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Abstract The GD2 ganglioside expressed on neuro-
ectodermal tumor cells is weakly immunogenic in
tumor-bearing patients and induces predominantly
IgM antibody responses in the immunized host. Using
a syngeneic mouse challenge model with GD2-
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expressing NXS2 neuroblastoma, we investigated
novel strategies for augmenting the effector function
of GD2-specific antibody responses induced by a
mimotope vaccine. We demonstrated that immuniza-
tion of A/J mice with DNA vaccine expressing the 47-
LDA mimotope of GD2 in combination with IL-15
and IL-21 genes enhanced the induction of GD2
cross-reactive IgG2 antibody responses that exhibited
cytolytic activity against NXS2 cells. The combined
immunization regimen delivered 1 day after tumor
challenge inhibited subcutaneous (s.c.) growth of
NXS2 neuroblastoma in A/J mice. The vaccine
efficacy was reduced after depletion of NK cells as
well as CD4* and CD8" T lymphocytes suggesting
involvement of innate and adaptive immune responses
in mediating the antitumor activity in vivo. CD8" T
cells isolated from the immunized and cured mice
were cytotoxic against syngeneic neuroblastoma
cells but not against allogeneic EL4 lymphoma, and
exhibited antitumor activity after adoptive transfer in
NXS2-challenged mice. We also demonstrated that
coimmunization of NXS2-challenged mice with the
IL-15 and IL-21 gene combination resulted in
enhanced CD8" T cell function that was partially
independent of CD4" T cell help in inhibiting tumor
growth. This study is the first demonstration that the
mimotope vaccine of a weakly immunogenic carbohy-
drate antigen in combination with plasmid-derived
IL-15 and IL-21 cytokines induces both innate and
adaptive arms of the immune system leading to the
generation of effective protection against neuroblas-
toma challenge.
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Abbreviations

Ye Common 7 receptor chain
i.p. Intraperitoneal

1v. Intravenous

S.C. Subcutaneous
Introduction

Neuroblastoma, a neoplasm derived from the sympa-
thetic nervous system, is the most common extracranial
solid tumor in children [58]. Advanced (stage 4) cases
of neuroblastoma are associated with high relapse
rates, even after intensive chemotherapy, radiotherapy,
and autologous bone marrow transplantation [24, 31,
46]. Current therapeutic approaches include the opti-
mization of pharmacokinetic and pharmacodynamic
properties of conventional agents, as well as the
development of novel targeted drugs, such as signal
transduction and angiogenesis inhibitors, apoptosis/
differentiation stimulators and immunotherapeutics
(reviewed in ref. [23]). One of such strategy that uti-
lized treatment with monoclonal antibodies (mAbs)
against GD2 ganglioside, which is expressed with lim-
ited heterogeneity on neuroblastomas, melanomas, gli-
omas and sarcomas, resulted in a high frequency of
clinical responses [53, 57]. Recently, the GD2 lactone-
keyhole limpet hemocyanin conjugate vaccine also
shows promise for active, specific immunotherapy in
patients with malignant melanoma [50]. However, the
potential difficulty associated with this immunization
approach resides in the induction of relatively low lev-
els of GD2-specific IgG compared to IgM antibody
responses, raising the possibility that the GD2 conju-
gate may not be sufficiently immunogenic in immuno-
suppressed individuals (reviewed in ref. [49]).

Previously, we have demonstrated that immuniza-
tion with DNA vaccine expressing the 47-LDA
mimotope of GD2 ganglioside induces GD2 cross-
reactive IgG antibody responses in mice [9]. The
47-LDA vaccine-elicited antibodies recognized GD2-
positive tumor cells and exhibited significant protec-
tion against s.c. human GD2-positive melanoma
growth in the mouse xenograft model. However, the
GD2-specific antibody-treated animals did not show
complete tumor resolution. We therefore investi-
gated whether the vaccine efficacy can be improved
by augmenting the induction of GD2-specific 1gG2
antibody responses and harnessing innate lympho-
cyte-based activity, as the innate lymphocytes them-
selves have direct antitumor function and they can
mobilize an adaptive T cell immunity via dendritic
cells [15, 39].
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It is well known that yc cytokines such as IL-15 and
IL-21 are implicated in augmenting the antitumor func-
tion of both innate and adaptive immunity. IL-15 has a
significant impact on CD8" T cells by stimulating their
proliferation rather than apoptosis and promoting
memory T cell turnover [7, 26, 27, 29, 56, 60, 64]. In
addition, IL-15 has been implicated in NK cell accumu-
lation/survival [42], and can also provide a co-stimulus
to induce B cell proliferation and Ig secretion [4]. In
the context of immune therapy and genetic vaccine, IL-
15 has been shown to be effective against tumors as
well as some infectious disease models [3, 44, 52, 62, 65,
67]. IL-21, on the other hand, has been reported to syn-
ergize with IL-15 in boosting antigen-specific CD8" T
cell expansion during an adoptive transfer of B16 mela-
noma in sublethally irradiated mice [68], and during
immunization with DNA vaccine expressing the HIV
envelope glycoprotein [10]. It efficiently promotes pro-
liferation, cytotoxic activity, and IFN-y production by
murine and human CDS8* effector T cells [63, 68]. IL-21
also induces activated NK cell terminal differentiation,
thereby limiting IL-15-mediated NK cell expansion,
and enhances NK cell activation in response to anti-
body-coated targets [28, 51]. In addition, a severe
defect in IgG1 production following antigen priming in
IL-21R-deficient mice [47], indicates a role for IL-21 in
regulating antibody production [47, 48, 61]. In view of
these findings, we investigated the highlighted impor-
tance of IL-15 and IL-21 in augmenting the effector
function of GD2 cross-reactive antibodies by promot-
ing B cell maturation during a productive T lympho-
cytes-dependent B cell response and augmenting the
cytolytic activity of NK cells.

