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Abstract

UV-inactivated, replication-defective Sendai virus particles
[hemagglutinating virus of Japan envelope (HVJ-E)] injected
into murine colon carcinoma (CT26) tumors growing in
syngeneic BALB/c mice eradicated 60% to 80% of the tumors
and obviously inhibited the growth of the remainder. Induced
adaptive antitumor immune responses were dominant in the
tumor eradication process because the effect was abrogated in
severe combined immunodeficient mice. Murine and human
dendritic cells underwent dose-dependent maturation by HVJ-E
in vitro. Profiles of cytokines secreted by dendritic cells after
HVJ)-E stimulation showed that the amount of interleukin-6
(IL-6) released was comparable to that elicited by live HV].
Real-time reverse transcription-PCR and immunohistochemis-
try revealed that HVJ-E induced a remarkable infiltration of
dendritic cells and CD4" and CD8" T cells into tumors. In
addition, CT26-specific CTLs were induced with the evidence of
enhanced CD8" T-cell activation in a CD4°CD25~ T cell-
dependent manner. On the other hand, conditioned medium
from dendritic cells stimulated by HVJ-E rescued CD4"CD25"
effector T-cell proliferation from Foxp3'CD4'CD25" regulatory
T cell (Treg)-mediated suppression and IL-6 was presumably
dominant for this phenomenon. We also confirmed such rescue
in mice treated with HVJ-E in vivo. Moreover, antitumor effect
of HVJ-E was significantly reduced by an in vivo blockade of IL-6
signaling. This is the first report to show that HVJ-E alone can
eradicate tumors and the mechanism through which it induces
anfitumor immune responses. Because it can enhance anti-
tumor immunity and simultaneously remove Treg-mediated
suppression, HVJ-E shows promise as a novel therapeutic for
cancer immunotherapy. [Cancer Res 2007:67(1):227-36]

Introduction

The morbidity and mortality of cancer patients have consider-
ably improved due to progress in surgery, chemotherapy, and
radiotherapy. However, some types of cancers, particularly those
that are advanced or metastatic, remain refractory to conventional
strategies and require novel approaches. Immunotherapy repre-
sents one of the most promising of the more recent lines of attack.
Considerable basic research and strategies have targeted cancer
immunotherapy, but the response rates in preclinical and clinical
trials are low (1-5). Thus, not only should tumors be eliminated but
also lymphocyte-mediated immunosuppression must be regulated
in patients with cancer (6).
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Inactivated Sendai virus particles [hemagglutinating virus of
Japan envelope (HVJ-E)] are safe and efficient nonviral vectors for
drug delivery (7, 8) as they can incorporate DNA, RNA, proteins,
and drugs and deliver them into cells both in vitro and in vivo
(9, 10). In addition, HVJ-E has been applied to an anticancer
vaccine strategy (11, 12). We previously showed that HVJ-E can
incorporate and possibly deliver anticancer drugs (13). Recently, we
attempted another approach to cancer therapy using HVJ-E as an
inactivated virus envelope to induce host immune responses. The
ability of many virus vectors such as poxvirus, alphavirus, vaccinia
virus, and adenovirus to stimulate host immune responses against
cancers have been tested (14-18), but these vectors express
immunostimulators such as costimulatory molecules B7.1, as well
as cytokines such as interleukin (IL)-2 and granulocyte macrophage
colony-stimulating factor (GM-CSF), which enhance immunoge-
nicity. Other studies have examined replication-selective oncolytic
viruses combined with chemotherapy (19). To our knowledge, the
antitumor effect of inactivated replication-defective viral particles
that lack oncolytic ability and transgene encoding has not been
studied in detail. Here, we show that empty HVJ-E alone induced
tumor-specific antitumor immunity and eradicated tumors grow-
ing in mice without exogenous gene expression, direct oncolytic
ability, or adjunct therapy. The mechanisms of this immune effect
by HVJ-E seemed to include not only enhanced effector T cell-
mediated immunity but also rescue from regulatory T cell (Treg)-
mediated immunosuppression, presumably through IL-6 secretion
from dendritic cells stimulated by HVJ-E.

Materials and Methods

Cell lines and mice. The CT26 murine colon carcinoma cell line (H-2d)
and Renca murine renal cell carcinoma cell line (H-2d) were purchased
from American Type Culture Collection (ATCC; Manassas, VA). Six-week-
old, female BALB/c and CB17/lcr-Prkdc™/CrlCrlj mice, purchased from
Charles River, Inc. {Yokohama, Japan), were maintained in a temperature-
controlled, pathogen-free room. All animals were handled according to
approved protocols and the guidelines of the Animal Committee of Osaka
University.

Reagents and antibodies. Recombinant mouse IL-6 (BE284071), GM-
CSF (415-ML), human IL-4 (204-IL), GM-CSF (215-GM), antimouse IL-6
antibody (MO07), antimouse IL-6 receptor (IL-6R) antibody (JVMO1),
antimouse CD83 antibody (KXEO1), and mouse IFN-y ELISPOT kit were
purchased from R&D Systems (Minneapolis, MN). Antimouse CD3e
(145-2C11), antimouse CD11b antibody (M1/70), antimouse CD1lc (HL-3),
antimouse CD40 (3/23), antimouse CD80 (16-10Al), antimouse CD86
(16-10A1) antibodies, antimouse CXCR4 (2Bl11), and antimouse IL-6
antibody (MP5-20F3) were purchased from BD Bioscience PharMingen
(San Diego, CA). Anti-mouse CCR7 {4B12) was purchased from BioLegend
(San Diego, CA). Anti-CD1lc antibody was purchased from Abcam Ltd.
(Cambridge, United Kingdom). Anti-mouse/rat Foxp3 Staining Set was
purchased from eBioscience (San Diego, CA). Alexa Fluor 488-labeled
antihamster, antirat, and antimouse immunoglobulin G (IgG) antibodies
were purchased from Molecular Probes, Inc. (Eugene, OR). CD1lc (N418)
MicroBeads, CD8a" T-Cell Isolation Kit, and CD4"CD25" Regulatory T-Cell
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Isolation Kit were purchased from Miltenyi Biotec GmbH (Bergisch
Gladbach, Germany). [methyl-*H]Thymidine and chromium-51 were
purchased from GE Healthcare Bio-Science Corp. (Piscataway, NJ).

Preparation of live HV] and HVJ-E. HV] (VR-105 parainfluenzal
Sendai/52, Z strain) was purchased from ATCC (Manassas, VA) and
prepared as described (7-9). Briefly, 100 plL of 10,000-fold diluted HV] seed
solution were injected into the allantoic cavity of 10-day-old embryonated
chicken eggs. Three days later, the allantoic fluid was harvested and the titer
of recovered virus (live HVJ) was expressed as hemagglutination units. An
HVJ suspension of 18 X 10' virus particles was inactivated by UV
irradiation (198 mJ/cm?). The inactivated HV] that was unable to replicate
is referred to as HVJ-E. Infectious particles were not produced by HVJ-E
injected either into fertilized eggs or in cultured HEK-293, CT26, BHK-21,
and LLCMK2 cells (9).

Adenovirus. Recombinant replication-defective adenovirus with a
deletion of the El region was provided by Dr. Kazunori Aoki (National
Cancer Center Research Institute, Tokyo, Japan). This vector does not
encode any exogenous genes.

Preparation and culture of dendritic cells. Murine dendritic cells
derived from bone marrow were generated as described from BALB/c mice
(12). Briefly, bone marrow of the tibia and femur was flushed with culture
medium and then the effluent was filtered through a 40-mesh sieve. The
filtrate was washed and cells (1 X 10°) sedimented by centrifugation were
seeded in 24-well plates in 1 mL of culture medium supplemented with
10 ng/ml. of recombinant mouse GM-CSF. The cultures were nourished
every other day by gently aspirating the spent medium and adding fresh
medium. Six days later, nonadherent and loosely adherent clusters of
proliferating dendritic cells were positive for CD1lc and flow cytometry
confirmed that their phenotype was immature. These cells were used in
subsequent experirments as immature dendritic cells.

Flow cytometry. Immature murine or human dendritic cells (1 x 10%)
cultured in 96-well plates with the indicated amounts of live HVJ or HVJ-E
for 48 h were incubated with respective antibodies. Murine dendritic cells
were intracellulary stained with anti-IL-6 antibody (MP5-20F3). The cells
were then analyzed by flow cytometry using a FACSCalibur and CellQuest
software (BD Biosciences, Mountain View, CA).

Cytokine measurements. Immature murine or human dendritic cells
1 x 105) were cultured in 96-well plates and then live HV] or HVJ-E were
added to the culture medium. Harvested supernatants were evaluated
24 h later by ELISA. Murine IFN-«, IFN-R (PBL Biomedical Laboratories,
Piscataway, NJ), murine or human IL-6, tumor necrosis factor-a (TNF-a),
and IL-12p40 (R&D Systems) were measured according to the manufac-
turer’s instructions.

