© The American Society of Gene & Cell Therapy

original article

Induction of Tumor-specific Inmune Response
by Gene Transfer of Hsp70-cell-penetrating
Peptide Fusion Protein to Tumors in Mice

Makiya Nishikawa', Takayuki Otsuki', Atsushi Ota', Xin Guan', Seiji Takemoto', Yuki Takahashi'

and Yoshinobu Takakura'

'Department of Biopharmaceutics and Drug Metabolism, Graduate School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Japan

To induce a tumor-specific immune response by deliver-
ing tumor-associated antigens in tumor cells to antigen-
presenting cells (APCs), we designed a fusion protein
which consists of heat-shock protein 70 (Hsp70) and the
C-terminal 34 amino acids of herpes simplex virus VP22
protein (VP22, . . ), the former having a peptide bind-
ing domain and an ability to be recognized by APCs,
and the latter able to achieve cell penetration. Hsp70-
VP22, . ..., the fusion protein, was efficiently taken up
by mouse dendritic cell (DC) line DC2.4. Major histo-
compatibility complex (MHC) class I-restricted pre-
sentation of an epitope peptide of ovalbumin (OVA)
was examined in DC2.4, and Hsp70-VP22,, . . signifi-
cantly increased the presentation of the peptide com-
pared with Hsp70. Electroporation-assisted injection
of naked plasmid vector expressing Hsp70-VP22, .
(pHsp70-VP22, . ...) into subcutaneous tumors of EG7-
OVA, a mouse lymphoma-expressing OVA, significantly
increased the survival of mice compared with the same
treatment with pHSp70, a plasmid expressing Hsp70.
Splenocytes from the pHsp70-VP22, . .  -treated mice
exhibited cytolytic activity against both EG7-OVA and
the parent EL4, but not against mouse melanoma B16-
F10, suggesting that not only OVA-derived antigens but
those common to EG7-OVA and EL4 are delivered to
APCs. These results provide a new therapeutic method
to induce tumor-specific antitumor immunity without
identifying nor isolating tumor-associated antigens.
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INTRODUCTION

Cancer immunotherapy, which requires the stimulation of the
immune system, is expected to be a safe and effective strategy that
shows promise in the treatment of cancer patients.!” Effective
induction of a tumor-specific immune response requires efficient
delivery of antigens to antigen-presenting cells (APCs) followed by
presentation of antigen-derived peptides on major histocompat-
ibility complex (MHC) class I molecules to naive CD8" T cells.*
Therefore, controlling the in vivo distribution of antigens will

increase antigen-specific immune responses, including cytotoxic
T lymphocyte (CTL) response.

Heat-shock protein 70 (Hsp70), a molecular chaperon induced
under stress conditions, can present a variety of tumor antigens
to APCs and elicit innate immunity.>"'® A previous study has
reported that tumor-derived Hsps initiate protective and tumor-
specific CTL responses.!! The mechanisms involved in these
processes have been partially identified as follows. Hsps nonco-
valently form complexes with tumor antigen-derived peptides'***
and bind to dendritic cells (DCs) and macrophages through CD91
and other Hsp receptors,’*""’ followed by colocalization with the
MHC class I molecule in endosomes. In addition, Hsps also acti-
vate the innate immunity through interaction with CD40 and
Toll-like receptor-2 on DCs, which eventually leads to cytokine
release.'>'®! These events result in the migration of mature DCs
to draining lymph nodes where they present antigens to T cells
and initiate the T-cell response.

Because Hsps can deliver antigen peptides to APCs and
efficiently activate the immune response to tumor-associated
antigens, their application to cancer immunotherapy has been
extensively investigated. One of the most common strategies is
the use of purified tumor-derived Hsp-peptide complexes, includ-
ing gp96-peptide complex.'*>* Recently, an Hsp-peptide vaccine
(Oncophage; Antigenics, Lexington, MA) has been approved in
Russia for the treatment of kidney cancer patients. Such com-
plexes can be reconstituted using several types of Hsps and syn-
thetic peptides.”® All challenges using synthetic or tissue-isolated
peptides require the purification and identification of antigen
peptides. However, such processes are very expensive, time con-
suming, and labor intensive. Because tumor tissues are a depot
for tumor antigens, any approach to delivering these antigens out-
side tumor cells to APCs would induce a tumor-specific immune
response without exogenous administration of antigens.

