
Targeting a Mimotope Vaccine to Activating Fcγ Receptors
Empowers Dendritic Cells to Prime Specific CD8+ T Cell
Responses in Tumor-Bearing Mice1

Margaret Gil*, Magdalena Bieniasz*, Andrzej Wierzbicki*, Barbara J. Bambach†, Hanna
Rokita‡, and Danuta Kozbor*,2

* Department of Immunology, Roswell Park Cancer Institute, Buffalo, NY 14263 † Department of
Pediatrics2, Roswell Park Cancer Institute, Buffalo, NY 14263 ‡ Faculty of Biochemistry, Biophysics,
and Biotechnology, Jagiellonian University, Kraków, Poland

Abstract
A major challenge for inducing antitumor immune responses with native or modified tumor/self-Ags
in tumor-bearing hosts relates to achieving efficient uptake and processing by dendritic cells (DCs)
to activate immune effector cells and limit the generation of regulatory T cell activity. We analyzed
the ability of therapeutic DC vaccines expressing a CD166 cross-reactive mimotope of the GD2
ganglioside, 47-LDA, to selectively expand adoptively transferred, tumor-specific T cells in NXS2
neuroblastoma tumor-bearing syngeneic mice. Before the adoptive cell transfer and DC vaccination,
the tumor-bearing mice were lymphodepleted by nonmyeloablative total body irradiation or a
myeloablative regimen that required bone marrow transplantation. The 47-LDA mimotope was
presented to DCs either as a linear polypeptide in conjunction with universal Th epitopes or as a
fusion protein with the murine IgG2a Fc fragment (47-LDA-Fcγ2a) to deliver the antigenic cassette
to the activating Fcγ receptors. We demonstrate that immunization of adoptively transferred T cells
in tumor-bearing mice with the 47-LDA mimotope expressed in the context of the activating Fc
fusion protein induced higher levels of antitumor immune responses and protection than the 47-LDA
polypeptide-DC vaccine. The antitumor efficacy of the therapeutic 47-LDA-Fcγ2a-DC vaccine was
comparable to that achieved by a virotherapy-associated cancer vaccine using a recombinant
oncolytic vaccinia virus expressing the 47-LDA-Fcγ2a fusion protein. The latter treatment, however,
did not require total body irradiation or adoptive cell transfer and resulted in induction of antitumor
immune responses in the setting of established tolerance, paving the way for testing novel anticancer
treatment strategies.

It has become increasingly clear that enhancing the immunogenicity of tumor-associated Ags
by the use of dendritic cells (DCs)3 and other potent vectors of cancer vaccines or by adoptive
cell transfer (ACT) of autologous tumor-reactive T cells influences the kinetics and character
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of tumor growth. Ultimately, however, despite indications that some of the new cancer vaccines
are capable of delaying tumor recurrence or extending the survival of cancer patients, their
ability to induce cancer regression remains low (1–3). Recent reports that help to identify and
prospectively remove the difficulties toward therapeutic vaccination of cancer patients indicate
that the successful induction of antitumor immunity by cancer vaccine is not necessary
associated with the induction of functional CTLs and that current vaccines may promote
undesirable expansion of regulatory T cells (Tregs) (2,4,5). Treg cells are crucial mediators of
peripheral tolerance and are elevated in cancers (6,7). They possess a CD4+CD25+FoxP3+

phenotype and arise both in the thymus and through the conversion of FoxP3−CD4+ T cells in
the periphery (7,8). It is known that Treg cells limit primary responses to tumor/self-Ags in
tumor-bearing host and prevent the generation of memory T cells (7–9). The interaction of
Treg cells with DCs during the induction of an immune response to tumor-associated Ags and
the regulation of its character remains under intensive study. The means to generate Ag-specific
T effector cells (Teff) cells while limiting the generation of Ag-specific Tregs is crucial to
optimal immunotherapy strategies. Several groups are now testing such strategies, including
delivery of CD40 agonists plus TLR activation (10), a liposomal vaccine (11), CD137 single-
chain Ab-expressing tumor cells (12), and DCs (2,5).

The current cancer vaccines involving DCs have proven to be effective in inducing tumor-
specific T cells (13–16), but their effectiveness in inducing clinical responses is still below
expectations (3). A growing body of evidence indicates that DC behavior can be regulated by
activating and inhibitory FcγR subtypes (17–19). FcγRs represent one of the best studied
receptors for the uptake and targeting of Ags to DCs, either in the form of immune complexes
or opsonized dying cells, such as those generated during Ab therapy of cancer (20). The FcγR
system consists of a balance of activating and inhibitory FcRs that carry an ITAM or ITIM,
respectively, in their cytoplasmic domain. (21). Human monocytes and DCs express an array
of these receptors, including both activating and inhibitory FcRs (18,22). Several studies have
now shown that Ag uptake in the form of immune complexes or opsonized tumor cells is
associated with enhanced Ag presentation by DCs and the generation of Ag-specific T cells
(17,23,24). Selective blockade of inhibitory Fcγ receptors is associated with DC activation
(18), and DCs from mice deficient in the inhibitory FcγRII have a more activated phenotype
(25). These data suggest that the balance of activating vs inhibitory FcγRs may have a major
impact on DC activation in vivo. Recently, it has been shown that selective targeting of
activating FcγRs leads to the induction of a type I IFN response program in human monocytes
and monocyte-derived DCs (26). Thus, the balance of FcR signaling may regulate the level of
constitutive type I IFN signaling in myeloid cells, suggesting that the engagement of activating
FcγRs on DCs by immune complexes may lead to major effects on the biology of DCs and the
generation of adaptive immunity. Because individual Ab isotypes possess different affinities
for Fcγ receptors (with activating Fcγ receptors having higher affinities for murine IgG2a and
IgG2b isotypes or human IgG1 and IgG3 isotypes), differences in the ratios of activating-to-
inhibitory receptor binding by the presented antigenic complex may predict the ability of DCs
to induce immune responses (19). Harnessing this pathway may allow the recruitment of
adaptive immunity and immunologic memory by Ab therapy or cancer vaccines.

In this study, we investigated whether triggering the activating FcγRs on APCs would generate
tumor-specific Teff cells and offset the suppressive environment established by the tumor.
Using a CD166 cross-reactive mimotope of GD2 ganglioside 47-LDA (27,28), we investigated
the efficacy of a DC vaccine expressing the 47-LDA-Fcγ2a fusion protein or 47-LDA linear
polypeptide during ACT in syngeneic NXS2 tumor-bearing mice. Before the ACT and DC
vaccination, the tumor-bearing mice were lymphodepleted by nonmyeloablative total body
irradiation (TBI) or a myeloablative regimen that required bone marrow (BM) transplantation.
To determine that the antitumor effect of immunization with the fusion protein is not limited
to the DC vaccine and ACT in an irradiated tumor-bearing host, we examined the therapeutic
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efficacy of the 47-LDA-Fcγ2a construct expressed in the recombinant oncolytic vaccinia virus
(rOVV) that exhibits tumor-selective replication (29,30). The rOVV was selected as a vector
for these studies for the following reasons: 1) vaccinia virus-based vaccines have been shown
to break CD4+CD25+ Treg-mediated CD8 tolerance through TLR-dependent and -independent
pathways (31,32); 2) the thymidine kinase (TK)− and vaccinia growth factor (VGF)− mutant
vaccinia virus is significantly attenuated and less pathogenic compared with the wild-type
vaccinia vector (29); and 3) results from case series and clinical trials have shown systemic
efficacy with rOVVs in patients with chronic lymphocytic leukemia, nonsmall cell lung
carcinoma, melanoma, and liver tumors (33,34). Furthermore, studies with murine tumor
models confirmed the induction of cytotoxic CD8+ T cells against tumor Ags expressed by the
oncolytic viruses (35).