We report that a plasmid-encoded IL-21 injected in
combination with the IL-15 gene augmented the 47-
LDA mimotope vaccine-induced IFN-y and TNF-o
production in CD4" T cells as well as the titer of GD2
cross-reactive IgGG2 antibodies compared to responses
elicited by immunization in the presence of either cyto-
kine alone. The vaccine-induced antibodies exhibited
cytolytic activity against GD2-positive neuroblastoma
tumor cells, and depletion of NK cells in tumor-chal-
lenged animals immunized with the mimotope vaccine
reduced the efficacy of the vaccine. The combined
treatment led to induction of CD8* T cell responses
against syngeneic neuroblastoma in the tumor-chal-
lenged mice and prolongation of tumor-free survival.
We also showed that administration of the IL-15 and
IL-21 genes partially replace CD4" T cell help in the
generation of CD8" T cell-mediated protection against
NXS2 challenge, and that the vaccinated and cytokine-
treated mice which rejected NXS2 neuroblastoma cells
were resistant to tumor re-challenge. The information
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obtained from this study is likely to facilitate the devel-
opment of a rational approach for improving the
efficacy of future vaccines targeting GD2 ganglioside
and other tumor associated carbohydrate antigens.

Materials and methods
Animals and cell lines

Female A/J mice, 6-8 weeks of age, were obtained
from the Jackson Laboratory (Bar Harbor, ME, USA).
All mice were maintained in a specific pathogen-free
microisolator environment in the Animal Facility at
Roswell Park Cancer Institute (RPCI), Buffalo, NY.
The experimental procedures were performed in com-
pliance with protocols approved by the Institutional
Animal Care and Use Committee of the RPCI.

The murine NXS2 neuroblastoma cell line (pro-
vided by Dr. R. A. Reisfeld, the Scripps Res. Inst. La
Jolla, CA, USA) is a hybrid between the GD2-negative
C1300 murine neuroblastoma (A/J background) and
GD?2-positive murine dorsal root ganglioma cells. The
GD2-negative clone Neuro-2a, designated formally as
C1300 neuroblastoma, was obtained from the Ameri-
can Type Culture Collection (ATCC, Rockville, MD,
USA). These cells do not express b or c series ganglio-
sides [55]. Both cell lines were shown to be MHC class
I syngeneic to A/J mice, as shown by its H-2K*-posi-
tive/H-2K -negative phenotype [34]. The GD2* EL4
lymphoma (H-2°) cell line was provided by Dr. P.
Shrikant (RPCI, Buffalo, NY, USA).

Construction of the 47-LDA expression vector
and immunization

The construction of 47-LDA expression vector was
reported elsewhere [9]. Briefly, the human codon-
optimized oligonucleotides corresponding to the GD2
mimetic peptide 47-LDA (EDPSHSLGLDAALFM)
and two universal T helper (Th) peptides PADRE
(AKFVAAWTLKAAA) [33] and P18,y (CKRKI-
HIGPGQAFYT) [2] were generated using four 60-mer
primers with 15 nucleotide overlaps by a PCR amplifi-
cation method. Oligonucleotides corresponding to the
spacer sequence KCKRQC and the Th epitopes were
inserted upstream of the 47-LDA peptide sequence.
To avoid the generation of junctional epitopes, an
oligonucleotide linker corresponding to the GPGPG
sequence was inserted between PADRE, P18,y and
47-LDA. The entire 47-LDA construct was synthe-
sized with upstream (5'-AAAGCGGCCGCCAAG
TGCAAGCGCCAG-3') and downstream (5'-GCCG

GGGATCCCTCAGCCCTTAGGCAT-3')  primers
containing the Not I and Bam HI restriction enzyme
cleavage sequences, respectively. The final PCR prod-
uct was purified and cloned into Not I and Bam HI sites
of the pNGVL-7 vector (University of Michigan, Ann
Arbor, MI, USA) by fusing the 47-LDA polytope open
reading frame with tissue plasminogen activator secre-
tory signal sequence (tPA) under the control of human
cytomegalovirus immediate early promoter.

Mice (n = 4) were immunized i.m. with 100 pg of the
47-LDA construct or the sham vector, alone or in com-
bination with 20 pg of IL-15 and IL-21 plasmids (Inviv-
oGen, San Diego, CA, USA) thrice, every 14 days.
Plasmid IL-15 was delivered at the time of the 47-LDA
immunization, whereas IL-21 vector was injected
simultaneously or 5 days later. The optimal doses of
the 47-LDA construct and the cytokine-encoded vec-
tors for induction of antigen-specific immune responses
in mice have been previously determined [10, 36]. The
analyses of the 47-LDA vaccine-induced immune
responses were carried out 3 weeks after the last
immunization.

Generation of 47-LDA-transfected syngeneic
dendritic cells (DCs)

DCs were generated in vitro from bone marrow pre-
cursors as previously described [22]. Briefly, bone mar-
row cells were harvested from the tibias and femurs of
6-8 week-old female A/J mice and then cultured in
complete medium supplemented with 10 ng/ml GM-
CSF at 37°C for 6 days. The medium was replenished
every 2-3 days. On day 6, most of the nonadherent
cells had acquired typical DC morphology, and these
cells expressed moderate to high levels of CDllc,
CD80, CD86, and MHC class II antigens, as deter-
mined by flow cytometric analyses. Subsequently, DCs
were transfected with 47-LDA plasmid or the sham
vector using Lipofectamine 2000 (Invitrogen Life
Technologies, Carlsbad, CA, USA) according to the
manufacturer’s protocol. The transfectants were
incubated for additional 18 h and used for stimulation of
T cells.

Expression of IFN-y and TNF-a in the mimotope
vaccine-induced CD4* splenocytes and in sera
of the immunized mice

The extent of systemic activation of CD4" T cells by
the 47-LDA vaccine was analyzed by measuring intra-
cellular expression of IFN-y and TNF-a in splenocytes
by flow cytometric analyses. Splenocytes from A/J mice
immunized with the 47-LDA vaccine in the presence,
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absence or combination of IL-15 and IL-21 plasmids
were cultured overnight with 47-LDA-transfected
DC:s at the 20:1 ratio. Cells isolated from sham vector-
immunized mice served as controls. The following
mAbs were used for the analysis: FITC-conjugated
anti-CD4  (H129.19), PE-conjugated anti-IFN-y
(XMG1.2) and PE-conjugated anti-TNF-a (MP6-XT22)
(BD PharMingen, La Jolla, CA, USA). Splenocytes
were incubated with 10 pg/ml of brefeldin A (Sigma-
Aldrich, St. Louis, MO, USA) for 4 h, and Fc recep-
tors were blocked by adding Fc blocking reagent
(BD PharMingen). After washing, the cells were
incubated with CD4-specific mAb, permeabilized with
Cytofix/Cytoperm buffer (BD PharMingen), and stained
for intracellular IFN-y and TNF-o. Lymphocytes were
analyzed on a FACScalibur with Cell Quest Software
(BD Biosciences).