In recent years, several peptides and proteins have been
reported to translocate across the membranes of mammalian
cells.?” These molecules, collectively called cell-penetrating pep-
tides (CPPs) or protein transduction domains, have been applied
for the intracellular delivery of a large variety of compounds,
including proteins, liposomes, and plasmid DNA complex.
Although the precise mechanism of their cellular uptake has not
yet been fully identified, cytosolic distribution of CPP-containing
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compounds has been reported after their addition to cultured
cells. VP22, a structural protein of human simple herpes virus-1,
has been reported to possess a cell-penetrating activity and to be
secreted from cells in which it is produced, thereafter entering
surrounding cells.?® Recently, Lemken et al.*’ have demonstrated
intercellular trafficking of VP22 in living cells. The C-terminal
peptide consisting of 34 amino acids (VP22 , ) has been shown
to be responsible for this activity. Therefore, conjugation of this
peptide with Hsp70 may facilitate the transmembrane transport
of Hsp70 and its cargos, such as antigen peptides. Once taken up
by APCs, VP22, . . may accelerate the cytosolic delivery of the
complex through the activity of VP22, . ,an important process
for inducing Hsp70/peptide-mediated CTL responses.*

These lines of evidence led us to hypothesize that gene delivery
of a fusion protein consisting of Hsp70 and VP22, = to tumor
cells would induce a tumor-specific immune response through the
delivery of tumor-associated antigens existing within tumor cells
to APCs. To prove this, plasmid vectors encoding mouse Hsp70
or Hsp70-VP22, . fusion protein were constructed, and the dis-
tribution and antitumor activity of these proteins were examined
after gene transfer to cultured cells and to subcutaneous tumors
in mice.

RESULTS

Physicochemical properties of Hsp70-VP22, . .
Samples from B16-F10 melanoma cells transfected with pcDNA3.1
(mock), pHsp70, or pHsp70-VP22, . . were evaluated by western
blot analysis (Figure 1, lanes 2-4). All samples showed a weak
band for endogenous Hsp70, and cells transfected with pHsp70
(lane 3) or pHsp70-VP22, . . (lane 4) showed a strong band with
a molecular weight representative of Hsp70 and Hsp70-VP22, . .
respectively. There were a few bands in the lanes of lysates from
cells expressing pHsp70 (lane 3) or pHsp70-VP22, . (lane 4),
suggesting that their interaction with cellular proteins. The puri-
fied Hsp70-VP22,, . from bacteria (lane 1) showed a single band
with a molecular weight slightly greater than Hsp70 (lane 2), so that
the increase in molecular weight of Hsp70 by fusion with the VP22
peptide with a molecular weight of about 3,000 was confirmed.
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Figure 1 Western blot analysis of Hsp70 and Hsp70-VP22, ..
expressed in B16-F10 cells. B16-F10 cells were transfected with
pcDNA3.1 (2, mock), pHsp70 (3) or pHsp70-VP22,. .. (4) using
Lipofectamine 2000, and cell lysates were subjected to 10% SDS-
PAGE. After transfer to a membrane, Hsp70 and Hsp70-VP22, . ... were
detected using mouse anti-Hsp70 monoclonal antibody. Lane 1 shows

Hsp70-VP22 expressed and purified from bacteria.
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Hsp70-VP22, . had a slightly lower electrophoretic mobility
(-1.29£0.10 x 10* cm?*/Vs) compared with Hsp70 (-1.60 + 0.05),
indicating that the surface charge of the fusion protein was slightly
less negative due to the presence of many basic amino acids in the
VP22 peptide.

Intracellular distribution of Hsp70

and Hsp70-VP22, . . . in tumor cells

The intracellular distribution of Hsp70 and Hsp70-VP22, .  was
observed in B16-F10 cells after transfection with plasmids express-
ing each protein. Figure 2 shows the confocal images of B16-F10
cells, in which Hsp70 and Hsp70-VP22, = were detected using
anti-Hsp70 antibody. Mock (pcDNA3.1) transfected cells showed
no significant signals of Hsp70 (Figure 2a), indicating that the level
of endogenous Hsp70 was too low to be detected under the con-
ditions used. Cells transfected with pHsp70 exhibited a uniform
distribution of Hsp70 within cells (Figure 2b). On the other hand,
cells transfected with pHsp70-VP22, showed localized fluo-
rescent signals close to cell membranes (Figure 2¢). To compare
the intracellular distribution of Hsp70 and Hsp70-VP22, ., the
fluorescent images of cells expressing these proteins were quanti-
tated by fluorescent microscopy. The intensity of cells indicated
dotted lines in Figure 2b,c was summarized in Figure 2d. The dis-
tribution in cells expressing Hsp70 was rather uniform over the
cells. On the other hand, the signal of Hsp70-VP22, . ~showed

