ous leukemia.?> Gleevec, an agent that inhibits c-Abl expression,
into cancer cells.?* Gefitinib, an epidermal growth-factor receptor inhibits the BCR/ADI fusion gene expression in tumor cells to decrease
Gene Therapy
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Figure 2 Rad51 mRNA and protein were suppressed by Rad51 siRNA
introduced by HVJ-E. The following assays were performed 24 h after the
HVJ-E-mediated transfer of Rad51 siRNA or scramble siRNA into F10 cells.
(a) RT-PCR analysis of Rad51 mRNA, 1h after the removal of DTIC. Cells
were treated with DTIC for 1h. Rad51 expression was normalized to
glyceraldehyde-3-phosphate dehydrogenase expression. Columns, mean of
three independent experiments; bars, s.d. *P<0.05, Rad51 siRNA columns
versus representative scramble siRNA columns. (b) F10 melanoma cells
were treated with 1.1 mwm DTIC for 1 h. Then, 1h after the removal of DTIC,
Rad51 and B-actin were analyzed by western blot. (c) Western blot analysis
of y-H2AX and B-actin expression at the indicated times after the removal of
2.2mm DTIC treatment. The O-h time point is just after the removal of
DTIC. (d) Quantification of y-H2AX normalized to B-actin in c.

Gene Therapy

Rad 51 expression and enhance the radiosensitivity of tumor cells.?6
For these reasons, Rad51 is an attractive target to increase the
sensitivity of anti-cancer drugs.

Here, we showed that DTIC treatment increased Rad51 expression
in mouse melanoma cells, and that the combination of DTIC with
Rad51 siRNA treatment induced the collaborative suppression of
mouse melanoma cell growth.

DTIC produces OS-methylguanine as a focus to generate DSBs.
Temozolomide is one of the alkylating agents that increase
O%-methylguanine-mediated DSBs. Knockout of XRCC2, a member
of the Rad51 complex, sensitizes tumor cells to temozolomide.?”
Taken together, these findings suggest that Rad51-mediated HR is a
common repair mechanism of OS-methylguanine-mediated DSBs.
Following DSBs, repair proteins, such as meiotic recombination 11
and replication protein A, recruit Rad51 to form a complex on the site
of DSBs.2® The Rad51-mediated HR pathway functions in the S and
G2 phases owing to requirement of the homologous template, whereas
Ku-mediated non-homologous énd. joining functions mainly in the
G1 phase?® A previous study showed that DTIC caused cell-cycle
arrest and DSBs in the S and phases in mouse melanoma cell
lines.?® In human colon carcer: HCT116 cells, DSBs caused by
camptothecin were coo; ely repaired by cell cycle checkpoint-
induced G2 arrest and rapid activation of Rad51-mediated HR.3! In
this report, incre “Rad51 expression was shown to reflect DSBs
generated by camptothecin in the cancer cells, and was maintained for
6h after removal of camptothecin stimulation. Our study also showed
-d elevation of Rad51 expression after removal of DTIC, These
ggest that Rad51-mediated HR may take several hours to
Bs, and Rad51 siRNA treatment must target during this
period to sensitize melanoma cells to DTIC by DSB-induced apoptosis.
the present study, we observed synergistic effects when DTIC
eatment was combined with Rad51 siRNA, but not with sc-siRNA,
by evaluating the enhancement factor (EF), which is used for evaluat-
ing the synergistic effects of combination therapy.> If the EF is
two-fold greater than the control, the combination effect is defined
as synergistic. The EF of the combination of DTIC with Rad51 siRNA
was 3 against the combination of DTIC with PBS, whereas the EF of
the combination of DTIC with sc-siRNA was 1 against the combina-
tion of DTIC with PBS. These data indicate that Rad51 siRNA
introduced by HVJ-E synergistically suppressed F10 tumor growth
with DTIC treatment in vivo.