We report that immunization of adoptively transferred T cells with the 47-LDA mimotope
expressed in the context of the activating Fc fusion protein induced higher levels of antitumor
immune responses and protection than the 47-LDA polypeptide-DC vaccine. Although
delivery of 47-LDA-Fcγ2a fusion protein-expressing DCs has improved tumor-free survival
in tumor-bearing mice that received ACT, the treatment required a myeloablative regimen and
BM transplantation to elicit a significant protection level. In contrast, a comparable level of
tumor regression associated with bypassing regulatory T cell-mediated tolerance was achieved
by a virotherapy-associated cancer vaccine with rOVV expressing the 47-LDA-Fcγ2a fusion
protein.

Materials and Methods
Animals and cell lines

Female A/J mice, 6 – 8 wk of age, were obtained from The Jackson Laboratory. The
experimental procedures were performed in compliance with protocols approved by the
Institutional Animal Care and Use Committee of the Roswell Park Cancer Institute. The murine
NXS2 neuroblastoma cell line (provided by Dr. R. A. Reisfeld, Scripps Research Institute, La
Jolla, CA) is a hybrid between the GD2-negative C1300 murine neuroblastoma (A/J
background) and the GD2-positive murine dorsal root ganglioma cells. The hybrid cell line
was shown to be MHC class I syngeneic to A/J mice by its H-2Kk-positive/H-2Kb-negative
phenotype (36). The 14G2a hybridoma cell line secreting GD2-specific mAb (37) was provided
by Dr. R. A. Reisfeld (Scripps Research Institute).

Generation of 47-LDA-Fcγ2a fusion protein
The construction of a 47-LDA expression vector consisting of the tissue plasminogen activator
secretory signal sequence, two universal Th peptides, PADRE (AKFVAAWTLKAAA; Ref.
38) and the V3 loop of the HIV gp120 glycoprotein (CKRKIHIGPGQAFYT; Ref. 39), together
with the 47-LDA mimetic peptide, was reported elsewhere (27). The murine 47-LDA-Fcγ2a
fusion protein was generated by inserting the 47-LDA polypeptide coding sequence between
the human EF1-HTLV promoter and the mouse IgG2a Fc region of the pFUSE-mIgG2Aa-Fc1
vector (Invivo-Gen) using the EcoRI and BglII restriction enzyme cleavage sites. Stable
transfection of 293T cells was done with the 47-LDA-Fcγ2a fusion protein construct or sham
vector using the Lipofectamine reagent (Invitrogen) followed by selection in zeocin-containing
medium. The 47-LDA-Fcγ2a fusion protein was purified from culture supernatants of the
transfected cells on the protein G column (Amersham Biosciences/GE Healthcare). The fusion
protein was analyzed by electrophoresis with 15% SDS-polyacrylamide gels and
immunoblotting with 14G2a mAb followed by ECL plus Western blotting detection system
(Amersham Biosciences/GE Healthcare) according to the protocol of the manufacturer.
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Immunization
DCs were generated in vitro from BM precursors as previously described (40). Briefly, BM
cells were harvested from the tibias and femurs of 6- to 8-wk-old female A/J mice (n = 5) 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 7, most of the nonadherent cells had
acquired DC morphology and were CD11c-high and CD80-, CD86-, CD40-, and MHC class
II-low, as determined by flow cytometric analyses. DCs were pulsed for 5 h with 10 μg/ml 47-
LDA-Fcγ2a fusion protein or 47-LDA polypeptide (New England Peptide), incubated with
LPS (1.0 μg/ml) for 1 h to induce maturation, washed, and injected i.v. (2 × 106) into mice
(Fig. 1A). Twenty micrograms of DNA plasmid-encoded IL-15 and IL-21 cytokines were
injected i.m. at the time of vaccination and 5 days later, respectively (41).

Flow cytometry
Immature DCs were incubated with a biotin-labeled 47-LDA-Fcγ2a fusion protein or a 47-
LDA polypeptide followed by streptavidin-conjugated PE. For some experiments, DCs were
stained with the following mAbs: anti-CD11c-FITC, anti-CD80-PE, anti-CD86-PE, anti-
CD40-PE, or anti-MHC class II-PE (BD Biosciences). Splenocytes were labeled with anti-
CD4-PE, anti-CD8-PE, anti-CD25-FITC (BD Biosciences) or the relevant isotype controls.
Before specific Ab staining, cells were incubated with Fc blocker (anti-CD16/CD32 mAb) for
10 min. The cells were washed twice in HBSS containing 0.01% sodium azide and 1% FCS,
fixed with 1% paraformaldehyde, and stored at 4°C in the dark before analyses. Background
staining was assessed using isotype controls that included the appropriate fluorochrome-
conjugated or unconjugated mouse IgG1, IgG2a, or IgG2b (BD Biosciences). The numbers of
Treg cells in the axillary and brachial lymph nodes and spleen were determined by the
intracellular staining of CD4+CD25+ lymphocytes with the anti-FoxP3-Alexa Fluor 647 mAb
(eBioscience) according to the manufacturer’s protocol. The number of CD4+ and CD8+

splenocytes secreting IFN-γ or TNF-α was determined using anti-CD4-FITC and anti-CD8-
FITC mAbs in conjunction with anti-IFN-γ-PE or anti-TNF-α-PE mAb (BD Biosciences). The
intracellular expression of IL-12p70 in LPS-stimulated DCs was measured by staining with a
rat anti-mouse IL-12p70 mAb that detects an epitope within the IL-12p35 subunit and does
not cross-react with IL-12p40 (R&D Systems). The intracellular expression of CCL22 in LPS-
stimulated DCs was determined by staining with the rat anti-mouse CCL22 mAb (R&D
Systems). Sorting of 47-LDA-Fcγ2a+, 47-LDA polytope+ or CD86+ DCs was performed on a
BD FACSAria flow cytometer (BD Biosciences). All flow cytometric evaluations were
performed on a FACScan or FACSCalibur flow cytometer. After gating on forward and side
scatter parameters, at least 10,000 gated events were routinely acquired and analyzed using
CellQuest software (BD Biosciences).