high distribution to the edge of cells, suggesting their high affinity
for the membranes.
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Figure 2 Confocal microscopicimages of Hsp70 and Hsp70-VP22, . . .
transiently expressed in B16-F10 cells. B16-F10 cells were transfected
with (@) pcDNA3.1 (mock), (b) pHsp70 or (c) pHsp70-VP22, . . . using
Lipofectamine 2000. After being permeabilized with Triton X-100, cells
were stained with mouse anti-Hsp70 monoclonal antibody, followed by
Alexa 594-conjugated secondary antibody. Images were obtained by
confocal laser scanning microscopy (MRC-1024, Bio-Rad, Hercules, CA).
(d) The fluorescent intensity of cells indicated by dotted lines in b and ¢
was quantitated by fluorescent microscopy.
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Figure 3 Uptake of radioactivity in DC2.4 cells after addition of
""In-Hsp70 or ""In-Hsp70-VP22, . . DC2.4 cells were incubated with
(@) 2.5ug """In-Hsp70 or (b) ""'In-Hsp70-VP22, . ... for 1 hour at 37°C,
with or without excess (125ug) Hsp70 or bovine serum albumin (BSA).
Results are expressed as mean + SD of three determinations. *P < 0.05
compared with the group without any competitor.
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Figure 4 MHC class I-restricted presentation of OVA-derived peptide
in DC2.4 cells. DC2.4 cells were added with OVA-L1-J1 (40 nmol/I), Hsp70
(200nmol/l), Hsp70-VP22, . ... (200nmol/l), or OVA-L1-J1 (40nmol/l)
mixed with a varying amount of Hsp70 (open bars) or Hsp70-VP22,. . .
(closed bars). At 24 hours after incubation, CD8OVA1.3 T hybridoma cells
were added and the IL-2 concentration in supernatants was measured
by ELISA. Results are expressed as mean * SD of three determinations.
*P<0.05 compared with the OVA-L1-]J1/Hsp70 group.

Uptake of Hsp70 and Hsp70-VP22, . . - in DCs

Figure 3 shows the level of radioactivity in DC2.4 cells 1 hour after
addition of ""'In-Hsp70 or '"'In-Hsp70-VP22, . . . As reported in
our previous study, '"'In-Hsp70 was efficiently taken up by DC2.4
cells (Figure 3a). This uptake was significantly inhibited by an
excess of unlabeled Hsp70, but not by the same amount of bovine
serum albumin, suggesting that the uptake of Hsp70 by DC2.4
cells is mediated by some mechanisms specific to Hsp70, such
as LOX-1 and other Hsp receptors. Compared with ''In-Hsp70,
""In-Hsp70-VP22, . . - was more effectively taken up by DC2.4
cells (Figure 3b). Again, the uptake was significantly inhibited
by an excess of Hsp70, indicating that Hsp70-VP22, . is also
recognized by the same uptake mechanism as Hsp70. Even when
the uptake was inhibited by an excess of Hsp70, the amount of
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Figure 5 OVA-specific CTL response after injection of pHsp70 or
pHsp70-VP22,. . . into EG7-OVA tumors in mice. EG7-OVA-bearing
mice were left untreated (open triangles), or received a subcutaneous
injection of 100ug OVA in Freund’s complete adjuvant (closed triangles),
or three injections (4 days apart) of pcDNA3.1 (mock, open squares),
pHsp70 (open circles), or pHsp70-VP22, . . . (closed circles) into the sub-
cutaneous tumor followed by electroporation. Four days after the last gene
transfer, spleen cells were isolated and a standard *'Cr release assay was
carried out against (a) EG7-OVA, (b) EL4, and (c) B16-F10 cells. Results
are expressed as mean * SD of at least three determinations. *P < 0.05
compared with the pcDNA3.1-treated and pHsp70-treated groups.

"'n-Hsp70-VP22, . taken up by DC2.4 cells was significantly
greater than that of ""In-Hsp70. Therefore, it can be speculated
that the cellular uptake of Hsp70-VP22, . through mechanisms
other than the Hsp70-specific ones is more efficient compared
with that of Hsp70.

MHC class I-restricted presentation of OVA-derived
peptide in DC2.4 cells with added Hsp70 or
Hsp70-VP22, . ...

Figure 4 shows the interleukin-2 (IL-2) levels in the supernatant
of CD80OVAL.3 T hybridoma cells mixed with DC2.4 cells. The
addition of OVA-L1-J1 peptide to the cells resulted in a very low
induction of IL-2, indicating that this peptide is hardly presented
by itself under the conditions used. The Hsp70/OVA-J1-L1 com-
plex prepared using the same amount of peptide was more effec-
tive than the free peptide alone for IL-2 production. These results
suggest that the MHC class I-restricted presentation of the pep-
tide was significantly increased by the complex formation with
Hsp70, which was in good agreement with the previous results.”
The addition of Hsp70-VP22, . /OVA-J1-L1 complex resulted
in a significantly greater production of IL-2 than that of Hsp70/
OVA-J1-L1 complex.