Intratumor injection of HVJ-E or adenovirus and measurements of
tumor volume. CT26 cells (5 X 10%) were injected into the intradermal
space in the backs of syngeneic BALB/c mice. After tumors reached 5 mm
in diameter, virus particles of HVJ-E or adenovirus (1.5 X 10*%) dissolved in
100 pL of saline were injected into tumors once each day on days 4, 8, and
12. The maximal dose of HVJ-E particles that can be injected without
eliciting side effects is 1.5 X 10*° according to our previous study (13).
Tumor volume was measured in a blinded manner with slide calipers using
the following formula: tumor volume (mm®) = length X (width)* / 2. To
examine the indirect antitumor effect of HVJ-E, 5 x 10* CT26 cells were co-
injected into the intradermal space in the left flank 4 days after inoculation
with 5 X 10° CT26 cells into the right flank. Three injections of HV]-E were
delivered into the tumors in the right flank as described above. Tumor
formation at the left side was monitored to confirm tumorigenesis. For an
in vivo blockade of IL-6 signaling, 20 g of IL-6R antibody were injected into
tumors simultaneously with HVJ-E on days 4, 8, and 12.

Real-time quantitative RT-PCR. Five micrograms of total RNA extracted
from tumors were reverse transcribed into ¢cDNA and amplified by real-time
quantitative PCR using an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA) under the following conditions: 40 cycles
of denaturation at 94°C for 45 s, annealing at 49°C for 45 s, and elongation at
68°C for 2 min. Mixtures of probes and primer pairs specific for murine
CD1lc, CD4, CD8, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were purchased from Applied Biosystems. The concentration of target genes

was determined using the comparative CT method (threshold cycle number
at the cross-point between amplification plot and threshold) and values were
normalized to an internal GAPDH control.

Immunohistochemistry. Tumor tissue was isolated at 48 h after HVJ-E
or saline injection for 3 successive days. Acetone-fixed frozen section was
stained with specific antibodies in combination with fluorescently labeled
secondary antibodies. Nuclei were stained with 4',6-diamino-2-phenylindole
(DAPI).

CTL assay. Spleen cells were harvested from mice 10 days after the last
HVJ-E or saline injection into tumors as described above. Of the mice
treated with HVJ-E, we used only those in which tumors were completely
eradicated. Spleen cells (5 x 107 per flask) were stimulated with mitomycin
C-~treated tumor cells at a ratio of 10:1 in culture medium containing
10 IU/mL of recombinant IL-2 at 37°C in 5% CO,. The cells including CTLs
were harvested on day 7 and used as effector cells in standard 4-h *'Cr
release assays to determine antiturmor cytolytic activity. Briefly, target CT26
or Renca cells were labeled with *'Cr for 90 min at 37°C. Labeled target cells
(2 % 10* per well) were incubated with the effector cells at various ratios
for 4 h at 37°C in 96-well plates and the amount of radioactivity in the
supernatants was measured. The maximal or spontaneous release was
defined as counts from samples incubated with 2% Triton X-100 or medium
alone, respectively. Cytolytic activity was calculated using the following
formula: % specific *'Cr release = [(experimental release — spontaneous
release) / (maximum release — spontaneous release)] X 100. Cells were
assayed in triplicate. Spontaneous release in all assays was <20% of the
maximum release.

Cell purification. CD4"CD25" or CD4"CD25 cells were isolated using
mouse CD4°CD25" regulatory T-Cell Isolation Kits and an AutoMACS mag-
netic sorter (Miltenyi Biotec) according to the manufacturer’s instructions.
Briefly, spleen and lymph nodes were harvested from mice and then single-
cell suspensions were incubated with biotin-antibody cocktail, anti-biotin
MicroBeads, and CD25-phycoerythrin antibody to label non-CD4" cells and
fluorescently labeled CD25" cells. Non-CD4™ T cells were depleted using
the AutoMACS. The enriched CD4" T-cell fraction was incubated with
anti-phycoerythrin MicroBeads. CD4"CD25” Tregs were positively selected
using the AutoMACS. The positive and negative fractions were enriched
with CD4°CD25" and CD4°CD25™ T cells, respectively. These populations
were intracellulary stained with anti-Foxp3 antibody and analyzed by
fluorescence-activated cell sorting (FACS). Dendritic cells or CD8" T cells
were isolated using mouse CD11c MicroBeads or CD8a" isolation kits.

Immune reconstitution of severe combined immunodeficient
mice and ELISPOT assay. CD8" T cells and CD4°CD25™ T cells were
obtained from naive BALB/c mice. CD8" T cells (1 X 10°%) with or without
1 X 10° CD4°CD25™ T cells were injected into severe combined immuno-
deficient (SCID) mice from tail vein 1 day before CT26 inoculation. HVJ-E
treatment was done as described above. CD8" T cells were isolated from
spleen 1 week after the last HVJ-E or saline injection. Purified 1 X 10° CD8"
T cells were cultured for 24 h with 1 X 10° mitomycin C-treated CT26 or
Renca cells. Assay was done using mouse IFN-y ELISPOT kit (R&D
Systerns). The number of IFN-y-secreting CD8" T cells was subsequently
counted using a dissecting microscope (Leica, Cambridge, United
Kingdom).

T-cell proliferation assays/Treg suppression assays. Recombinant
mouse IL-6 (1 ng/mL) or 10 pL of supernatant from dendritic cell cultures
stimulated with HVJ-E at a multiplicity of infection (MOI) of 300 for
24 h were added to each well at the start of the following experiments. IL-6
neutralizing antibodies (MOO07; 1 pg/mL) were added to each well where
relevant. CD4"CD25~ T cells (1 X 10°) were incubated in 96-well
U-bottomed plates with 1 X 10% splenic dendritic cells, 0.1 ug/mL of anti-
CD3 antibody, and the indicated number of CD4"CD25" T cells for 48 h.
T-cell proliferation was determined as [*H]thymidine incorporation during
the last 6 h of culture.

Human dendritic cells. Frozen normal human dendritic cells derived
from peripheral blood mononuclear cells (PBMC) were purchased from
Cambrex Bio Science Walkersville, Inc. {(Walkersville, MD). Human dendritic
cells were cultured with 50 ng/mL human IL-4 and GM-CSF for 4 days
according to manufacturer’s instructions.
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Results

HVJ-E eradicated murine colon carcinoma by activating
adaptive antitumor immune responses. We examined whether
HVJ-E safely stimulates antitumor immunity by injecting 1.5 X 10*°
HVJ-E virus particles into CT26 tumors growing in the backs of
syngeneic BALB/c mice. Three consecutive injections completely
eradicated tumors in 60% to 80% of tumor-bearing mice and
obviously inhibited growth of the remainder (Fig. 14 and B). Three
injections seemed to be necessary for eradication because tumors
often relapsed after one or two injections (data not shown). In
contrast, the same amount of injected replication-defective
adenovirus particles or saline had no effect against CT26 tumors

(Fig. 14) and the antitumor effect of HVJ-E was minimized when
injected into CT26 tumors growing in SCID mice under the same
experimental conditions (Fig. 1C). Moreover, tumorigenesis was
reduced from 80% to 20% in CT26 cells inoculated into the left
flank, distant from the tumors injected with HVJ-E in the right
flank (Fig. 1D). These findings showed that HVJ-E eradicated the
tumor by inducing antitumor immune responses. The effect was
probably not associated with direct HVJ-E cytotoxicity or direct
tumor cell killing by activated natural killer cells or macrophages
because NK cells and macrophages should function normally in
SCID mice (20). Furthermore, HVJ-E is not cytotoxic against CT26
cells in vitro (13).
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Figure 1. Tumor growth inhibition and eradication by intratumor injection of HVJ-E. A to C, CT26 cells were inoculated into intradermal space in the back of syngeneic
BALB/c mice. Particles of HVJ-E or adenovirus (1.5 x 10'° each) or saline was injected into tumors thrice (on days 4, 8, and 12). A, HVJ-E-treated tumors were
eradicated completely or growth was strongly suppressed compared with saline-treated tumors. In contrast, no effect was evident when the same amount of
replication-defective adenovirus was applied. =, P < 0.001. &, HVJ-E; A, adenovirus; ©, saline. B, HVJ-E-treated or saline-treated BALB/c mice 3 wk after tumor

inoculations. Three of five tumors were completely eradicated and growth of the remainder was significantly inhibited. C, antitumor effect of HVJ-E was abrogated when
injected into CT26 tumors growing in SCID mice. Tumor growth did not significantly differ. D, tumor-free survival curves indicate CT26 tumors in the left side of flank.
CT26 cells (5 x 10%) were injected into intradermal space in the left side of flanks 4 d after 5 x 10° CT26 celis were inoculated into the right flanks. Three HVJ-E
injections were administered into the right side tumors as described above. Tumorigenesis was diminished from 80% to 20% by HVJ-E 21 d after tumor inoculation.
*, P < 0.05. m, HVJ-E; @, saline. Arrows, timing of HVJ-E injections. A and C, points, mean; bars, SE. Resulis were statistically analyzed using Student’s ¢ test