HVJ-E itself further enhances the anti-cancer effect of DTIC
chemotherapy combined with Rad51 siRNA by inducing anti-tumor
immunity. We previously reported that the intratumoral administra-
tion of Rad51 siRNA by HVJ-E enhanced the anti-tumor effect of
cisplatin against HeLa cell growth in severe combined immunodefi-
ciency mice without immune responses.? However, we showed here
that the efficient induction of CTL activity against tumor cells with
infiltrating effector lymphocytes was evident in F10 cell tumors in
C57/BL6 mice if treated with HVJ-E, regardless of its contents.
Therefore, the scHVJ-PBS group showed some anti-tumor activity
by the induction of CTL against melanoma cells. The mechanism of
HVJ-E-mediated anti-tumor immunity involves the activation and
inactivation of various immune cells, as described in Introduction.
Previous chemo-immunotherapies, such as the combination of DTIC
with interferon-alfa-2b or interleukin-2, enhanced the anti-cancer
efficacy as compared with DTIC alone. However, those chemo-
immunotherapies failed to significantly improve the survival of
advanced-stage melanoma patients.3> The present study is the first
report to show that the intratumoral administration of Rad51 siRNA
by HVJ-E would further enhance the chemo-immunotherapeutic
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after a 1-h treatment with 1.1 mu DTIC. The O-h time point is just after the removal of DTIC from the medium. The fixed cells were stained by y-H2AX
antibody and Alexa Fluor 488-labeled secondary antibody. Nuclei were stained by 4’,6-diamino-2-phenylindole. Scale bar, 100pum. (b) Relative y-H2AX
levels were calculated as the ratio of y-H2AX foci to the number of nuclei.
activity of DTIC with HVJ-E-mediated CTL activity against mela- HVJ-E-induced anti-cancer immunity. Thus, this novel therapeutic
noma cells in vivo. strategy may provide a future perspective to overcome the difficulties
To obtain sustained CTL activity induced by HVJ-E, DTIC underlying current therapies for malignant melanoma. Furthermore, a
chemotherapy itself may exert adverse effects due to myeloablative similar strategy of combined chemo-immunotherapy may be applied
conditioning. Because the combination treatment of DTIC with to other intractable malignant tumors with less sensitivity to current
Rad51 siRNA could reduce the necessary dose of DTIC by half, this  chemotherapy protocols.
combination therapy seems to have multiple advantages not only to In summary, Rad51 siRNA treatment synergistically enhanced the
overcome DTIC resistance due to Rad51 induction, but also to anti-melanoma activity of DTIC in vivo. HV]-E, which delivered
optimize the DTIC dosage to maintain CTL activity by HV]-E. Rad51 siRNA to melanoma cells, further enhanced the therapeutic
Although further precise analysis is necessary to optimize the effect by inducing anti-tumor immunity. Thus, we showed dual
chemo-immunotherapy composed of DTIC, Rad51 siRNA-encapsu-  synergy of the anti-tumor effects of Rad51 siRNA-encapsulated
lated HVJ-E may be an ideal therapeutic strategy, because the HVJ-E in combination with DTIC treatment. Such a combination
remaining tumor cells after DTIC treatment would be eliminated by ~ of chemotherapy with HVJ-E containing therapeutic molecules will
Gene Therapy
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Figure 4 Rad51 siRNA induced higher susceptibility of F10 cells against DTIC treatment. (a) 1x10° F10 cells transferred with HVJ-E vector-mediated
siRNA (scramble or Rad51) were cultured for 24h. The cells were treated with 1.1 mm DTIC. Twenty-four hours later, the treated cells were seeded at a
density of 500 cells per dish. After 7 days, the colonies were counted. Columns indicate the mean of three independent experiments; bars, s.d. *P<0.05.
(b) Annexin V (+)} propidium iodide (—)/propidium iodide (—) in flow cytometry indicated apoptosis. F10 cells, after receiving siRNA by HVJ-E, were treated
with the indicated concentrations of DTIC. White columns indicate scramble siRNA and black columns indicate Rad51 siRNA. Columns are the mean

of three independent experiments. Bars, s.d. *P<0.05.

provide a promising therapeutic approach for patients suffering from
intractable cancer, such as malignant melanoma.