Tumor-specific immune response after injection of
pHsp70 or pHsp70-VP22, . . . into EG7-OVA tumors
The CTL response was measured to evaluate whether the anti-
gen-specific CTLs were elicited by intratumoral gene transfer
of Hsp70 or Hsp70-VP22, . (Figure 5). Three cell lines were
selected as target cells in the assay to examine whether the CTL
response is specific to the type of tumor cells: EG7-OVA, the cell
line used to inoculate mice; EL4, the parent cell line of EG7-OVA
that shares antigen peptides except for those derived from OVA;
and B16-F10, a melanoma cell line that has no relationship to the
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Figure 6 Tumor growth and survival of EG7-OVA-bearing mice after
injection of pHsp70 or pHsp70-VP22, .= into EG7-OVA tumors
in mice. EG7-OVA-bearing mice were left untreated (open triangles),
or injected three times (5 days apart) with pcDNA3.1 (mock, open
squares), pHsp70 (open circles), or pHsp70-VP22, . .. (closed circles)
into the subcutaneous tumor followed by electroporation. (a) The tumor
size was measured periodically and (b) the survival of mice was moni-
tored until 60 days after the start of the treatment. *P < 0.05 compared
with the pcDNA3.1-treated and pHsp70-treated groups.

former two lymphoma cell lines. Splenocytes from mice treated
with pHsp70-VP22, . showed a higher level of CTL activity
against EG7-OVA cells compared with those treated with pHsp70
(Figure 5a). The activity was close to that obtained with OVA in
Freund’s complete adjuvant, which is a highly effective but very
toxic formulation. Splenocytes from the pHsp70-VP22, . -
injected mice were also cytotoxic to EL4 cells (Figure 5b), but
not to B16-F10 cells (Figure 5c). These results suggest that not
only highly antigenic OVA-derived peptides but antigens com-
mon to EG7-OVA and EL4 cells are present on the MHC class I
molecules of APCs in mice receiving intratumoral injections of
pHsp70-VP22, . . The absence of CTL activity against B16-F10
cells indicated that the cytotoxic activity produced is specific to
EG7-OVA and EL4 cells.

Antitumor effect of intratumoral injection

of pHsp70 or pHsp70-VP22, . . -

Intratumoral injections of a control pcDNA3.1 plasmid followed
by electroporation slightly retarded the tumor growth (Figure 6a).
pHsp70 had little additional effects on the tumor growth com-
pared with pcDNA3.1. On the other hand, pHsp70-VP22, . = sig-
nificantly inhibited tumor growth. In accordance with the profile
of tumor growth, intratumoral injections of pHsp70-VP22, .
significantly increased the survival of EG7-OVA-bearing mice
(Figure 6b).

DISCUSSION

Theoretically, the induction of an antigen-specific immune
response is achieved by delivering tumor-related antigens to APCs.
In addition to the delivery of antigens, many studies have empha-
sized the importance of the activation of APCs for an efficient
induction of such responses. Of the various candidates used as
antigen delivery systems, Hsp proteins are considered to be highly
effective because they exhibit both delivery and immune stimula-
tion functions.”'° The present study proposes a new approach for
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delivering endogenous antigen peptides expressed in tumor cells
by using Hsp70-VP22, . . fusion protein after being expressed in
tumor cells by in vivo gene transfer. The VP22 peptide, one of the
CPPs that has been reported to be translocated through biological
membranes, was selected and fused to the C-terminal of Hsp70
to increase the release of Hsp70-antigen peptide complex from
tumor cells.

Although the precise mechanism of transmembrane trans-
port of CPPs has not been fully identified, such peptides have
been widely used in the delivery of drugs with a variety of physi-
cochemical properties.*”*> However, few challenges have involved
the delivery of any compounds present inside cells to their out-
side. This is, at least partly, due to the fact that many CPPs also
have a nuclear transport ability. HIV Tat peptides are frequently
used as CPPs but, after entering cells, they localize in the nuclei.
On the other hand, HSV-1 VP22 and its derivatives have been
reported to be able to deliver transgene products to untrans-
fected cells present around the transfected cells.?®**~* In prelimi-
nary experiments, we compared the whole VP22 protein and the
VP22, . fragment in terms of the induction of CTL responses
in tumor-bearing mice, and found that the plasmid expressing
Hsp70-VP22, . showed better results than that expressing
Hsp70-VP22 (data not shown). These findings may be explained
by the difference in the size of the fusion proteins, although fur-
ther studies are needed to prove this.

Hsp70, as well as other Hsps, is believed to possess properties
suitable for applications as cancer vaccines. We and others have
tried to use Hsps as delivery vehicles for tumor antigens to APCs
because they can be recognized by Hsp receptors expressed on
APCs.>101271736 T these approaches, antigens are bound to Hsps
through their peptide binding domains, or covalently conjugated.
In clinical trials, Hsps binding endogenous tumor antigens have
been isolated and administered to cancer patients as vaccines.'?*%
Antigens bound to Hsps were reported to be internalized then,
through unknown mechanisms, enter the cytosol where antigens
can be processed to be presented to MHC class I molecules. In this
study, it was suggested that Hsp70 and Hsp70-VP22, . inter-
act with some cellular proteins when expressed in melanoma cells
(Figure 1). Although the details of such interaction need further
study, these results as well as preclinical and clinical observations
of Hsp-peptide complexes'**-** would support the hypothesis that
Hsp70 and Hsp70-VP22, . . . can be used to deliver endogenous
tumor antigens. In addition to these properties of tissue distribu-
tion and intracellular trafficking, Hsps can activate APCs through
receptors, such as toll-like receptors. These lines of evidence
strongly support the usefulness of Hsps as inducers of tumor-
specific immune responses.