(A and C) and log-rank test (D). These experiments were repeated twice with similar results.
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HVJ-E maintained the ability of live HV] to induce
maturation and IL-6 release from murine and human
dendritic cells. We examined how HVJ-E induced host antitumor
immunity. The recognition of pathogens by antigen presenting cells
(APC) is a pivotal initial step in activating innate immunity and for
inducing specific acquired immunity (21, 22). We therefore
examined the maturation and cytokine release from murine
myeloid dendritic cells induced by HVJ-E and then compared the
findings with those of live HV]. We incubated HVJ-E or live V]
with dendritic cells in culture medium for 48 h and then stained
them to analyze CD40, CD80, CD83, CD86, CXCR4, and CCR7
molecules on the dendritic cell surface by FACS. All markers of
dendritic cell maturation were dose-dependently increased by HVJ-
E and live HVJ (Fig. 24). These results suggest that HVJ-E retains
the ability of live HVJ to induce dendritic cell maturation. We
measured the amounts of type I IFNs (IFN-a and IFN-B) and
representative proinflammatory cytokines (IL-6, TNF-q, or IL-12)
released into dendritic cell culture medium at 24 h after adding
HVJ-E or live HV]. The secretion of all of these cytokines was
decreased by HVJ-E. However, the decrease in the amount of
released IL-6 was minimal and comparable to that released in the
presence of live HVJ (Fig. 2B and C). Next, we measured CD86
expression and IL-6 secretion in human dendritic cells at 48 h after
adding HVJ-E or live HVJ-E to the culture medium. CD86 was dose-
dependently increased by HVJ-E as well as by live HV]. The
secretion of IL-6 was enhanced by both live HV] and HVJ-E as seen
in murine dendritic cells (Fig. 2C) although the total amount of
IL-6 in human dendritic cells was lower than that in murine
dendritic cells (Fig. 2D).

HVJ-E promoted dendritic cell and T-cell recruitment to
tumor beds and induced tumor-specific CTLs in vivo. To
determine how the host adaptive immune systemn reacts to HV]J-E
in vivo, the mRNA expression of CD1lc as markers for dendritic
cells and of CD4 and CDS8 for effector T cells was measured in CT26
tumors in mice at 24, 48, and 120 h after HVJ-E injection. CD11c
and CD4 expression was significantly increased in tumors treated
with HVJ-E compared with saline at all time points with a peak at
48 h. CD8 expression was also significantly increased in the group
given HVJ-E. Moreover, the expression level remained maximal
even at 120 h after treatment (Fig. 34). Immunohistochemical
staining was done to evaluate dendritic cell and T-cell infiltration
into tumor tissue after HVJ-E treatment. It revealed that CD11b",
CDl1lc", CD4", or CD8" cells were remarkably infiltrated into tumor
by HVJ-E treatment (Fig. 3B). We then did CTL assays and
measured standard *'Cr release to determine whether CT26-
specific cellular immunoreactions were induced. A CT26-specific
CTL response was elicited only in those mice in which CT26
tumors were eradicated by HVJ-E (Fig. 3C). Next, we examined the
contribution of CD8" T cells and CD4" T cells to HVJ-E-induced
antitumor effects. SCID mice were reconstituted with CD8" T cells
with or without CD4°CD25™ T cells obtained from naive BALB/c
mice. After CT26 inoculation and HVJ-E treatment, CD8" T cells

were isolated from spleen and the number of IFN-y-secreting CD8"
T cells was counted by ELISPOT assay. As a result, significant
increase of CT26-specific IFN-y-secretion from CD8" T cells was
observed only when CD8" T cells were transferred with CD4"CD25™
T cells. It revealed that HVJ-E enhanced tumor-specific CD8" T-cell
response in a CD4°CD25™ T cell-dependent manner (Fig. 3D). All of
these findings indicated that HVJ-E induced dendritic cell and CD4"
and CD8" T-cell migration to the tumor site and also activated
tumor-specific adaptive T cell-mediated immune responses in vivo.
It was evident that tumor-specific CD8" T-cell activation was elicited
by HVJ-E in a CD4"CD25™ T cell-dependent manner.

HVJ-E rescued effector T-cell proliferation from Treg-
mediated immunosuppression in vitro and ir vivo through
the ability to release IL-6 from dendritic cells. Induction of APC
maturation is not the only mechanism that controls T-cell
activation because Treg also controls T-cell responses (23-26).
IL-6 release from dendritic cells is critical for overcoming the
CD4'CD25" Treg-mediated immunosuppression of effector T cells
(27). Because HVJ-E retained the ability of live HV] to promote IL-6
release from dendritic cells, we examined whether HVJ-E could
inhibit Treg-mediated immunosuppression. T-cell proliferation was
assayed using various ratios of Tregs (CD4"CD25") to responder
T cells (CD4°CD257) in the presence of splenic CD11c” cells as
APCs and anti-CD3 antibodies. Before evaluating T-cell prolifera-
tion, we stained the isolated CD47CD25” T cells with anti-Foxp3
antibody because Foxp3 is nowadays considered to be the most
specific marker for Treg (25). As a result, the majority of sorted
CD4"CD25" T cells was confirmed to be Foxp3"CD4°CD25" Tregs
(Fig. 44). T-cell proliferation determined by incorporation of
[*H]thymidine was gradually suppressed as the ratio of Tregs to
responder T cells increased. We confirmed that adding mouse
recombinant I1-6 to the T-cell culture medium reversed the Treg-
mediated suppression and restored T-cell proliferation to near
normal levels. This ability of IL-6 was abrogated by IL-6 neutralizing
antibodies (Fig. 4B; ref. 27). Next, we examined the reversal of Treg-
mediated suppression using conditioned medium from dendritic
cells stimulated with HVJ-E (H-DCCM). We found that H-DCCM
also reversed Treg-mediated suppression and that IL-6 neutralizing
antibodies blocked this restorative effect (Fig. 4C). These results
indicated that soluble factors in H-DCCM could block Treg-
mediated immunosuppression and that IL-6 was dominant for this
blockade. We examined IL-6 secretion from dendritic cells after
HVJ-E administration in vivo. HVJ-E was injected into CT26 tumors
in the mouse hind footpad for 3 successive days. Dendritic cells
were purified from tumor tissues or drainage lymph nodes at
24 h after the last injection. Intracellular IL-6 was positive in the
sorted CD1lc” cells, which were analyzed by FACS. The ratio (%) of
IL-6-positive dendritic cells was significantly increased in tumors
and drainage lymph nodes by HVJ-E compared with saline (Fig. 54).
Next, we examined whether HVJ-E indeed contributed to blocking
Treg-mediated immunosuppression in vivo. CD4"CD25" Tregs and
CD4"CD25™ effector cells were purified from tumor drainage lymph

Figure 2. Activation of murine and human dendritic cells by HVJ-E. A, CD40, CD80, CD83, CD86, CXCR4, or CCR7 expression was measured by FACS analysis
after 48 h of coculture with HVJ-E or live HVJ. Bone marrow—derived murine dendritic cells were dose-dependently maturated by virus particles to express CD40,
CD80, CD83, CD86, CXCR4, or CCRY showing that HVJ-E retained the immunogenicity of live HVJ. 8 and C, representative cytokine secretion measured in dendritic
cell supernatants by capture ELISA 24 h after coculture with HVJ-E or live HVJ. Amounts of type | IFNs (IFN-a and IFN-g; B) and proinflammatory cytokines

(IL-6, TNF-a, and IL-12; C) were diminished after HVJ-E stimulation compared with live HVJ. The decrease in IL-6 secretion was minimal and comparable with that of
live HVJ. D, stimulation with HVJ-E caused human dendritic cells derived from PBMC to maturate, dose-dependently express CD86, and release IL-6 within 24 h.
Human dendritic cells were dose-dependently maturated by virus particles to express CD86 showing that HVJ-E retained the ability of live HVJ. The decrease in IL-6
secretion was minimal and comparable with that of live HVJ. Columns, mean of triplicate samples; bars, SE. Representative of three independent experiments.
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nodes by magnetic cell sorting at 24 h after HVJ-E injections as
described above. The suppressive effect of Treg against effector
T cells was significantly reduced in HV]J-E-treated mice compared
with saline-treated or naive mice (Fig. 5B). Finally, we examined
whether an in vivo 1IL-6 neutralization reduces antitumor effect of

inhibition in vivo (Fig. 5C). These results revealed that HVJ-E was
responsible for rescuing effector T-cell proliferation from Treg-
mediated immunosuppression. The mechanism through which Treg
was suppressed was presumably due to HVJ-E-induced IL-6 secretion
from dendritic cells in tumors and drainage lymph nodes.