MATERIALS AND METHODS

Chemicals and cell lines

DTIC was purchased from Kyowa Hakko Co. (Tokyo, Japan). The $9-cofactor
set was purchased from Oriental Yeast Co., Ltd (Tokyo, Japan). The S9 mixture
was prepared by adding one volume of cofactor solution (MgCl,, KCl, glucose-
6-phosphate, NADPH and NADH in sodium phosphate buffer, pH 7.4) as
described previously.* The mouse melanoma B16-F10 cells, B16-F1 cells and

human HEK293 cells were purchased from the American Tissue Culture:.

Collection, which tested the cells for viability and lack of contamination. FIQ'
cells were grown in Dulbecco’s modified Eagle’s medium supplemented with*
10% fetal bovine serum and 5% penicillin-streptomycin. HEK293 cells wer

grown in minimum essential medium supplemented with 10% fetal bovine

serum and 5% penicillin-streptomycin. F10 cells and HEK293: cells were
incubated at 37 °C in a humidified atmosphere with 5% CO,... '

HVJ-E preparation and siRNA transfection
HVJ in suspension was inactivated by UV irradiatio (99’?m]cm 2), The
inactivated HVJ suspension (HVJ-E) was centnfuaed at 18500¢ for 15min
at 4°C. Then, the supernatant was removed, and the HVJ-E was suspended in
PBS at 4°C. Rad51 siRNA (5-GCAGCGAUGUCCUAGAUAA-3') solution
(Dharmacon) was mixed with 5pl of 5mgml~! protamine sulfate (Nakalai
Tesque, Tokyo, Japan) for 5 min, Scrambled RNA (5-UGGUUUACAUGUCG
ACUAA-3') solution (Dharmacon) was. mixed with 5ul of 5mgml~! prota-
mine sulfate (Nakalai Tesque) for 5 min and was used as a control. HVJ-E was
mixed with siRNA solution and Triton X-100 (final concentration, 0.2%) for
5min. After centrifugation (18 500¢ for 15min at 4 °C), the supernatant was
removed and HVJ-E that contained siRNA was suspended in PBS.

Western blot

The harvested cancer cells were suspended in lysis buffer, as previously
described.3® An equal amount of sample buffer was mixed with the cell lysates,
and the samples were boiled for 5min and vortexed twice. Each cell lysate was
electrophoresed on a 12% sodium dodecyl sulfate polyacrylamide gel and
transferred onto a 0.45-um polyvinylidene fluoride membrane (Millipore,
Bedford, MA, USA). The membrane was blocked with 5% skim milk and
probed with a primary antibody: mouse anti-Rad51 (x 100, Spring Bioscience),
mouse anti-B-actin (%5000, Sigma), mouse anti-Ku70 (x200, Abcamn, UK) or
mouse anti-y-H2AX %200, Millipore). The membranes were washed and
labeled with horseradish peroxidase—conjugated anti-mouse whole IgG
(%1000, Amersham Biosciences, Uppsala, Sweden) and goat anti-rabbit IgG
(%1000, Amersham Biosciences) antibodies at room temperature for 1h.
Detection by chemiluminescence was performed following the standard pro-
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Immunocytochemistry
Drug- -treated cells were fixed with 4% paraformaldehyde for 10 min, permea-

... bilized for 10 min with 0.1% Triton X-100, and blocked with 5% goat serum for

‘lljx"feit"room temperature. The slides were incubated for 1h with primary
antibodies, mouse anti-Rad51 (x100, Spring Bioscience) or rabbit anti-mouse

- y-H2AX (%200, Calbiochem, Frankfurter, Germany). Nuclei were stained with

4',6-diamino-2-phenylindole. The slides were incubated for 1 h with secondary
antibodies conjugated to goat anti-mouse IgG Alexa 488 or goat anti-rabbit IgG
Alexa 546 (x500, Molecular Probeg). Cells were analyzed by using a Radiance
2100 laser scanning confocal microscope system (Bio-Rad) equipped with
an inverted Nikon Edipse TE-2000 microscope (Nikon, Tokyo, Japan) and
Plan-Apo objective lens (Nikon). The contrast of all images was adjusted by
Photoshop software (Adobe). The y-H2AX count was determined with Image J.

