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maintained at low levels against the culture supernatants
of intact A549, Luc/A549, and chemokine gene-trans-
duced A549 cells. These results clearly demonstrated
that all AARGDs encoding each chemokine gene could
deliver the concerned gene to target cells, and that
transfected cells could secrete the chemokine protein
which maintained original chemoattractant activity.

It vivo anti-tumor effect by transfection with chemokine-
expressing AdRGD

B16BL6 and CT26 cells were each transfected with
eight kinds of chemokine-expressing AdRGDs and
AdRGD-Luc, as a control vector, at an MOI of 400 and
50, respectively. OV-HM cells were transfected with
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Fig. 3. In vivo growth of three kinds of murine tumor cells transduced with the chemokine gene. B16BL6 cells (A), CT26 cells (B), and OV-HM cells
(C) were transfected with each chemokine-expressing ARGD at an MOI of 400, 50, and 10, respectively, for 24h. C57BL/S mice, BALB/c mice, and
B6C3IFI mice were intradermally injected in the fiank with 2 x 10° transduced B16BLG cells, 2 x 10° transduced CT26 cells, and 1 x 106 transduced
OV-HM cells (@), respectively. Similarly, mice were inoculated with three kinds of intact tumor cells (O}, AdRGD-Luc-transfected B16BL6 cells or
CT26 cells (O3), or AARGD-Null-transfected OV-HM cells (©), as control groups. The tumer volume was calculated after measuring the major and
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AdRGD-CCL17, -CCL20, -CCL21, -CCL22, or control
AdRGD-Null at an MOI of 10. These transduced tumor
cells were intradermally inoculated into H-2 haplotype-
matched mice, and tumor growth was compared with
that of intact tumors. As shown in Fig. 3, the tumori-
genicity of B16BL6 and CT26 cells was hardly affected
by transfection with the contrel vector, whereas
OV-HM cells transfected with AdRGD-Null exhibited a
slight delay of tumor growth as compared with intact
OV-HM cells, Among 20 combinations of chemokine
and tumor cells, an obvious tumor-suppressive effect
was recognized in mice inoculated with CCL19/BI16BLS,
XCL1/B16BL6, or CCL22/OV-HM cells. In contrast,
the in vivo growth of CCL27/B16BL6, CCL20/CT26,
CCL22/CT26, XCL1/CT26, and CCL20/OV-HM cells
was the same as that of the control vector-transfected
cells, and only a slight delay of tumor growth was

observed in five B16BL6 groups (CCL17, CCL20,
CCL21, CCL22, and CX3CLIl), five CT26 groups
{CCL17, CCL19, CCL21, CCL27, and CX3CL1), and
two OV-HM groups (CCL17 and CCL21). Importantly,
CCL22/0V-HM cells not only demonstrated consider-
able retardation in tumor growth but were also com-
pletely rejected in 9 of 10 mice. In the rechallenge
experiment, these cured mice were intradermally injected
with 1x10% parental OV-HM cells or irrelevant
B16BLS cells at 3 months after the initial challenge. Five
of six mice rechallenged with OV-HM cells remained
tumor-free for more than 2 months, whereas rechal-
lenging with B16BL6 cells perfectly developed palpable
tumors in three additional mice within 2 weeks (data not
shown). These results indicate the generation of long-
term specific immunity against OV-HM tumor in mice
that could once reject CCL22/OV-HM cells.
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Fig. 4. Growth and rejection ratio of B16BL6 cells transduced with the chemokine gene in mice primed with melanoma-associated antigen. C57BL/6
mouse bone marrow-derived DCs were transfected with AdRGD-gp100 at an MOI of 50 for 2h and they were intradermally injected into the right
flank of syngeneic mice at 5 x 10° cells. At 1 week after the vaccination, these mice were intradermally inoculated in the left flank with 2 x 10° BI6BL6
cells transfected with each chemokine-expressing AARGD at an MOl of 400 for 24h (®). Likewise, intact BI6BL6 cells {Q} or AdRGD-Luc-
transfected B16BL6 cells (O) were inoculated in the gpl00-primed mice, which were used as control groups. (A) The tumor volume was assessed three
times per week. Each point represents the mean + SE of results obtained from 12 mice. (B} Data are expressed in terms of the percentage of mice

without visible tumor against the total mice tested in each group.
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Gro wth and rejection ratio of chemokine gene-transfected
BIG BL6 cells in gpl00-primed mice

Eor the purpose of examining the influence of
chernokine against tumor growth in hosts specifically
sensitized with tumor-associated antigen, BI6BL6 cells
transfected with chemokine-expressing AJRGD were
inoculated into mice that were vaccinated with DCs
presenting gp100, one of the identified melanoma-asso-
ciat ed antigens. As shown in Fig. 4A, CCL17-, CCL19%-,
or CCL27-transfection was very effective for tumor
growth suppression in gpl00-primed mice, whereas
AdRGD-Luc-transfected BI6BL6 cells did not show
any’ difference in tumor growth as compared with intact
cell 5. A remarkable enhancement was observed in the
complete rejection ratio at 2 months after tumor inoc-
alation in the CCL22-transfected group as well as in the
CCLl17, CCL19, and CCL27 groups (Fig. 4B). Also,
transfection with AdRGD-CCL20 or -CCL21 moder-
ately improved the rejection ratio of B16BL6 celis in
gpl 00-primed mice. XCL1 did not show a notable dif-
fereence in both the growth and the rejection ratio of
B16BL6 cells as compared with the control groups, and
CX 3CL1-transfected cells showed a tendency to pro-
mo tetumor growth as compared with the intact BI6BL6
cells,

Discussion

“The application of chemokines to cancer immuno-
therapy has recently attracted great attention, because
of their chemoattractant activity for a variety of immune
cells as well as the angiostatic activity of some chemo-
kinves such as CXCL9 and CXCLI0. In addition, it has
been known that some tumor cells express a lower level
of chemokines than normal cells [22]. Therefore, we may
obtain novel cancer gene immunotherapy capable of
dermonstrating an excellent therapeutic effect, if a spe-
cifi c chemokine is adequately expressed at a local tumor
sitee by gene transduction. The tumor-suppressive activ-
ity of several chemokines was observed in actuality in
various experimental tumor models using the in vitro
transfection method [8,23-27]. We also previously
dernonstrated that a CC family chemokine, CCL27,
could suppress OV-HM tumor growth via transfection
into the tumor cells due to the local recruitment of T
cells and natural killer (NK) cell, whereas the transfec-
tion of CX3CL1 did not show a significant effect [19].
Heovever, there are few reports comparing the antitumor
activity of a specific chemokine between distinct tumor
medels.

Thus, we screened the potential anti-tumor activity of
CeLl7, CCL19, CCL20, CCL21, CCL22, CCL27,
X€L1, and CX3CL! in threc murine tumor models by
in viro transfection. In order to efficiently transduce the

chemokine gene into tumor cells, we constructed the
AdRGDs carrying an expression cassette containing
each murine chemokine cDNA by an improved in vitro
ligation method. AdRGD can enhance gene transduc-
tion efficiency against a variety of tumor cells as com-
pared with conventional Ad because of the expression of
the RGD sequence, the av-integrin-targeting peptide, at
the Hl-loop in their fiber knob {11-13]. Moreover, the
improved in vitro ligation method enables speedy con-
struction of a series of AJRGDs for screening by casy
insertion of the expression cassette for the concerned
gene into El-deletion site [15,16]. With respect to the
RT-PCR analysis and in vitro chemotaxis assay, trans-
fection using our ¢ight AdRGDs encoding the chemo-
kine gene allowed tumor cells to express each
corresponding chemokine mRNA and secrete a specific
chemokine protein in a biologically active form (Figs. 1
and 2). Murine B16BL6 melanoma, murine CT26 colon
carcinoma, and murine OV-HM ovarian carcinoma cells
were transfected with chemokine-expressing AJRGDs
at the MOI, which was suitable for adequately intro-
ducing a reporter gene into each tumor cell in pre-
liminary examinations. To address the possibility of
growth suppression depending on the cytotoxicity by
AdRGD itself or secreted chemokine, we evaluated the
viability of tumor cells transfected with each AJRGD at
48 h after transfection by MTT assay. The in vitro growth
of the transfected cells was essentially identical to that
of the intact cells with the exception of the OV-HM
cells transduced with AJRGD-CCL19 or -XCL1 (data
not shown). Therefore, CCL19 and XCL1 were excluded
from the in vivo experiment using OV-HM cells.
Although a slight delay in tumor growth was ob-
served in most of the combinations of tumor cells and
chemokines, only CCL19/B16BL6, XCL1/B16BLS6, and
CCL22/OV-HM cells demonstrated a notable tumor-
suppressive activity in immunocompetent mice as com-
pared with the control vector-transfected cells (Fig. 3).
In particular, CCL22-transfection was highly efficacious
for the repression of OV-HM tumor growth, since
complete rejection was observed in 9 of 10 mice. Fur-
thermore, five of six cured mice could resist rechallenge
with parental OV-HM cells, indicating the generation of
a long-term tumor-specific immunity by rejection of
CCL22/0V-HM cells. CCL22 exhibits a strong chemo-
attractant activity for a variety of immune cells includ-
ing T cells, NK cells, and DCs. Guo et al. [28] also
reported that the intratumoral injection of conventional
Ad encoding human CCL22 resulted in a marked tumor
regression in a murine 3LL lung carcinoma model with
significant cytotoxic T lymphocyte (CTL) activity.
However, CCL22-transfection did not show an anti-
tumor effect in both B16BL6 and CT26 cells, and the
chemokine that could demonstrate an obvious sup-
pressive effect common to tumor cells of all three kinds
was not found even if the results of CCL27/0OV-HM and
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CX3CL1/OV-HM cells, which were examined in our
previous work [19}, were included. In addition, some
chemokines such as CCLI17, CCL20, CCL21, and
CX3CLI failed to induce a notable suppressive effect
against all three kinds of tumors although their
chemoattractant activity for immune cells was reported.
These complicated phenomena suggest that the anti-
tumor effect via chemokine expression might be affected
by several factors, for example, (1} the immunogenicity
of the tumor cells, (2) the quantity and populatien ratio
of the immune cells accumulated in tumor tissue, and (3)
the activation state and deviation of the immune system
in host.