HV]J-E. Because blockade of IL-6 signaling with IL-6R antibody was
reported to recover Treg-mediated immunosuppression in vivo (28),
20 pug of IL-6R antibody were injected into tumors simultaneously
with HVJ-E on days 4, 8, and 12. We found that blockade of IL-6
signaling significantly reduced HVJ-E-mediated tumor growth

Discussion

HVJ-E is derived from UV-inactivated HV]J particles. Irradiation
with UV breaks the genome of HVJ and removes its ability to

Figure 3. Dendritic cell and T-cell infiltration into tumor beds and induction of tumor-specific CTLs in vivo. A, mRNA expression quantified by real-time PCR in tumors
growing in mouse footpads at 24, 48, and 120 h after intratumor injections of 1.5 x 10'® HVJ-E particles or saline for 3 successive days. CD11c expression was
significantly higher in HVJ-E-treated tumors at all time points. Expression levels in HVJ-E-treated tumors peaked at 48 h and remained elevated 120 h later. CD4
expression was also significantly higher in HVJ-E-treated tumors at any time point with the peak level at 48 h. CD8 expression obviously increased in HVJ-E-treated
tumors and remained elevated for 120 h. Expression levels were normalized by GAPDH. Each value was calculated as fold increase relative to value of saline-treated
tumors at 120 h. Columns, mean of triplicate samples; bars, SE. Closed columns, HVJ-E; open columns, saline. B, histologic findings of tumors. Representative
sections of tumors from HVJ-E-treated mice (a—d) or saline controls (e-h). CD11b™ (a and e), CD11¢* (b and £}, CD4* (¢ and g), or CD8 (d and h} cells were
remarkably infiltrated into tumor tissue by HVJ-E treatment. Tumor tissue was isolated at 48 h after HVJ-E or saline injection for 3 successive days. Acetone-fixed frozen
section was stained by respective antibodies and Alexa Fluor 488-labeled secondary antibodies. Nuclei were stained by DAPI (magnification, x200). C, CTL
activity against CT26 or Renca measured by standard 5'Cr release assay. CT26-specific cytotoxicity increased in mice treated with HVJ-E in which tumors were
abrogated. Representative of three independent experiments. B, HVJ-E; @, saline; A, naive mice. D, CT26-specific IFN-y secretion from CD8" T cells estimated by
ELISPOT assay. SCID mice were reconstituted with CD8” T cells with or without CD47CD25™ T cells. CT26-specific IFN-y secretion from CD8* T cells was enhanced
by HVJ-E treatment in a CD4"CD25™ T cell-dependent manner. =, P < 0.01.
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replicate, thus ensuring effective gene transfer and safety. HVJ-E
conserves the complete structure of the live HVJ envelope containing
F, HN, and M proteins (9). Here, we tested the feasibility of using
the HVJ-E virus envelope feature to induce antitumor immunity.

A

In tumor In drainage lymph node

50
10 45
40
=35
30
825
S 20
15
10

Ratio (%)
%,

(=T S I A

HVIE Saline HVIE Saline

90

80 |

70

Percent proliferation(%)

Treg cells
(x10%)

1800
1600
1400
1200
1000

800

Tumor volume (mm3)

600

400

Days after tumor inoculation

CT26 tumors were eradicated after direct intratumoral injection
of HVJ-E. Thus, this strategy alone was sufficient to eliminate
established tumors. This property might be unique to Sendai virus
particles because the same amount of replication-defective
adenovirus had no effect, although the conditions for comparison
were limited. We showed that this effect of HVJ-E was due to
induced antitumor immune responses because it was abrogated in
immunocompromised circumstances such as in SCID mice. None
of direct tumor cell killings by activated dendritic cells, macro-
phages, NK cells, and HVJ-E cell fusion seemed to be predominant
because they should be functional in SCID mice (20). Furthermore,
the diminished tumorigenesis of CT26 cells co-inoculated distantly
from HVJ-E-injected CT26 tumors indicated that the effect of HVJ-
E was indirect and that antitumor immunity was enhanced. We
also confirmed that cultured CT26 cells were refractory to direct
contact with HVJ-E or type I IFNs in vitro (13).

The recognition of pathogen-associated molecular patterns by
APC such as dendritic cells through Toll-like receptors or retinoic
acid-inducible gene 1 is important to induce not only the activation
of innate immunity but also the development of antigen-specific
acquired immunity (21, 22). Because we postulated that the
activation of APC by HVJ-E or HVJ-E fused cancer cell would be a
critical initial step in inducing powerful tumor-specific adaptive
immune responses, we examined whether HVJ-E activates
dendritic cells and induces tumor-specific immunity. We found
that dendritic cells were maturated by HVJ-E to a level comparable
to that induced by live HVJ in vitro. Furthermore, dendritic cell and
effector T-cell recruitment was suggested from the significant
increase of CDllc, CD4, and CD8 mRNA expression in mouse
tumors injected with HVJ-E. Remarkable infiltrations of dendritic
cells and CD4" and CD8" T cells into HV]-E-treated tumors were
also confirmed in immunohistochemical studies. Moreover, the
significant induction of cancer-specific CTL was observed and
CD8" T cells that depend on CD4"CD25™ T cells were presumably
responsible for this antitumor effect by HVJ-E.

On the other hand, induction of APC maturation is not the only
mechanism that controls T-cell activation. T-cell responses are also
negatively regulated by Treg (23-26). The accumulation of Treg in
tumors or drainage lymph nodes is evidence of their involvement
in immune tolerance in patients bearing tumors (29-33), and Treg
depletion contributes to enhanced antitumor immunity (34, 35).

Figure 5. Suppression of regulatory T cells by HVJ-E in vivo. A, ratio (%) of
IL-6-secreting CD11c¢* cells was significantly increased in tumors and in drainage
lymph nodes of mice administered with HVJ-E. CD11c™ cells separated using
Macs beads were intraceliularly stained with IL-6 and analyzed by FACS
at 24 h after HVJ-E was injected into CT26 tumors in mouse footpads for
3 successive days. Columns, mean of triplicate samples; bars, SE. B,
CD4*CD25* Treg—mediated immunosuppression was reduced in HVJ-E-treated
mice in vivo. CD4*CD25* Tregs and CD4*CD25™ effector T celis were separated
from drainage lymph nodes using Macs beads and then 1 x 10° CD4*CD25~
T cells were cultured with splenic dendritic cells, anti-CD3 monoclonal antibody,
and indicated numbers of CD4*CD25" T cells for 48 h. Inhibitory effect of Tregs
was significantly reduced in HVJ-E-treated mice in vivo. T-cell proliferative
responses are expressed as percent of total counts where 100% represents
counts in absence of Tregs. Columns, mean of triplicate samples; bars, SE.
Mice treated with {solid columns, HVJ-E; gray columns, saline; open columns,
naive mice). Representative of three independent experiments. C, an in vivo
blockade of IL-6 signaling reduced antitumor effect of HVJ-E. For blocking
IL-6 signaling in vivo, 20 pg of IL-6R antibody were injected into tumors
simultaneously with HVJ-E on days 4, 8, and 12. Tumor volume was measured
as previously described. CT26 tumor growth inhibition by HVJ-E was significantly
reduced by local injection of IL-6R antibody. *, P < 0.05. m, HVJ-E + control
19G; a, HVJ-E + IL-6R antibody; ®, saline. Arrows, timing of HVJ-E and IL-6R
antibody or control IgG injections. Points, mean; bars, SE. Results were
tatistically analyzed using Student’s { test.
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Furthermore, tumor cell-licensed immature dendritic cells are
critical for the proliferation and accumulation of Treg in the
induction of host immune tolerance against cancer (36). Therefore,
overcoming Treg-mediated suppression of antitumor immuno-
reactions is prerequisite for future cancer immunotherapy. The
present study found that H-DCCM rescued effector T-cell
proliferation from Treg-mediated immunosuppression and that
such rescue was abrogated by IL-6 neutralizing antibody. These
results indicated that IL-6 secretion from HVJ-E-treated dendritic
cells is key to this inhibitory phenomenon against Treg-mediated
suppression. IL-6 is a multifunctional cytokine that regulates
immune response, hematopoiesis, acute phase response, and
inflammation (37-39), and when released from dendritic cells,
IL-6 is critical for overcoming CD4'CD25" Treg-mediated immu-
nosuppression (27, 40). In addition, blockade of IL-6 signaling
contributes to Treg expansion (28). Here, we found that when
dendritic cells were cocultured with HVJ-E, IL-6 secretion levels
were comparable to those in the presence of live HV], whereas
levels of many other cytokines were diminished. We also confirmed
that the increase in IL-6 secreted by dendritic cells in tumors and
drainage lymph nodes was significant in mice administered with
HVJ-E, which also reduced CD4"CD25" Treg-mediated inhibition
against CD4°CD257 effector T-cell proliferation in vivo. Moreover,
the reduction of HVJ-E-mediated tumor growth inhibition was
confirmed by blocking IL-6 signaling with IL-6R antibody in vivo.
To evaluate the potential side effects by enhanced IL-6 secretion
after HVJ-E treatment, the amounts of aspartate aminotransferase,
alanine aminotransferase, alkaline phosphatase, total bilirubin,
urea nitrogen, and creatinine in serum were measured 1 week after
the last HVJ-E injection. There was no significant increase in all
these markers of hepatic or renal toxicity in HVJ-E-treated mice.
Furthermore, histologic analysis for H&E-stained sections of liver,
intestine, and skin showed that no remarkable inflammation or
tissue damage was induced by HVJ-E treatment (data not shown).