Sera from 47-LDA minigene-immunized mice were
analyzed in serial threefold dilutions by ELISA for cir-
culating levels of IFN-y (Quantikine ", R&D Systems,
Minneapolis, MN, USA) and TNF-o (Mouse TNF-a
CytoSet™, Camarillo, CA, USA) according to the man-
ufacturer’s protocols. All sera were collected on day 2
after the third immunization with the 47-LDA mini-
gene or sham vector delivered in the presence, absence
or combination of IL-15 and IL-21 genes. Preimmu-
nized sera were included as negative controls. The
levels of cytokines were quantified from a standard
curve after subtracting the background values from
preimmunized sera.

Measurements of anti-GD2 antibody titers
and isotypes

The level of GD2-cross-reactive antibodies was deter-
mined by testing serial threefold dilutions of sera
from the immunized mice by ELISA with GD2-
coated wells as described elsewhere [9]. Briefly, 100 pl
of GD2 ganglioside (Voigt Global Distribution LLC,
Kansas City, MO, USA) dissolved in ethanol (3 pg/
ml) was added to each well and dried under vacuum.
After blocking with 2% BSA (Sigma-Aldrich) in
0.05% Tween-20 in PBS, serum samples were added
to each well in triplicates. After 1h incubation at
25°C, plates were washed three times and incubated
with alkaline phosphatase (AP)-conjugated second-
ary antibodies (Sigma-Aldrich). Subisotyping of serum
IgG antibody responses was carried out with AP-
conjugated rat anti-mouse IgG1l, IgG2a, IgG2b, or
IgG3 secondary antibodies (BD PharMingen). Sample
dilutions were considered positive if the optical
density (OD) recorded for that dilution was signifi-
cantly different than the OD recorded for the control
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sera from mice immunized with the sham vector using
paired Student’s ¢ test (P < 0.05). As positive controls,
GD2-specific 126 (IgM) and 14G2a (IgG2a) mAbs
were included in the assay.

ADCC and CDC assays

For the ADCC assay, different dilutions of sera from
the 47-LDA- or sham vector-immunized mice (n =4)
were incubated for 6 h with >'Cr-labeled NXS2 cells
(10%/well) together with NK cell-enriched splenocytes
isolated from naive A/J mice at the effector-to-target
(E:T) ratio of 50:1. NK cells were obtained from
pooled splenocytes by centrifugation over a discontinu-
ous density gradient consisting of 70, 65, 60, 57, 55 and
50% Percoll (Amersham Biosciences, Piscataway, NJ,
USA) as described [43], and recovered in the lower
density fractions.

The CDC against NXS2 cells (10°/well) was assayed
at serum dilutions of 1:30, 1:60 and 1:120 with rabbit
complement (Cedarlane Laboratories, Ltd., Hornby,
Ontario, Canada) by a standard 3'Cr-release assay [6].
Sera from mice immunized with sham vector in the
presence, absence or combination of IL-15 and IL-21
plasmids served as controls.

Spontaneous release for the ADCC and CDC assays
was calculated based on the chromium released by tar-
get cells incubated with NK cells or complement alone,
respectively. Maximum radioactivity release was deter-
mined from supernatants of cells that were lysed by the
addition of 5% Triton X-100. The percent of specific
lysis was calculated as: ([cpm experimental release —
cpm spontaneous release]/[cpm maximum release —
cpm spontaneous release]) x 100.

CTL assay

Splenocytes from A/J mice, which were vaccinated
with the 47-LDA minigene in the presence of IL-15
and IL-21 genes and survived the s.c. NXS2 tumor
challenge, were cultured with NXS2 tumor cells
treated for 1 h with mitomycin C (100 pg/ml) (Sigma-
Aldrich) in 15% T cell stimulatory factor (T-STIM™
Culture Supplement, Collaborative Biomedical Prod-
ucts, Bedford, MA, USA) as a source of exogenous
IL-2. The mitomycin C-treated cells were washed and
mixed with the effector cells at a ratio of 1:20. After
3 days of stimulation, cells were split and cultured in
medium supplemented with murine rIL-2 (0.3 ng/ml)
(BD PharMingen). Prior to stimulation, CD8* T cells
were isolated by negative selection using T cell
enrichment columns (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s protocol.
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The cytolytic activity of CD8* T cells against NXS2,
Neuro-2a, and EL4 cells was analyzed 5 days later by a
standard 4-h 3!'Cr-release assay. The percent of specific
lysis was calculated as: ([cpm experimental release — cpm
spontaneous release]/[cpm maximum release — cpm
spontaneous release]) x 100. Maximum release was
determined from supernatants of cells that were lysed
by addition of 5% Triton X-100. Spontaneous release
was determined from target cells incubated with
medium only.

Antitumor immunotherapy

A/J mice (n=6-8) were injected s.c. in the lateral
flank with 10° NXS2 neuroblastoma cells. For thera-
peutic vaccination, animals were immunized one day
after tumor challenge with the 47-LDA construct
(100 pg/injection) alone or in combination with IL-15
and IL-21 expression vectors. The IL-15 plasmid
(20 pg/injection) was delivered at the time of vaccine
immunization, whereas IL-21 gene (20 pg/injection)
was injected 5 days later. Mice were immunized three
times in a 2-week interval. In some experiments, the
number of immunization was reduced if mice had to
be euthanized due to progressive tumor growth.
Tumor growth was monitored by measuring s.c.
tumors once to thrice a week with a microcaliper and
determining tumor volume (width x length x width/
2 = mm?®).

Adoptive transfer of CD8"* T cells

Splenocytes from A/J mice, which were vaccinated
with the 47-LDA minigene in the presence of IL-15
and IL-21 genes and survived the s.c. NXS2 tumor
challenge, were used for adoptive transfer. CD8" T
cells were negatively selected using paramagnetic
Microbeads conjugated to anti-mouse CD4 (L3T4) and
anti-mouse CD45R (B220) mAbs according to the
manufacturer’s instructions (MACS; Miltenyi Biotec
Inc., Auburn CA, USA). The resulting populations
were >90% pure. For the adoptive cell transfer, mice
that were injected s.c. with 10° NXS2 cells were suble-
thally irradiated (500 rad) and treated by intravenous
(i.v.) injection with the isolated CD8" T cells
(2 x 107 cells). All recipient mice were vaccinated
every 2 weeks by i.v. injection of 47-LDA-transfected
DCs (2 x 10° cells) and i.m. injection of IL-15 and IL-
21 genes delivered at the time of immunization and
5 days later, respectively. Control mice received CD8*
T cells from untreated animals.