Quantitative RT-PCR

For in vitro assays, 2ug of total RNA extracted from tumors was reverse
transcribed into ¢DNA by a high-capacity ¢cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA) and amplified by real-time
quantitative RT-PCR with an ABI PRISM 7900HT Sequence Detection system
(Applied Biosystems) under the following conditions: 40 cycles of denaturation
at 94 °C for 45, annealing at 49 °C for 45 s and elongation at 68 °C for 2 min.
For in vivo analysis, Isogen (Nippon Gene, Japan) was used to extract total
RNA from tumors that had been resected and washed in PBS. A sum of 2 ug of
the total RNA was reverse transcribed into ¢cDNA and analyzed as in vitro.
Probes and primer pairs specific for murine Rad51, CD8* CD4*, and
glyceraldehyde-3-phosphate dehydrogenase were purchased from Applied
Biosystems. The concentration of target genes was determined by using the
comparative threshold cycle method (threshold cycle number at the cross-point
between amplification plot and threshold), and values were normalized to an
internal glyceraldehyde-3-phosphate dehydrogenase control.

Colony formation assay

F10 cells (1x10°) were cultured in six-well plates. Twenty-four hours after 300
HAU HVJ-E vector-mediated 200 pmol siRNA transfection per well, the cells
were treated with 1.1 mm DTIC. Twenty-four hours later, the treated cells were
seeded in a 10-cm dish at a density of 500 cells per dish. After 7 days, the
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Radbl and B-actin expression i umors transferred with siRNA enclosed by HVJ-E. C57 BU/6 mice were challenged with 5%10% F10 cells by
subcutaneous injection on the dorsal surface. After the tumors reached 40 mm3, 1.5x103 HAU HVJ-E enclosing 2.5 nmol siRNA or PBS was injected into the
tumors on three successive days. T| jors were removed 24 h after the third injection of siRNA. Rad51 expression levels of two tumors (no. 1 and no. 2)
injected with Rad51 siRNA were 15.7% and 16.3%, respectively, compared with PBS. (b) Tumor growth inhibition assay. C57 BL/6 mice (n=5, each group)
were challenged with 5% 105 F10 cells by subcutaneous injection on the dorsal surface. After the tumor size reached 40 mm3, 1.5x103 HAU HVJ-E
enclosing 2.5nmol siRNA or PBS was injected into the tumors once every other day on days 6, 8 and 10. DTIC (80 mg/kg) dissolved in 100pli of PBS or

100l of PBS was intraperitoneally injected into the mice once every day from day 7 to 11. sc-HVJ: scramble siRNA enclosed by HVJ-E, Rad51-HVJ: Rad51

siRNA enclosed by HVJ-E. Bars, s.d. *P<0.05. (¢) Quantitative RT-PCR analysis in F10 tumors. The tumors were removed from the mice 48h after the last -

intraperitoneal injection of DTIC or PBS in b (n=3). Bars, s.d. *P<0.05. (d) Enzyme-linked Immunospot assay of |FN-y from lymphocytes collected from the
spleen 7 days after the last intraperitoneal injection of DTIC or PBS in b (n=3). Bars, s.d. *P<0.05.

colonies were fixed with methanol, stained with trypan blue (Nacalai Tesque, =~ PharMingen) were added to the re-suspended solution. After incubation in
Tokyo, Japan), and counted. the dark for 20 min at room temperature, the stained cells were analyzed with a
fluorescence-activated cell sorting flow cytometer (Becton Dickinson) and Cell

. c . Quest software (Becton Dickinson).
Annexin V staining

F10 cells (1x10° per well) were cultured in six-well plates. Twenty-four hours

after transfer of 200 pmol siRNA by 300 HAU HVJ-E per well, the cells were It vivo experiment

treated with 0.55, 1.1 or 2.2 mm DTIC. Twenty-four hours later, the treated cells ~ Female 5- to 6-week-old C57 BL/6 mice (purchased from the Jackson
were washed twice with PBS and re-suspended in labeling solution. A total — Laboratory, Mi, USA) were challenged with 5%10° F10 cells by subcutaneous
of 5yl of annexin V and 5ul of propidium iodide (Becton Dickinson  injection on the dorsal surface. After tumors reached 40 mn?, 1.5x10% HAU

~
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HVJ-E enclosing 2.5nmol siRNA in 100pl PBS or PBS was injected into the
tumors. DTIC (80 mgkg™") dissolved in 1001 of PBS or 100l of PBS was
intraperitoneally injected into the mice. Tumor volume was measured by the
following formula: tumor volume (mm?>)=length X (width)?/2.

