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Anti-CD3 X Anti-GD2 Bispecific Antibody Redirects T-Cell Cytolytic
Activity to Neuroblastoma Targets
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Background. The ganglioside GD2 is an attractive target for
immunotherapy of neuroectodermal tumors. We tested a unique
bispecific antibody anti-CD3 x anti-GD2 (3F8BiAb) for its ability
to redirect activated T cells (ATC) to target GD2-positive neuroblas-
tomas. Procedure. ATC were generated from normal human periph-
eral blood mononuclear cells (PBMC) by stimulating the PBMC with
OKT3 and expanding the T cells in the presence of interleukin 2 (IL-
2) for 14 days. ATC were armed with 3F8BiAb (100 ng/10° cells) or
Her2BiAb (50 ng/10° cells) prior to use. 3F8 BiAb were tested for its
dual-binding specificity to GD2 expressed on cancer cell lines and
CD3 expressed on ATC. 3F8BiAb-armed ATC were further tested ex
vivo for their cytotoxicity against GD2 positive tumor targets and its
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ability to induce cytokine response upon binding to targets. Results.
GD2 expression in neuroblastoma cells was confirmed by FACS
analysis. Specific binding of 3F8BiAb to the tumor targets as well
as to ATC was confirmed by FACS analysis. 3F8BiAb-armed ATC
exhibited specific killing of GD2 positive neuroblastoma cell lines
significantly above unarmed ATC (P < 0.001). GD2BiAb-armed
ATC secreted significantly higher levels of Thy cytokines and che-
mokines compared to unarmed ATC (P < 0.001). Conclusions.
These preclinical findings support the potential of a novel immuno-
therapeutic approach to target T cells to neuroblastoma. Pediatr
Blood Cancer 2012;59:1198-1205. © 2012 Wiley Periodicals, Inc.

INTRODUCTION

Gangliosides are glycosphingolipids that are expressed on the
surface of mammalian cells, and are concentrated in nervous
tissues [1]. The ganglioside GD2 is expressed in human neuro-
blastoma, melanoma, and osteosarcoma as well as certain brain
tumors [2,3]. Because of its tumor-specific and persistent surface
expression, GD2 is an attractive target for cancer immunotherapy
[1]. GD2 has been identified as an important target antigen for
antibody-dependent cellular cytotoxicity (ADCC) for neuroblas-
toma and malignant melanoma cells [4].

Neuroblastoma is the most common extra-cranial tumor in
children. Stage 4 disease in children more than 18 months of
age at diagnosis is uniformly aggressive and often recurrent fol-
lowing successful induction therapy. Despite the use of intensive
regimens, the survival rates for such patients have remained un-
acceptable for more than two decades. Since the first phase I study
of anti-GD2 monoclonal antibodies (mAb) [5] to the most recent
randomized trial, GD2 is accepted as a viable tumor target for
immunotherapy [6]. The recent Children’s Oncology Group trial
of anti-GD2 ch14.18 antibody, IL-2, and granulocyte—macrophage
colony stimulating factor combination, following autologous stem
cell transplant in patients with high-risk neuroblastoma was one
of the few rare randomized studies demonstrating the clinical
benefit of antibody immunotherapy in metastatic solid tumors
among children [6].

A number of mAbs specific for the GD2 (including 14.G2a,
ch14.18, and 3F8) have been used in phase I-II clinical trials [7—
9]. Anti-GD2 mouse mAb 3F8 [10] has shown highly specific
tumor targeting in preclinical studies [11,12] and has shown ob-
jective tumor responses in patients with primary chemotherapy
resistant bone marrow disease [9].

Despite the recent success of anti-GD2 mAb, there is a need for a
further development of anti-GD2 therapeutic strategy. Although
survival rates increased in high-risk patients treated with naked
anti-GD2 mAb in combination with cytokines, only 63% of Stage
4 patients remained free of disease at 2 years [6]. Long-term surviv-
al analysis showed that more than 50% of the patients with Stage 4
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neuroblastoma developed recurrent disease after treatment with
anti-GD2 mAb alone [13]. The factors limiting the clinical utility
and efficacy of naked anti-GD2 mAb are mostly unknown; however,
the deficiencies in number and activity of effector cells mediating
ADCC observed in patients with post-chemotherapy immunosup-
pression may play a role. We therefore hypothesized that arming of
ex vivo activated and expanded cytotoxic T cells with anti-
CD3 x anti-GD2 bispecific antibody (BiAb) will redirect them to
GD2 positive tumors and result in enhanced cytotoxicity.