We considered that not only the accumulation but
also the activation of immune cells in tumor tissue is
very important in cancer immunotherapy using chemo-
kines, because several approaches that combined che-
mokines with cytokines or costimulatory molecules
resulted in the synergic enhancement of anti-tumor ac-
tivity as compared with the application of chemokine
alone [29-32]. DCs, unique antigen-presenting cells ca-
pable of priming and stimulating naive T cells, not only
play a critical role in establishing antigen-specific
adaptive immune responses but also regulate the innate
immune system [33-35]. Because of these properties,
DCs loaded with tumor-associated antigen are ideal for
generating a primary immune response against cancer as
“nature’s adjuvant” [33,36], We previously reported that
the vaccination of DCs transfected with gene coding
gpl00, one of the melanoma-associated antigens, by
AdRGD could induce anti-B16BL6é tumor immunity
based on increasing cytotoxic activities of NK cells and
gpl100-specific CTLs {21]. When chemokine-transfected
B16BL6 cells were inoculated into mice vaccinated with
gpl100-expressing DCs, CCL17, CCL1%, CCL22, and
CCL27 could promote resistance to tumor formation
(Fig. 4). Upon comparing the outcomes in Figs. 3A and
4, CCL19 demonstrated B16BL6 tumor-suppressive
activity in both intact and gp100-primed mice, whereas
the enhancement of the anti-tumor effect by CCL17,
CCL22, or CCL27 was observed only in gpl00-primed
mice. Surprisingly, the anti-tumor activity of XCLI
detected in intact mice was lost in gplG0-primed mice,
" and the CX3CL1/B16BL6 tumor grew more rapidly
than the control tumor in gpl00-primed mice. We
speculated that the weak anti-B16BL6 tumor activity of
XCL1 or CX3CL] was masked by vaccine efficacy of
gpl00-expressing DCs, and that the angiogenic activity
of CX3CL1 [37] might be emphasized in a tumor-spe-
cifically sensitized host.

Collectively, our data suggested that the tumor-sup-
pressive activity of chemokine was greatly influenced by
the kind of tumors and the activation state of the im-
mune cells, and that a search for an effective chemokine
for cancer immunotherapy should be performed in an
experimental model that can reflect clinical status, in-

cluding the immunogenicity of tumors, the state of the
host’s immune system, and the combination of other
treatments, as much as possible.
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Membrane fusion has many potential applications in
bictechnology. Here we show that antibody-targeted cell

fusion can be achieved by engineering a fusogenic viral
membrane glycoprotein complex. Three different single-chain
antibodies were displayed at the extracellular C terminus of the
measles hemagglutinin {H) protein, and combinations of point
mutations were introduced to ablate its ability to trigger fusion
through the native viral receptors CD46 and SLAM, When
coexpressed with the measles fusion (F) protein, using plasmid
cotransfection or bicistronic adenoviral vectors, the retargeted
H proteins could mediate antibody-targeted cell fusion of
receptor-negative or receptor-positive index cells with receptor-
positive target cells. Adenoviral expression vectors mediating
human epidermal growth factor receptor {EGFR)-targeted cell
fusion were potently cytotoxic against EGFR-positive tumor
cell lines and showed superior antitumor potency against
EGFR-positive tumor xenografts as compared with control
adenoviruses expressing native (untargeted) or CD38-{argeted
H proteins.

Cell fusion is essential for fertilization and for the development of pla-
centa, muscle and bone!. It provides a basis for stem cell plasticity? and
is central to the pathogenesis of numerous viral infections®*. Cell
fusion is also a scientific tool, used in the production of monoclonal
antibodies5, the identification of oncogenes and tumor suppressor
genes” and the elucidation of chromosomal functions®. Cell fusion has
therapeutic applications in cancer gene therapy?, virotherapy'® and
the generation of novel cancer vaccines'''?, We are therefore develop-
ing technology to control cell fusion, restricting and redirecting it to
achieve target specificity.

Fusion of measles-infected cells is mediated by the viral H and F
proteins, which together form a fusogenic membrane glycoprotein
complex®. The H protein mediates attachment to ¢ither one of the
viral receptors CD46!% or SLAM!4 on the cell surface, and signals to
the F protein to trigger cell fusion'?. The steps required to retarget this
cell fusion reaction are ablation of H protein-mediated CD46 and
SLAM receptor recognition and introduction of a new binding speci-
ficity in the H glycoprotein, while preserving its ability to trigger con-
formational changes in the F protein that lead to membrane fusion.
We have demonstrated that single-chain antibodies (scFvs) against
carcinoembryonic antigen (CEA) and CD38 (a myeloma cell marker)

could be displayed at the C terminus of hybrid H proteins where they
triggered F protein—mediated fusion upon binding via the antibody to
the targeted receptor'®17. However, fusion was also triggered via the
natural measles receptors, CD46 and SLAM, which are widely
expressed on normal tissues.

We sought to improve target specificity by introducing mutations in
the H protein that would block its interactions with CD46 and
SLAM. It is known that amino acids 451 and 481 in the H protein play
an important role in the interaction with CD46'%. In addition, by ala-
nine scanning mutagenesis, we recently identified mutations at posi-
tions 529 and 533 that ablate fusion through SLAM®. We fused an
anti-CD38 scFv to the C terminus of the H protein and mutated
residues involved in binding to CD46 (451,481) and SLAM (529, 533}
(Pig. 1a). Receptor-specific fusion support by the chimeric H protein
expression plasmids was determined after F protein—plasmid cotrans-
fection in cells expressing either CD46, SLAM or CD38 (Fig. 1b).
Syncytial cytopathic effect was scored by counting syncytia. Paired
mutations at positions 451 and 529, or 481 and 533, supported fusion
via the targeted CD38 receptor but not via CD46 or SLAM. These
data proved conclusively that antibody-targeted cell fusion can be
achieved. However, the fusion support activity of the fully retargeted
H chimeras on Chinese hamster ovary (CHO)-CD38 cells was con-
siderably lower than that of the original nonablated chimeric protein,
H-CD38.

To address the issue of suboptimal fusion support by fully retargeted
chimeric H glycoproteins, we focused on residue 481, as amino acid
substitutions at this position can have a strong effect on fusion trigger-
ing activity?®. We therefore generated additional H protein chimeras
mutated as before at residue 533 (R533A) but with different substitu-
tions at position 481 {Y481M, Y481Q, Y481A) in place of Y481N.
Interestingly, all of the new 481-substituted H protein chimeras
retained the fully retargeted phenotype but showed higher fusion sup-
port activity than the original Y481N mutant on CHO-CD38 cells. In
particular, the CD38-targeted chimera carrying mutation Y481A in
addition to R533A (H, ,-CD38) was slightly more fusogenic on CHO-
CD38 cells than was the nonablated chimera H-CD38 (Fig. 1b,c).

Because fusion support activity has been reported to depend on effi-
cient transport and cell surface expression of the H protein®, we
determined total quantities of several chimeric H proteins both in
whole cell lysates of transfected cells and at the cell surface (Fig. 1d,e).
In CHO-CD38 cells, total cellular H protein expression from the

IpMolecusar Medicine Program, Mayo Foundation, 200 First St. W, Rochester, Minnesota 559085, USA, 2Djyision of Cellular and Gene Therapy Products, 3National
Institute of Health Sciences, Tokya 158-8501, Japan. Correspondence shoud be addressed to S.J.R. {sir@mayo.edu).
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different chimeric H protein expression plasmids was similar {Fig. 1e).
However, cell surface expression, determined by immunoprecipitation
of surface biotinylated protein (Fig. le) and by fluorescence-activated
cell sorting (FACS) analysis (Fig. 1d), differed substantially among the
various chimeras, Cell surface expression of every chimeric H protein
tested was consistently in accord with the intensity of its fusion sup-
portactivity on CHO-CD38 cells. In particular, the slightly higher sur-
face expression of the doubly ablated H,,-CD38 mutant in
comparison to the nonablated H-CD38 chimera showed that the
Y481A and R533A mutations provide the optimal platform for gener-
ation of fully retargeted H proteins by scFv display. Indeed, this con-
clusion was further confirmed by comparing panels of chimeric H
proteins displaying alternative scFvs {data not shown).

To determine whether our findings could be generalized to scFvs
targeting human cellular receptors other than CD38, we generated
doubly ablated (Y481A, R533A) H-protein chimeras displaying C-
terminal scFvs recognizing H,,-CEA'S2 or H,,-EGFR?, Each of
the doubly ablated, scFv-displaying chimeric H proteins supported
fusion, leading to cell death exclusively in cells expressing the relevant
targeted receptor (Fig. 2a,b). Background fusion via CD46 or SLAM
was not observed. In contrast to these targeted H proteins, the unmod-
ified H protein led to extensive syncytium formation and eytotox-
icity in CHO-CD46 and CHO-SLAM cells. Thus, F protein-mediated
cel} fusion could be fully and accurately redirected through different

332

designations. (e) Total and celt surface H
protein expression levels were also estimated
by immunoblotting of cell lysates or of surface
biotinytated proteins immunoprecipitated with
anti-Flag antibody. See b for H-construct
designations, The fusogenic activities of the
CD38-displaying H chimeras correlate closely
with their levels of surface expression.

antibody-receptor interactions by displaying scFvs at the C terminus
of a doubly ablated, receptor-blind H protein,

Genes coding for fusogenic membrane glycoproteins have recently
been exploited for cytoreductive gene therapy for cancer, whereby
transduced cancer cells fuse with neighboring nontransduced cells,
leading to tumor regression®. To demonstrate the potential of targeted
cell fusion for cytoreductive gene therapy of human cancer, we gener-
ated bicistronic adenovirus vectors expressing measles F protein with
EGFR-targeted, CD38-targeted or untargeted H proteins, and com-
pared their specificity and potency against human ovarian SKOV3ip.1
turnor cells as a treatment model. SKOV3ip.1 cells express low levels of
primary coxsackievirus-adenovirus receptor (CAR) and are therefore
relatively resistant to adenovirus transduction (Fig. 3a). Adenoviral
vectors were therefore used at relatively high multiplicity of infection,
standardized to particle counts for all three vectors, to ensure a reason-
able efficiency of transduction of ~1% of the tumor cells (Fig. 3b, first
panel), The SKOV3ip.1 cells express abundant CD46 and abundant
EGER, but minimal CD38 (Fig. 3a). Surprisingly, in contrast to aden-
aviruses expressing untargeted measles H protein, the EGFR-targeted
adenoviruses could mediate very efficient targeted fusion and killing
of SKOV3ip.1 cells. One possible explanation for this difference is that
there is a higher absolute density of EGFR compared with CD46 on the
SKOV3ip.1 cells. Alternatively, it is possible that the efficiency of F pro-
tein triggering by receptor-bound H protein is intrinsically higher
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Cefi viability (%)

Figure 2 Antibody-targeted cell fusion and cell killing. (a) Target cells
expressing indicated receptors were cotransfected with indicated
H-expression plasmids plus measles F protein, and syncytia were photo-
graphed 24 h later. Scale bar, 200 pm. (b} Cell viability was determined
36 h after transfection and is shown as the percentage cell survival
compared to controt mock-transfected cultures. H proteins carrying YAS1A
and R533A mutations, and displaying cell-targeting scFvs to CD38, EGFR
or CEA caused no fusion through CD46 or SLAM receptors, but efficiently
mediated targeted cell fusion via CD38, EGFR or CEA, respectively.

after binding to EGFR. As expected, control vectors expressing the
CD38-targeted H protein showed no fusion activity in SKOV3ip.1
cells.