Enzyme-linked immunospot assay

The mice were killed 7 days after the fifth intraperitoneal injection. Splenocytes
were harvested from the spleen and cultured as in the previous study.! A total
of 1x10* lymphocytes were cultured with 0.2x10* mitomycin C-treated F10
cells at 37°C for 24h. The assay was performed by using a mouse IFN-y
enzyme-linked immunospot kit (R&D Systems). The number of spots was
subsequently counted under a dissecting microscope (Leica, Cambridge, UK).

EF analysis

The EF was calculated by dividing the normalized tumor growth delay by the
absolute growth delay.*> Absolute growth delay was defined as the time, in days,
for tumors to reach 1967 mm? (the average tumor size of the combination
group treated with Rad51-HV] and DTIC at 29 days) in the treated group
minus the mean time to reach 1967 mm? in the untreated control group (PBS).
The normalized tumor growth delay was defined as the time, in days, for
tumors to reach 1967 mm?® in mice treated by the combination treatment
minus the time, in days, for tumors to reach 1967 mm? in the group treated
with DTIC alone.

Statistical analysis

In vitro results were analyzed with the Student’s non-paired t-test. Post hoc
multiple comparisons of in vivo results were made by using Tukey’s test.
Differences with P-values <0.05 were considered statistically significant.
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Abstract

We previously identified a novel angiogenic peptide, AG30, with antibacterial effects that could serve as a foundation molecule for the
design of wound-healing drugs. Toward clinical application, in this study we have developed a modified version of the AG30 peptide
characterized by improved antibacterial and angiogenic action, thus establishing a lead compound for a feasibility study. Because AG30
has an a-helix structure with a number of hydrophobic and cationic amino acids, we designed a modified AG30 peptide by replacing
several of the amino acids. The replacement of cationic amino acids (yielding a new molecule, AG30/5C), but not hydrophobic amino
acids, increased both the angiogenic and the antimicrobial properties of the peptide. AG30/5C was also effective against methicillin-
resistant Staphylococcus aureus (MRSA) and antibiotic-resistant Pseudomonas asruginosa. In a diabetic mouse wound-healing model,
the topical application of AG30/5G accelerated wound healing with increased angiogenesis and attenuated MRSA infection. To facilitate
the eventual clinical investigation/application of these compounds, we developed a large-scale procedure for the synthesis of AG30/5C
that employed the conventional solution method and met Good Manufacturing Practice guidelines. In the evaluation of stability of this
peptide in saline solution, RP-HPLC analysis revealed that AG30/5C was fairly stable under 5°C for 12 months. Therefore, we propose
the use of AG30/5C as a wound-healing drug with antibacterial and angiogenic actions.

Keyword: angiogenesis = antimicrobial e translational research e drug development

Introduction

Antimicrobial peptides are small proteins that are used by the innate
immune system 10 combat bacterial infections in multicellular

eukaryotes. The emergence of drug-resistant bacteria has driven the
extensive investigation of these peptides as a potential source of
new antimicrobial drugs that could complement current antibiotic

_ regimes [1, 2]. In general, antimicrobial peptides are characterized
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by a net positive charge and an amphipathic three-dimensional
structure that gives the peptides an electrostatic affinity to the outer
leaflet of the microbial membrane, mediated by lipid molecules on
bacterial surfaces [3]. This affinity leads to binding, disruption of the
membrane and microbial cell death [4]. More than 100 antimicro-
hial peptides have heen discovered in animals ranging from insects to
humans; however, the development of antimicrobial peptide-hased
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therapies has mainly been restricted to topical or local treatments
because their activity is suppressed in serum [3-5].