In this study, we exploit the non-MHC restricted, perforin/
granzyme-mediated cytotoxic ability of activated T cells (ATC)
by redirecting their cytotoxicity using a BiAb approach. BiAb was
produced by chemically heteroconjugating anti-CD3 (OKT3) and
anti-GD2 (3F8) to generate OKT3 x 3F8 BiAb (3F8BiAb). The
first antibody is directed at CD3 on T cells and the second targets
GD?2 expressed on the surface of the tumor cells. Binding of ex
vivo expanded and BiAb coated (armed) T cells to the tumor
targets, through the tumor-specific portion of the BiAb molecule,
reactivates the T cells. This approach has been used to redirect
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ATC toward Her2/neu+ [14,15], EGFR+ [16], and CD20+ [17]
targets. Multiple infusions of targeted T cells in phase I clinical
trials have been shown to be safe in patients with breast cancer [15].

Since 3F8 mAb treatment showed promising clinical outcomes
in children with high risk neuroblastoma [18], we produced
3F8BiAb to investigate whether 3F8BiAb-armed ATC can medi-
ate specific cytotoxicity directed at GD2-positive neuroblastoma
cell lines. In this study, we showed that ATC armed with 3F8BiAb
could engage and lyse GD2-positive neuroblastoma targets, pro-
viding preclinical rationale for immunotherapy using 3F8BiAb-
armed ATC in children with neuroblastoma.

MATERIALS AND METHODS
Cell Lines and mAb

The neuroblastoma cell lines (LAN-1, LAN-6, KCNR, and
LHN) were all grown in RPMI-1640 media (Lonza, Walkersville,
MD) supplemented with 10% fetal bovine serum (FBS; Valley
Biomedical, Winchester, VA). The cell lines were a kind gift from
Dr. Leonid Metelitsa (Texas Children’s Cancer Center, Houston,
TX). OKT3 is an anti-CD3 murine IgG,, (Janssen Biotech, Hor-
sham, PA) that is available commercially. 3F8 is also a murine
anti-GD2 mAb of the IgG3 subclass previously described [10].
Herceptin (trastuzumab) is an anti-HER2/neu, humanized IgG1
(Genentech, Inc., San Francisco, CA) antibody that is available
commercially.

Preparation of Bispecific Antibodies

Both Anti-CD3 x Anti-GD2 BiAb and Anti-CD3 x Anti-
Her2/neu BiAb was prepared by chemical heteroconjugation as
previously described by Sen et al. [14]. Anti-CD3 (OKT3; Cen-
trocor Ortho-Biotech, Raritan, NJ) was cross-linked with Traut’s
reagent (2-iminothiolane HCI; Pierce, Rockford, IL) and Anti-
GD2 was cross-linked with sulphosuccinimidyl 4-(N-maleimido-
methyl) cyclohexane-1-carboxylate (Sulpho-SMCC). Cross-
linked mAb were desalted on PD-10 columns (Pharmacia,
Uppsala, Sweden) to remove unbound cross-linker. The cross-
linked OKT3 and anti-GD2 were heteroconjugated overnight.
The heteroconjugated product was analyzed by non-reducing
SDS-PAGE (4-20% gradient; Lonza Inc., Walkersville, MA)
and quantified by densitometry using Quantity One software
(Bio-Rad Lab., Hercules, CA).

Generation and Arming of ATC With the BiAb

Armed ATC were prepared as described previously [14]. Brief-
ly, peripheral blood mononuclear cells (PBMC) purified from
whole heparinized blood of healthy donors by ficoll-hypaque
density gradient centrifugation were activated in culture with
20 ng/ml OKT3, and cultured for 14 days in complete RPMI
1640 media containing 100 IU/ml of IL-2 (Chiron Corp., Emery-
ville, CA). The harvested ATC were armed with Her2BiAb or
3F8BiAb at indicated doses/10° ATC for 15 minutes at room
temperature. We wash armed ATC at least twice after arming in
complete medium to eliminate any unbound dimer (BiAb), mono-
mers and multimer before using them in vitro experiments. Blood
collection and use of human blood products for research were
conducted under protocols approved by the Internal Review Board
at Wayne State University. Signed consents for blood draws were
obtained from normal healthy donors.
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Flow Cytometry

Tumor cell lines were stained with monoclonal mouse anti-GD2
IgG2a (clone 14.G2a; BD Pharmingen, San Diego, CA) and mono-
clonal mouse anti-human c-erbB-2 IgG1 (clone 9G6; BD Pharmin-
gen) followed by a goat anti-mouse-F(ab'), Phycoerythrin (PE)
secondary antibody (Biosource International, Camarillo, CA) and
analyzed with a EPICS-XL-MCL flow cytometer (Beckman Coulter,
Brea, CA) equipped with an Argon laser. More than 10,000 events
were analyzed in all experiments. The percentage of positive cells
was determined from markers set with matched isotype control anti-
bodies. Analysis was performed using Coulter System II Software.