Adoptive transfer of T cells and DC vaccine
A/J mice (n = 8 – 10 per group) were injected s.c. with 2 × 106 NXS2 neuroblastoma cells and
treated 15 days later by i.v. injection with CD8+-enriched splenocytes isolated from 47-LDA-
Fcγ2a- or 47-LDA polytope-DC-immunized mice, as depicted in Fig. 1A. The CD8+

splenocytes were negatively selected using paramagnetic microbeads conjugated to anti-mouse
CD4 (L3T4) and anti-mouse CD45R (B220) mAbs (MACS; Miltenyi Biotec) according to the
manufacturer’s instructions. The isolated CD8+ splenocytes (2 × 107) were incubated with
LPS-matured 47-LDA polypeptide- or 47-LDA-Fc fusion protein-coated DCs. The mixtures
of T cells and DCs (20:1 ratio) were injected i.v. into the lymphodepleted NXS2 tumor-bearing
mice in the presence of recombinant mouse IL-2 (1 μg/dose) as described (42). Lymphopenia
in the tumor-bearing mice was induced by 5 Gy of nonmyeloablative TBI or 9 Gy of
myeloablative TBI plus BM transfer (107 cells) 1 day before the ACT and vaccination (Fig.
1B). Control mice bearing established s.c. NXS2 tumors were irradiated with 5 or 9 Gy plus
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BM transplantation. Mice were immunized in a 2-wk interval with the DC vaccine in the
presence of IL-15 and IL-21 vectors as described (41). Tumor growth was monitored by
measuring s.c. tumors once to thrice a week with a microcaliper and determining tumor volume
(width × length × width/2 = mm3).

For the immunotherapy of disseminated disease, NXS2-bearing mice underwent
nonmyeloablative (5 Gy) or myeloablative (9 Gy) TBI at the time of tumor resection (Fig.
1C). One day after tumor excision, the mice received ACT of splenocytes (2 × 107) from the
immunized or naive mice together with the DC vaccine. Mice were immunized in a 2-wk
interval with the DC vaccine in the presence of the IL-15 and IL-21 vectors as described
(41). The control mice had the primary tumor excised with or without TBI and BM
transplantation. Survival was defined as the point at which mice were sacrificed due to
extensive tumor growth. Kaplan-Meier survival plots were prepared, and significance was
determined using the log rank Mantel-Cox method.

In vitro analyses of vaccine-induced IFN-γ and TNF-α expression and T cell proliferation
Splenocytes from A/J mice immunized with the 47-LDA-Fcγ2a- or 47-LDA polypeptide-
coated DCs were analyzed for IFN-γ and TNF-α expression after overnight stimulation with
47-LDA-expressing DCs at the 20:1 ratio. Cells isolated from sham vector-immunized mice
served as controls. To investigate the induction of Treg cells in mice immunized with 47-LDA-
DC and 47-LDA-Fcγ2a-DC vaccines, the spleen and the axillary and brachial lymph nodes
were removed from the immunized mice 3 wk after the last immunization and analyzed for the
number of Treg cells by staining with anti-CD4-PE, anti-CD25-FITC, and anti-FoxP3-Alexa
Fluor 647 mAbs or the relevant isotype controls. To analyze the effect of Treg cells on Teff
cell proliferation, CD8+ T cells from the 47-LDA-DC or 47-LDA-Fcγ2a-DC vaccine
immunized mice were loaded with 25 μM CFSE for 10 min at 37°C and cultured with 47-LDA-
expressing syngeneic DCs (ratio 20:1) for 72 h in the presence or absence of Treg cells (ratio
1:1). Cells were stained with PE-conjugated anti-CD8 mAbs and analyzed by flow cytometry.
The Treg cell populations were isolated using the CD4+ CD25+ regulatory T cell isolation kit
(Miltenyi Biotec) according to the manufacturer’s protocol.

To analyze proliferative CD4+ and CD8+ T cell responses in tumor-bearing and tumor-free
mice after ACT and DC vaccination, splenocytes were labeled with 25 μM CFSE and incubated
with 47-LDA-expressing DCs for 72 h. Cells were stained with PE-conjugated anti-CD4 or
anti-CD8 mAbs and analyzed by flow cytometry.

CTL assay
Splenocytes were cultured with 47-LDA-expressing DCs at the 20:1 ratio in 15% T cell
stimulatory factor (T-STIM culture supplement; Collaborative Biomedical Products) as a
source of exogenous IL-2. After 3 days of stimulation, cells were split and cultured in medium
supplemented with murine rIL-2 (0.3 ng/ml) (BD Biosciences). Before stimulation, CD8+ T
cells were isolated by negative selection using T cell enrichment columns (Miltenyi Biotec)
according to the manufacturer’s protocol. The cytolytic activity of CTLs against NXS2 tumor
cells was analyzed 5 days later by a standard 4-h 51Cr-release assay. The percentage of specific
lysis was calculated as follows: ([cpm experimental release − cpm spontaneous release]/[cpm
maximum release − cpm spontaneous release]) × 100. Maximum release was determined from
the supernatants of cells that were lysed by the addition of 5% Triton X-100. Spontaneous
release was determined from target cells incubated with medium only.
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Generation of rOVVs expressing enhanced GFP (EGFP) and the 47-LDA-Fcγ2a fusion protein
for oncolytic virotherapy-based cancer vaccine

The rOVVs expressing EGFP and the 47-LDA-Fcγ2a fusion protein have been generated by
homologous recombination in CV-1 cells (43) using the VSC20 vaccinia (44) and the vaccinia
shuttle plasmids pSEL-EGFP and pCB023-47-LDA-Fcγ2a, respectively (29). The parental
vaccinia virus VSC20 with lacZ gene cloned in place of the VGF gene was obtained from Dr.
B. Moss (National Institutes of Health, Bethesda, MD). The pCB023 and pSEL-EGFP vaccinia
shuttle plasmids were obtained from Dr. D. Bartlett (University of Pittsburgh Cancer Institute,
Pittsburgh, PA). The pCB023-47-LDA-Fcγ2a shuttle plasmid was generated by cloning the
47-LDA-Fcγ2a fusion protein gene into the EcoRI and SmaI restriction enzyme sites of
pCB023. After DNA sequence verification, the secretion of the 47-LDA-Fcγ2a fusion protein
into the culture supernatant of 293T cell transfectants was confirmed by immunoblotting with
the 14G2a mAb. Multiple plaques of the recombinant viruses were isolated in TK− cells by
BrdU selection as described (45). After amplification on HeLa cells, the rOVV-EGFP and
rOVV-47-LDA-Fcγ2a viruses were purified over the sucrose gradient, titered, and used for in
vitro and in vivo studies in NXS2 cells. The expression of EGFP in rOVV-EGFP-infected
NXS2 cells was confirmed by immunofluorescence microscopy, whereas secretion of the 47-
LDA-Fcγ2a fusion protein from rOVV-47-LDA-Fcγ2a-infected NXS2 cells was determined
by immunoblotting with 14G2a mAb.

For the oncolytic virotherapy-based vaccine, A/J mice (n = 10) were injected s.c. with 2 ×
106 NXS2 cells and treated 15 days later with i.v. injection of 108 PFU of the rOVV-47-LDA-
Fcγ2a or rOVV-EGFP vector. Tumor-bearing mice treated with PBS served as controls.
Survival was defined as the point at which mice were sacrificed due to extensive tumor growth.
Kaplan-Meier survival plots were prepared, and significance was determined using the log
rank Mantel-Cox method.