We recently developed a novel antimicrobial peptide, named
AG30, with angiogenic properties potentially similar to those of LL37
or PR39 [6]. Because hoth angiogenic and antimicrobial effects are
beneficial in the process of wound healing, we initiated the clinical
development process using AG30 as a foundation compound to
develop novel topically applied wound-healing drugs. The develop-
ment of a peptide-drug based topical treatment has several attractive
features: (1) the drug is delivered directly to the wound; (2) high local
tissue levels can be achieved through application of aggressive
doses; and (3) the short half life of peptides, resulting from their
degradation by peptidases, reduces their toxicity. Historically, similar
cationic antimicrobial peptides, such as pexiganan, iseganan and
omiganan, failed to pass the phase Il or Ill trials in topical applica-
tions or systemic applications. Therefore, in this study, we developed
the load compound based on a feasibility study using the foundation
compound, AG30. Using both in silico and functional analyses, we
produced a modified version of the AG30 peptide that may elicit
more potent angiogenic and antimicrobial effects. As initial steps in
the investigation of the potential clinical applications of this modified
AG30 peptide, we developed a cost-effective production process and
evaluated its efficiency using animal models.

Material and methods

Cell migration assay and tube formation
assays and cell growth assay

Human aortic endothelial cells (HAEC, passage 3) were purchased from
Clonetics Corp. (Palo Alto, CA, USA) and maintained in endothelial basal
medium (EBM-2) that was supplemented with 5% foetal bovine serum
(FBS) and endothelial growth supplement as described previously [6].
Cells were incubated at 37°C in a humidified atmosphere of 95% air-5%
€02 with exchange of medium every 2 days.

Human aortic endothelial cells migration was assayed using a modified
Boyden chamber, as previously described [7]. Human aortic endothelial
cells tube formation assays were conducted in triplicate in 24-well plates
using an Angiogenesis Kit (Kuraho, Osaka, Japan) according to the manu-
facturer’s instructions, as previously described [6].

Human epidermal keratinocytes cell line (HaCaT cells) were maintained
with DMEM supplemented with 10% FBS and 10 p.g/ml Gentamicin. We
used the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H- tetrazolium] assay for cell growth. Second day after
stimulation with AG30/5C, 10 pl of Cell Riter 96 One Solution Reagent
(Progema, Medison, W1, USA) was added to each well, and absorbance at
490 nm was measured [6].

Peptide design and synthesis and
circular dichroism (CD) spectroscopy analysis

All peptides used in this experiment were purchased from the Peptide
Institute, Inc. (Osaka, Japan). LL37 was synthesized as described previ-

ously [8]. The Boman Index was used to predict the function of the pep-
tides [9]. We used the AGADIR program (http://www.embl-heidelberg.de/
Externalinfo/serrano/agadir/agadir-start.html) to predict the structure.
Circular dichroism data were acquired with a Jasco J-820 spectropho-
tometer using a 1-mm-path-length cuvette at 20°C [10]. Spectra were
collected for samples containing 0.3 p.g/ml peptide in 20 mM phosphate
buffer at pH 7.5, with and without the addition of 30% or 60% trifluo-
roethanol (TFE) [11].

Measurement of MICs against P. aeruginosa,
S. Aureus and Candida

The minimum inhibitory concentrations (MICs, expressed as p.g/ml) of
modified AG30 and LL37 for Psudomonas aeruginosa (P aeruginosa,
ATCC27853), Staphylolcoccus aureus (S. aureus, ATCC29213) and
Candida albicans (Candida, ATCC90028) and methicillin-resistant S.
aureus (MRSA) were defined as the lowest concentration of peptide that
inhibited visible bacterial growth after incubation for 16 hrs at 37°C with
vigorous shaking, as previously described [6]. This experimental protocol
was approved by the bio-safety committee at the Osaka University
Graduate School of Medicine.