Fusion of the VP22, . peptide to Hsp70 will alter various
processes in the distribution of the fusion protein after in vivo gene
transfer. Intracellular localization of Hsp70-VP22, . is different
from that of Hsp70, and the fusion protein showed a facilitated
distribution to plasma membranes (Figure 2). The change in the
hydrophilic/hydrophobic balance and apparent surface charge of
the Hsp70-VP22 could explain the localized distribution of
the Hsp70-VP22, . to the membranes. Because neither Hsp70
nor Hsp70-VP22, . was secreted from cells transduced, the
first step in the release from transduced cells is the association
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with the plasma membranes. Therefore, the localized distribution
of Hsp70-VP22, . . would be beneficial for the release from the
cells transduced, the next step in the induction of a tumor-specific
immune response.

Once released, the Hsp70 and Hsp70-VP22, . . . especially
those complexed with antigen peptides, should be taken up by
APCs. Hsp70-VP22, . showed a greater uptake in DC2.4 cells
than Hsp70 (Figure 3). The uptake of ''In-Hsp70 and 'In-
Hsp70-VP22, . was specifically inhibited by an excess of Hsp70.
Therefore, both would be recognized by cells through receptors
specific to Hsp70. It seems that the fusion of VP22, . to Hsp70
increases the interaction with those receptors, because the uptake
of "'In-Hsp70-VP22, . to DC2.4 cells was much higher than
that of '"'In-Hsp70 and the uptake was efficiently inhibited by an
excess of Hsp70. Under conditions where an excess of Hsp70 was
added, the amount of '"'In-Hsp70-VP22, . associated with cells
was two- to threefold greater than that of "'In-Hsp70, suggest-
ing the cellular interaction of Hsp70 through mechanisms other
than the Hsp70-specific ones is also increased by the fusion of
VP22, ... Furthermore, the fusion protein induced a significantly
greater amount of IL-2 than Hsp70 in the antigen presentation
assay (Figure 4). Similar to the results of a previous study,* OVA-
L1-J1 alone induced very little IL-2 production and this confirmed
that the production of IL-2 is a result of the intracellular delivery of
this peptide by delivery systems, i.e., Hsp70 or Hsp70-VP22, .
Both were found effective in inducing the production of IL-2 from
T-cell hybridoma (Figure 4), but the level was significantly higher
when Hsp70-VP22, . -peptide complex was added to the cells.
Although the binding of the peptide to Hsp70 proteins was not
directly examined in this study, the results of the IL-2 production
strongly support the notion that OVA-L1-J1 binds to Hsp70 and
Hsp70-VP22, . and is delivered efficiently into the cytosol of
the cells, then presented on the MHC class I molecules, as dem-
onstrated in the previous study using peptide and Hsp70 (ref. 31).
These results suggest that, once released from tumor cells, Hsp70-
VP22, . .., more efficiently deliver antigens than Hsp70.

In a previous study, we confirmed that electroporation-
assisted in vivo gene transfer is an effective approach for achiev-
ing high levels of transgene expression irrespective of the tissues
or organs involved.” In addition, we compared several plasmid-
based gene transfer methods to solid tumor tissues in terms of
the level of transgene expression.”®* Based on these studies, we
concluded that electroporation-assisted gene transfer is also
highly effective for transgene expression in tumor tissues over
other methods, including naked plasmid DNA injection without
electroporation and injection of plasmid DNA/cationic liposome
complex. Therefore, we first examined whether the parameters of
electroporation that had been optimized in the previous studies
were effective for gene transfer to EG7-OVA tumors. Preliminary
experiments demonstrated that EG7-OVA tumor tissues were not
an exception and a significant level of transgene expression was
obtained after direct tissue injection of naked plasmid DNA fol-
lowed by electroporation (data not shown). The treatment using
control plasmid DNA produced some inhibitory effects on tumor
growth. This is probably due to the tissue damage created by both
injections and electric pulses. Some cells would be destroyed due to
the heat created by the pulses. In addition, the injection of plasmid
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DNA may induce inflammatory responses against unmethylated
CpG dinucleotides, or CpG motifs.***2 Such responses would acti-
vate nonspecific antitumor responses. Taken together, the control
treatment in which control plasmid DNA was injected in the
naked form followed by electroporation has some effect in inhib-
iting tumor growth. However, such effects are marginal and make
hardly any difference to the survival of tumor-bearing mice. In
addition, Hsp70 gene transfer was not very effective in inhibit-
ing tumor growth compared with the injection of control plasmid
DNA, indicating that a simple supplementation of Hsp70 was not
effective in inducing antitumor effects. It has been reported that
Hsp70 localizes in the cytosol,***** and we also confirmed that the
Hsp70 expressed in B16-F10 cells evenly distributes within the
cytosol (Figure 2). Thus, even although Hsp70-antigen peptide
complexes are generated within tumor cells transduced, they have
little effect on inhibiting tumor growth probably because they are
not significantly released from the cells. However, once released,
they should be effective in inducing an antigen-specific immune
response as observed in the presentation assay (Figure 4).