Statistical analyses
The statistical significance of the difference between groups was performed using a two-tailed
Student’s t test assuming equal variance. The p values for the pairwise group comparisons for
average tumor growth were computed using the nonparametric Wilcoxon rank-sum test.
Kaplan-Meier survival plots were prepared and median survival times were determined for
NXS2-challenged groups of mice. Statistical differences in the survival across groups were
assessed using the log rank Mantel-Cox method. Data were presented as arithmetic means ±
SD and analyzed using the JMP program (SAS Institute) on a Windows-based platform.

Results
Characterization of murine 47-LDA-Fcγ2a fusion protein

The murine 47-LDA-Fcγ2a fusion protein was generated by inserting the relevant coding
sequence (including the tissue plasminogen activator secretory signal sequence, two universal
Th peptides, and the 47-LDA mimotope) in-frame between the hEF1-HTLV promoter and the
mouse IgG2a Fc region of the pFUSE-mIgG2Aa-Fc1 vector using the EcoRI and BglII
restriction enzyme cleavage sites. After sequencing of the 47-LDA-Fcγ2a construct to confirm
the presence of an uncorrupted open reading frame, immunofluorescence staining of 47-LDA-
Fcγ2-transfected 293T cells with the 14G2a mAb followed by flow cytometry analysis was
done 48 h after transfection to determine the expression of the fusion protein (not shown). The
secretion of the fusion protein from 47-LDA-Fcγ2a stable transfectants, selected in zeocin-
containing medium, was confirmed by immunoblotting of the culture supernatant with the
14G2a mAb. As shown in Fig. 2A, a prominent band of 31.9 kDa was detected with the 14G2a
mAb in the culture supernatant harvested from 47-LDA-Fcγ2a transfectants. No band was
present in the supernatant prepared from cell transfected with the sham plasmid. The 47-LDA
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polypeptide with a molecular mass of 6.6 kDa, which was included in the analysis as a positive
control, was clearly recognized by the 14G2a mAb. Altogether, these results showed that the
GD2 mimotope expressed in the context of 47-LDA-Fcγ2a fusion protein retained its native
antigenic determinants of the synthetic peptide recognized by the 14G2a mAb.

The binding of the 47-LDA-Fcγ2a fusion protein and the 47-LDA polypeptide to BM-derived
immature DCs was determined by a flow cytometry analysis. As shown in Fig. 2B, >50% of
CD11c+ DCs reacted with the biotinylated 47-LDA-Fcγ2a fusion protein or the biotin-labeled
47-LDA polypeptide. The binding of the 47-LDA-Fcγ2a fusion protein, but not that of the 47-
LDA polypeptide, was inhibited by the Fc blocking Ab CD16/32, indicating a specific
interaction between the 47-LDA-Fcγ2a fusion protein and its cellular ligands. It is noteworthy,
however, that the binding of the 47-LDA-Fcγ2a fusion protein to the FcγR had no effect on
DC maturation, because the addition of LPS was necessary to up-regulate the surface
expression of CD86, CD40, and CD86 Ags (not shown).

Because the activating and inhibitory FcγRs are critical for the modulation of effector immune
responses during the administration of Ags to DCs in the form of immune complexes (25,46)
and IL-12 is a key cytokine involved in the generation of type 1 immunity (47), we investigated
whether DCs that interact with the 47-LDA polypeptide or the 47-LDA-Fcγ2a fusion protein
differ in their ability to express IL-12p70 upon stimulation with LPS. For these experiments,
47-LDA+ and 47-LDA-Fcγ2a+ DCs as well as their negative counterparts were obtained by
cell sorting. DCs positive or negative for CD86 expression were included as a specificity
control (Fig. 2, B and C). The sorted DC populations were stimulated overnight with 1 μg/ml
LPS and analyzed for IL-12p70 expression by intracellular staining and flow cytometric
analysis. Fig. 2C shows that 47-LDA-Fcγ2a+ DCs expressed significantly higher levels of
IL-12p70 than their negative counterparts after stimulation with LPS (p = 0.008), whereas
comparable levels of IL-12p70 were measured in 47-LDA+ and 47-LDA− DC populations or
those sorted for the presence or absence of CD86 Ag expression. A parallel expression study
of the Treg-attracting CCL22 chemokine (48,49) in the sorted and LPS-stimulated 47-LDA+

and 47-LDA-Fcγ2a+ DCs revealed ~2-fold higher numbers of CCL22-positive cells in the
former DC population (Fig. 3, A and B; p = 0.037).

Enhanced immunostimulatory activity of 47-LDA-Fcγ2a-pulsed DCs in vivo
The differences in the expression levels of IL-12 and CCL22 between LPS-stimulated 47-LDA-
Fcγ2a+ DC and 47-LDA+ DCs suggest that these cells may have different abilities to interact
with Teff and Treg cells in vivo. Therefore, we investigated the induction of tumor-specific
Th1 and CTL responses after immunization of A/J mice with the 47-LDA-Fcγ2a- and 47-LDA-
DC vaccines (Fig. 1A). Each DC vaccine was delivered by i.v. injection three times in a 2-wk
interval together with DNA plasmid-encoded IL-15 and IL-21 delivered i.m. at the time of
vaccination and 5 days later, respectively (41). Three weeks after the last immunization,
CD4+ splenocytes from the immunized mice were analyzed for IFN-γ and TNF-α production
by intracellular staining and flow cytometry after overnight stimulation with 47-LDA-
expressing DCs. Cells isolated from mice immunized with DCs and IL-15 and IL-21 vectors
were included as controls. As shown in Fig. 3C, the numbers of IFN-γ- and TNF-α-producing
CD4+ cells were >4-fold higher in mice immunized with the 47-LDA-Fcγ2a fusion protein-
coated DCs than in the control animals and >2-fold higher than the responses induced by the
47-LDA-DC vaccine (p = 0.002 and p = 0.003, respectively). The increases in IFN-γ-producing
CD4+ T cell responses after immunization with 47-LDA-Fcγ2a fusion protein vaccine were
associated with higher CD8+ T cell-mediated cytotoxic activities against the NXS2
neuroblastoma tumor compared with those induced by the 47-LDA polytope-coated DCs over
a broad range of E: T ratios (Fig. 3D).
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We also examined the induction of Treg cells after 47-LDA and 47-LDA-Fcγ2a-DC vaccines
by a flow cytometric analysis of CD4+CD25+FoxP3+ lymphocytes in the axillary and brachial
lymph nodes and spleen. In the axillary lymph nodes of 47-LDA-immunized mice, the absolute
numbers of FoxP3+ cells within the CD4+CD25+ population ranged from 0.31 × 106 to 0.42
× 106 cells (Fig. 4A) and were ~2-fold higher compared with the animals immunized with the
47-LDA-Fcγ2a-DC vaccine (0.36 ± 0.06 vs 0.19 ± 0.04; p = 0.03). In the latter group of mice,
the numbers of CD4+CD25+ lymphocytes positive for intracellular FoxP3 expression ranged
from 0.17 × 106 to 0.24 × 106 cells (Fig. 4C). Similar differences in the frequencies of Treg
cells were detected in the brachial lymph nodes and spleen of the immunized mice (data not
shown). When CFSE-labeled CD8+ lymphocytes and Treg cells prepared from 47-LDA-DC-
and 47-LDA-Fcγ2a-DC-immunized mice were mixed at a 1:1 ratio and cocultured with the
respective LPS-matured 47-LDA+ DCs and 47-LDA-Fcγ2a+ DCs, both populations of Treg
cells suppressed the expansion of Teff cells (Fig. 4, B and D, respectively). However, the
proliferation rate of Teff cells in 47-LDA-Fcγ2a+ DC-stimulated cultures were significantly
higher compared with stimulation elicited with 47-LDA+ DCs (p = 0.02).