Lopez et al. reported that CD80 or CD86 costimulatory
molecules are normally up-regulated on dendritic cells treated
with UV-inactivated Sendai Cantell virus in a manner similar to
that of live virus, but unlike UV-inactivated influenza, which is
another negative-strand RNA virus. However, the secretion of
cytokines including IFN-«, IL-1B3, IL-6, IL-12, and TNF-a in
dendritic cells was considerably diminished by UV inactivation
and they suggested that dendritic cell maturation markers and
cytokine release are separately regulated (41). Here, we confirmed
that HVJ-E induced normal dendritic cell maturation that was
comparable to that induced by live HVJ (Sendai virus). Notably, the
level of IL-6 secretion was similar, whereas that of other
representative cytokines such as IFN-o, IFN-B, and IL-12 was
reduced. Because UV inactivation abrogated the infectivity of
HVJ-E as described (9), the notion that live HV]J escaped UV-
inactivation and contributed to IL-6 production is unlikely. This
discrepancy between our results and theirs might be explained by
the choice of HVJ strains (Cantell versus Z strain) or the
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Abstract

Background Although nuclear transport of therapeutic genes is an essential
requirement of human gene therapy, factors required for nuclear entry of
DNA remain to be elucidated. Non-viral vector systems have led to numerous
improvements in the efficiency of delivery of exogenous DNA into cells.
However, nuclear transport of plasmid is difficult to achieve.

Methods We examined nuclear translocation efficiency of Cy3-labeled
plasmid DNA (Cy3-pDNA) delivered by the hemagglutinating virus of Japan
envelope (HVJ-E) vector, Lipofectamine or microinjection. We also examined
the effect of actin depolymerization on nuclear transport of Cy3-pDNA.

Results Cy3-pDNA reached the nucleus, particularly in the nucleolus, in
30 min after fusion-mediated delivery using the HVJ-E vector, while the
DNA was retained in the cytoplasm during the observed period after the
delivery by cationic liposomes. HVJ-E treatment transiently depolymerized
actin filaments, and acceleration of nucleolar entry of microinjected DNA
was achieved when treated with either empty HVJ-E or cytochalasin D, an
inhibitor of actin depolymerization, prior to microinjection.

Conclusions These results suggest that plasmid DNA can be transported
rapidly from the cytoplasm to the nucleolus when actin filaments are
depolymerized. Thus, the HVJ-E vector can accelerate the transport of DNA
to the nucleolus by actin depolymerization. Copyright © 2006 John Wiley &
Sons, Ltd.

Keywords HVJ; plasmid DNA; nucleolus; actin; depolymerization

Introduction

Movement of DNA after its introduction into cells has been investigated
since DNA transfer technology was first developed. Viral vectors have been
widely used in gene therapy experiments since they possess the machinery
for efficient delivery of exogenous DNA into cells {1,2]. Some viruses, such
as adenovirus, SV40, HIV, and herpes virus, demonstrate rapid migration
of their genomes into the nucleus even in non-dividing cells [3]. SV40
has viral capsid proteins that contain nuclear-localization sequences (NLSs)
that trigger translocation of the virion to the nucleus and disassembly of
the virion within the nucleus [4]. When adenovirus is taken up into cells
by receptor-mediated endocytosis, virus escapes from the endosomes and
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there is disassembly of the viral capsid, after which DNA-
NLS-containing proteins are sorted in the nucleus [3,5].
HIV has an integrase required for nuclear migration of
the viral genome [3]. The DNA-integrase complex, or
pre-integration complex, common to oncoretroviruses,
such as Moloney leukemia virus, cannot pass through the
nuclear pore. Therefore, transgenes are not transported
into the nuclei of non-dividing cells when oncoretroviral
vectors are used [5]. Non-viral vector systems, on the
other hand, have led to numerous improvements in
the efficiency of delivery of exogenous DNA into cells
[6,7]. Lipids, polymers, and fusion proteins enable
successful DNA transfer to the cytoplasm. However,
nuclear transport of plasmid is difficult to achieve [8].
When DNA was transferred to cells using a calcium
phosphate precipitation method in the early days of
DNA transfection, DNA was primarily observed in
the perinuclear region, and the efficiency of nuclear
translocation was generally only 1-2% of DNA levels
observed in the cytoplasm [9]. Particularly within
non-dividing cells, minimal translocation of DNA into
the nucleus was observed after introduction into the
cytoplasm [8]. Disruption of the nuclear envelope is
required for efficient transfer of DNA into the nucleus
[10]. Although a number of trials have reported
nuclear transport of exogenous DNA using non-viral
vectors, the results remain controversial. Both DNA
nanoparticles compacted with Cys-Lysjo peptide [11]
and Lipofectin/integrin-targeting peptide/plasmid DNA
complex [12] succeeded in gene expression in post-mitotic
cells or non-dividing cells. It is suggested that the DNA
may transverse the nuclear envelope.

However, complexes containing plasmid DNA and
nuclear proteins, such as histones, have been constructed;
however, they do not enhance the nuclear migration
of DNA [13,14]. On the other hand, NFkB p50-
conjugated plasmid DNA is more rapidly transported
into the nucleus than plasmid DNA alone [15].
Conjugation of a NLS peptide derived from SV40 with
a luciferase gene fragment enhances luciferase gene
expression by approximately 1000-fold, compared with
the luciferase gene without the NLS peptide [16].
However, enhancement of green fluorescence protein
(GFP) expression is not observed following conjugation
of NLS peptide with GFP-plasmid DNA [17]. Non-
classical NLS of heterogeneous nuclear ribonucleoprotein
enhances the nuclear targeting of plasmid DNA delivered
by lipofection [18,19]. A recent paper suggests that the
nuclear migration of plasmid DNA might be sequence-
dependent [20]. The SV40 enhancer sequence appears
to facilitate nuclear migration of DNA by binding to
transcription factors [21], which are transported to the
nucleus by the Ran/importin system.

This data suggests that the machinery involved in
active transport of nuclear proteins might also be
involved in migration of DNA into the nucleus. However,
the possibility of an inhibitory mechanism preventing
movement of DNA into cells has not been investigated.
Recently, it has been suggested that the actin cytoskeleton
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might be involved in DNA mobility in the cytoplasm
and that actin filament disruption might enhance DNA
mobility [22].

Actin depolymerization is induced by various com-
pounds, such as botulinum C2 toxin, latrunculins, and
cytochalasin D [23]. Human cytomegalovirus (CMV)
induces actin depolymerization in the early stages of
infection [24]. HVJ (hemagglutinating virus of Japan;
Sendai virus) can also cause transient depolymerization
of the actin cytoskeleton when membrane fusion between
the virus and a cell occurs [25]. We developed a HVJ
envelope (HVJ-E) vector, which enabled successful gene
transfer and drug delivery in various cell lines in vitro (in
cultured cells) and in vivo (in animal tissues or organs)
through viral fusion activity [26]. Based on this evidence,
we thus hypothesized that DNA might be more easily
moved into cells when DNA is transferred using the HVJ-E
vector.

Here we demonstrate the rapid transport of exogenous
DNA into the nucleolus using the HVJ-E vector, which is
dependent on depolymerization of the actin cytoskeleton.

Materials and methods

Labeling of plasmid DNA

A plasmid pGeneGrip vector (GTS, San Diego, CA, USA)
was labeled with Cy3 fluorescence using a GeneGrip
Cy3-PNA labeling kit (GTS), or with the Label T®
Cy™ 3 nucleic acid fluorescence labeling kit (Mirus
Bio, Madison, USA) or with Cy3-labeled deoxy-CTP
(Amersham Biosciences, Buckinghamshire, UK) using a
terminal deoxynucleotidyl transferase (TaKaRa, Shiga,
Japan), after linearization of the plasmid vector with a
restriction endonuclease enzyme (Kpnl in case of pGL3)
leaving the 3'-end or blunt end of DNA.

Cell culture

Hela cells and human primary fibroblast (FS3) cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS)
and penicillin/streptomycin mixed solution (Nakalai,
Kyoto, Japan).

Microinjection of plasmid DNA

Cy3-pDNA was dissolved in calcium-free phosphate-
buffered saline (PBS) at a concentration of 1 ug/ml pDNA,
after which the pDNA solutions were centrifuged through
a 0.22 pm filter. To verify intact nuclear envelopes of
the injected cells, FITC-labeled 70-kDa dextran (Sigma,
Steinheim, Germany) was co-injected with the pDNA.
The injections were performed using a semi-automatic
injection system (Transjector 5246; Eppendorf, Hamburg,
Germany) attached to an Eppendorf micromanipulator
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5171 mounted on an inverted microscope. Cytosolic
microinjections were performed with a Z-depth limit
option using glass micropipettes (Femtotips I; Eppen-
dorf). The estimated volume of each injection was 0.3-0.5
picoliter (an estimation based on injection pressure and
duration, according to the manufacturer’s specifications).
During injection, the cells were kept in DMEM supple-
mented with 10% FCS. The cells were washed with PBS
and replaced with DMEM supplemented with 10% FCS
after microinjection. To verify that nuclear envelopes
of the injected cells remained intact during microinjec-
tion, FITC-labeled 70-kDa dextran, which cannot translo-
cate through the nuclear pore complex, was introduced
into the cytoplasm with each Cy3-pDNA solution, and
only those cells capable of excluding dextran from the
nucleus were used in the analysis, as previously described
[15].

To evaluate the effects of cytochalasin D or HVJ-E
on the movement of microinjected DNA, cytochalasin D
(0.025 pg/ml; A.G. Scientific, CA, USA) or HVJ-E (3 x 10°
particles) was added to cells for 30 min before or after
microinjection, respectively.

Each experiment was repeated at least eight times,
and approximately 20 cells were microinjected with Cy3-
pDNA for each experiment.