Hsp70-VP22, .. gene transfer to EG7-OVA tumor tissue was
effective in inducing CTL responses against EG7-OVA cells. These
cells highly express an antigenic protein, OVA, and have been
used in vaccine studies in which OVA or its peptides were admin-
istered in protein/peptide or DNA form. The specificity of the
CTL response induced by Hsp70-VP22, . was validated using
B16-F10 cells; no significant cell lysis was observed when B16-
F10 cells were used as target cells in the CTL assay. Interestingly,
a detectable level of CTL response was observed when spleno-
cytes of mice treated with Hsp70-VP22, . . were mixed with EL4
cells, the parent cells of EG7-OVA. Although the shared antigens
remain to be identified, these results indicate that not only OVA-
derived peptides but also peptides common to EL4 and EG7-OVA
cells are delivered to APCs by gene transfer of Hsp70-VP22, .
to EG7-OVA-tumor tissues. The difference in the CTL activ-
ity between EG7-OVA and EL4 cells may be explained by a fact
that the model antigen, OVA, is highly immunogenic compared
with other endogenous antigen peptides derived from EG7-OVA
and EL4 cells. The importance of Hsp70 in inducing antitumor
immune responses has been repeatedly reported in previous pub-
lications, but it was not directly examined in the present study.
The VP22, .. part of the fusion protein was 34 amino acids in
length and about 3,000 in molecular weight, so that it could be
less efficient in forming complexes with antigen-derived peptides
than Hsp70, a full-length protein with a molecular weight of about
70,000. Further studies are needed to confirm the roles of each
part of Hsp70-VP22, . in the induction of antitumor immune
responses.

Another approach to inducing CTL responses could be the
complex formation of Hsp70 or Hsp70-VP22, . with tumor-
associated antigens outside cells, not inside cells, which was used
in the present study. This possibility needs to be investigated, but
we think that gene transfer of Hsp70-VP22, = to tumor cells
would greatly increase the opportunity for the fusion protein
to interact with tumor-associated antigens, which could lead to
high CTL responses as observed in this study. Immune reaction
to the VP22 peptide could also be elicited after gene transfer of

Hsp70-VP22, . . to tumor cells, because the fusion protein was
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effectively taken up by immune cells, such as DCs. The effects of
such reaction need additional studies to guarantee the safety of

this approach.

In conclusion, gene transfer of Hsp70-VP22, . to tumor
cells has been shown to be a novel approach to inducing a tumor-
specific immune response. The fusion of VP22, . to Hsp70 was
found to be important to obtain the immune response, suggesting
that the peptide helps the fusion protein complexed with intra-
cellular antigens to be released from the cells transduced. The
increase in the positive charge of the fusion protein increased
its uptake by immune cells, which would also be involved in the
effective induction of the response. This system does not require
identification or purification of tumor antigens, so that it can
be applied to a variety of tumor immune therapies without identi-
fication or purification of tumor antigens.

MATERIALS AND METHODS

Plasmid DNA constructs. The pTrc99A expression vector contain-
ing genomic mouse clone Hsp70.1 cDNA was kindly supplied by Paul
Slusarewicz (Mojave Therapeutics, Hawthorne, NY). The Hsp70.1 cDNA
amplified by Ex Taq polymerase (Takara, Tokyo, Japan) was cloned into
pcDNA3.1(+) (Invitrogen, Carlsbad, CA) at the BamHI and HindIIl
restriction sites. To construct plasmid encoding Hsp70-VP22, . . the
PCR product of Hsp70 and double strand oligonucleotides for VP22, .
(5"-aat tct gac geg gee acg geg act cga ggg cgt tet geg geg teg cge cec ace gag
cga cct cga gee cca gec cge tee get tet cge cee aga cgg cec gt gag tga ggt-3”
and 5’-cta gac ctc act cga cgg gcc gte tgg ggc gag aag cgg age ggg ctg ggg
ctc gag gtc get cgg tgg gge geg acg ccg cag aac gec ctc gag tcg ccg tgg ccg
cgt cag-3") were cloned in pcDNA3.1(+). Both plasmid constructs were
confirmed by DNA sequencing.