Mouse wound model and infection models

In the mice tail wound model, full-thickness wounds were made on the
dorsal surface of mouse tails as previously described [12]. For wound-
healing model, 9-week-old male C57BL/6 db/db mice were used in this
study. We completely removed hair from the backs of mice using fine-tooth
clippers and hair-removing cream 3 days prior to operation. After induction
of anaesthesia, 15 mm punch biopsy wounds were made on the backs of
gach mouse (7 = 10-12 in each group). After topical application of each
peptide (100 p.g/ml), the wounds were covered with a semi-permeable
polyurethane dressing. Topical application of each peptide and measure-
ments of wound areas were repeated on days 0, 2, 4, 7, 9, 11, 14 and 16.
Samples were obtained 7 days after the operation. After fixation in cold
acetone (at —20°C for 15 min.), capillary EC were identified by immuno-
histochemical staining using an antimouse PECAM mAb (Pharmingen, San
Diego, CA, USA) and then counted in 10 independent views of each group
[13]. After day 186, peptide application and film dressing were halted for 10
days, and hair growth was observed.

Similar to the mouse wound model, we made wounds on the backs
of db/db mice (n = 6-8 in each group). We topically applied 100 jul of
methicillin-resistant S. aureus on the wounds (1 X 1 of cfu/ml) with or
without each peptide tested (100 p.g/ml). The wounds were then covered
with a semi-permeable polyurethane dressing. Topical application of each
peptide and measurements of wound areas hy taking pictures were
repeated on days 0, 2, 4,7, 9, 11, 14 and 16. All animal experiments were
performed according to the Guidelines for Animal Experiments at
the Osaka University Graduate School of Medicine.

Measurement of blood flow by Lase Doppler
imaging

Measurement of blood flow with Laser Doppler imaging (LDI; Moor
Instruments, Axminister, UK) was performed as described previously [13,
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14]. Because Laser Doppler flow velocity correlates with capillary density,
we measured the blood flow just below the skin by LDI. Consecutive meas-
urements were obtained over the same regions of interest by averaging
four sites around the wound.

Porcine wound-healing model

In the porcine wound model, full-thickness wounds were made on the side
abdomen surface of pigs as modified previous method [15]. Three male
NIBS minipigs (32.0, 32.1 or 33.5 kg) were used (NARC Corporation,
Chiba). Pigs were pre-medicated with ketamine (500 mg/body) and isoflu-
rane (2-4%) were administered for anaesthesia. We completely removed
hair from the side abdomen of pigs using fine-tooth clippers and outlined
the circle in a 25 mm diameter. Full-thickness excisional wounds were cre-
ated in a uniform depth of 10 mm. We created four wounds on one side at
intervals of 30 mm. After topical application (200 p.l/site) of each peptide
(100 pg/ml), the wounds were covered with a semipermeable
polyurethane dressing. Topical application of each peptide was repeated on
days 0, 2, 4, 6, 8 and 10. Samples were obtained 12 days after the opera-
tion. These frozen sections were stained with haematoxylin and eosin for
overall morphological observation. After fixation in cold acetone (at —20°C
for 15 min.), capillary EC were identified by immunohistochemical staining
with von Willebrand factor (1:200 dilution; DAKO) [16]. All animal experi-
ments were performed according to the Guidelines for Animal Experiments
at the Osaka University Graduate School of Medicine.

Statistical analysis

All values are expressed as means = S.E.M. Analysis of variance with sub-~
sequent Fisher's PLSD test analysis was used to determine the significance
of differences in multiple comparisons.

Resulis

Development of a modified versions
of the AG30 peptide

We previously identified a novel angiogenic peptide consisting of
30 amino acids, named AG30 [6]. As shown in Figure 1A, AG30 is
a good foundation molecule for the development of wound-heal-
ing drugs, and this study may help to establish the feasibility of
AG30-related lead compounds for clinical applications. The origi-
nal AG30 molecule has an amphipathic structure; most of the pos-
itively charged amino acids are localized to one side of the mole-
cule, while most of the hydrophobic amino acids are localized to
the opposite side [6]. Notably, AG30 contains very few proline or
glycine residues that would interrupt the «-helical structure. Thus,
in our design strategy for developing modified AG30 molecules,
we replaced several neutral amino acids (specifically proline,
asparagine, asparagine acid and serine) with cationic or
hydrophobic amino acids and added a capping structure (Ac-KLT
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on the G-terminus and KGl-amido on the N-terminus) to stabilize
the helical structure [15] (Fig. 1B). The total net charge of each
designed peptide is increased by adding cationic amino acids
(AG30: +11, AG30/2C: +14, AG30/5C: +17, respectively).