We next evaluated the in vivo effects of these adenoviral vectors
against well-established SKOV3ip.l xenografts implanted subcuta-
neously in athymic mice. Adenoviral vectors mediating EGFR-targeted
fusion showed much greater therapeutic potency in this intratumoral
therapy model than contrel vectors mediating fusion through CD46
{untargeted) or CD38 (P = 0.0013 compared to PBS, or P < 0.05 com-
pared to Ad H/F and Ad Hg s 5334-CD38/F; comparisons made on
day 32) (Fig. 3c). Histological analysis of explanted tumors 3 d after
they were injected with the different adenoviral vectors showed that
cell fusion was considerably more prominent in tumors inoculated
with vector expressing the EGFR-targeted H protein {data not shown).
Taken together, these data demonstrate the superior specificity and
potency of vectors mediating antibody-targeted cell fusion in a clini-
cally relevant, cytoreductive, gene therapy model.

Increasingly, cells are exploited as therapeutic agents and antibody-
targeted fusion has considerable potential to enhance the therapeutic
outcome; stem cells are used for tissue repair, immune effector cells for
tumor therapy and vector-modified cells for delivery of diverse genetic
payloads?¥25, Recent evidence indicates that stem cell plasticity may
be a direct consequence of cell fusion?® and might therefore be greatly
enhanced by directing the stem cells to fuse efficiently with a desired
target tissue. Also, heterokaryons obtained by fusing tumor cells with
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Figure 3 Targeted cytoreductive gene therapy using homologous targeted
cell fusion. (a) Expression of relevant receptors by human SKOV3ip.1
ovarian tumor cells was determined by FACS analysis. (b} Cells were
infected with adenoviral vectors expressing EGFP, measles F and H proteins,
f protein with CD38-targeted H or F proteins with EGFR-targeted H protein
at an MO! of 300 particles/cell, Cells were photographed 48 h after
infection. Transduction with adenovirus vectors encoding EGFP is low

due to deficiency of CAR. Transduction with the H/F vector [ed to moderate
H/F-induced cell fusion. In contrast, the EGFR-targeted H/F vector caused
massive celi fusion and cytotoxicity, whereas the CD38-targeted H/F vector
had no effect on these CD3B-negative SKOV3ip.1 cells. Scale bar, 200 gm.
{c) Intratumoral injection of the EGFR-targeted H/F vector elicited potent
antitumor effects in contrast to PBS, untargeted H/F and CD38-targeted
H/F vectors, and three of six mice in the group showed complete regression.

professional antigen-presenting cells (APCs) are known to be potent
stimulators of antitumor immunity'112. Antibody-targeted fusion
could be used to generate these hybrid cells in situ by directing APCs to
fuse specifically with tumor cells. Finally, targeted cell fusion provides
an appealing strategy to mediate the irreversible trapping of cellular
gene delivery vehicles at predetermined target sites.

To demonstrate that heterologous cell fusion between an immune
effector cell and an epithelial tumor could be accurately targeted, we
infected K562 human erythroleukemic cells with adenoviral vectors
expressing nontargeted, EGFR-targeted or CID38-targeted H proteins.
K562 cells transduced with the EGFR-targeted or CD38-targeted vec-
tor did not fuse with each other but underwent heterologous fusion
with BGFR-positive epithelial tumor cells (A431) or with CD38-
expressing suspension Jurkat T cells, respectively (Fig. 4a.b). In addi-
tion, the EGFR-targeted heterologous fusion was blocked by the
presence of anti-EGFR antibody whereas the nontargeted heterolo-
gous fusion between K562 and A431 was not (Fig, 4c}. An important
question arising from these studies relates to the stability of the hybrid
cells generated by this method. This is currently under investigation as
it is likely to be a key parameter for some of the suggested applications.
Our preliminary observation is that the stability of the cell hybrids
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Figure 4 Adenoviral vectors mediating homalogous or heterologous

targeted cell fusion. (a) Expression of relevant receptors by human tumor
cell lines was determined by FACS analysis. (b) Cell lines were infected with
adenoviral vectors expressing EGFP, measles F and H proteins, F with CD38-
targeted H or F proteins with EGFR-targeted H protein at an MO of 1,000
particles/cell (for A431} or 10,000 particles/cell (for Jurkat T and K562
cells). Cells were photographed 48 h after infection. Adenovirus vectors
encoding CD38 and EGFR-targeted H proteins could mediate targeted fusion
and killing of CD38-positive Jurkat T cells or EGFR-positive A431 cells,
respectively, but not of receptor-negative K562 cells. The red arrow indi-
cates a syncytium and the white arrow indicates a single cell. (¢} However,
washed K562 cells expressing CD33 or EGFR-targeted H proteins readily
underwent heterologous antibody-targeted cefl fusion within 12 h when
added to CD38-positive Jurkat T or EGFR-positive A431 cells, respectively.
In addition, heterclogous EGFR-targeted fusion of adenovirus-infected K562
cells was sefectively blocked in the presence of anti-EGFR 528 antibody
(EGFR Ab; final concentration 200 ng/ml). Scale bar, 80 pm (b,e).

varies greatly depending upon cell lineage, culture conditions and the
number of cell nuclei in each syncytium.

The three cellular receptors targeted in this study belong to widely
differing receptor families. CD38 is a 45 kDa type II transmem-
brane glycoprotein with NAD(P)*glycohydrolase and cell sighaling
activity?s; CEA is a heavily glycosylated type I membrane glyco-
protein involved in cell adhesion®’; and EGER is a type T membrane

glycoprotein that undergoes dimerization and rapid endocytosis upon
binding EGF?®, Thus, our data suggest that receptor choice is not a
limitation for cell fusion and that it should be possible to target the
process through a broad array of cell surface antigens, irrespective of
their particular structure. Besides giving insight into the remarkable
plasticity of cell fusion triggering mechanisms, entibody-targeted

fusion has great potential a5 a research tool and provides a versafile
platform for novel targeted therapies.

METHODS

Cell culture, Vero African green monkey kidney cells (#CCL-81), A431 human
epidermoid carcinoma cells (#CRL-1555), Jurkat Tcell leukemia cells (#TIB-
152) and K562 human erythroleukemic cells (#CCL-243) were purchased from
American Type Culture Collection (ATCC). All cell lines were grown at 37 °Cin
media recommended by the suppliers in a humidified atmosphere of 5% CO,,
The SKOV3ip.1 ovarian tumor cells were maintained in atpha-MEM (Irvine
Scientific) supplemented with 20% (viv) FBS ( Gibeo). CHO-CDM46 celts were
generated by stable transfection of the parental CHO cells using a CD45-Cl
isoform expression plasmid®. CHO clones stably expressing CD46 were
selected using 1.2 mg/ml G418 (Gibea-BRL). Clones expressing high levels of
CDA6 were identified by flow cytometry using a fluorescein isothiocyanate
(FITC}-conjugated, anti-CD46 antibody (Pharmingen), The CHO-CD46 and
CHO-CD38'7 cells were grown and maintained in DMEM (Gibeo) containing
10% {v/v) EBS, penicillin and streptomycin (DMEM-10) at 37 °C i an atmos-
phere of 5% CO, with 1 mg of G418/ml. CHO-EGFR cells and MC38-cells?
were grown and maintatned in DMEM-10 with 0.5 mg/mi of G418 at 37 °C in
an atmosphere of 5% CO,. CHO-SLAM cells'* were grown in RPMI 1640
(Gibeo) containing 10% FBS, penicillin and streptomyein with 0.5 mg/ml of
G418 at 37 °C in an atmosphere of 5% CO,,

H expression plasmids, transfections and cell fusion assay, Site-directed muta-
genesis of pPCGHX 01-CD38, a measles H glycoprotein expression construct dis-
playing the CD38 scFv!?, was done using the Quick-Change system
(Stratagene). Constructs encoding chimeric H proteins with C-terminal scFVs
recognizing CEA? or EGFR®® were easily made by exchanging the CD38 scFv
fragment via flanking Sfil and Notl cloning sites, Cells (8 % 10%well in 24-well
plates) were cotransfected with 0.5 ig pCGF, a measles F expression plasmid®
and 0.5 g of the appropriate H mutant expression plasmid using Superfect
{Qiagen). At 24 h after transfection, the cells were fixed in 0.5% (v/v) glu-
taraldehyde and stained with 0.1% (w/v) erystal violet, and the syncytia were
scored and photographed, For cytotoxicity studies, cells {2 x 10%/well in 96-well
plates) were transfected with 0.25 pg of pCGF plasmid and 0.25 pg of the
appropriate H-protein plasmid, and cell viability was assessed 36 h after trans-
fection using the CellTier96R Aqueous Non-Radioactive Cell Proliferation
Assay (Promega), Results represent means + s.d. of triplicate determinations,