Cell culture. EL4 (C57BL/6, H-2b, T lymphoma), EG7-OVA (EL4 cells
transfected with OVA ¢DNA),* and B16-F10 (C57BL/6, melanoma)
were purchased from American Type Culture Collection (Manassas, VA).
EL4 and B16-F10 were cultured in Dulbeccos modified Eagle’s medium
(Nissui, Tokyo, Japan) supplemented with 10% heat-inactive fetal bovine
serum. EG7-OVA was cultured in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum, 50 pumol/l 2-mercaptoeth-
anol, 2mmol/l L-glutamine, glucose, sodium pyruvate, HEPES, and G418.
The murine DC line, DC2.4 (ref. 46), was kindly supplied by Kenneth Rock
(Department of Pathology, University of Massachusetts Medical School,
MA). DC2.4 cells were cultured with RPMI-1640 medium supplemented
with 10% fetal bovine serum, 2 mmol/l L-glutamine, 100 umol/l nonessen-
tial amino acids, 50 umol/l 2-mercaptoethanol, and antibiotics.

Purification of Hsp70 and Hsp70-VP22, , . ..Hsp70andHsp70-VP22, . .
proteins were isolated by a method reported previously.® In brief, the
expression of Hsp70 and Hsp70-VP22, . -~ in Escherichia coli DH5a
cells was induced by 1 mmol/l isopropyl-B-D-thiogalactopyranoside, and
the harvested cells were disrupted. The clarified supernatants of Hsp70
and Hsp70-VP22, . ~were loaded onto a glutathion sepharose column
(Amersham Pharmacia Biotech, Uppsala, Sweden), and these proteins
were eluted by applying pre-scission protease (Amersham Pharmacia
Biotech) in 50 mmol/l Tris-HCI solution (pH 7.5). Each eluate was sub-
jected to 8% SDS-PAGE. Then, proteins were transferred to a polyvinyl-
diene difluoride membrane (Immobilon PTM, Millipore, Bedford, MA),
blotted with antibody, and detected by enhanced chemiluminescence
(Amersham Pharmacia Biotech). Mouse anti-Hsp70 monoclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) was used for detection. After
washing with phosphate-buffered saline (PBS) containing 0.1% Tween-20,
horseradish peroxidase-conjugated mouse anti-IgG antibody was incu-
bated for 1 hour. After washing with PBS containing 0.1% Tween-20, the
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labeled spots were visualized using an enhanced chemiluminescence kit
(Amersham Pharmacia Biotech). The electrophoretic mobility of Hsp70
and Hsp70-VP22, . was measured with a laser electrophoresis-( poten-
tial analyzer (Zetasizer 3000HS, Malvern Instruments, Worcestershire,
UK), as an indicator of the net charge of these proteins.*”

Western blot analysis of Hsp70 and Hsp70-VP22, ., . = expressed in B16-
F10 cells. B16-F10 cells were seeded at 2 x 10° per well of six-well plates.
After a 24-hour incubation in 5% CO,/95% air, transfection of cells with
pHsp70 or pHsp70-VP22, . ~was performed using Lipofectamine2000
(Invitrogen) according to the manufacturer’s instructions. At 2 hours
after transfection, the medium was replaced with fresh culture medium.
The cells were collected at 24 hours after transfection and were lysed, and
the lysates were subjected to 10% SDS-PAGE. Then, Hsp70 proteins were
assayed by western blot analysis as described above.

Immunofiuorescence of Hsp70, Hsp70-VP22, ., ... and Hsp70-VP22 in
B16-F10 cells. B16-F10 cells were plated on coverplates into 12-well plates
at a density of 5 x 10° cells/well, and transfected with pHsp70 or pHsp70-
VP22, . .. asdescribed above. Then, cells were washed with PBS and fixed
for 15 minutes at room temperature with 4% paraformaldehyde in PBS.
After washing with PBS, cells were treated with 0.2% Triton X-100 for
permeabilization, and stained with mouse anti-Hsp70 monoclonal anti-
body, followed by an Alexa 594-conjugated secondary antibody. Images
were obtained by confocal laser scanning microscopy (MRC-1024, Bio-
Rad, Hercules, CA). The fluorescent intensity of cells expressing Hsp70
or Hsp70-VP22, . ~was quantitated by fluorescent microscopy (Biozero

BZ-8000, KEYENCE, Osaka, Japan).