Plasmid DNA delivery using HVJ-E

Aliquots of inactivated HVJ (3 x 10'° particles) were
centrifuged (1500 rpm, 15 min) at 4°C, after which the
viral pellet was suspended in 15 pl protamine sulfate
(1 mg/ml) and incubated on ice for 15 min. The viral
suspension was then mixed with plasmid DNA (200 ug)
with 3% Triton X-100. The mixture was centrifuged at
15000 rpm for 5 min at 4 °C. After washing the pellet with
1 ml BSS to remove the detergent and unincorporated
DNA, the HVJ-E vector containing pDNA was suspended
in 300 pl PBS. Then, Hela cells (1 x 10° cells/dish)
were prepared 24 h before transfection. HVJ-E (3 x 10°
particles) was mixed with protamine sulfate (100 pg/ml)
and added to the Hela cells cultured in DMEM without
FCS. The DNA-tapping efficiency of the HVJ-E vector was
approximately 15% [26]. Therefore, the final amount of
pDNA transferred to cells using the HVJ-E vector was
3 ug/1 x 10 cells/dish. After 30 min of incubation at
37°C under 5% CO», the medium was replaced by DMEM
supplemented with 10% FCS, after which the cells were
cultured at 37°C under 5% CO3 and photos were taken
at various intervals.

Plasmid DNA delivery using
Lipofectamine

DNA transfection was performed with Hela cells in
35-mm glass-bottomed dishes (about 1 x 108 cells/dish
prepared 24 h before transfection) by adding 5pl of
Lipofectamine (Invitrogen, CA, USA) transfection reagent
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mixed with 3 pg each of pDNA dissolved in DMEM without
FCS. After 30 min of incubation at 37 °C under 5% CO,
the medium was replaced by DMEM supplemented with
10% FCS and transfected cells were cultured at 37°C
under 5% COo, and photos were taken at various intervals.

Luciferase assay

HelLa cells were collected at various time points after HVJ-
E-mediated or Lipofectamine-mediated transfection of the
luciferase reporter plasmid, and suspended in 500 ul of
cell culture lysis reagent. The cell lysate samples were then
clarified by centrifugation at 10000 g for 10 min at 4°C,
after which a volume of 20 pl of each supernatant was
subjected to luciferase assay using the Promega luciferase
assay system and a Lumat LB 9501 luminophotometer
(Belthold, Wildbad, Germany), as previously described
[26]. The protein content of the samples was measured
using the DC protein assay (Bio-Rad, CA, USA)

In situ hybridization to detect
transgene expression

HelLa cells were grown on cover glass slides 24 h before
the experiment. After pGL3 transfection with HVJ-E, the
cells were fixed with pre-warmed 4% paraformaldehyde
in PBS for 20 min followed by permeabilization with
0.5% Triton X-100 in PBS for 5 min. Then, the cells
were washed with PBS three times before adding a
blocking solution (0.5% bovine serum albumin (BSA),
50 mM glycine, and 2% goat serum in PBS) to stop the
permeabilizing process.

RNA probes were made using the DIG RNA labeling
kit (Roche Applied Science, Mannheim, Germany).
Digoxigenin-labeled RNA probes were generated from
luciferase-pSPT18 plasmid by in vitro transcription with
T7 and SP6 RNA polymerase respectively, for the
antisense and sense probes.

The hybridization reaction was performed in an Insi-
tuPro (Intavis, CA, USA). Hybridization with digoxigenin-
labeled riboprobes was done at 65°C overnight in 50%
deionized formamide, 1x NaCl, 1x Denhardt’s solution,
10% dextran sulfate, and 250 pug/ml yeast RNA. The non-
hybridized probe was removed by two washes with 2x
SSCfor 5 min each at room temperature, 2x SSC and 50%
formamide at 65 °C for 30 min, followed by rinses with
decreasing concentrations of SSC. Non-specific sites were
blocked with 2% blocking reagent (Roche Applied Sci-
ence) in 0.1 mol/l maleic acid, 0.15 mol/1 NaCl, pH 7.5,
0.1% Tween 20, and 2% goat serum for 1 h at room tem-
perature. Slides were incubated overnight at room tem-
perature with alkaline phosphatase-conjugated polyclonal
sheep anti-digoxigenin antibody (Roche Applied Science).
The reaction product was visualized using nitroblue tetra-
zolium and 5-bromo-4-chloro-3-indolylphosphate (Roche
Applied Science).
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Confocal laser scanning microscopy

Fluorescent images were acquired with a Nikon eclipse
TE2000-U microscope (Nikon, Japan) with a confocal
laser scanning system (BioRad Radiance 2100, Hertford-
shire, UK). At each time point, fluorescent images were
collected using BioRad Laser sharp 2000 v 6.2 software.

Immunofluorescence experiments

Cells were grown on cover glass slides 24 h before
the experiment. In some experiments, the cells were
treated with HVJ-E (3 x 107 particles), or cytochalasin
D (0.025 pg/ml).

To study the actin cytoskeleton, the cells were fixed
with 37°C pre-warmed 4% paraformaldehyde in PBS
for 20 min. The cells were then permeabilized with 0.5%
Triton X-100 in PBS for 5 min. The cells were then washed
with PBS three times before adding a blocking solution
(0.5% BSA, 50 mM glycine, and 2% goat serum in PBS)
to stop the permeabilizing process, and Alexar Fluor 488
phalloidin (35 ul/1 ml) (Molecular Probes, Leiden, The
Netherlands) was added to the incubation for 60 min.
The cells were then washed six times with PBS. The
cell nuclei were stained with Hoechst 33 342 (Molecular
Probes).

To study the nuclear envelope and nuclear structure,
HelLa cells were fixed with cold methanol for 5 min and
then washed three times with PBS. FS3 cells were fixed
with 37°C pre-warmed 4% paraformaldehyde in PBS
for 20 min and then permeabilized with 0.5% Triton
X-100 in PBS for 5 min. The cells were then washed
with PBS three times. After fixation both cell types were
blocked with a blocking solution for 30 min before the
addition of anti-upstream binding factor (UBF) (Santa
Cruz Biotechnology, CA, USA) and anti-lamin B prepared
in our laboratory [27] for staining of the nucleoli and
nuclear envelope, respectively. Cells were incubated
overnight at 4 °C, after which they were washed six times
in PBS. FICT-labeled anti-IgG (Molecular Probes) was
then added, followed by incubation for 1h. The cells
were then washed six times in PBS. The cell nuclei were
stained with Hoechst 33 342.

All immunofluorescent images were taken using a
confocal laser scanning microscope, as described above.

Results

Characteristic rapid nuclear entry of
plasmid DNA introduced by HVJ-E

First, we investigated localization of Cy3-labeled plas-
mid DNA (Cy3-pDNA) introduced into the cells by
Lipofectamine (Figures 1A—1C) and by the HVJ-E vec-
tor (Figures 1D-1F) at 120 min after transduction.
Lipofectamine-transduced plasmid DNA localized exclu-
sively in the cytoplasm with a dot pattern (Figure 1A),
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Figure 1. The localization of Cy3-pDNA, labeled with the Label
IT® cy™ 3 labeling kit (Mirus), was observed using confocal
microscopy 120 min after the start of a 30 min incubation period
of HeLa cells with Lipofectamine (A, B, C) or with HVJ-E vector
(D, E, F) containing Cy3-pDNA. The localization of Cy3-pDNA
(A, D), nuclei staining with Hoechst 33258 (B, E) and the
merged photo (C, F) was shown using confocal microscopy.
Nucleolus-positive cells were counted (G) at 10 min, 20 min,
30 min and 120 min after the start of transfection of the HVJ-E
vector containing Cy3-pDNA

while plasmid DNA transported by the HVJ-E vector
located in the nucleus with characteristic particulate
accumulation as well as in the cytoplasm with diffuse
distribution. Then we performed a time-course analy-
sis of localization of Cy3-labeled plasmid DNA (Cy3-
pDNA) introduced directly into the cytoplasm of Hela
cells using the HVJ-E vector. Statistical analysis indi-
cated that 26% of the HVJ-E-transduced cells showed
nuclear accumulation of the plasmid DNA at 20 min post-
transduction, and this ratio rapidly increased to 87% in
120 min (Figure 1G). To investigate the specific focus of
HVJ-E-introduced pDNA in the nucleus, we then exam-
ined the location of Cy3-pDNA relative to the nucleoli.
Immunofluorescent analysis using antibody against UBF,
which is a nucleoli-specific protein complex, revealed
co-localization of UBF with HVJ-E-mediated Cy3-pDNA
in the nucleus (Figures 2A-2D). Rapid migration of
Cy3-pDNA into the nucleolus was also observed when
human primary fibroblast cells were transfected with
the HVJ-E vector, and the localization of fluorescent
DNA was not changed by different DNA labeling meth-
ods (Figures 2E—2H). Next, we examined whether gene
expression was achieved from DNA introduced using a
HVJ-E vector. To test the possibility, in situ hybridization
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Figure 2. HeLa cells (A-D) and FS3 cells (E-H) transfected with the HVJ-E vector containing Cy3-pDNA were fixed with cold
methanol or 4% paraformadehyde and stained with anti-UBF protein antibody, followed by FITC-labeled anti-mouse IgG. The
localization of Cy3-pDNA, labeled with the Label IT® Cy"™ 3 labeling kit (Mirus) (A, E), and UBF (B, F) was observed using confocal
microscopy. The nuclei were stained with Hoechst 33 258 (C, G). The merged photo is also presented (D, H)

to detect luciferase mRNA was done at various intervals
after HVJ-E-containing pGl3 luciferase gene transfection
(Figures 3A—3F). By antisense probe which was gener-
ated by T7 RNA polymerase, the data showed the ratio
of luciferase RNA-positive cells was 4.9, 51.4 and 82.4%
at 2, 4 and 24 h post-transfection. The luciferase activity
was also measured at various time points after delivery
of the luciferase expression plasmid by a HVJ-E vector
(Figure 3G). These data indicate that HVJ-E-mediated
delivery produced rapid transport of plasmid DNA into
the nucleus, particularly the nucleolus, with induction of
gene expression.