Surface biotinylation, western blotting and FACS analysis. Cells (4 x 10%/wel]
in 6-well plates) were transfected with the appropriate H-protein mutant
expression plasmids. After 24 h, the transfected cells were washed two times
with 1 ml of ice-cold PBS, and surface proteins were tabeled with biotin-7-N-
hydroxysuccinimide ester for 15 min at 20 °C using a Cellular Labeling kit
{Roche). The reaction was stopped by adding NH,C! {final concentration,
50 mM) for 15 min at 4 °C. The cells were then washed once, and treated with
500 pt of lysis buffer (50 mM Tris, pH 7.5, 1% (v/v) Igepal CA-630 {Sigma),
1 mM EDTA, 150 mM NaCl, protease inhibitor cocktail (8igma)} for 15 min at
4 °C, and the lysates were subjected to centrifugation at 4 °C for 15 min at
12,0003 Then 20 pl of the resulting postnuclear fraction was directly mixed
with an equal volume of SDS loading buffer (130 mM Tris, pH 6.8, 20% {v/v)
glyceral, 10% (v/v) $DS, 0.02% {w/v) bromophenol biue, 100 mM dithiothre-
itol). These samples (40 1) were denatured for 5 min at 95 °C, fractionated ona
7.5% SDS-polyacrylamide gel, blotted to polyvinylidene difluoride membranes
{Bio-Rad), immunoblotted with anti-Flag M2 antibedy conjugated to horse-
radish peroxidase (Sigma) and developed using 2n enhanced chemilumines-
cence kit (Pierce) for detection of total H protein, The biotinylated H proteins
were immunoprecipitated with anti-Flag antibodies using an immunopre-
cipitation kit (Roche}. We mixed 50 pl of protein A~coated agarose beads with
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350 pl of the postnuclear supernatant and 1 pl of anti-Flag M2 antibody
(Sigma), followed by overnight incubation at 4 °C under rotation. The agarose
beads were then washed three times before resuspension in 50 pl of loading
buffer and boiled for Z min at 10¢ °C to elute bound proteins. As described
above, the samples (40 ul) were fractionated on an SDS-polyacrylamide gel,
blotted to polyvinylidene diftuoride membranes, and probed with peroxidase-
coupled streptavidin {Roche), follawed by detection of surface H protein using
an enhanced chemiluminescence kit. Alternatively, the surface expression level
of H protein was detected by FACS analysis. Twenty-four hours after transfec-
tion of the appropriate H tnutant or mock plasmid, cells were washed twice
with PBS and resuspended in ice-cold PBS containing 2% (v/v) FBS at a con-
centration of 107 cells/ml. The cells were then incubated for 60 min onice with
1:150 fina! dilution of the primary mouse monoclonal ascites antibody recog-
nizing measles H protein (Chemicon). Subsequently, the cells were washed with
2% (v/v) FBS/PBS and incubated for an additional 30 min with 1:150 fina! dilu-
tion of FITC-conjugated goat anti-mouse 1gG (Santa Cruz Biotechnology).
After washing with 29 (v/v) FBS/PBS, the cells were analyzed by flow cytome-
try using a FACScan system with CELLQuest software (Becton Dickinson).
Expression of relevant receptors in A431, Jurkat T cells and K562 human tumar
cells was similarly detected by FACS analysis using anti-BGFR 528 (Santa Cruz
Biotechnology), anti-CD38, anti-CD46, anti-SLAM antibodies {Pharmingen),
anti-CAR antibody RmcB (ATCC), anti-a, 3, antibody (Chemicon) or anti-
o, Bs antibody (Gibeo).

Adenoviral vectors. All recombinant adenoviruses were constructed using an
in vitro ligation method as described previously®. H, H, ,-CD38, H,,-EGFR
ot EGFP (Clontech) coding sequences were cloned downstrearn of a hurnan
cytomegalovirus immediate early promoter/enhancer (Poyy g} in the pHMS
shuttie vector. The F gene was ¢loned downstrearn of the Pyyy g in the pHMI1

shuttle vector. Expression cassettes were transferred from the pHMS5 or pHM11

shuttle vectors into the E1 or E3-deleted regions, respectively, of the adenoviral
vector plasmid pAdHM48. Genes encoding H protein and EGFP were ctoned
into the EI site and the gene encoding F was cloned into E3. The resulting
recombinant adenovirus genomes were transfected into human embryonic
kidney (HEK)-293 cells, Because expression of measles F and H proteins causes
cell fusion and is toxic to HEK-293 cells, viruses were rescued in the presence of
a fusion inhibitory peptide (FIP; Bachem}, which blocks F/H-protein mediated
fusion®, The resulting recombinant adenoviruses were propagated in HEK-
293 cells in the presence of FIP peptide, and were purified by CsCl-equilibrium
centrifugation as described previously’®, Purified virion preparations were dia-
lyzed against 10 mM FBS, 10% (v/v) glycerol, and finally stored at 80 °C. Viral
particle numbers {particles/ml) were calculated from optical density measure-
ments at 260 nm (OD,¢,)%. All viruses showed similar physical particle titers of
approximately 10'7 particles/ml: Ad EGEP, 1.41 x 10''; d H/F, 5.75 x 10'}; Ad
Hiyg1a,5334-CD38/E 2,59 % 101 Ad Hygy s 5334-EGER/E 3.20% 101,

In vive experiments. All experimental protocols are approved by the Mayo
Foundation Institutional Review Board and Institutional Animal Care and Use
Committee, To establish subcutanecus tumors, 6-week-old athymic nu/nu
fernale mice {Harlan Sprague Dawley) were injected with 5 x 10¢ tumor cells.
When the tumors measured 0.3~0.4 e in diameter, mice received four intratu-
moral injections of Ad H/F {n = 6), Ad Hyg1 5 5334-CD38/F (n=5), 0r Ad Hyg s,
s134-EGER/E (1 = 6} at 7 x 10? viral pacticles (total 2.8 x 10'°), on days 0, 1,3
and 4. Control tumors were injected with an equal volume of PBS only (n = 5).
Animals were killed at the end of the experiment, when tumor burden reached
10% of body weight or when ulcer was seen in turnor. The tumor diameter was
measured three times per week and the volume (product of 0.5 x length X
length x width) was calculated as mean + s.e.m. Statistical analysis was per-
formed by analysis of variance followed by Fisher’s test, and P < 0.05 was con-
sidered to be statistically significant.
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ABSTRACT

In this study, we examined antitumor activity of a mouse CC chemo-
kine ILC/CCL27 and a mouse CX,C chemokine fractalkine/CX,CL1 in
vive. We generated recombinant edenovirus vectors with a fiber mutation,
encoding mILC (Ad-RGD-mILC) and mFKN (Ad-RGD-mFKN). We con-
firmed tumor cells infected with Ad-RGD-mILC and Ad-RGD-mFKN to
express and relesse these chemokines. Tumor rejection experiments in
vive were carried out by inoculating OV-HM cells infected with Ad-RGD-
mILC or Ad-RGD-mFKN into immunocompetent mice. mILC signifi-
cantly suppressed the tumor growth, whereas no such signiticant effect
was observed by mFKN. The antitumor activity induced by mILC was T
cell dependent, involving both CD4* and CD8* T cells. Immunchisto-
chemical analysis revealed accumulation of both CD3* lymphocytes and
NK cells in the tumeor tissue transduced with mILC and mFKN. However,
there was a significant difference in the distribution of infiltrating cells.
Furthermore, mFKN appeared to have an argiogenic activity, which
might have masked its tumor suppressive activity. Collectively, ILC/
CCL27 may be a good candidate molecule for cancer gene therapy.

INTRODUCTION

Considerable attention has been paid recently to the application of
chemokines to cancer immunotherapy, because of their chemotactic
activity for a variety of immune cells, as well ag angiostatic activity of
some chemokines, such as IFN-inducible protein-i0/CXCLI0 and
Mig/CXCL9. In addition, it has been known that some tumor cells
express a lower level of chemokines than that of normal cells (). The
turnor suppressive activity of several chemokines was also observed
after these genes had been transduced into a variety of experimental
tumors (2-9). Tumor cells that were transduced with the CC chemo-
kine, macrophage inflammatory protein-1e/CCL3, had reduced tu-
morgenicity and significantly increased infiltration of macrophage
and neutrophil (7). A strong leukocyte-mediated inflammatory re-
sponse was observed in tumors expressing macrophage inflammatory
protein-la, leading to the induction of strong antitumor CTL re-
sponses (8). Another CC chemokine, macrophage-derived chemokine/
CCL22, also had a strong chemoattractant activity for dendritic, NK,”
and T cells, resulting in tumor regression in a murine lung carcinoma
model by its efficient induction of antitumor immunity (9).

More than 40 chemokines have thus far been well characterized
{10), but only a few have been demonstrated as candidates for cancer
therapy by using as sole agents or with adjuvant. In the present study,
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a CC family chemokine, TLC/CCL27, and a CX,;C chemokine, FKN/
CX,CL1, have been studied. 1L.C is expressed in the skin and selec-
tively chemoattracts CLA™ memory T and Langerhans cells (11, 12).
FKN shows chemotactic activity for NK cells, T cells, and monocytes
(13, 14). FKN is expressed by dendritic cells, and the expression is
up-regulated on dendritic cell maturation (15). We hypothesized that
if tumor cells could be genetically modified in vitro to produce
chemokines in vivo, the chemokines would accumulate T cells in the
tumor. The in vive interaction of T cells with the tumor cells should
induce antitumor immunity, resulting in suppression of tumor growth.
To test this hypathesis, we used a recombinant adenovirus vector with
a fiber mutation {Ad-RGD) containing the Arg-Gly-Asp (RGD) se-
quence in the fiber knob. This vector has been demonstrated to
possess higher transduction and antitumor activities when we used it
for cytokine gene therapy against melanoma, compared with conven-
tional adenovirus vectors (16, 17). In this study, the avarian carcinoma
OV-HM cell line (18) was infected with a chemokine-encoding vec-
tor, Ad-RGD-mILC or Ad-RGD-mFKN, and inoculated into mice to
test its antitumor activity in gene immunotherapy. Ad-RGD-mILC
induced the local recruitment of immune cells and suppressed tumor
growth. By contrast, Ad-RGD-mFKN did not have such significant
antitumor activity against OV-HM cells, although the tumor cells also
attracted infiltrating immune cells.

MATERIALS AND METHODS

Cell Lines and Animals. OV-HM ovarian carcinoma cells were kindly
provided by Dr, Hiromi Pujiwara (School of Medicine, Osaka University,
Japan) and maintained in RPM] 1640 supplemented with 10% heat-inactivated
FBS, B16/BL6, A549 lung carcinoma, and human embryenic kidney 253 cells
were cultured in DMEM supplemented with 10% FBS. L1.2.mCCR10 and
L1.2-raCX,CR1 cells were maintained in RPMI 1640 supplemented with 10%
heat-inactivated FBS and 2-ME (30 pa; Life Technologies, Inc.). All of the
cell lines were cultured at 37°C in a humidified atmosphere with 5% CO,.
Female B6C3IF1 and BALB/c nude mice were purchased from SLC, Inc.
(Hamamatsu, Japan) and used at 6—8 week of age. All of the experimental
procedures were in accordance with the Osaka University guidelines for the
welfare of animals in expenmental neoplasia.