We evaluated the potential activity of these candidate peptides
using two different types of in silico analysis. To predict the struc-
ture, we used the AGADIR program, an algorithm based on the
helix/coil transition theory that predicts the helical behaviour of
monomeric peptides [17, 18]. In this analysis, the addition of five
hydrophobic amino acids and a capping structure increased the
score, although the addition of two or five cationic amino acids
decreased the score (Fig. 1C). The Boman Index [9] was used to
predict the function of the peptides; this index is calculated by
adding the free energies of the side chains for transfer from cyclo-
hexane to water and dividing that sum by the total number of
residues. In this analysis, the addition of cationic amino acids gave
a high score, while the addition of hydrophabic amino acids and a
capping structure decreased the score (Fig. 1C).

Evaluation of modified AG30 peptides

As an initial evaluation of the designed peptides, we investigated
their effects on the migration and tube forming ahility of human
aortic endothelial cells. In the migration assay, the addition of five
cationic amino acids (i.e. compound AG30/5C) resulted in
increased migration activity; however, the addition of a capping
structure (i.e. compound AG30+Cap) resulted in a lower activity
compared to AG30 (Fig. 1D). In the tube formation assay, the
addition of cationic charged or hydrophobic amino acids strongly
induced tube formation. However, the addition of a capping
structure reduced this activity (Fig. 1E and F). We also examined
the antibacterial effects of the designed peptides against
P aeruginosa, Candida and S. aureus. The addition of two or five
cationic amino acids (ie. compound AG30/2C or AG30/5C)
increased the antibacterial activity against all bacteria, although
the addition of five hydrophobic amino acids (ie. compound
AG30/5H) resulted in a lower antibacterial activity than AG30
(Fig. 2A-D). These results suggest that the addition of five
cationic amino acids (/.e. compound AG30/5C) enhances both the
angiogenic and the antimicrobial properties of the original AG30
molecule, a result that is compatible with the previously deter-
mined Boman Index scores.

In the structural analysis of the peptides using CD spec-
troscopy, all of the candidate peptides showed negligible helical
structure in aqueous buffer; the addition of the helix-inducing
cosolvent TFE (either 20% or 60%) resulted in the appearance of
a clear helical component. This was demonstrated by the mini-
mums at 208 and 220 nm and the increase of ellipticity at 200 nm,
which resulted in the appearance of a clear helical component in
all of the generated peptide. But the control peptide did not change
upon the addition of TFE. We guantified the helical structure [19]
formation tendency of each of the peptides, either with or without
TFE (Fig. 3A-F). Unexpectedly, the addition of either five
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hydrophohic amino acids (i.e. compound AG30/5H) or a capping
structure (i.e. compound AG30+Cap) did not increase the ratio of
o-helical structures, and the addition of five cationic amino acids
(i.e. compound AG30/5C) decreased the o-helical structure ratio
in comparison to AG30. These results suggest that the ratio of a-
helical structures upon the addition of TFE does not correspond to
the AGADIR score and thus might not correspond to the angio-
genic or antibacterial properties of each peptide. Similarly, the
well-known antimicrobial peptide LL37 has a low AGADIR score
but was found to possess an «-helical structure without addition
of TFE. Furthermore, LL-37 has strong angiogenic effects and a
high Boman Index score, indicating that the Boman index is more
reliable for in silico screening in our study.

Antibacterial effects of modified AG30 (AG30/5C)

The advantage of using antimicrobial peptides as antibacterial
agents is that bacteria are less likely to become resistant to these
compounds in comparison to antibiotics. Indeed, the antibacterial
effects (MICs) of AG30 and AG30/5C against MRSA were similar to
their effects against methicillin-sensitive S. aureus (Fig. 2C and D).

Thus, we examined the MICs of AG30 and AG30/5C against
antibiotic-resistant strains (A-E) of P. aeruginosa that were resist-
ant to several types of antibiotics. Notably, AG30 and AG30/5C
were hoth effective against antibiotic-resistant P aeruginosa
(Table 1). In this assay, AG30/5C also showed a more powerful
antibacterial effect in comparison to the original AG30 peptide. lis
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