Myeloablative TBI in combination with the 47-LDA-Fcγ2a-DC vaccine enhances ACT therapy
To compare the therapeutic efficacy of the 47-LDA- and 47-LDA-Fcγ2a-DC vaccines, we
performed ACT experiments with Ag-experienced CD8+ splenocytes in NXS2 tumor-bearing
A/J mice (Fig. 1B). The CD8+ T cells were injected i.v. into the NXS2-bearing mice together
with 47-LDA- or 47-LDA-Fcγ2a-DC vaccine to induce the proliferation of Teff cells and mount
a secondary response upon adoptive transfer to the lymphodepleted host (50). Fig. 5A shows
that lymphodepletion with a nonmyeloablative (5 Gy) regimen before ACT and 47-LDA
polypeptide-coated DC vaccine immunization had a background effect on the inhibition of
tumor growth (p = 0.28). The antitumor efficacy of the adoptively transferred CD8+ T cells
was augmented after myeloablative (9 Gy) TBI, as determined by extension of the overall
survival time of the treated mice from 25 to 70 days (Fig. 5A; p = 0.007). We found that the
myeloablative regimen was particularly effective in combination with adoptively transferred
CD8+ splenocytes delivered together with 47-LDA-Fcγ2a-DCs. As shown in Fig. 5B, the latter
treatment resulted in complete remission of tumor growth in 22% of NXS2-bearing animals
that received a myeloablative dose of TBI accompanied by a transplantation of syngeneic BM
from naive mice (p = 0.0003). It is noteworthy that although the therapy with CD8+ T cells
stimulated with 47-LDA-Fcγ2a-DC vaccine in the nonmyeloablative setting did not show
complete tumor resolution, there was a significant prolongation of survival in the treated mice
compared with the control group (Fig. 5B; p = 0.015). The antitumor efficacy of the ACT was
specific because all of the control mice developed progressively growing tumors and had to
be sacrificed by day 25.

Control of metastatic disease by adoptively transferred CD8+ splenocytes and 47-LDA-
Fcγ2a-DC vaccine

The ability of NXS2 neuroblastoma to develop spontaneous metastases after excision of the
primary tumor (51) provided a model for investigating the efficacy of adoptively transferred
CD8+ splenocytes to control disseminated disease (Fig. 1C). In view of the accumulating
evidence that curative surgery in conjunction with the depletion of Treg cells enables the
development of long-lived tumor protection and CD8+ T cell memory (9), NXS2 tumor-bearing
mice underwent nonmyeloablative (5 Gy) or myeloablative (9 Gy) TBI at the time of tumor
excision and ACT of Ag-experienced CD8+ splenocytes. As shown in Fig. 5C, transfer of
CD8+ T cells expanded by 47-LDA polypeptide-coated DCs delayed progression of the
metastatic disease that was observed only in the myeloablated mice (p = 0.024). Tumor-free
survival was not observed in this group of animals.
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The antitumor efficacy of the adoptively transferred CD8+ T cells was significantly enhanced
by the ACT and the 47-LDA-Fcγ2a-DC vaccination, as only two of six NXS2-challenged mice
that received 5 Gy of TBI before the ACT and the 47-LDA-Fcγ2a-DC vaccination developed
spontaneous metastases within a 50-day period of the treatment (Fig. 5D; p = 0.003). The
remaining mice in this group exhibited a delay in progression of the metastatic disease with
the longest survival time of 90 days. As expected, the highest antitumor effectiveness of the
adoptively transferred splenocytes, with >80% of tumor-free survival during a period of 120
days, was observed after a myeloablative regimen and ACT with 47-LDA-Fcγ2a-DC vaccine
(Fig. 5D; p < 0.001). In contrast, the control mice that had the primary tumor excised and
received TBI had to be sacrificed by day 40 due to disease progression. The metastatic lesions
developed primarily in the brachial and axillary lymph nodes and were less frequent in liver,
spleen, and BM as determined by staining with NXS2-reacting 14G2a mAb and RT-PCR
analyses (data not shown).

Inhibition of metastatic disease by primary immune responses induced by the 47-LDA-
Fcγ2a-DC vaccine

We next investigated the ability of 47-LDA- and 47-LDA-Fcγ2a-DC vaccines to induce
antitumor immune responses capable of inhibiting metastatic disease after adoptive transfer of
naive splenocytes to myeloablated mice that had the primary tumor resected before the
treatment initiation (Fig. 5E). For these experiments the total population of naive splenocytes
was used for ACT, because CD4+ T cells are required for providing CD8+ T cells with growth
factors and also for eliciting antitumor responses (52). Fig. 5E shows that although the
measurable therapeutic impact of the in vivo stimulated naive T cells in NXS2-bearing mice
was lower compared with that mediated by the Ag-experienced CD8+ T cells, 20% of treated
mice remained tumor-free 100 days after ACT with the 47-LDA-Fcγ2a-DC vaccine (p = 0.007).
The 47-LDA+ DC vaccine was also capable of inducing antitumor T cells responses, albeit to
a smaller degree. The control mice that had the primary tumor excised developed metastatic
disease within the first 2 mo of treatment, indicating a significant efficacy of the tumor-specific
T cells induced by active immunization with the 47-LDA-Fcγ2a-DC vaccine in NXS2-bearing
mice.

Cellular responses in tumor-bearing and tumor-free mice after ACT and DC vaccination
We next investigated cellular responses in tumor-bearing and tumor-free mice after ACT and
immunization with DC vaccines. Both therapeutic 47-LDA- and 47-LDA-Fcγ2a-DC vaccines
were delivered to myeloablated mice after excision of the primary NXS2 tumor together with
adoptively transferred naive splenocytes and analyzed for the induction of Teff cells. Because
no tumor-free survival was observed after ACT and immunization with 47-LDA+ DC vaccine,
animals with visible metastatic lesions in the lymph nodes were examined for antitumor
immune responses in the spleen. As shown in Fig. 6A, <15% of CD4+ or CD8+ splenocytes in
the tumor-bearing mice underwent in vitro division after 72 h of stimulation with 47-LDA-
expressing DCs, and the CTL responses to NXS2 cells were at a background level (Fig. 6B).
In contrast, a robust proliferation of CD4+ and CD8+ splenocytes (ranges of 55 – 69% and 39
– 46%, respectively) was detected in tumor-free mice after receiving ACT and the 47-LDA-
Fcγ2a-DC vaccine (Fig. 6C). The proliferative responses were also associated with antitumor
CTL activities against NXS2 cells (Fig. 6D).