Adenovirus Vectors. Replication-deficient adenovirus vectors with a fiber
mutation used in this study were based on the adenovirus serotype 5 backbone
with deletions of El and E3 and the expression cassette in the E1 region (19).
The RGD sequence was inserted into the H1 loop of the fiber knob using 2
two-step method devetoped by Mizaguchi er al. (20). Murine chemokine genes
derived from pFastBacl-mILC and pBlueSecriptSK({+)}-mFKN were used as
sources of their cDNA. Recombinant adenovirus vectors with the RGD fiber
mutation, Ad-RGD-mILC and Ad-RGD-mFKN carrying the chemokine cDNA
under the control of the cytomegalovirus promoter, were constructed by an
improved in vitro ligation method as described (19, 21). The Ad-RGD-NULL
vector, serving as a negative control, is identical to the Ad-RGD-mILC and
Ad-RGD-mFKN vectors without the chemokine gene in the expression cas-
sette. The adenovirus vectors were propagated in human embryonic kidney 293
cells and purified by cesium chloride gradient ultracentrifugation, and their
titer was determined by plagque-forming assay using 293 cells (22, 23).
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RT-PCR for Chemokine Gene Detection. To examine the expression of
mILC and mFKN mRNA, OV-HM cells were infected with Ad-RGD-miLC,
Ad-RGD-mFKN, or Ad-RGD-NULL, as a control vector, at an MOI of 10 for
24 h. After the 24-h cultivation, total RNA of the cells was jsolazed using
TRIzol reagents (Life Technologies, Inc.). SuperScript [1 reverse transeriptase
(Life Technologies, Inc.) was used for the cDNA reverse transcription. cDNA
was amplified by PCR in the presence of primers (Pharmacia Biotechnology).
Primer sequences for mILC were $"-AGCAGCCTCCCGCTGTTACT-
GTTG-3' {sense) and 5'-TGCTTTATTAGTTITGCTGTTGGG-3' (antisense)
and for mFKN were 5‘-ATGACCTCACGAATCCCAGTGG-S'(sense) and
5‘-CCGCCTCAAAACTTCCAATGC-3'(antisense). The following PCR con-
ditions were used: (a) mILC: 30 5 at 92°C, 60°C, and 72°C {30 cycles); and ()
mFKN: 30 s at 92°C, 55°C, and 72°C (30 cycles). PCR products were
electrophoresed in 2% agarose gel and stained with ethidium bromide.

Chemotaxis Assay. A549 cells were infected at an MOI of 16 with
Ad-RGD-mILC or Ad-RGD-mFKN for 24 h. The cells were washed and
cultured for another 48 h. The resulting conditioned medium was collected,
and its chemotactic activity was measured by migration assay across polycar-
bonate membrane (Chemotx 96; Neuro Probe; Ref, 24) using L1.2-mCCR10 or
L1.2-mCX,CR1 celis expressing the specific receptor for mILC or mFKN,
respectively, Migration was allowed for 4 h at 37°C in a 5% CO, atmosphere.
Migrated cells were lysed and quantitated by using a PicoGreen double-
stranded DNA quantitation reagent (Molecular Probe).

Tumor Rejection In Mice and Subsequent Rechallenge by Tumor Re-
inoculation. Mice were inoculated intradermally into their flank with 1 X 10
OV-HM cells that had been infected with A-RGD-mILC or Ad-RGD-mFKN
(at an MOI of 10 each in a volume of 100 wl diluted in RPMI 1640) for 24 h,
Tumor volume was calculated by measuring the length and width of the tumor
twice a week. Animals were euthanized when one of the twa measurements
was > 15 mm. Three months after complete regression of primary tumors, mice
were rechallenged with freshly isolated OV-HM tumor or B16/BL6 melanoma
cells by intradermal injection of | X 10° cells into the flank. miLC gene-
transduced OV-HM cells, made by transfection of Ad-RGD-miILC, were also
inocutated into BALB/c nude mice to observe its antitumor activity.

T- or NK-cell Enfiltration inte OV-HM Tamors Expressing Chemokine,
Immunohistochemical analysis was used to determine lymphocytes infiltrated
into tumors. Tumor-bearing mice were sacrificed in 2 days after the adminis-
tration of OV-HM cells transfected with Ad-RGD-mILC or Ad-RGD-mFKN.
The tumor nodules were harvested, embedded in OCT compound (Sakura,
Torrance, CA), and stored at —80°C. Frozen thin sections (6 wm in thickness)
of the nodules were fixed in acetone, washed with PBS, and then incubated in
PBS containing 0.3% hydrogen peroxide for 10 min at room temperature to
block endogenous peroxidase activity. The sections were preincubated with
5% BSA in PBS for [0 min and sequentially incubated with optimal dilution
of primary antibody, rabbit antiasialo GM| {(WAKO), rabbit antihuman CD3
antibody (DakoCytomation), or normal rabbit 1gG (Santa Cruz Biotechnol-
ogy}. Each primary antibody bound was detected with biotinylated goat anti-
rabbit immunogloblins (DakoCytomation) and streptavidin-horseradish perox-
idase (Vector Laboratories). Bach of the incubations lasted for 30 min and was
followed by a 15-min wash in Tris-buffered saline. The sections were stained

Fig. 1. RT-PCR analysis of chemokine mRNA cxpression in
OV-HM celis infected with Ad-RGD-mILC or Ad-RGD-mFKN.
Tatal RNA was isolated by TRIzal reagents from OV-HM cells
infected with indicated ehemokine-cncoding adenovirus vectors at
an MO of 10 for 24 h, and SuperScript 11 roverse transcriptase
was used for cDNA transcription. cDNA was amplified by PCR
with indicated mouse chemokine-speeific primers. Simulta-
neously, amplification of cDNA coding for -actin was performed 1
as zn internal control. Amplified products were separated by 2%
agarose gel electrophoresis and stained with ethidim bromide.

with 3,3’-diaminobenzidine (WAKO) and finally counterstained with hema-
toxylin. The number of immunostained cells was counted under a light micro-
scope with X400 magnification.

Depletion of Lymphocytes and Tumor Growth. Injection (i.p.) of anti-
mouse CD4 or CDS ascitic fluid, 100 ul each, into mice was carried out seven
times on days —3, =2, — 1, 0, 5, 10, and 15. For NK cell depletion, mice were
treated with asialo GM1 antiserum (40 ul/dose; WAKO) by i.p. injection six
times on days —2, —1, 0, 5, 10, and 15, OV-HM cells infected with Ad-RGD-
mILC at an MOl of 10 were intradermally inoculated on day 0. Tumor growth
was examined twice a week.

RESULTS

Expression of mILC and mFKN by Infection with Adenovirus
Vectors. We infected OV-HM, a mouse ovary carcinoma line, with
recombinant adenovirus vectors encoding mILC or mFKN and exam-
ined their expression by RT-PCR at 24 h. As shown in Fig. 1, OV-HM
cells infected with Ad-RGD-mILC and Ad-RGD-mFKN indeed ex-
pressed mILC and mFKN, respectively. To verify that mILC and
mFKN produced by cells infected with the adenovirus vectors were
biologically active, A549 cells were infected with the vectors for 24 h,
and the cuiture supernatants were harvested after further cultivation
for 48 h. The chemotactic activity in the culture supematants was
examined by a migration assay using L1.2-mCCRI0 or L1.2-
mCX;CR1 cells. In this experiment, we used A549 cells instead of
OV-HM cells because of a strong background chemotactic activity in
the culture supernatant of the latter. As shown in Fig. 2, the culture
supernatant of A549 cells infected with Ad-RGD-mILC and Ad-
RGD-mFKN efficiently induced migration of L1.2-mCCR10 or L1 2-
mCX,CRI1 cells, respectively. Because mFKN encoded by Ad-RGD-
mFKN was the full-length transmembrane type, the results also
suggested efficient generation of soluble mFKN through cleavage at
the membrane-proximal site {13).

In Vive Anmtitumor Effect by Infection with Ad-RGD-mILC.
OV-HM cells infected with Ad-RGD-mILC, Ad-RGD-mFKN, or
Ad-RGD-NULL were intradermally inoculated into B6C3F1 mice, As
shown in Fig. 3, OV-HM infected with Ad-RGD-mILC showed
significant retardation in tumor growth in vive. On the other hand,
OV-HM infected with Ad-RGD-mFKN did not show any difference
in tumor growth from that infected with Ad-RGD-NULL. In fact, 9 of
12 mice inoculated with OV-HM infected with Ad-RGD-mILC were
turnor free (data not shown). In rechallenge experiment, mice that had
complete regression were intradermally injected with OV-HM or
BI6/BL6 cells 90 days after the initial challenge. Results demon-
strated that >50% of mice rechallenged with OV-HM (5 of 9 mice)
remained tumor free for =2 months, whereas other mice showed

FKN
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2: Positive control -
3: Ad-RGD-chemokine transfocted
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A B
Fig. 2. Directed migration of cclls, cxpressing chemokine 12, -
receptars, induced by culture supernatants of A549 cells infected 15 + —4— Ad-RGD-FKN & *
with Ad-RGD-ILC or Ad-RGD-FKN. A539 cells were infected at 10} —¢~ AC-RGD-ILC
an MO of 10 with: (¢} Ad-RGD-mILC or {(5) Ad-RGD-mFKN. *
Aftcr 24 h, the cells were washed and culturcd for an additional g "
48 h. The culture supernatants were collected and used for the 2 8| -8 Ad-RGD-NULL
migration assay by adding to the bottom chamber. LL2-mCCRIO £ F 210
or L1.2-mCX;CR1 cclls, expressing specific receptors formllC & g 6L —h Medlum_ - E
or mFKN, respectively, were suspended at a concentration of & a o
I X 107cellsfml in migration buffer containing 1.04% RPM1 1640 2 € E =1
without phenal red, 0476% HEPES, and 0.5% BSA. After in- & o 4 >g
stalling a filter on the bottom chamber, the colt suspensions, 20 jul - E e
each, were placed in the top chamber, Cell migration was allowed 2 =
for 4 h at 37°C in @ 5% CO, atmosphere. Migrated cells to the
bottom chamber were lysed and quantitated by using a PicoGreen
double-stranded DNA quantitation rcagent. Data are cxpressed as 0 0
the mean %= SD of triplicate results. Statistical analysis was
carried out by Student’s # test 001 0t 1 10 100 001 01 1 10 100
% Suparnatant  * : P<0.05 % Supernatant % P<0.001
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Fig. 3. Growth of OV-HM tumor cclls. infected with chemokinc-encoding adcnovirus
veetors, in B6CIF1 mice, Mice were inoculated intradermatly in the flank with 1 X 10°
OV-HM eells (100 pl in RFMI 1640) jnfected at an MOI of 10 with Ad-RGD-mILC or
Ad-RGD-mFKN for 24 k. Tumor volume was calculated after measuring the length and
width of the tumor at indicated periods of time, and data arc cxpressed as the mean * SE
of Tesults obtained from at least five mice. Animals were cuthanized when ene of the two
values measured was >15 mm.

retarded growth of tumor (data not shown). in contrast, 100% of the
mice rechallenged with B16/BL6 developed palpable tumors within 2
weeks. These results indicated the generation of specific immunity
against OV-HM in mice that rejected OV-HM-expressing mILC, We
also confirmed that OV-HM infected with Ad-RGD-mILC did not
show such marked growth suppression in nude mice deficient in T
celis (Fig. 4). These results suggested that the importance of T celis in
the antitumor effect against OV-HM-expressing mILC.