In some experiments, the isolated CD8* T cells were
labeled with 5 uM CFSE (Molecular Probes, Eugene,

OR, USA) for 15 min at 37°C, and injected intrave-
nously by tail vein (2 x 107 cells) into s.c. NXS2-chal-
lenged and sublethally irradiated (500 rad) naive A/J
mice. All NXS2-challenged mice had palpable tumors
at the time of the adoptive CD8" T cell transfer.
Tumor-containing tissues were removed 48 h after the
adoptive transfer and immediately frozen in isopen-
tane at —70°C. Tissues were sectioned at 12 mm, and
sections were air-dried and fixed in acetone/chloroform
for 10 min. Detection was performed utilizing a Nikon
Eclipse fluorescence microscope. The morphology of
the NXS2 lesions obtained 30 days after challenge was
analyzed on hematoxylin and eosin (H&E)-stained
sections.

Depletion of CD4*, CD8*, and NK cells

To evaluate the contribution of CD4*, CD8*, and NK
cells to the vaccine-induced protection against NXS2
challenge, 47-LDA-immunized mice were injected
i.p. with 100 pg of anti-CD4 mAb (GK 1.5), anti-
CD8mAb (53-6.72), or 25 pl of anti-asialo GM1
(GA1) rabbit serum (Wako Chemicals Osaka, Japan)
on days 3 and 1 before and days 1, 8, 15 and 22 after the
challenge as described [8]. The antibody treatment was
capable of depleting CD4*, CD8*, or NK cells in non-
immunized mice by approximately 90% as determined
by flow cytometric analyses with anti-CD4 (H129.19),
anti-CD8 (53-6.7), and CD49b/Pan-NK cells (DX5)
mAbs (BD PharMingen). Control groups were treated
with 100 ug of rat IgG (ICN Biomedical, Aurora, OH,
USA).

Statistical analyses

The statistical significance of the difference between
groups was performed using a two-tailed Student’s ¢
test assuming equal variance. Mixed model analyses of
variance were used to compare mean values of GD2-
specific antibody and cellular responses between mice
immunized with the 47-LDA minigene or sham vector
alone or in combination with additional treatments.
The P values for the pairwise group comparisons for
the average tumor growth were computed using the
nonparametric Wilcoxon’s rank-sum test. Kaplan—
Meier survival plots were prepared and median sur-
vival times were determined for NXS2-challenged
groups of mice. Statistical differences in the survival
across groups were assessed using the logrank Mantel-
Cox method. Data were presented as arithmetic
mean + SD and analyzed using the JMP program (SAS
Institute Inc., Cary, NC, USA) on a Windows-based
platform.
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Results

47-LDA vaccine in the presence of IL-15 and I1L-21
genes induces IFN-y and TNF-a production by CD4* T
cells and GD2 cross-reactive IgG2 antibody responses

The extent of activation of CD4* T cells by the 47-
LDA vaccine was analyzed by measuring intracellular
expression of IFN-y and TNF-a in splenocytes of the
immunized A/J mice (n = 4). In some experiments, IL-
15 was delivered together with the 47-LDA vaccine,
whereas IL-21 was injected either simultaneously or
5 days later. This immunization regimen was based on
previous studies which showed that IL-21 plasmid
delivered 5 days after specific vaccination increased
the level and longevity of vaccine-induced immune
responses in a synergistic manner with IL-15 expres-
sion vector. Three weeks after immunization, spleno-
cytes from A/J mice immunized with the 47-LDA
vaccine in the presence, absence or combination of IL-
15 and IL-21 plasmids were cultured overnight with 47-
LDA-transfected DCs at a 20:1 ratio. Cells isolated
from sham vector-immunized mice served as controls.
Figure 1a shows that coimmunization of mice with the
plasmid-derived IL-15 elevated the numbers of IFN-vy-
and TNF-a-producing CD4* cells (P < 0.01). As GD2
ganglioside is expressed on brain and other tissues of
neuroectodermal origin in mice [32, 40, 59], the induc-
tion of the 47-LDA mimetic peptide-specific CD4* T
cell responses had to overcome immunological toler-
ance in the immunized mice. Consistent with the
notion that IL-21 exposure to an immune system that
has been previously primed with a specific antigen
leads to the optimal augmentation of immune
responses [10, 38], IL-21 was more effective in stimulat-
ing the cytokine expression when administered 5 days
after vaccination than simultaneously with the 47-LDA
plasmid. However, the highest level of IFN-y
(P <0.001) and TNF-o (P < 0.01) production were elic-
ited by the 47-LDA vaccine delivered in combination
with IL-15 followed by IL-21 treatment.

We next used ELISA to determine whether the
effect achieved with the 47-LDA vaccine, delivered in
combination with IL-15 and IL-21 genes, on IFN-y and
TNF-o expression in the in vitro-stimulated CD4* T
cells could also be reflected in changes in the circulat-
ing levels of these cytokines. Analyses of sera from ani-
mals immunized with the 47-LDA minigene in the
presence of IL-15 and IL-21 expression vectors
revealed less than twofold increases in the level of IFN-
vy compared to mice treated with 47-LDA vector only
(189 £ 0.5 pg/ml and 10.1 + 1.3 pg/ml, respectively).
In the latter group of mice, serum levels of IFN-y were
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comparable to those measured in the sham plasmid-
immunized control animals (9.8 £ 1.2 pg/ml), and were
not significantly increased after administration of
either IL-15 or IL-21 gene (P < 0.19). Similarly, TNF-o
levels in sera of mice vaccinated with 47-LD A vector
in the presence of both cytokines (19.3 + 0.7 pg/ml)
exhibited only small increases compared to those
detected after immunization with the 47-LDA plasmid
alone (12.0 £ 0.6 pg/ml), and no significant changes
were measured after IL-15 or IL-21 gene delivery
(P <0.25).