Flow Cytometry for 3F8 BiAb-Binding Assays

Binding of 3F8 mAb and 3F8BiAb to ATC was evaluated by
incubating 10° ATC with either 1 or 10 pg of 3F8 mAb or
3F8BiAb for 1 h at 4°C. A goat anti-mouse IgG3-fluorescein
isothiocyanate (FITC; eBioscience, San Diego, CA) was used to
label the 3F8 mAb and the 3F8 fragment of 3F8BiAb. Similarly,
binding of 3F8 BiAb to LAN-6 and KCNR targets was deter-
mined by incubating 10° LAN-6 or KCNR cells with either 1 or
10 g of 3F8 BiAb for 1 h at 4°C. The cells were washed and
incubated with goat anti-mouse 1gG2a-PE to measure the OKT3
fragment of the BiAb (Becton Dickinson, San Diego, CA). Cells
were analyzed by flow cytometry.

Specific Cytotoxicity Assay

Tumor cell lines were plated into 96-well flat-bottom plates at
cell concentration of 4 x 10* cells/well and incubated overnight
at 37°C. The following day, targets were washed once and labeled
with >'Cr (2 uCi/well; MP Biomedicals, Irvine, CA) for 4 hours
at 37°C. The plates were washed three times with medium after
3ICr labeling and ATC or armed ATC were plated with the target
cells in duplicates at different effector to target (E:T) ratios and
incubated overnight for 18 hours at 37°C. 3F8 mAb-mediated
ADCC was evaluated by exposing target cells to PBMC or ATC
plus 100 ng of 3F8 mAb. Her2 BiAb (50 ng/10° cells)-armed
ATC were used in some experiments as an irrelevant antibody
control. 0.1 ml aliquots of the supernatants were harvested for
quantification of chromium release. Spontaneous release was de-
termined by incubation of targets with media alone, and maxi-
mum release was determined by lysing the targets with 2%
sodium dodecyl sulfate (SDS) solution. Specific lysis of target
cells was calculated by measuring *'Cr release in supernatants
using the formula: [% specific lysis = (test — spontaneous re-
lease)/(maximum release — spontaneous release) x 100]. Results
are expressed as a percentage of specific cytotoxicity
(mean £ SD) from duplicate wells.

Cytokine Profiling of Co-Cultures

Cytokines were quantitated in culture supernatants following
binding of 3F8BiAb armed ATC to GD2 expressing tumor cells.
Unarmed ATC, armed ATC and GD2 positive tumor targets were
co-cultured in a 96-well plate for 24 hours. Tumor cells alone,
unarmed ATC and armed ATC without tumor cells were run as
controls using a 25-plex human cytokine Luminex Array (Invi-
trogen, Carlsbad, CA) on a Bio-Plex system (Bio-Rad Lab.). The
limit of detection for these assays is <10 pg/ml based on detect-
able signal of greater than twofold above background (Bio-Rad
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Fig. 1. Production of 3F8BiAb. The 3F8BiAb was generated fol-
lowing chemical heteroconjugation of OKT3 and 3F8 mAb’s as de-
scribed in materials and methods. The product was resolved by SDS—
non-reducing polyacrylamide gradient (4-20%) gel electrophoresis
and detected by Coomassie blue staining. Lane 1, 8 pg of 3F8
mADb; lane 2, 8 pg of OKT3 mAb; lane 3, no sample; lane 4, 8 pg
of 3F8 BiAb. The unconjugated OKT3 and 3F8 (monomers), conju-
gated 3F8 BiAb dimers and multimers are indicated in the figure.
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Lab.). Cytokine concentrations were automatically calculated by
the BioPlex Manager Software (Bio-Rad Lab.).

Statistical Analysis

All statistical analysis were performed using GraphPad Prism 5
for windows (GraphPad software, San Diego,CA). Paired 7-test was
used to assess the optimal dose of the BiAb needed to exhibit maxi-
mum cytotoxicity with P < 0.05 considered as significant. Two-way
analysis of variance (ANOVA) was used to analyze results from
cytotoxcity and cytokine/chemokine assays between different groups.

RESULTS
Heteroconjugation of 3F8 Bispecific Antibody

The heteroconjugated product of equimolar concentrations of
OKT3 and 3F8 mAb was quantified by Coomassie blue staining
of SDS-gel as shown in Figure 1. Densitometric quantitation of
Lane 4 of the gel showed 73.5% monomer, 17.5% dimer, and 9%
multimer fractions.