Infiltration of T and NK Cells into Tumer Infection with Ad-
RGD-mILC and Ad-RGD-mFKN. To examine the antitumor
mechanism of Ad-RGD-mlILC, tumor tissues were immunohisto-
chemically stained for CD3 (a T-cell marker) and asialoGM1 (an
NK-cell marker; Refs. 25 and 26) 2 days after the inoculation of
OV-HM cells infected with Ad-RGD-mILC, Ad-RGD-mFKN, or
Ad-RGD-NULL. As shown in Figs. 5 and 6, both OV-HM cells
infected with Ad-RGD-mILC and Ad-RGD-mFKN demonstrated the
accumulation of CD3 % T and NK cells in tumor tissues. CD3* T and
NK cells were evenly distributed in the tumor tigsue of OV-HM
infected with Ad-RGD-mILC. However, these cells were mostly
accumulated around the tamor biood vessel in the tumor tissues of
OV-HM infected with Ad-RGD-mFKN. Furthermore, promoted
growth of tumor blood vessels appeared to be present in OV-HM-
expressing mFKN (Figs. 5 and 6).

Invelvement of CD4* and CD8* T Cells in the Antitumor
Effect of mILC. To investigate the role of T and NK cells in the
antitamor effect by Ad-RGD-mlILC, B6C3F1 mice selectively de-
pleted with CD4* T, CD8* T, or NK cell were inoculated with
OV-HM cells infected with Ad-RGD-mILC. As shown in Fig. 7, no
tumor grew in the NX cell-depleted group, whereas tumors efficiently
developed in both of the CD4™ ar CD8™ T cell-depleted mice. Thege
results indicated that the inhibition of tumor growth by mILC was
mostly dependent on CD4™ and CD8™ T cells but not on NK cells.

DISCUSSION

Cytokine or chemokine encoded by a viral vector is currently
regarded as a promising way of cancer gene immunotherapy. Re-
searchers have paid attention io chemotactic activity of chemokines
for immune cells and expected that they may be able to play an
important role in cancer treatment, because the basis and premise of
immunotherapy is the accumulation of immune cells in tumor tissues.

The CC chemokine ILC, also called cutaneous T cell-attracting

1000 -
—&— No Treat

= 800 |-
& —B—  Ad-RGD-NULL
@
E e00 ~—A— Ad-RGD-ILC
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Fig. 4, Growth of OV-HM tumor cells infected with Ad-RGD-mILC in BALB/c nude
mice. Mice were inoculated intradermally in the flank with 1 X 10% OV-HM cclls (100
] in RPMI1 1640) infected at an MO1 of 10 with Ad-RGD-mILC or Ad-RGD-mFKN for
24 h. Tumor vohume was calculated after measuring the length and width of the tumor at
indicated periods of time, and data are expressed as the mean & SE of results from at Jeast
five mice.
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Fig. 5. CD3-positive lymphocytes infiltrate into OV-HM tumors infected with Ad-RGD-mILC and Ad-RGD-mFKN. A-D, rep ive immunohistochemical appearsnces of

tumor nodules from mice inoculated intradermally with 1 X 105 OV-HM cells infected with none (A), Ad-RGD-NULL (8), Ad-RGD-mILC (C), or Ad-RGD-mFKN (D). Statistical
analysis was carricd out by Weleh's ¢ test.

chemokine or CCL27, was reported to recruit T cells to the site of its study, we hypothesized that the transfer of the mILC or mFKN gene
mjection (27). The CX,C family chemokine FKN {also called to tumor cells, by using recombinant adenovirus in vitro, could render
CX;CL1) could also attract a variety of cytotoxic lymphocytes (13, the tumor to express the chemokinie in vivo. The chemokine would
14, 28) and enhance the cytotoxicity of NK celis (29). In the present  consequently induce the accumulation of immune cells in the tumor
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Fig. 6. NK. cells infiltrate into OV-HM tumors infected with Ad-RGD-mILC and Ad-RGD-mFKN. 4-D, representative immunohistachemicat appearances of tumor nodules from
mice inoculated intradermally with 1 X 10° OV-HM cells infected with note {A4), Ad-RGD-NULL (B}, Ad-RGD-mILC (C), or Ad-RGD-mFKN (D). Statistical analysis was carried
out by Welch's ¢ test.
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dendritic cells simultaneously expressing melanoma-associated
antigen and interleukin-12
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Interleukin (IL)-12 is a key factor for inducing cellular immune responses, which play a central role in the eradication of cancer. In
the present study, in order to create a dendritic cell (DC}-based vaccine capable of positively skewing immune response toward a
cellular immunity-dominant state, we analyzed immunological characteristics and vaccine efficacy of DCs cotransduced with
melanoma-associated antigen (gp100) and IL-12 gene (gp100 +1L12/DCs) by using RGD fiber-mutant adenovirus vector (AdRGD),
which enables highly efficient gene transduction into DCs. gp100 +1L12/DCs could simultaneously express cytoplasmic gp100 and
secretory IL-12 at levels comparable to DCs transduced with each gene alone. In comparison with DCs transduced with gp100
alone (gp100/DCs), upregulation of major histocompatibility complex class I, CD40, and CD86 molecules on the cell surface and
more potent T-cell-stimulating ability for proliferation and interferon-y secretion were chserved as characteristic changes in
gp100 + 1L12/DCs. In addition, administration of gp100 +1L12/DCs, which were prepared by a relatively low dose of AARGD-IL12,
could induce more potent tumor-specific cellular immunity in the murine B16BL6 melanoma model than vaccination with gp100/
DCs. However, antitumor effect and B16BL6-specific cytotoxic T-lymphocyte activity in mice vaccinated with gp100+1L12/DCs
diminished with increasing AdRGD-IL12 dose during gene transduction, and paralleled the decrease in presentation levels via MHC
class | molecules for antigen transduced with another AdRGD. Collectively, our results suggested that optimization of combined
vector dose was required for development of a more efficacious DC-based vaccine for cancer immunotherapy, which relied on
genetic engineering to simultaneously express tumor-associated antigen and 1L-12.
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Dendritic cells (DCs) are potent professional antigen-
presenting cells (APCs) that play a pivotal role in
directing and amplifying the adaptive immune response {0
pathogens and infected/mutated cells.”® The ability of
DCs to stimulate naive T cells has long been thought to be
crucial in initiating an effective immune response, and
DCs are uniquely situated at the interface between the
innate and adaptive immune systems. Because of these
immunological properties, DCs are currently under
intense scrutiny as potential adjuvants for vaccines in
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many clinical settings. Studies in healthy volunteers and
patients with cancer have shown that tumor-associated
antigen (TAA)-pulsed DCs can boost both CD8™ and
CD4™* T-cell responses in vivo.

Although these promising findings encourage the
development of DC-based immunotherapy for cancer.
the establishment of DC-manipulation capable of supple-
menting optimal vaccine function is required for the
achievement of sufficient efficacy in current therapy. We
previously established a highly efficient gene transduction
technique into DCs by appl)’/ing RGD fiber-mutant
adenovirus vector (AdRGD),%’ and demonstrated that
DCs transduced with TAA gene using AARGD arc
effective vaccine carriers for induction of tumor-specific
immune responses in mice.®® These results suggested that
the AdRGD system is very useful for DC-manipulation



through transduction of genes encoding immunofunc-
tional molecules as well as for antigen gene delivery into
DCs.

The immune system is roughly classified into cellular
immunity and humoral immunity, and optimal immune
response is achieved by balanced activation of both
systems. Cellular immune response, based on the activa-
tion of natural killer (NK) celis and TAA-specific
cytotoxic T lymphocytes (CTLs), plays a more important
role in elimination of tumor cells by tumor immunity than
humoral immune response accompanied by antibody
production from B cells.’®~1* Therefore, an approach that
biases immune balance toward the cellular immune
response would enhance the efficacy of DC-based
immunotherapy for cancer. Interleukin (IL)-12 is a
70kDa (p70) heterodimer protein in which the 40kDa
(p40) and 35 kDa (p35) subunits are connected by one S-S
bond.'*! IL-12 plays a key role in the induction of
cellular immune responses, such as enhancement of
proliferation and cytotoxic activity in NK cells and
CTLs,'*!7 production of intetferon (IFN)-y from acti-
vated cells,” ' and promotion of differentiation of helper
T-type 1 (Thl) cells from ThO cells.!”®®2! IFN-y is
involved in IL-12-mediated tumor regression,” and IL-12
also exhibits an antiangiogenic effect that can account for
some antitumor activity.?> Thus, it was strongly predicted
that DCs cotransduced with the TAA and IL-12 genes
may be efficacious vaccine carriers that can drastically
improve effectiveness of DC-based immunotherapy for
cancer by positively biasing immune balance toward
cellular immunity, the Thi-dominant state, by inducing
IL-12 secretion as well as by sensitizing TAA-specific
CTLs via TAA-peptide presentation on major histocom-
patibility complex (MHC) molecules.