As IL-21 has been shown to regulate humoral
immunity by promoting B cell maturation during a pro-
ductive T lymphocyte-dependent B cell response while
favoring growth arrest and apoptosis for nonspecifi-
cally or inappropriately activated B cells [25, 36], we
examined the effect of IL-21 vector delivered alone or
in combination with IL-15 gene on end-point titers and
isotypes of GD2-specific antibody responses in the
same group of 47-LDA vector-immunized mice. As
shown in Fig. 1b, coimmunization with IL-15 and IL-21
genes elicited significant increases in the titers of GD2
cross-reactive IgG, and to a lesser degree IgM antibody
responses, compared to those measured in animals
immunized with the 47-LDA construct alone. Consis-
tent with the findings that in the murine system, IFN-y
produced by Thl cells induces IgG2 in response to T
cell-dependent antigens [16, 21], we demonstrated that
the predominant GD2 cross-reactive antibody subtype
in 47-LDA-vaccinated and IL-15- and IL-21-treated
mice was IgG2b with the end-point titer sixfold higher
compared to 47-LDA-immunized animals (P < 0.0001).
We also observed that IL-21 preferentially augmented
GD?2 cross-reactive IgG1 antibodies and had a modest
effect on 47-LDA vaccine-induced IgG2b, whereas
IL-15 plasmid increased GD2 cross-reactive 1gG2a
and to a lesser degree IgG2b antibody production
(Fig. 1b). None of the cytokines affected production of
GD2 cross-reactive IgG3 antibody responses, which
remained at a low level in all groups of the immunized
mice.

IL-15 and IL-21 gene delivery enhances cytolytic
activities of the minigene-induced immune responses
against GD2-positive tumor cells

The functional significance of IL-15 and IL-21-medi-
ated increases in GD2 cross-reactive IgG2 antibody
responses was investigated by analyzing the ability of
sera derived from mice immunized with the 47-LDA
minigene in the presence, absence or combination of
IL-15 and IL-21 plasmids to mediate ADCC and CDC
against GD2-expressing NXS2 cells. In the ADCC
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Fig. 1 Effect of plasmid-derived IL-15 and IL-21 on the 47-LDA
vaccine-induced cellular and humoral responses in A/J mice.
Mice (n = 4) were immunized with the 47-LDA vaccine in the ab-
sence, presence or combination of IL-15 and IL-21 genes. Three
weeks after immunization, the animals were sacrificed and
spleens and blood were collected. Splenocytes were isolated and
cultured overnight with the 47-LDA-transfected DCs at the 20:1
ratio. a The expression of IFN-y and TNF-a in CD4* T cells was
analyzed by intracellular staining, and presented after subtracting

assay, >'Cr-labeled NXS2 cells were incubated with a
serial dilution of sera collected 3 weeks after the specific
immunization in the presence of NK-cell-enriched
splenocytes from naive A/J mice. Figure 2a shows that
the highest level of lysis was obtained with sera from 47-
LDA vaccine-immunized mice treated with both IL-15
and IL-21 expression vectors. In these mice, the cyto-
lytic responses against NXS2 cells were still detectable
at the serum dilution of 1:60 at the E:T ratio of 50:1,
whereas they were at a background level with sera iso-
lated from the control group of mice. The CDC assay
revealed a similar profile of lysis. As shown in Fig. 2b,
sera from mice immunized with the 47-LDA minigene
in combination with IL-15 and IL-21 plasmids mediated
over 30% specific lysis against the GD2 ganglioside
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the numbers of CD4" cells expressing IFN-y or TNF-a in cultures
of splenocytes from mice immunized with the sham vector. b The
titers and isotypes of GD2 cross-reactive antibodies in sera of
the same group of immunized mice were determined by ELISA.
The titers are shown as the highest serum dilutions with significantly
different OD as compared with sera from sham vector-immunized
mice using paired Student’s ¢ test (P < 0.05). All results are pre-
sented as the means & SD (error bars) of at least three indepen-
dent experiments. * P < 0.01; ** P < 0.001; *** P < (0.0001

expressing tumor cells, and the activity remained at a
detectable level at the serum dilution of 1:120.

47-LDA vaccine combined with IL-15 and IL-21 genes
inhibits growth of s.c. NXS2 tumors in A/J mice

The antitumor activity of the 47-LDA vaccine deliv-
ered together with IL-15 and IL-21 expression vectors
was next evaluated in the syngeneic NXS2 tumor chal-
lenge model. Groups of A/J mice (n=6-8) were
challenged s.c. with 1 x 10° NXS2 tumor cells on day 0
and immunized with the 47-LDA vaccine delivered
alone or in combination with IL-15 and IL-21 expres-
sion vectors one day after tumor challenge (Fig. 3A).
In the immunization regimen, IL-15 was delivered
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Fig.2 ADCC and CDC against NXS2 neuroblastoma mediated
by sera of mice (n = 4) immunized with the 47-LDA construct in
the presence, absence or combination of IL-15 and IL-21 genes. a
ADCC against NXS2 cells was measured using sera from mice
immunized with the 47-LDA vaccine in the presence, absence or
combination of IL-15 and IL-21 genes (solid symbols) or from the
sham plasmid-immunized counterparts (open symbols). b The

simultaneously with the 47-LDA vaccine, whereas IL-
21 was injected 5 days later. The booster immuniza-
tions were carried out every 14 days to determine
whether the vaccine could overcome the suppressive
effect of the tumor on the generation of immune
responses to the self-antigen in tumor-bearing animals
[14, 54, 66]. In parallel, additional groups of NXS2-
challenged mice were immunized with the sham
plasmid alone (control group) or in combination with
IL-15- and IL-21-encoded vectors. Because the 47-LDA
construct consists of two universal Th epitopes
P18y and PADRE separated by the GPGPG spacer
sequence and attached to the N-terminal region of the
47-LDA MIMIC [9], additional groups of mice were
immunized with the plasmid-derived P18, /PADRE
or the 47-LDA-MIMIC peptide cassette in combina-
tion with IL-15 and IL-21 genes. The latter studies
were conducted to determine whether the 47-LDA
vaccine-induced protection against NXS2 tumor
growth is mediated solely by epitopes located within
the 47-LDA MIMIC and not by junctional sequences
or other epitopes within the P18, /PADRE cassette.
The mean rate of tumor growth in the control and
immunized groups of A/J mice is depicted in Fig. 3B-a
to B-f. All mice in the control group developed progres-
sively growing tumors and were sacrificed by day 30
(Fig. 3B-a). Mice immunized only with the 47-LDA
vaccine showed some delay in the mean rate of tumor
growth compared to the control mice (Fig.3B-b;
P =0.04). With time, however, all animals in this group
developed progressively growing tumors. Also, the
booster immunization with the mimetic vaccine was
unable to inhibit the tumor growth once the tumor
became established. Administration of IL-15 and IL-21
plasmids together with the sham vector during the
NXS2 challenge had a small protective efficacy, causing
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complement-mediated lysis of NXS2 was determined using the
same sera from 47-LDA-immunized (black symbols) and sham
plasmid-immunized (open symbols) mice. All determinations
were made in triplicate samples, and the SD was <10%. Results
are presented as the means + SD (error bars) of four indepen-
dent experiments