Virotherapy-based cancer vaccine with rOVV expressing 47-LDA-Fcγ2a fusion protein
To determine that the antitumor effect of the 47-LDA-Fcγ2a-DC vaccine is not limited to the
ACT in an irradiated tumor-bearing host, we next examined the therapeutic efficacy of the 47-
LDA-Fcγ2a fusion protein expressed by the rOVV vaccinia virus. Because the oncolytic
TK−VGF− mutant of vaccinia rOVV-47-LDA-Fcγ2a exhibits tumor-specific replication, it was
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anticipated that the fusion protein will be secreted from the infected cells and cross-presented
by tumor-infiltrating DCs at the site of oncolysis (29,30). In parallel studies, an additional
group of NXS2 tumor-bearing mice was injected with the rOVV-EGFP vector as a specificity
control to determine the extent of protection elicited by tumor-associated Ags released from
virally infected NXS2 cells. Animals were examined for tumor growth by measuring s.c.
tumors once to thrice a week. As shown in Fig. 7A, ~25% of NXS2-bearing mice that were
treated with the control rOVV-EGFP vector became tumor free. In contrast, all tumor-bearing
mice that were treated with PBS instead of the viral vector developed progressively growing
tumors and had to be sacrificed by day 20. The highest antitumor effectiveness, characterized
by >60% tumor-free survival for a period of 100 days, was observed in tumor-bearing mice
after oncolytic immunovirotherapy with the rOVV-47-LDA-Fcγ2a vector (Fig. 7A; p =
0.0004).

To obtain a more comprehensive understanding of the effect of oncolytic virotherapy treatment
on the memory cell development in a tumor-bearing host, NXS2-challenged mice (n = 6) that
remained free of tumors for at least 40 days after rOVV-EGFP or rOVV-47-LDA-Fcγ2a
treatment were rechallenged s.c. with 106 NXS2 cells. Fig. 7B shows that all rOVV-EGFP-
treated mice developed progressively growing tumors upon rechallenge with NXS2 tumor.
There was, however, a 20-day delay in the initiation of tumor growth in the rOVV-EGFP-
treated mice compared with the untreated animals. This finding is consistent with the ability
of rOVV to induce antitumor immune responses due to the uptake of apoptotic cells by DCs
and the cross-presentation of tumor Ags during oncolytic virotherapy (53). In contrast, only
one of six rOVV-47-LDA-Fcγ2a-treated and NXS2 rechallenged mice developed slowly
progressing tumor 35 days after tumor inoculation, reflecting a significant antitumor influence
of the 47-LDA-Fcγ2a-induced immunity compared with rOVV-EGFP- or PBS-treated mice
(Fig. 7B; p < 0.001).

Discussion
To develop a means of limiting the ability of cancer vaccines to interact with Treg cells in
tumor-bearing mice, we first compared the generation of functional tumor-specific cellular
responses by the 47-LDA peptide mimic presented to DCs either as a linear polypeptide in
conjunction with universal Th epitopes or as a fusion protein with the murine IgG2a Fc
fragment. We showed that the 47-LDA-Fcγ2a fusion protein-DC vaccine not only expanded
tumor-specific CD8+ T cells but also induced primary immune responses after ACT of naive
splenocytes to tumor-bearing mice that underwent myeloablative TBI and BM transplantation.
The 47-LDA-Fcγ2a vaccine-induced CD8+ T cells inhibited growth of the primary tumors as
well as protected the tumor-bearing mice from the development of minimal residual disease.
In contrast, protection elicited by the 47-LDA polypeptide-DC vaccine resulted in a delay of
tumor growth that was significant only after ACT in the myeloablative setting. The results of
these studies are consistent with the findings that FcγRs are capable of modulating T cell-
mediated immune responses during therapeutic vaccination in tumor-bearing mice (54–57).

The mechanisms responsible for the increased ability of 47-LDA-Fcγ2a+ DCs to induce higher
levels of tumor-specific immune responses compared with those generated by the 47-LDA+

DCs remain to be elucidated. It is possible that the elevated number of IL-12-expressing cells
within the 47-LDA-Fcγ2a+ DC population compared with the 47-LDA+ counterpart after LPS-
induced maturation contributed to this effect, because APCs that express IL-12 have augmented
capacity to prime type 1 rather than Treg cell responses (48,58). This observation is further
supported by the reduced expression of the CCL22 chemokine in 47-LDA-Fcγ2a+ DCs and
the lower proportion of Treg cells in 47-LDA-Fcγ2a+ DC-immunized mice compared with
animals that received the 47-LDA-DC vaccine. Our results are consistent with the previous
findings that the character of the inflammatory environment can affect the balance between
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Teff and Treg cell activation by instructing the maturing DCs to adopt a stable propensity to
interact with each of these T cell types (45,48,58–60). It is noteworthy, however, that although
alteration of DC functions has been previously suggested in the design of a cancer vaccine
(57,61), the tuning of DC responses to counteract the immunosuppression associated with
tumor progression (62–65) during therapeutic vaccination with a mimotope of tumor-
associated Ags has not been extensively evaluated. Thus, these findings highlight a new
application of peptide mimotopes for the immunotherapy of cancer.

It is well established that activating and inhibitory low-affinity FcγRs are critical for the
modulation of effector immune responses (46). Their role in the induction of adaptive immunity
showed that alteration in the function of activating/inhibitory receptors during the
administration of Ags to DCs in a form of immune complexes can influence the activation of
DCs in vivo and enhance antitumor T cell responses (55). This notion is supported by the
observation that a selective blockade of the inhibitory FcγRIIb receptor enables human DC
maturation and immunity to Ab-coated tumor cells (18,25), and DCs from FcγRIIb-deficient
mice show a higher expression of costimulatory molecules, which could account for an
increased capacity to prime Ag-specific T cells (66). However, the use of large protein carriers
creates difficulties in terms of reproducibility of the Ag binding that may endanger vaccine
effectiveness and/or practical feasibility. Therefore, synthetic constructs encompassing the
antigenic and helper epitopes as well as the Fc portion of the IgG Ab with increased binding
affinity to activating FcγRs should offer distinct advantages over immune complexes in terms
of manufacturing and characterization. This also suggests that the ability of the 47-LDA-
Fcγ2a fusion protein to empower DCs to efficiently prime and expand specific CD8+ CTL
responses in tumor-bearing mice might lead to the improved efficacy of tumor immunotherapy.

The study of antitumor immune responses after DC vaccines or surgery has shown that Treg
cells are a fundamental obstacle to the development of T cell memory in hosts bearing poorly
immunogenic tumors (9,48). Although surgery currently remains the leading cure for solid
tumors, memory T cell responses may be required for the durable prevention of tumor
recurrence and metastasis following surgery. As seen in most patients with cancer, our results
showed that surgery or DC vaccine alone does not induce protection against poorly
immunogenic tumor-associated Ags. However, in our model, surgery in combination with
lymphodepletion, ACT, and DC vaccination enables the development of long-lived tumor
protection. Although we cannot exclude the possibility that the tumor itself served as the source
of Ag, presumably priming T cell responses against a multitude of tumor Ags during the
induction of postsurgical immunity in the absence of Tregs (24,67,68), the antitumor immunity
generated in the absence of the 47-LDA mimotope DC vaccination only extended the survival
of tumor-bearing mice. In contrast, active immunization with a 47-LDA-Fcγ2a fusion protein
targeted to the activating FcγRs in a myeloablated tumor-bearing host led to a significant
suppression of the primary tumor and protection from the development of spontaneous
metastatic disease. The relative contribution of the tumor-induced vs vaccine-induced
immunity in the setting of the 47-LDA-Fcγ2a-DC vaccine to the suppression of tumor growth
remains unknown, and future work will be required to characterize the kinetics and diversity
of antitumor T cell responses.