In the present study, by using AdRGD, which is
superior in gene transduction efficiency to DCs, we
created a DC wvaccine that simultaneously expressed
gpl00, a melanoma-associated antigen, and IL-12, and
investigated its immunological characteristics and vaccine
efficacy.

Materials and methods
Cell lines and mice

The helper cell line, 293 cells, was obtained from JCRB
cell bank (Tokyo, Japan) and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum (FBS) and antibiotics. CD8-OVA 1.3
cells,>* a specific T-T hybridoma against ovalbumin
(ova)* H-2K® (kindly provided by Dr CV Harding;
Department of Pathology, Case Western Reserve Uni-
versity, Cleveland, OH), were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS,
50 uM 2-mercaptoethanol (2-ME2, and antibiotics. Mur-
ine melanoma B16BL6 cells (H-2°; JCRB cell bank) were
grown in minimum essential medium supplemented with
7.5% FBS and antibiotics. EL4 cells, a T-lymphoma cell
line of C57BL/6 origin, and YAC-1 cells, a lymphoma cell
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line highly sensitive to NK cells, were purchased from
ATCC (Manassas, VA) and maintained in RPMI 1640
medium supplemented with 10% FBS, 50 uM 2-ME, and
antibiotics. Female C57BL/6 mice (H-2%) and female
BALB/c mice (H-2%), ages 7-8 weeks, were purchased
from SLC Inc. (Hamamatsu, Japan). All mice were held
under specific pathogen-free conditions and the experi-
mental procedures were in accordance with the Osaka
University guidelines for the welfare of animals in
experimental neoplasia.

Vectors

Replication-deficient AJRGD was based on the adeno-
virus serotype 5 backbone with deletions of regions El
and E3. The RGD sequence for av-integrin-targeting was
inserted into the HI loop of the fiber knob using a two-
step method as 7pre:viously described.?* AARGD-IL12,%
AdRGD-gp100,” AdRGD-OVA,® and AdRGD-Luc®
were previously constructed by an improved in vitro
ligation method,?*??® and encoded the murine IL-12
gene derived from miIL12 BIA/pBluescript II KS(-)
(kindly provided by Dr H Yamamoto; Department of
Immunology, Graduate School of Pharmaceutical
Sciences, Osaka University, Suita, Japan), the human
gpl00 gene derived from pAx1-CA h-gpl00 (kindly
provided by Dr H Hamada; Department of Molecular
Medicine, Sapporo Medical University, Sapporo, Japan),
the OVA gene derived from pAc-neo-OVA (kindly
provided by Dr MJ Bevan; Department of Immunology,
Howard Hughes Medical Institute, University of Wa-
shington, Seattle, WA), and the luciferase gene derived
from pGL3-Control (Promega, Madison, WI), respec-
tively. All recombinant AARGDs were propagated in 293
cells, purified by two rounds of cesium chloride gradient
ultracentrifugation, dialyzed, and stored at —80°C. Titers
of infective AARGD particles were evaluated by the end
point dilution method using 293 cells.

Generation and viral transduction of DCs

DCs were prepared according to the method of Lutz et al®

with slight modification. Briefly, bone marrow cells
flushed from the femurs and tibias of C57BL/6 mice were
seeded at 0.5-1 x 107 cells per sterile 100-mm bacterial
grade culture dish in 10 ml of RPMI 1640 containing 10%
FBS, 40ng/ml recombinant murine granulocyte/macro-
phage colony-stimulating factor (GM-CSF; kindly pro-
vided by KIRIN Brewery Co., LTD, Tekyo, Japan),
50 uM 2-ME, and antibiotics. On day 3, another 10 mi of
culture medium was added to the dish for medium
replenishiment. On day 6, 10 ml of the culture supernatant
was collected and centrifuged at 1500 rpm for 5 minutes at
room temperature, and the pellet was resuspended in
10ml of fresh culture medium, and then returned to the
original dish to comnserve unattached cells. On day 8,
nonadherent cells were harvested and used as immature
DCs. DCs cultured for another 24 hours with media
containing 1pg/ml lipopolysaccharide (LPS; Nacalai
Tesque, Inc., Kyoto, Japan) were used as phenotypically
mature DCs (LPS/DCs). In transduction using AARGDs,
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DCs were suspended at a concentration of 5 x 105 cells/ml
in FBS-free RPMI 1640 and placed in a 15-ml conical
tube. Each AARGD was added at various multiplicity of
infections (MOIs), the suspension was mixed well, and the
tube was incubated at 37°C for 2 hours with occasional
gentle agitation. The cells were washed three times with
phosphate-buffered saline (PBS) and resuspended in a
suitable solution for subsequent experiments.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Transduced DCs and mock DCs were cultured on 100-
mm bacterial grade culture dishes in GM-CSF-free
culture medium for 24 hours. Total RNA was isolated
from these cells and LPS/DCs using Sepasol-RNA I
Super (Nacalai Tesque, Inc.) according to the manufac-
turer’s instructions. RT proceeded for 60 minutes at 42°C
in a 50l reaction mixture containing 5ug total RNA
treated with DNase I, 10 ul 5 x RT buffer, SmM MgCl,,
lmM dNTP mix, 1 uM random primer (9-mer), 1M
oligo(dT)ze, and 100U ReverTra Ace (TOYOBO Co.,
LTD, Osaka, Japan). PCR amplification of the gp100, IL-
12p35, IL-12p40, and S-actin transcripts was performed
in 50ul of a reaction mixture containing 1ul of RT-
material, 5pl 10 x PCR buffer, 1.25U Tag DNA poly-
merase (TOYOBO Co., LTD), 1.5mM MgCl,, 0.2mM
dNTP, and 0.4 uM primers. The sequences of the specific
primers were as follows: human gpl00: forward, 5'-tgg
aac agg cag ctg tat cc-3'; reverse, 5'-cct aga act tge cag tat
tgg c¢-3'; murine IL-12p35: forward, 5'-tgt tta cca ctg gaa
cta cac aag a-3'; reverse, 5'-aga get tea ttt tea cte tgt aag g-
3'; murine IL-12p40: forward, 5'-ctc acc tgt gac acg cct ga-
3, reverse, 5'~cag gac act gaa tac ttc te-3’; murine f-actin:
forward, 5'-tgt gat ggt ggg aat ggg tea g-3'; reverse, 5-ttt
gat gtc acg cac gat ttc c-3'. After denaturation for 2
minutes at 95°C, 20 cycles of denaturation for 30 seconds
at 95°C, annealing for 30 seconds at 48°C (for IL-12p40),
58°C (for IL-12p35), or 60°C (for gp100 and S-actin), and
extension for 30 seconds at 72°C were repeated and
followed by completion for 4 minutes at 72°C. The PCR
product was electrophoresed on a 3% agarose gel, stained
with ethidium bromide, and visualized under ultraviolet
radiation. EZ Load (BIO-RAD, Tokyo, Japan) was used
as a 100 bp-molecular ruler. The expected PCR product
sizes were 362 bp (gp100), 334 bp (IL-12p35), 431 bp (IL-
12p40), and 514 bp (S-actin).

Intracellular staining method for human gp100 protein
in transduced DCs

Transduced DCs were cultured on 100-mm bacterial
grade culture dishes in GM-CSF-free culture medium for
24 hours. Cells (1 x 10°) were fixed by incubation for 10
minutes in 2% paraformaldehyde, and then cell mem-
branes were permeabilized by incubation for 5 minutes in
1% saponin. The cells were incubated with 100 ul staining
buffer (PBS containing 0.1% bovine serum albumin and
0.01% NaNj) containing the anti-FeyRII/III monoclonal
antibody (mAb), 2.4G2 (rat IgGz .; BD Biosciences, San
Jose, CA), to block nonspecific binding of the subse-
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quently used mAbs. After 30 minutes, the cells were
incubated for 60 minutes with 100l staining buffer
containing the HMB50 mAb against human gpl00
(mouse IgG,,.; Neomarkers, Fremont, CA), and then
resuspended in 100yl staining buffer containing fluor-
escein isothiocyanate-conjugated anti-mouse Ig, (187.1;
BD Biosciences). After incubation for 30 minutes, 30,000
events of the stained cells were analyzed for human gp100
protein expression by a FACScalibur flow cytometer
using CellQuest software (BD Biosciences). Between all
incubation steps, cells were washed three times with
staining buffer.

Evaluation of IL-12 secretion level in transduced DCs

Transduced DCs, LPS/Dng and mock DCs were cultured
on 24-well plates at 53 10° cells/500 ul in GM-CSF-free
culture medium for 24 hours. The supernatants were
collected and the IL-12 level was measured using a murine
I1-12p40 ELISA KIT and a murine IL-12p70 ELISA
KIT (Endogen, Rockford, IL).

Analysis of surface marker-expression

All immunoreagents used in this experiment were
purchased from BD Biosciences, Transduced DCs, LPS/
DCs, and mock DCs were cultured on 100-mm bacterial
grade culture dishes in GM-CSF-free culture medium for
24 hours. Cells (1 x 10%) in 100l staining buffer were
incubated for 30 minutes on ice with the 2.4G2 mAb.
Then, cells were resuspended in 100 gl staining buffer and
incubated for 30 minutes on ice using the manufacturer’s
recommended amounts of biotinylated mAbs: 28-8-6
(anti-H-2K°/DP), AF6-120.1 (anti-I-A®), 3/23 (anti-
CD40), 16-10A1 (anti-CD80), and GL1 (anti-CD86).
The cells were then resuspended in 100 gt staining buffer
containing phycoerythrin-conjugated streptavidin at a
1:200 dilution, and nonspecific binding was measured
using phycoerythrin-conjugated streptavidin alone. After
incubation for 30 minutes on ice, 30,000 events of the
stained cells were analyzed for surface phenotype by flow
cytometry. Between all incubation steps, cells were
washed three times with staining buffer.

Antigen-presentation assay

C57BL/6 DCs were transduced with various combina-
tions of AdRGD-OVA, AJRGD-IL12, and AdRGD-
Luc, and then seeded on a 96-well flat-bottom culture
plate at a density of 1 x 10° celis/well. These cells were
cocultured with 1 x 10° cells/well CD8-OVA 1.3 cells at
37°C for 20 hours. The response of stimulated CD8-OVA
1.3 cells was assessed by determining the amount of IL-2
released into an aliquot of culture medium (100 ul) using a
murine IL-2 ELISA KIT (Amersham Biosciences, Piscat-
away, NI).