Effect of HVJ-E treatment on nucleolar
entry of microinjected plasmid DNA

Next, we compared the localization of Cy3-pDNA
following microinjection alone, with that observed after
microinjection and HVJ treatment.

By microinjection alone, Cy3-pDNA was present
only in the cytoplasm until 240 min after injection
(Figures 4A-4D), and, thus, was not confined to the
nucleolus. However, following treatment with empty
HVJ-E after microinjection, fluorescence of Cy3-pDNA
was primarily observed in the cytoplasm, after which
fluorescence became apparent in the nucleus at 30 min,
and much clearer at 120 min after injection (white
arrow, Figures 41-4L). This fluorescence was confined
to particulate structures, not diffusely present in the
nucleoplasm. The particulate structures were determined
to be nucleoli, as shown in Figure 2. However, co-injected
FITC-labeled dextran was retained in the cytoplasm
and green fluorescence of FITC-labeled dextran was
not detected in either the nucleoplasm or the nucleolus
(Figures 4E—-4H and 4M-4P).
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Figure 3. In situ hybridization to detect luciferase mRNA was
performed at 2 h (A, D), 4 h (B, E) and 24 h (F, G) after transfec-
tion with HVJ-E containing pCMV-luciferase. Antisense and sense
Dig-labeled RNA probes were generated from luciferase-pSPT18
plasmid with T7 (A-C) or SP6 (D-F) RNA polymerase, respec-
tively. The reaction product was visualized using nitroblue tetra-
zolium and 5-bromo-4-chloro-3-indolylphosphate. Luciferase
gene expression was assessed 3, 8, 16, 24 and 36 h after trans-
fection with HVJ-E containing pCMV-luciferase (H)

Transient depolymerization of actin
filaments with HVJ-E treatment

Since recent reports have indicated that the actin
cytoskeleton plays a significant role in limiting DNA
mobility in the cytoplasm [23], we examined the assembly
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Figure 4. The localization of Cy3-pDNA labeled with the
GeneGrip Cy3-PNA labeling kit (GTS) was observed using
confocal microscopy 30, 60, 120 and 240 min after injection
of DNA into the cytoplasm of Hela cells by microinjection
alone (A-D), or microinjection with HVJ-E treatment (I-L).
The white arrow indicates Cy3-pDNA in the nucleus of the cells.
The HVJ-E vector was removed by changing the medium 30 min
after microinjection. The localization of co-injected FITC-labeled
dextran with or without HVJ-E treatment was analyzed (E-H
and M-P)

of actin filaments in Hela cells before and after HVJ-E
treatment. As demonstrated in Figure 5, depolymerization
of actin filaments was clearly observed immediately after
the removal of HVJ-E treatment (Figure 5B), and re-
polymerization of actin was observed 30 min after the
removal of HVJ-E in culture (Figure 5C). On the other
hand, HVJ-E treatment did not significantly alter the
structure of lamin B of the nuclear envelope of Hela
cells (Figures 5D-5F), indicating rather a specific effect
of HVJ-E on disassembly of the actin cytoskeleton.

Similar depolymerization of actin is known to result
from treatment with cytochalasin D (0.025 ug/ml). We
attempted to determine the particular conditions required
for actin depolymerization within HeLa cells as a result
of treatment with cytochalasin D, and determined that
sufficient actin depolymerization was induced by 60 min
of incubation with cytochalasin D at a concentration of
0.025 ug/mi (Figure S5H).

Increased nucleolar entry of plasmid
DNA by actin depolymerization

We then evaluated the effect of cytochalasin D on
the nuclear entry of plasmid DNA introduced by
microinjection. Cytochalasin D was added to the culture
medium 30 min prior to microinjection of Cy3-pDNA
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Figure 5. Hela cells on a glass slide were treated with empty
HVIE vector (3 x 10° particles), and the HVJ-E vector was
removed after 30 min. Then, the actin filaments were stained
with Alexar Fluor 488 phalloidin at 0 and 30 min after the
removal of HVJ-E. To detect nuclear envelope protein, cells fixed
with cold methanol were treated with anti-lamin B antibody,
followed by treatment with FITC-labeled anti-rabbit IgG (D-F).
Actin and lamin B were observed before (A, D) or 30 (B, E)
and 60 (C, F) min after the start of a 30 min incubation period
with HVJ-E. In another experiment, HelLa cells were treated with
cytochalasin D at a concentration of 0.025 pg/ml for 30 (G),
60 (H) and 120 (I) min. The actin cytoskeleton and nuclei were
stained as described above

into the cytoplasm of HeLa cells, after which the time-
dependent nuclear entry of injected Cy3-pDNA was
evaluated at the time points indicated in Figure 6.
With cytochalasin D treatment, Cy3-pDNA started to
accumulate in the nucleus 60 min after microinjection
(Figure 6C), revealing a significant acceleration of nuclear
entry, compared to the rate of nuclear entry observed after
microinjection of Cy3-pDNA in the absence of cytochalasin
D (Figure 4B). Nuclear Cy3-pDNA was localized to the
nucleolus by indirect immunofluorescence, as shown in
Figure 1 (data not shown). With cytochalasin D, Cy3-
pDNA remained in the nucleolus at 120 and 240 min after
microinjection (Figures 6D and 6E). Co-injected FITC-
labeled dextran was not transported into the nucleus
and remained in the cytoplasm, as presented in Figure 4.

These results suggest that the actin cytoskeleton can
inhibit the movement of pDNA in the cytoplasm, and that
depolymerization of the actin cytoskeleton can enhance
translocation of pDNA to the nucleolus.

Discussion

We have demonstrated that plasmid DNA delivered by the
HVJ-E vector rapidly reaches the nucleolus by inducing
depolymerization of the actin cytoskeleton.
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Figure 6. As illustrated, cytochalasin D was first added to HeLa cells at a concentration of 0.025 pwg/ml, and Cy3-pDNA labeled with
the GeneGrip Cy3-PNA label kit (GTS) was microinjected 30 min later (A). Cytochalasin D was removed 30 min after microinjection
by replacement of the medium. The localization of Cy3-pDNA was observed using confocal microscopy 30 (B), 60 (C), 120 (D) and

240 (E) min after the injection of Cy3-pDNA

The HVJ-E vector delivers plasmid DNA by membrane
fusion, and induces gene expression in cultured cells and
tissue [28]. Indeed, using the HVJ-E vector, expression
of the human HGF gene was detected in non-dividing
neuronal cells of a spiral ganglion of the inner ear [29].
Although this indicates that plasmid DNA delivered by
the HVJ-E vector is translocated into the nucleus, the
mechanism by which this occurs remains unclear. Our
present results suggest that the expression of plasmid
DNA in neuronal cells of a spiral ganglion of the
inner ear results from rapid transport of the DNA into
the nucleolus by the HVJ-E vector. Luciferase gene
expression was achieved when DNA delivered into the
nucleus became primarily located in the nucleolus. It is
difficult to exclude the possibility that a small amount
of DNA remained in the nucleoplasm. However, when
trichostatin, an inhibitor of histone deacetylase, was
added to Hela cells after DNA delivery using the HVJ-
E vector, luciferase gene expression was approximately
10-fold of that achieved in the absence of inhibitor
as previously reported [30-32]. DNA localization was
not altered by the presence of trichostatin. Nuclear
fluorescence was primarily observed in the nucleolus. This
suggests that, although the nucleolus is where ribosomal
RNA genes are transcribed, transcription of the luciferase
gene under control of the CMV promoter might occur
in the nucleolus following delivery by the HVJ-E vector
(Figure 1).

Following microinjection using a micropipette, most
of the DNA was retained in the cytoplasm until 4 h
after injection and no significant fluorescence was seen
in the nucleus (Figure 4). This DNA was found in the
nucleoplasm, and not confined to the nucleolus. The
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mobility of the microinjected DNA was much slower
than that observed following introduction by the HVJ-
E vector. However, some of the microinjected DNA was
transported into the nucleus following HVJ-E treatment
after microinjection, and localization was then confined
to the nucleolus, not the nucleoplasm. On occasion,
Cy3-pDNA was detected more rapidly throughout the
nucleoplasm after microinjection. In such cases, co-
injected FITC-dextran was also seen in the nucleoplasm,
suggesting that the nuclear envelope may have been
damaged, thus losing its transport selectivity during
the microinjection procedure. Therefore, it is likely that
the microinjected DNA could be transported into the
nucleolus with HVJ-E treatment as long as the nuclear
envelope remains intact.