Although the use of ex vivo generated DCs provides a unique opportunity to avoid tumor-
induced DC dysfunction and allows for precise manipulation of DC properties, the need for
specialized cell culture facilities for the ex vivo manipulation of a patient’s cells prompted
attempts to develop cell-free vaccines capable of targeting endogenous DCs within the bodies
of tumor-bearing hosts. Such vaccines engineered to deliver tumor Ags or their mimotopes
selectively to DCs can be coupled with strategies to induce DC polarization in vivo without
any ex vivo treatment. Our results using the virotherapy approach with the rOVV-47-LDA-
Fcγ2a vector, which delivers the transgene directly to tumor lesions (data not shown) for
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secretion and cross-presentation by DCs, demonstrated the induction of protective Teff cells
as well as memory T cells in the absence of any exogenous cytokine treatment, ACT, TBI, or
ex vivo manipulation. Further investigation is required to better define the effect of cross-
presentation of a virally delivered 47-LDA-Fcγ2a fusion protein in the tumor
microenvironment on the balance between Teffs and Tregs as well as the effectiveness and
longevity of the virotherapy-induced antitumor immune responses. In this regard, several lines
of evidence indicate that the vaccinia virus elicits innate immune responses through the TLR2/
MyD88-dependent pathway, resulting in the production of proinflammatory cytokines and a
TLR-independent pathway that leads to the activation of IFN-β in vitro and in vivo (32).
Because sustained stimulation of TLRs of the innate immunity is required for breaking
established Treg-mediated tolerance in vivo and the vaccinia virus can provide TLR signals,
this unique potency of the vaccinia virus as a vaccine vehicle can lead to activation of host
defense and protect the mice from tumor challenge (31,69). Thus, the possibility of breaking
CD8+ T cell tolerance by the virus-based vaccines in the presence of CD4+ CD25+ Tregs
suggests that rOVV expressing the 47-LDA-Fcγ2a fusion protein or other tumor-associated
Ags may prove an appealing alternative to DC vaccines for overcoming CD4+ CD25+ T cell-
mediated CD8 tolerance in vivo. In summary, this work stresses the importance of exploring
the uptake and processing of tumor/self-Ags by DCs to activate immune effector cells and to
limit the ability of attracting anti-inflammatory Treg cells. Our findings illuminate a new
paradigm for cancer immunotherapies aimed at the selective activation of the inflammatory vs
the regulatory type of immune cell.
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FIGURE 1.
Schematic representation of vaccination with 47-LDA- or 47-LDA-Fcγ2a-pulsed DCs and
ACT in tumor-bearing mice. A, Vaccination with 47-LDA- or 47-LDA-Fcγ2a-pulsed DCs. A/
J mice (n = 5) were immunized in a 2-wk interval with 47-LDA- or 47-LDA-Fcγ2a-pulsed DCs
in the presence of IL-15 and IL-21 vectors. Three weeks after the third immunization, CD8+