Uptake of Hsp70 and Hsp70-VP22,. .. in DC2.4 cells. Hsp70 and
Hsp70-VP22, .~ were radiolabeled with "'In using the bifunctional
chelating agent, diethylenetriaminepentaacetic dianhydride, as reported
previously.* DC2.4 cells (1 x 10° cells/well) cultured on 24-well plates were
incubated with 2.5ug '"'In-labeled proteins in Hanks™ balanced salt solu-
tion for 1 hour at 37°C. Then, the protein solution was removed, and cells
were washed and solubilized with 0.3 mol/l NaOH with 0.1% Triton X-100.
Radioactivity in cell lysate was measured using a well-type Nal-scintillation
counter (ARC-500, Aloka, Tokyo, Japan). To evaluate the involvement of
the Hsp70-specific uptake mechanism in the cellular uptake of '"'In-Hsp70
and "'In-Hsp70-VP22, . a 50-fold excess (125ug/well) of Hsp70 or
bovine serum albumin (Sigma Chemical, St Louis, MO) was added to the
"In-labeled samples.

Antigen presentation assay. The efficacy of the MHC class I presentation
activity of Hsp70 and Hsp70-VP22, . was examined using DC2.4 cells
and T hybridoma cells that specifically recognize the SIINFEKL complex
with mouse MHC class I molecule Kb (SIINFEKL-Kb) and release IL-2, a
simple method for the evaluation of OVA vaccination systems.* To avoid
direct binding of the SIINFEKL peptide to MHC class I molecules on
DC2.4 cells, OVA-L1-J1, a hybrid peptide,* was selected and obtained from
Hokkaido System Science (Sapporo, Japan). This peptide was mixed with
Hsp70 or Hsp70-VP22, . in PBS, and the mixture was incubated for
1 hour at 25°C. Then, an amount of 17 ng OVA-L1-J1 peptide with or with-
out Hsp70 derivatives was added to DC2.4 cells (5 x 10* cells/well) cultured
on 96-well plates. At 24 hours after incubation, CD8OVA1.3 T hybridoma
cells (1 x 10°/well) were added to each well and further incubated for 20
hours at 37°C. Then, supernatants were collected and freeze-thawed. The
response of CD8OVAL.3 T cells was determined by measuring IL-2 levels
in supernatants with an enzyme-linked immunosorbent assay (ELISA;
AN’ALYZA mouse IL-2, Genzyme-techne, Minneapolis, MN).

Animals. Female C57BL/6 mice were purchased from the Shizuoka
Agricultural Cooperative Association for Laboratory Animals (Shizuoka,
Japan). Animals were maintained under conventional housing conditions
and received humane care according to the criteria outlined in the National
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Institutes of Health’s Guide for the Care and Use of Laboratory Animals.
The protocols for animal experiments were approved by the Animal
Experimentation Committee of the Graduate School of Pharmaceutical
Sciences of Kyoto University.

CTL assay. Mice were inoculated with EG7-OVA (1 x 10°cells/mouse)
in the dorsal skin. When the tumor volume approached 40 mm?, 100 ug
plasmid/50 ul was injected into the subcutaneous tumor, and electric
pulses (250 V/cm, 5ms, 4Hz, 12 pulses) were delivered through forceps-
type electrodes (CUY21, Nepagene, Chiba, Japan). The conditions for
electroporation were optimized using a plasmid vector expressing fire-
fly luciferase (data not shown). The intratumoral injection and follow-
ing electroporation were performed three times at intervals of 4 days. A
positive control group of mice received a subcutaneous injection of 100 ug
OVA protein (Sigma, St Louis, MO) emulsified in Freund’s complete adju-
vant (ICN Biomedicals, Aurora, OH). At 4 days after the last gene transfer,
splenocytes were isolated and restimulated in vitro for 4 days with mito-
mycin C-treated EG7-OVA. Separately, EG7-OVA, EL4 and B16-F10 cells
were labeled with *'Cr by incubation with Na *'CrO, in culture medium
for 45 minutes at 37 °C. After washing, 2 x 10* of *'Cr-labeled cells and
serially diluted splenocytes were coincubated for 4 hours at 37°C. Then,
cells were centrifuged for 5 min, and 100l supernatant was collected
for radioactivity measurement. The maximal and spontaneous release of
ICr from °'Cr-labeled cells was measured in the presence or absence
of 1% Nonidet-P40. The cytolytic activity of CTL was calculated as: %
of killing = (observed release-spontaneous release)/(maximal release-
spontaneous release) x 100.

Antitumor effect of intratumoral gene transfer. EG7-OVA tumor-bearing
mice were treated with each plasmid as described above. The intratumoral
injection and following electroporation was performed three times at
intervals of 5 days. The tumor size was measured with a slide caliper and
expressed as a tumor index, determined as the square root of (major axis x
minor axis). The survival of tumor-bearing mice was also recorded.

Statistical analysis. Differences were statistically evaluated by one-way
ANOVA followed by the Student-Newmann-Keuls multiple comparison
test and Kaplan—Meier analysis with a log-rank test to determine survival,
and the level of statistical significance was P < 0.05.
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