approximately a 10-day delay in tumor growth (Fig. 3B-
c; P=0.06). Similarly, while immunization with the
P18,n/PADRE or 47-LDA-MIMIC vaccine in combi-
nation with IL-15 and IL-21 genes produced some pro-
longation of survival, the achieved protection was not
significantly higher than that provided by the cytokine
treatment only (Fig.3B-d, B-e). On the other hand,
inclusion of IL-15 and IL-21 plasmids into the immu-
nization regimen with the intact 47-LDA vaccine
markedly enhanced tumor-protective immunity when
compared to the control groups of mice or those that
were treated with the 47-LDA construct only
(P < 0.0001; Fig. 3B-f). In this group, six of eight NXS2-
challenged mice (75%) had tumor-free survival greater
than 90 days (not shown). No behavioral changes were
observed in vaccinated mice from any of the treatment
groups. In the vaccinated and tumor-free mice, exami-
nation of histologic sections of the major organs showed
no evidence of toxicity or autoimmune pathology.

Protection against NXS2 tumor challenge requires
both innate and adaptive cell-mediated immunity

To examine the mechanism by which IL-15 and IL-21
gene delivery exerts a regulatory effect on the 47-LDA-
induced tumor-specific immunity, we performed deple-
tion experiments of CD8" and CD4" T cells as well as NK
cells before and during the immunization and NXS2 chal-
lenge study. In these studies, A/J mice (n=6-8) were
injected i.p. with anti-CD4 or anti-CD8 mAb before
NXS2 tumor challenge and vaccination with the 47-LDA
construct. Additional groups of mice were depleted of
NK cells by a treatment with anti-asialo GM1 (GA1)
rabbit serum, and a control group was treated with rat
IgG antibody. This treatment continued every 7 days
during the entire period of immunization (Fig. 4a).
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Fig. 3 Effect of a therapeutic 47-LDA vaccine combined with
IL-15 and IL-21 genes on NXS2 tumor growth in A/J mice. a
Schematic representation of the immunization schedule. b A/J
mice (n = 6-8) that were inoculated s.c. with 105 NXS2 tumor cells
were immunized with sham plasmid (a), the 47-LDA construct
alone (b), sham plasmid in combination with IL-15 and IL-21
genes (c), the P18, /PADRE T helper and junctional sequence

Figure 4b shows that in fully immune-competent
mice that were immunized with the 47-LDA vaccine,
only the NXS2 tumor volumes were approximately
30% of those measured in the sham vector-treated
mice. As expected, depletion of NK cells as well as

Days post tumor injection

construct in combination with IL-15 and IL-21 plasmids (d), the
47-LDA-MIMIC together with IL-15 and IL-21 plasmids (e), and
the entire 47-LDA construct in combination with IL-15 and IL-21
genes (f). Animals were examined daily until the tumor became
palpable, after which tumor growth was monitored by measuring
s.c. tumors once to thrice a week. Lines represent tumor growth
in individual mice

CD4* T cells during the immunization with 47-LDA
mimotope resulted in reduction of protective immunity
against NXS2 challenge, most likely due to the lack of
induction of GD2-specific antibody responses and NK
cell-mediated cytolytic activity. We also observed that
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Fig. 4 Protection against
NXS2 tumor challenge
requires innate and adaptive
cell-mediated immunity. a
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challenge and vaccination
with the 47-LDA construct
alone (b) or in combination
with IL-15 and IL-21 vectors
(¢). Mice immunized with the
sham vector alone or in com-
bination with IL-15 and IL-21
served as a negative controls.
Additional groups of mice
that were immunized with the
47-LDA vaccine in the ab-
sence or presence of IL-15 and
IL-21 and were treated with
rat IgG antibodies served as
positive controls. The mean
tumor growth of the control
mice that were treated with
sham plasmid in the presence
or absence of the cytokines
genes 25 days after tumor
challenge was considered as
100%. Bars, mean of experi-
ments including 6-8 mice

per group SD (error bars).
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depletion of CD8* T cells augmented tumor growth,
suggesting the presence of functional CD8" effector T
cells in the NXS2-challenged and 47-LDA mimetic
vaccine-immunized mice (Fig. 4b).

The same experiments repeated in mice that were
immunized with the combined regimen of 47-LDA
vaccine and IL-15 and IL-21 genes consistently pro-
vided inhibition of tumor growth compared to the con-
trol group of animals (P < 0.0001; Fig. 4c). However, in
contrast to mice immunized only with the 47-LDA vac-
cine, coimmunization of CD4" T cell-depleted mice
with the mimotope vaccine in the presence of IL-15
and IL-21 genes provided a modest level of protection
against NXS2 tumor growth compared to the sham
plasmid-immunized mice. In these mice, the tumor
volume was also smaller than that in the NK cell- and
CD8" T cell-depleted counterparts. Furthermore, the
protection level against NXS2 challenge in the CD4* T
cell-depleted mice that received the 47-LDA vaccine in
the presence of IL-15 and IL-21 treatment was similar
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to that observed in 47-LD A-immunized parental group
of mice. Taken together, these data indicate that in the
partial presence of CD4* T cells, the plasmid-derived
IL-15 and IL-21 augmented protective immunity
against NXS2 tumor to almost a normal level.