splenocytes were obtained by negative selection and used for the ACT in NXS2-bearing mice.
B, Inhibition of primary tumor growth by ACT and DC vaccines. A/J mice were challenged
with 2 × 106 NXS2 cells. Fifteen days later, lymphopenia in the tumor-bearing mice was
induced by 5 Gy of TBI or 9 Gy of TBI plus BM transfer (107 cells) 1 day before the ACT and
DC vaccination. Adoptive transfer of Ag-experienced CD8+ T cells (2 × 107) together with the
DC vaccine was delivered on day 16. Tumor growth was monitored by measuring s.c. tumors
once to thrice a week with a microcaliper and determining tumor volume (width × length ×
width/2 = mm3). C, Inhibition of metastatic disease by ACT and DC vaccine. NXS2-bearing
mice underwent nonmyeloablative or myeloablative TBI at the time of tumor excision. One
day later, the mice received ACT of CD8+ T cells (2 × 107) from the immunized mice or
unseparated splenocytes from naive mice together with the DC vaccine. Survival was defined
as the point at which mice were sacrificed due to extensive tumor growth or the development
of metastases.
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FIGURE 2.
Characterization of the 47-LDA-Fcγ2a fusion protein and its interaction with DCs. A, Western
blotting of 47-LDA-Fcγ2a fusion protein and 47-LDA polypeptide with biotinylated 14G2a
mAb and streptavidin-HRP. B, Binding of 47-LDA-Fcγ2a fusion protein and 47-LDA
polypeptide to immature CD11c+ DCs. BM-derived DCs were stained with FITC-conjugated
CD11c-specific mAb in combination with biotinylated 47-LDA-Fcγ2a fusion protein or 47-
LDA polypeptide followed by streptavidin-PE and analyzed by flow cytometry. DCs stained
with anti-CD86-PE mAb were included as a specificity control. The percentage and mean
fluorescent intensity (MFI) of 47-LDA-Fcγ2a, 47-LDA, and CD86 molecules on CD11c-
positive DCs are given. Arrows indicate the source of cells in the histograms. Data are from
one representative experiment of three performed. C, Intracellular expression of IL-12p70 ×
47-LDA-Fcγ2a+, 47-LDA+, CD86+ DCs, and their negative counterparts after LPS stimulation.
Immature DCs were stained with biotinylated 47-LDA-Fcγ2a fusion protein, 47-LDA
polypeptide, or CD86-specific mAb followed by streptavidin-PE. The positive and negative
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populations were sorted on a BD FACSAria flow cytometer, incubated overnight with 1 μg/
ml LPS, and analyzed for IL-12p70 expression by intracellular staining with a rat anti-mouse
IL-12p70 mAb specific for the IL-12p35 subunit, followed by goat anti-rat secondary Ab.
Background staining (MFI, <2.6) was assessed using an isotype control Ab. All flow cytometric
evaluations were performed on a FACScan or FACSCalibur flow cytometer. After gating on
forward and side scatter parameters, at least 10,000-gated events were routinely acquired and
analyzed using CellQuest software. Data are from one representative experiment of three
performed.
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FIGURE 3.
Differential expression of CCL22 in 47-LDA+ and 47-LDA-Fcγ2a+ DCs after LPS stimulation
and induction of IFN-γ and TNF-α in CD4+ splenocytes by 47-LDA- and 47-LDA-Fcγ2a-DC
vaccines. A and B, Immature DCs were stained with biotinylated 47-LDA polypeptide or 47-
LDA-Fcγ2a fusion protein followed by streptavidin-PE. The 47-LDA+ (A) and 47-LDA-
Fcγ2a+ (B) DCs were sorted on BD FAC-SAria flow cytometer, incubated with 1 μg/ml LPS
for 24 h, and analyzed for CCL22 expression by intracellular staining with rat anti-mouse
CCL22 mAb followed by goat anti-rat secondary Ab. The mean fluorescence intensity (MFI)
and percentage of cells positive for CCL22 expression are indicated. The gray area denotes
background staining assessed using an isotype control Ab. Data are from one representative
experiment of three performed. C, Expression of IFN-γ and TNF-α in splenocytes of mice
immunized with 47-LDA-DC and 47-LDA-Fcγ2a-DC vaccines (filled and hatched bars,
respectively). A/J mice (n = 5) were immunized three times with DCs coated with 47-LDA
polypeptide or 47-LDA-Fcγ2a fusion protein after LPS-induced maturation in the presence of
IL-15 and IL-21 vectors. Cells isolated from mice immunized with LPS-treated DC served as
controls (open bars). Three weeks after the last immunization, the expression of IFN-γ and
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TNF-α in CD4+ splenocytes was analyzed by intracellular staining after overnight stimulation
with DCs expressing the 47-LDA mimotope. D, NXS2 neuroblastoma-specific CTL responses.
CD8+ splenocytes from mice immunized with 47-LDA-DC (●) and 47-LDA-Fcγ2a-DC (■)
vaccines were obtained by negative selection. Cells were cultured with 47-LDA-expressing
DCs (filled symbols) or sham plasmid-transfected DCs (open symbols) at the 20:1 ratio as
described in the Materials and Methods section. The CTL activities against NXS2 cells were
analyzed in a standard 51Cr-release assay. All determinations were made in triplicate samples,
and the SD was <10%. Results are presented as the means ± SD of four independent
experiments.
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FIGURE 4.
Analyses of Treg cell induction and function in mice immunized with 47-LDA-DC and 47-
LDA-Fcγ2a-DC vaccines. Three weeks after the last immunization with 47-LDA-DCs (A) or
47-LDA-Fcγ2a-DCs (C), the axillary lymph nodes were removed and analyzed for Treg cell
expression by staining with anti-CD4-PE, anti-CD25-FITC, and anti-FoxP3-Alexa Fluor 647
mAbs or the relevant isotype controls. The histograms illustrate the FoxP3 expression in the
gated populations (CD4+CD25+ cells). To analyze the effect of Treg cells on Teff cell
proliferation, CD8+ cells from 47-LDA-DC (B) or 47-LDA-Fcγ2a-DC (D) vaccine-immunized
mice were loaded with CFSE and cultured with 47-LDA-expressing syngeneic DCs (ratio 20:1)
for 72 h in the presence or absence of Treg cells (ratio 1:1). Cells were stained with PE-
conjugated anti-CD8 mAbs and analyzed by flow cytometry. The percentage of cells that
underwent more than one round of cell division is indicated. Data are from one representative
experiment of three performed.
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FIGURE 5.
Inhibition of NXS2 primary and metastatic tumor growth by 47-LDA- and 47-LDA-Fcγ2a-DC
vaccines and ACT. A and B, Protection against primary tumor growth by ACT and 47-LDA-
DC vaccine (A) and 47-LDA-Fcγ2a-DC vaccine (B). A/J mice (n = 8 – 10) were injected s.c.
with 2 × 106 NXS2 cells and treated 15 days later with i.v. adoptive transfer of CD8+-enriched
splenocytes isolated from 47-LDA- or 47-LDA-Fcγ2a-vaccinated syngeneic mice.
Lymphopenia of tumor-bearing mice was induced by TBI (5 Gy; ●) or (9 Gy; ■) plus BM
(107 cells) transplantation 1 day before CD8+ T cell transfer as described in Materials and
Methods. Mice were immunized in a 2-wk interval with the DC vaccines in the presence of the
IL-15 and IL-21 vectors. NXS2 tumor-bearing mice that were irradiated with 5 Gy (○) or 9 Gy
(□) plus BM transplant served as controls. C and D, Control of metastatic disease by adoptively
transferred CD8+ splenocytes and 47-LDA-DC (C) and 47-LDA-Fcγ2a-DC (D) vaccines. For
the immunotherapy of disseminated disease, NXS2-bearing A/J mice that underwent
nonmyeloablative (5 Gy; ●) or myeloablative (9 Gy; ■) TBI at the time of tumor excision
received ACT of CD8+ splenocytes (2 × 107 cells) from the immunized mice together with 47-
LDA- or 47-LDA-Fcγ2a-DC vaccine. NXS2-challenged mice that were irradiated with 5 Gy
(○) or 9 Gy (□) plus BM transplant served as controls. E, NXS2-challenged mice received ACT
from naive A/J mice together with the DC vaccines. Mice were immunized in a 2-wk interval
with the DC vaccine in the presence of the IL-15 and IL-21 vectors. The control mice had the
primary tumor excised with (○) or without (□) TBI and BM transplantation. Survival was
defined as the point at which mice were sacrificed due to extensive tumor growth. Kaplan-
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Meier survival plots were prepared, and significance was determined using the log rank Mantel-
Cox method.
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FIGURE 6.
Analyses of cellular responses in tumor-bearing and tumor-free mice after ACT and DC
vaccination. A and B, Lack of proliferative responses (A) and CTL activity (B) in splenocytes
of NXS2-bearing mice. A, Splenocytes isolated from mice that developed progressively
growing tumors after ACT of naive splenocytes and 47-LDA polypeptide-DC vaccine were
loaded with CFSE and cultured with 47-LDA-expressing syngeneic DCs (ratio 20:1) for 72 h.
Cells were stained with PE-conjugated anti-CD4 or anti-CD8 mAbs and analyzed by flow
cytometry. The percentage of cells that underwent more than one round of cell division is
indicated. Data are from one representative experiment of four performed. B, CTL activities
of stimulated or control CD8+ splenocytes from tumor-bearing mice against NXS2 cells were
analyzed in a standard 51Cr-release assay. All determinations were made in triplicate samples,
and results are presented as the means ± SD of three independent experiments. C and D,
Analyses of proliferative responses (C) and CTL activities against NXS2 (D) in tumor-free
mice after receiving ACT from naive mice and the 47-LDA-Fcγ2a-DC vaccine. Experiments
were conducted as described in A and B.

Gil et al. Page 25

J Immunol. Author manuscript; available in PMC 2010 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 7.
Therapeutic oncolytic virotherapy-based cancer vaccine with rOVV-EGFP or rOVV-47-LDA-
Fcγ2a fusion protein. A, Inhibition of tumor growth by rOVV-47-LDA-Fcγ2a vector. A/J mice
(n = 10) were injected s.c. with 2 × 106 NXS2 cells and treated 15 days later with i.v. injection
of 108 PFU of rOVV-47-LDA-Fcγ2a (▲) or rOVV-EGFP(■) vector. Tumor-bearing mice
treated with PBS served as controls (○). Survival was defined as the point at which mice were
sacrificed due to extensive tumor growth. Kaplan-Meier survival plots were prepared, and
significance was determined using the log rank Mantel-Cox method. B, Tumor-specific
immune memory protected mice from NXS2 rechallenge. Tumor-free mice after treatment
with rOVV-47-LDA-Fcγ2a (▲) or rOVV-EGFP (■) vector were rechallenged with NXS2
cells. Untreated mice challenged with the NXS2 tumor served as controls (○). 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.
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