HVJ induced transient actin depolymerization, as
shown in Figure 5. Cytochalasin D, which induced
actin filament depolymerization, also enhanced the
transport of DNA into the nucleolus after microinjection
(Figure 6). We concluded that depolymerization of the
actin cytoskeleton induced the transport of plasmid DNA
into the nucleolus. Dauty et al. found that the integrity
of the actin cytoskeleton determined the mobility of
DNA in the cytoplasm [23]. This finding is consistent
with the present results; however, they did not examine
the nuclear transport of DNA with regard to actin
depolymerization. Therefore, a route to transport plasmid
DNA into the nucleolus after actin depolymerization may
exist. It is possible that this movement is specific for
plasmid DNA lacking a NLS. When dextran without a
NLS was microinjected into the cytoplasm, dextran was
retained in the cytoplasm, even with HVJ-E treatment.
In an experiment in which DNA was conjugated with
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a NLS-containing protein, p50 of NFkB, followed by
microinjection into the cytoplasm of HeLa cells [15],
DNA reached the nucleus and was localized within the
nucleoplasm, not the nucleolus. Thus, it is thought that
some molecules, such as DNA, may be transported into
the nucleolus in the absence of NLS when the actin
cytoskeleton is depolymerized, although the mechanism
by which this occurs is still unclear. However, DNA
delivered by the HVJ-E vector moved into the nucleolus
more effectively, compared with following microinjection,
even when the cells were treated with cytochalasin D or
empty HVJ-E vector after microinjection. Therefore, it
is likely that the HVJ-E vector may have an additional
enhancing effect with regard to movement of DNA into
the nucleolus.

We thus found that HVJ can produce transient actin
depolymerization in the initial stages of infection; how-
ever, the biological significance of actin depolymerization
in the initial stages of infection remains unclear. Based
on our results, actin depolymerization might enhance
mobility of the viral RNA genome within the cytoplasm,
thus enabling efficient replication of the viral genome and
translation of viral proteins in infected cells.

The HVJ-E vector can deliver genes directly to the
cytoplasm by membrane fusion [30], which avoids
degradation of exogenous genes [32]. Another advantage
is that the vector can achieve rapid transfer of DNA into
the nucleus, thus overcoming a significant obstacle of
using non-viral gene delivery vectors, thereby inducing
efficient gene expression in vivo.
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Abstract Allergic rhinitis (AR) is one of the most common
chronic diseases. Although current medications are highly
effective in controlling its symptoms, they do not reverse the
allergen-specific hypersensitivities that underlie the disease.
Immunoglobulin E is a key mediator of AR, and preventing
its production is clinically important. In this study, we
developed an efficient needleless intranasal protein delivery
system using the hemagglutinating virus of Japan envelope
vector (HVJ-E). Intranasal delivery of ovalbumin (OVA)
once a week for 3 weeks using this system enhanced OVA-
induced interferon-y production by murine splenocytes. This
treatment also attenuated the OVA-induced release interleu-
kin-4 (IL-4) and IL-5 from splenocytes and the production of
plasma OVA-specific immunoglobulin E in OVA-sensitive
AR model mice. Thus, allergen-containing HVIJ-E may be
useful for noninvasive treatment of AR.

Keywords Hemagglutinating virus of Japan envelope
vector - Allergic rhinitis - Ovalbumin - Th1/Th2 balance -
Immunoglobulin E
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Introduction

Allergic rhinitis (AR) is one of the most common forms of
atopic disease and has an estimated prevalence ranging
from 5 to 22% [1, 2]. Prevalence estimates suggest that, in
developed countries, seasonal and perennial AR occurs in
10% and 10-20% of the population, respectively. Further-
more, for children, the prevalence of AR may be as high as
40% [1], and it seems to be becoming more common. Thus,
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AR is one of the most common chronic diseases in the
industrialized world. Unfortunately, although there are
effective medications for treating the symptoms, the current
medications do not reverse allergen-specific hypersensitiv-
ities and are therefore only palliative and often must be
used daily for years.

Type I allergies, such as AR, are characterized by an
increase in the production of immunoglobulin E (IgE) and
by mast cell degranulation, which releases histamine and
other allergic mediators [3]. Clinical observations have
suggested a correlation between serum IgE levels and the
extent or the severity of AR. Antigen-specific binding of
IgE on mast cell Fc® receptors induces receptor cross-
linking and the release of inflammatory mediators, such as
histarmnine, leukotrienes, and prostaglandins. Recent studies
have shown that the binding of IgE itself to Fc® receptors in
the absence of allergen can stimulate the release of
inflammatory mediators from mast cells [4, 5]. Hence, the
inhibition of IgE production is an important therapeutic
target for the prevention of AR.

IgE production by plasma cells is regulated by antigen-
specific CD4™ T cells [6, 7]. Naive CD4™ T cells stimulated
with allergen in the presence of interleukin-4 (IL-4) express
GATA-3, a member of the GATA family of transcription
factors, and differentiate into Th2 cells, which secrete
cytokines such as IL-4, IL-5, and IL-13 [8]. On the other
hand, naive CD4™ T cells stimulated with allergen in the
presence of IL-12 express T bet, a T-box family of
transcription factor, and preferentially differentiate into
Thl cells, which secrete cytokines such as IL-2 and
interferon~y (IFN-y) [9]. Furthermore, Th1 or Th2 effectors
can down-regulate each other [10, 11]. The production of
IgE is enhanced by cytokines, such as IL-4, IL-5, IL-6, and
tumor necrosis factor-o, and inhibited by IFN-y, IFN-«,
and transforming growth factor-3 [12-15]. In addition,
production of IgE is critically dependent on the Th1/Th2
bias after exposure to allergen [15-17]. Several animal
models have been utilized to test various methods for
suppressing IgE production, including antibodies to IL-4
and IFN-y [18, 19]. Also, many approaches have been
examined to prevent or inhibit IgE responses in experi-
mental models of allergy [20, 21]. Moreover, it is expected
that inducing a Th] bias or reducing the Th2 response will
prevent AR.

Vector development has been considered to be a key to
the success of molecular therapy for intractable human
diseases. Vectors with high efficiency and minimum
invasiveness are needed. For this purpose, we have tried
to convert viruses to non-viral vectors and finally devel-
oped the hemagglutinating virus of Japan (also known as
the Sendai virus) envelope vector (HVJ-E; approximately
300 nm in diameter) [22]. HVJ-E can fuse with cell
membranes [23], a process that requires two distinct
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glycoproteins on the viral envelope. We have previously
shown that HVJ-E inactivated by UV irradiation or
treatment with 3-propiolactone lacks the ability to replicate
and can be loaded with and used to deliver plasmid DNA or
therapeutic molecules in vitro and in vivo [22, 24].

In the present study, we employed HVI-E to develop an
efficient needleless system for intranasal delivery of
proteins. We demonstrated ovalbumin (OVA)-induced
IFN-y release from splenocytes after nasal immunization
of healthy BALB/c mice with HVJ-E containing OVA
(HVJ-E/OVA). Moreover, intranasal administration of HVJ-
E/OVA to OVA-sensitive AR model mice reduced OVA-
induced Th2 cytokine production and prevented the
increase in plasma levels of OVA-specific IgE.

Materials and methods
Animals

Male BALB/c mice were purchased from Charles River
Breeding Laboratories (Yokohama, Japan). The mice were
S or 6 weeks old when used for the experiments. They were
maintained in a temperature-controlled, pathogen-free
room. All animals were handled according to approved
protocols and the guidelines of the Animal Committee of
Osaka University.

Preparation and administration of HVI-E/OVA or HVJ-E/
BSA-Alexa Fluor®488

The HVIJ-E vectors were constructed by incorporating OVA
(grade VIL; Sigma, St. Louis, MO) or bovine serum
albumin (BSA)-Alexa Fluor®488 conjugate (Alexa488—
BSA; Molecular Probe, Eugene, OR) into inactivated HVJ
particles (Z strain, Genome One Neo®; ISK Biosciences,
Tokyo, Japan). Briefly, 1,000 hemagglutinating units
(HAU; 1 HAU contains approximately 3 x 10° particles) of
HVI-E were mixed with 100 pg of OVA (10 ug/ul in
phosphate-buffered saline [PBS]) or Alexa488-BSA
(10 pg/ul in PBS) and 1.2 pl of 1% nonidet P40. After
centrifugation, the viral particles were washed with 1-ml
PBS to remove the detergent and unincorporated OVA or
Alexa488-BSA. Following centrifugation, HVJ-E (1,000
HAU of HVJ-E/OVA and 3,000 HAU of HVJ-E/Alexa488—
BSA) was suspended in 10 pl of PBS. The vector was
stored at 4°C until use. The mice were treated by placing a
10-pul drop of PBS containing HVJ-E onto their nasal
cavities using a micropipette, after which, the mice inhaled
the suspension.

Alexa488-BSA and OVA incorporated into HVI-E were
detected by Western blotting using anti-BSA (B2901,
Sigma) and anti-OVA (A6075, Sigma) antibodies, respec-
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