Mixed leukocyte reaction (MLR)

Three kinds of T cells, including allogeneic naive T cells
from intact BALB/c mice, syngeneic naive T cells from
intact C57BL/6 mice, and syngeneic gpl00-primed T cells



from CS7BL/6 mice immunized intradermally with
1 x 10% DCs transduced with AdRGD-gp100 at 25 MOI
1 week earlier, were purified from the splenocytes of each
mouse as nylon wool nonadherent cells, and were used as
responder cells at 1x10° cells/well in 96-well plates.
Transduced DCs, LPS/DCs, or mock DCs (stimulator
cells) were inactivated by 50 pg/ml mitomycin C (MMC)
for 30 minutes and added to responder cells in varying cell
pumbers. Cells were cocultured in 100u1 RPMI 1640
supplemented with -10% FBS, 50 uM 2-ME, and anti-
biotics at 37°C and 5% CO, for 3 days. Control wells
contained either stimulator cells alone or responder cells
alone. Cell cultures were pulsed with 5-bromo-2'-deox-
yuridine (BrdU) during the last 18 hours, and then
proliferation of responder cells was evaluated by Cell
Proliferation ELISA, BrdU (Roche Diagnostics Co,,
Indianapolis, IN).

Analysis of Th1/Th2 cytokine secretion from syngeneic
T cells stimulated by transduced DCs

C57BL/6 naive T cells were purified from splenocytes as
nylon wool nonadherent cells, and were used as responder
cells at 5x 10° cells/well in 24-well plates. Transduced
DCs (stimulator cells) were added to responder cells at
5% 10° cells/well. Cells were cocultured in 1ml RPMI
1640 supplemented with 10% FBS, 50 uM 2-ME, 10 U/ml
recombinant murine IL-2 (PeproTech EC LTD, London,
England) and antibiotics at 37°C and 5% CO; for 5 days.
The supernatants were collected and the IFN-y, IL-4, and
IL-10 levels were measured using a murine IFN-y ELISA
KIT, a murine IL-4 ELISA KIT, and a murine IL-10
ELISA KIT (Biosource International, Camarillo, CA),
respectively.

Tumor protection assay

Transduced DCs were intradermally injected into the left
flank of C57BL/6 mice at 2 X 10° cells/50 ul. At 1 week
after the vaccination, 2 x 10° B16BL6 melanoma cells
were intradermally inoculated into the right flank of the
mice. The major and minor axes of the tumor were
measured using microcalipers, and the tumor volume was
calculated by the following formula: (tumer volume;
mm?®) = (major axis; mm) x (minor axis; mm)® x 0.5236.
The mice were euthanized when one of the two measure-
ments was greater than 20mm.

Europium (Eu)-release assay for cytolytic activity of NK
cells and CTLs

Transduced or mock DCs were administered once
intradermally into C57BL/6 mice at 2 x 10% cells/50 pl.
At 1 week after immunization, nonadherent splenocytes
were prepared from these mice and directly used as NK
effector cells. The splenocytes were restimulated in vitro
using BI6BL6 cells, which were cultured in media
containing 100 U/ml recombinant murine IFN-y (Pepro-
Tech EC LTD) for 24 hours and inactivated with 50 ug/ml
MMC at 37°C for 30 minutes, at an effector:stimulator
ratio of 10:1 in RPMI 1640 supplemented with 10% FBS,
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50 uM 2-ME, and antibiotics. After 5 days, the spleno-
cytes were collected and used as CTL effector cells. Target
cells (YAC-1 and ELA cells for NK assay; IFN-y-
stimulated B16BL6 and IFN-y-stimulated EL4 cells for
CTL assay) were Eu-labeled and an Eu-release assay
was performed as previously described.®® Cytolytic
activity was determined using the following formula: (%
of lysis) =[(experimental Eu-release — spontaneous Eu-
release)/(maximum Eu-release — spontaneous Eu-re-
lease)] x 100. Spontaneous Eu-release of the target cells
was <10% of maximum Eu-release by detergent in all
assays.

Results

Gene expression in DCs cotransduced with gp100 and
iL-12

We examined the cytopathic effects of AARGD-IL12 and
AdRGD-gpl00 on gene transduction into DCs by using
the Cell Counting Xit-8 (DOJINDO LABORATORIES,
Kumamoto, Japan). At 48 hours posttransduction,
viability of DCs transduced with AdRGD-IL12 alone or
AdRGD-IL12 plus AdRGD-gpl00 remained more than
90% at a vector dose of 200 MOI or less (data not
shown). Expression levels of human gp100 and murine
1L-12 subunit mRNAs in various transduced DCs were
analyzed by RT-PCR at 24 hours after gene transduction
(Fig 1). Human gpl00-specific PCR products were
detected at the same level only in DCs that were
transduced with AARGD-gp100 alone at 25 MOI (lane
1) or the combination of AARGD-gpl00 at 25 MOI and
AJRGD-IL12 at various MOI (lanes 3, 4, and 5). PCR

gp100
[L-12p35
IL-12p40
p-actin

Figure 1 RT-PCR analysis of gp100, IL-12p35, and IL-12p40in DCs
cotransduced with AdRGD-gp100 and AdRGD-IL12. Total RNA was
prepared from transduced, LPS-stimulated, or mock DCs, and then
RT-PCR was performed as described in the Materials and methods
section. Tha PCR products were slectrophoresed through a 3%
agarose gel, stained with ethidium bromide, and visualized under
uitraviolet light. Lane M; 100bp-molecular ruler, lane N; H:O as
template, lane 1; DCs transduced with AdRGD-gp100 alone at 25
MO, lane 2; DCs transduced with AJRGD-IL12 alone at 256 MOI,
lane 3; DCs cotransduced with AdRGD-gp100 at 25 MOI and
AdRGD-IL12 at 25 MO, lane 4; DCs cotransduced with AdRGD-
gp100 at 25 MOl and AJRGD-IL12 at 12,5 MO, lane 5; DCs
cotransduced with AJRGD-gp100 at 25 MO! and AJRGD-IL12 at 6
MO, lane 6; DCs transduced with AdRGD-Luc alone at 25 MO, lane
7: LS-stimulated (mature) DCs, lane 8; mock (immature) DCs.
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products of IL-12p35 and IL-12p40 mRNA increased in
an MOI-dependent manner for AJRGD-IL12 in DCs
cotransduced with AdJRGD-gpi00 and AdRGD-ILI12
(lanes 3, 4, and 5), and their levels were equal in DCs
transduced with AARGD-IL12 alone at 25 MOI (lane 2)
and DCs cotransduced with AdRGD-gp100 at 25 MOI
and AdRGD-IL12 at 25 MOI (lane 3). In addition, DCs
transduced with AdRGD-gpl00 alone (lane 1) or
AdRGD-Luc (control vector) alone (lane 6) exhibited
slightly higher IL-12p40 mRNA expression than mock
DCs (lane 8), and IL-12p40 mRNA levels of LPS/DCs
(lane 7) were comparable with those of DCs cotransduced
with AAJRGD-gpl00 at 25 MOI and AdRGD-IL12 at §
MOI (lane 5).

In order to confirm cytoplasmic expression of human
gpl00 protein, we performed flow cytometric analysis by
the intracellular staining method using HMBS50 mAb (Fig
2a). Under transductional conditions using AdRGD-
gpl00 at 25 MOI, about 70% of DCs could express gp100
protein in their cytoplasm whether or not the DCs were

AdRGD-Luc (50 MOI)

AdRGD-gp100 (25 MOY)

cotransduced individually with AdRGD-ILI2Z or
AdRGD-Luc at 25 MOQOI Gene expression intensity
{mean fluorescence intensity; MFI) of gpl00 in cotrans-
duced DCs was also comparable to that of DCs
transduced with AARGD-gpl00 alone. These data clearly
demonstrated that the expression level of endogenous
antigen transduced with AARGD was not affected by
cotransduction of AARGD-IL12 in DCs. Likewise, I1L.-12
secretion Jevels in DCs transduced with various combina-
tions of AJRGD-gpl100 and AdRGD-IL.12 were investi-
gated by ELISA (Fig 2b). MOI-dependent IL-12p70, the
biologically active form, and IL12p40 secretion into
culture media of DCs cotransduced with AARGD-gpl00
and AdRGD-IL12 was detected at levels equivalent to
those of DCs transduced with AdRGD-IL12 alone.
Although LPS/DCs could secrete a large quantity of IL-
12p40 into culture media, secretion of the active form, IL-
12p70, was maintained at low levels, reflecting the low
levels of IL-12p35 mRNA expression in RT-PCR
analysis.

AdRGD-gp100 (25 MOI} AdRGD-gp100 (25 MOI)
+ AdRGD-IL12 (25 MOi}  + AdRGD-Luc (25 MOI1)

E 0.6% {6.3) T1.3% {170.2) T3.7% (172.8) 71.0% (142.3)
5 M1 ,_m___.
3
gp100 >
b
AdRGD-gp100 | AdRGD-IL12
25 MOI — 5
25 Mol 5 MOl NN
25 Mol 12.5 MOI \\\\
25MOI | 25MOI  ASKERNRNRTRIRIRNCRRN
— 5 MOI ‘ ’
— 12.5 MOI —. i
- 25M01 [ —
— — N.D. N
LPS (1 pgimi) i ) A )
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{(pa/108 cellsf24h) (pa/108 cells/i24h)

Figure 2 gp100 and IL-12 expression in DCs cotransduced with AJRGD-gp100 and AdRGD-IL12. (a) DCs were transduced with the indicated
combinations of various AJRGDs at the indicated MOI for 2 hours. At 24 hours postiransduction, human gp100 gene expression was assessed
by flow cytometric analysis. The percentage value and the numerical value in the parenthesis express percentage of M1-gated cells and mean
fluorescence intensity (MFI1), respectively. The data are representative of two independent experiments. (b) DCs were cotransduced with
AdRGD-IL12 and AdRGD-gp100 at the indicated MO for 2 hours. DCs freated with 1 ug/ml LPS for 24 hours were used as positive controls for
phenotypical DC-maturation. After 24 hours cultivation, concentration of murine IL-12p70 and IL-12p40 in culture supernatants was measured by
ELISA. The data are presented as mean+ 8D of three independent cultures. ND: IL-12p70 secreted from DCs was not detectable.
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