Evaluation of tumor-reactive CD8" T cells in CTL
assay

It is long known that the killing of tumor cells by NK
cells alone or in combination with the tumor-specific
antibodies through ADCC can provide a ready supply
of antigen to DCs for cross-presentation and elicitation
of antigen-specific, adaptive immune responses carried
out by tumor-specific CD4* and CD8* T cells [12, 17,
19]. In view of these findings, we investigated whether
immunization of tumor-challenged mice with the 47-
LDA vaccine in combination with IL-15 and IL-21 plas-
mids induces tumor-specific CD8* T cell responses. For
these studies, CD8" splenocytes isolated from mice that
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Fig. 5 Tumor cell lysis by CD8" T cells. a CTL activities against
parental NXS2 and Neuro-2a neuroblastoma cells as well as EL4
lymphoma (GD2*, H-2%) in mice that survived challenge with
NXS2 neuroblastoma after immunization with the 47-LDA vac-
cine in the presence of IL-15 or IL-21 genes were analyzed in a
standard 'Cr-release assay. CD8* T cells were obtained from

survived challenge with NXS2 neuroblastoma after
combined immunization with the 47-LDA vaccine and
IL-15 and IL-21 expression vectors were analyzed for
antitumor activity against NXS2 cells in a >'Cr-release
assay. Additional target cells included the syngeneic
GD2~ Neuro-2a neuroblastoma and allogeneic GD2*
EL4 lymphoma (H-2P) cells. As shown in Fig. 5a, NXS2
neuroblastoma tumor cells were efficiently lyzed by
CD8* T cells isolated from the cured mice, consistent
with the potent rejection of the tumor growth in vivo. In
these animals, the lysis of the tumor cells were approxi-
mately fourfold higher over a broad range of the E:T
ratios compared to those measured in control animals
(not shown). On the other hand, the lysis of GD2~
Neuro-2a neuroblastoma cells, which are parental to
the NXS2 hybrid, indicated that the GD2 ganglioside is
not a target for the vaccine-elicited CTLs and that the
effector cells recognize a cellular ligand shared by these
neuroblastoma tumor cells. The resistance of the GD2*
EL4 cells to the CTL-mediated killing suggested that
the induced CD8" T cells recognize cellular ligand(s) in
the context of MHC class I molecules. The latter
possibility was further supported by inhibition of the
CTL-mediated lysis of NXS2 cells with anti-H-2K*
and anti-H-2DY mAbs added to the cultures during the
SICr-release assay (Fig. 5b).

Tumor re-challenge of previously cured mice
and CD8" T cell adoptive immunotherapy

We next investigated whether the 47-LDA vaccine-
induced NXS2-specific CD8" T cells were capable of
facilitating tumor-protective immune memory. NXS2-
challenged mice (n = 8) that remained tumor-free for

50:1 25:1 12:1 6:1 3:1
E:T ratio

pooled splenocytes by negative selection. b Inhibition of NXS2-
specific CTL responses by anti-H-2D¢ or anti-H-2K* mAb (3 pg/
ml). All determinants were made in triplicate samples, and the
SD was <10%. Results are presented as the means + SD of three
independent experiments

at least a 3-month period after immunization with the
47-LDA minigene vaccine in the presence of IL-15 and
IL-21 genes were re-challenged s.c. with 10® NXS2 cells
and observed for tumor growth. Figure 6a shows that
all of the cured, re-challenged mice survived additional
90 days, and only one animal developed progressively
growing tumor and was sacrificed at that time. In con-
trast, all control mice developed tumor and had to be
sacrificed by day 30.

In a separate study, we investigated antitumor activ-
ities of CD8* T cells in vivo. A/J mice (n = 8), which
had been immunized with the 47-LDA minigene in
combination with IL-15 and IL-21 genes and rejected
the s.c. NXS2 tumor challenge, were used as a source
of CD8" splenocytes. Figure 6b shows that six of eight
NXS2-challenged mice that received CD8" T cells from
47-LDA-vaccinated and cured animals had tumor-free
survival for greater than 90 days, reflecting a significant
antitumor influence of the transferred cells compared
to control animals (P < 0.001).

Immunofluorescence studies of frozen and H&E-
stained sections from s.c. NXS2 tumors in animals that
received CFSE-labeled CD8" T cells from 47-LDA-
immunized and cured mice revealed the presence of
tumor infiltrating lymphocytes in tumor flanks, suggest-
ing that the administered lymphocytes were capable of
trafficking to the tumor tissues (Fig. 7a, b). The robust
antitumor activities of these transferred CD8" T cells
were also consistent with the morphology of subcuta-
neous NXS2 lesions analyzed on H&E-stained sections
30 days after tumor challenge, which revealed massive
necrosis in tumor sections derived from the treated
mice compared to those in the control animals (Fig. 7c, d,
respectively).
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Fig. 6 Analyses of NXS2 tumor-reactive CD8" T cells in vivo.
a Tumor-specific immune memory protecting mice from NXS2
re-challenge. A/J mice (n = 8), which were immunized with the
47-LDA vaccine in the presence of IL-15 and IL-21 genes and
remained tumor-free for at least a 3 month period after s.c. NXS2
challenge (filled square), were re-challenged with 10° NXS2 cells.
Control mice were challenged with NXS2 cells only (open
square). b CD8" T cells from A/J mice (n = 8), which had been
immunized with the 47-LDA vaccine in combination with IL-15
and IL-21 genes and rejected s.c. NXS2 tumor challenge, were
used for adoptive transfer (filled square). For the adoptive cell
transfer, mice that were challenged s.c. with 10° NXS2 cells were
sublethally irradiated (500 rad) and treated by i.v. injection with
freshly isolated CD8* T cells from the cured mice (2 x 107 cells).
All recipient mice were vaccinated every 2 weeks by i.v. injection
of 47-LDA-transfected DCs (2 x 10° cells) and i.m. injection of
IL-15 and IL-21 genes delivered at the time of immunization and
5 days later, respectively. NXS2-challenged mice that received
CD8" T cells from untreated animals served as controls (open
square). Survival was defined as the point at which mice were sac-
rificed due to extensive tumor growth. Kaplan-Meier survival
plots were prepared, and significance was determined using log-
rank Mantel-Cox method

Discussion
Cancer vaccines have been pursued for over a century

in an attempt to harness the specificity and many resis-
tance potentials of the immune system [12]. Recent
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advances in immunology, including the importance of
interaction of innate with the adaptive arm of the
immune system has gained a lot of attention in the past
several years, and provided new guidelines for immu-
notherapy [17]. Simultaneously, over the last decade,
tumor-associated antigens have been identified and
tumor-specific mAbs have emerged as effective and
specific immunotherapeutics against human cancers
[1]. In particular, the weakly immunogenic carbohy-
drate antigens that are abundantly expressed on the
surface of malignant cells are typically perceived as
attractive targets though they are considered inade-
quate for generating tumor-specific cellular responses.
Here, we demonstrated for the first time the ability of
the 47-LDA mimotope of GD2 ganglioside delivered
in combination with IL-15 and IL-21 plasmids to stimu-
late regression of highly tumorigenic NXS2 neuroblas-
toma cells in syngeneic mice through enhancement of
the vaccine-induced humoral and cell-mediated immu-
nity. Based on the depletion experiments as well as
in vitro studies, it became clear that NK cells and GD2
cross-reactive IgG2 antibody responses contributed to
the control of tumor growth, and their effector function
was enhanced by delivery of the plasmid-derived IL-15
and IL-21. This also is consistent with the reported pro-
tective effect of cytotoxic IgG2b, but not IgM, antibody
responses induced by small cell lung cancer cell line
genetically engineered to secrete IL-12 and IL-15
against parental tumor cells by ADCC [45].

The finding that the therapeutic efficacy of the 47-LDA
mimetic vaccine delivered in combination with IL-15
and IL-21 genes was dependent on tumor-specific
CD8" T cells is supported by the presence of CTLs dis-
playing lytic functions against the parental tumor in
long-term surviving mice. The generation of the neuro-
blastoma-specific CTLs in the NXS2-challenged and
immunized mice is currently under investigation, and
may involve several mechanisms functioning simulta-
neously in the challenged animals. The CTL priming
could be affected by antibody-mediated targeting of
tumor antigens, which in the presence of NK cells,
would lead to a greater accumulation of antibody-
coated antigenic tumor cell debris for efficient cross-
priming by DCs. Consistent with this possibility are
numerous studies which demonstrated that antibody-
mediated targeting tumor antigens to Fcy receptors
on murine DCs leads to enhanced cross-presentation
and induction of CD4* and CD8" T cell responses
[12, 19, 39]. Such responses would be desirable,
because they provide a mechanism for long-term
protection and immunologic memory. Alternative
mechanisms may involve up-regulation of NKG2D
stimulatory receptor on CD8" T cells, which then binds
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Fig. 7 Histological examination of subcutaneous NXS2 tumor. a
Trafficking of CFSE-labeled CD8" T cells into NXS2 neuroblas-
toma parenchyma in mice. CFSE-labeled (2 x 107) CD8" T cells
from 47-LDA-immunized mice were adoptively transferred to a
naive mouse previously implanted with a subcutaneous NXS2
neuroblastoma. 48 h post-transfer, CFSE-labeled CD8* T cells
were observed to be within tumor parenchyma via fluorescence
microscopy. b H&E staining of NXS2 neuroblastoma tumor from

to Rael and H60 ligands on tumor cells, resulting in
delivery of a costimulatory signal that leads to memory
cell formation [13]. Finally, the peptide mimic can acti-
vate cross-reactive CTLs that recognize an unknown
O-linked glycopeptide presented by MHC class I anti-
gens, as reported for a peptide mimic of GIcNAc
carbohydrate antigen that induced CTLs to Meth A
sarcoma displaying native O-GlcNAc glycopeptides on
the cell surface [37]. Also, presentation of posttransla-
tionally modified cytosolic glycosylated peptide by
human MHC class I molecules in vivo has previously
been reported [18, 20]. This, together with the findings
that the induced CTLs recognized the neuroblastoma
cells regardless of GD2 expression but not the alloge-
neic GD2* lymphoma tumor and the killing was inhib-
ited by anti-MHC class I mAbs, argue against the
possibility that the killing was mediated by carbohy-
drate-specific MHC class I-unrestricted cytotoxic cells.

Based on antibody depletion experiments, CD4"
cells did not seem to be strictly required for the thera-
peutic efficacy of the mimetic vaccine in the presence
of IL-15 and IL-21 cytokines; however, a possible
involvement of these cells cannot be excluded. Under-
standing the factors that supplement CD4* T cell
function and support CD8" T cell activity could be
important for therapeutic strategy where CD4 help is

‘)‘

CFSE-labeled CD8" T cell-transferred mouse. Arrows denote
CFSE-labeled cells. Tumor infiltrating blood vessels are marked
as (v). The images are shown at x40 magnification. The
morphology of the subcutaneous NXS2 lesions from the treated
(¢) and control mice (d) were analyzed on H&E-stained sections
30 days after tumor challenge. The images are shown at x20
magnification

compromised, especially in patients with impaired
immune system. Therefore, the reported ability of IL-
15 plasmid or the combination of IL-15 and IL-21 to
restore CD8* T cell immune responses to an antigenic
DNA plasmid in the partial absence of CD4* T cells
may be useful in contributing to vaccine control of
tumor growth in vivo [30]. It has been suggested that
IL-15 directly activates CD8" T cells during the priming
stage, leading to increased formation of memory cells
[30]. Alternatively, IL-15 may directly activate APCs,
leading to the secretion of IL-12, which subsequently
induces IFN-y to further activate dendritic cells and
macrophages and provide co-stimulation of CD8" T
cells [30]. Although these possibilities remain to be
examined, we hypothesize that IL-21 may promote
differentiation of IL-15-activated CD8" T cells.

To design an effective anti-cancer vaccine, it is
important to understand the types of immune responses
required to provide not only complete eradication of
primary tumor but also protection from minimal
residual disease. Many currently developed strategies
in immunotherapy of neuroblastoma mediate protec-
tion primarily by antibody responses to the tumor-
associated antigens including GD2 ganglioside [5, 11]
or combination immunotherapy with interleukins and
non-MHC-restricted cytotoxic cells [35, 41, 46].
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However, because adaptive as well as innate immune
responses are critical for control of disease progres-
sion, therefore both humoral and cellular immune
responses may be required for optimal and sustained
protection. Our results are consistent with those of
Zeng et al. [68] which demonstrated that both IL-15
and IL-21 cooperate in promoting the vaccine-
induced durable cellular responses. Furthermore, we
found that combination of IL-15 and IL-21 plasmids
augmented GD2-specific cross-reactive IgG2 anti-
body levels thus contributing to increases in the cyto-
lytic effector function of the antibody responses
against GD2-positive tumor cells through ADCC and
CDC. In conclusion, our data indicate that the use of
the peptide mimotope of GD2 ganglioside vaccine in
combination with IL-15 and IL-21 genes represents a
suitable approach to activate innate and adaptive
immune responses, allowing the achievement of ther-
apeutic effects in a highly tumorigenic neuroblastoma
model.
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