GD2 and Her2 Expression in Neuroblastoma Cells

The expression of GD2 and Her2 proteins on neuroblastoma
cells was quantitated by flow cytometric analysis (Fig. 2). All
neuroblastoma cell lines expressed high levels of GD2 except
for LAN-6 [LAN-1, 100% (MFI = 6667.6); LHN, 100%
(MFI = 2555.3); and KCNR, 100% (MFI = 4784.9)], which did
not show any detectable GD2 expression. There was no detectable
expression of Her2 on any of the neuroblastoma cell lines tested.
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Fig. 2.

GD2 and Her2 expression in neuroblastoma cell lines. The tumor cells were examined for expression of GD2 and Her2 proteins by

flow cytometry, using anti-GD2 and anti-c-erbB2 mAb. Data are presented as histograms with their matched IgG isotype antibodies (open
dotted curves) to account for background fluorescence. Solid gray histograms represent cells that are positive for GD2. Percentage of positive

cells is shown as well.
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Dual-Binding Specificity of 3F8 BiAb

Binding of 3F8 mAb and 3F8BiAb to ATC was determined by
arming ATC with 1 pg of the above antibodies, followed by stain-
ing with a FITC-conjugated anti-mouse IgG3 to measure the
amount of 3F§BiAb bound on the ATC (Fig. 3A). Approximately,
~95% of ATC stained positive for 3F8BiAb binding. In order to
determine the binding of 3F8BiAb to the target cells, GD2-negative
LAN-6 cells and GD2-positive KCNR cells were stained with the
3F8BiAb. The relative amount of OKT3 parental mAb associated
with the 3F8BiAb was quantitated using PE-conjugated IgG2a
(Fig. 3B). KCNR cells showed 100% positive staining for binding
of 3F8BiAb. In contrast, LAN-6 cells did not stain with 3F8BiAb,
confirming the absence of GD2 expression on LAN-6.

Specific Cytotoxicity With Increasing Arming Doses of
the 3F8 BiAb

To determine the optimal arming dose of 3F8BiAb, a dose
titration of 3F8BiAb using >'Cr release cytotoxicity assay was
done against KCNR neuroblastoma target cells. ATC obtained
from four normal donors were armed with increasing doses of
3F8BiAb ranging from 25 to 250 ng/10® ATC. Unarmed ATC
from the same donors were used as controls. Figure 4A shows
the mean % specific cytotoxicity for each donor ATC armed with
increasing doses of the 3F8BiAb targeted against KCNR tumor
cells at an E:T ratio of 25:1 for 18 hours. Increasing the arming
doses of 3F8BiAb up to 100 ng/10° ATC showed dose-dependent
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Fig. 3. Binding of 3F8BiAb to ATC and target cells. A: Binding of
3F8BiAb to ATC. 1 x 10° ATC were armed with 1 ug each of
3F8mADb and 3F8BiAb and the amount of antibody bound to the
surface of the cells was measured by flow cytometry as described
in materials and methods. Solid gray histograms represent cells that
have OKT3 bound to their surface via 3F8 (3F8BiAb). Percentage
positive cells shown in parenthesis were obtained by setting the
markers using appropriate isotype control antibodies (open dotted
lines). B: Binding of 3F8BiAb to tumor cells. LAN-6 (10° cells)
and KCNR (10° cells) were incubated with 1 pg of 3F8BiAb and
analyzed by flow cytometry. The solid grey histograms show the
binding of 3F8BiAb to the target cells. Matched isotype controls
were used to quantitate the positive cells shown in parenthesis.
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increase in specific cytotoxicity against the KCNR neuroblastoma
cell line. However, arming doses above 100 ng/10® ATC did not
result in any further increase in specific cytotoxicity. Therefore,
the dose of 100 ng/ 10° ATC (P < 0.007) was selected as an
optimal dose for all subsequent experiments. The unarmed ATC
control showed the expected low levels of non-MHC restricted
cytotoxicity against the same targets.

Effect of Effector:Target Ratio on Specific Cytotoxicity
by 3F8BiAb Armed ATC

5!Cr labeled KCNR and LAN-1 neuroblastoma cell lines and
3F8BiAb-armed ATC were plated at various E:T ratios ranging
from 3.125:1 to a maximum of 25:1. Figure 4B shows mean %
specific cytotoxicity of armed ATC against KCNR (upper panel)
and LAN-1 (lower panel) targets. Increasing the E:T ratio led to
increasing mean % specific cytotoxicity from 24.2% at 3.125:1 to
55.7% at 25:1 for KCNR specific lysis and from 7.4% at 3.125:1
to 37.2% at 25:1 for LAN-1 specific lysis. Unarmed ATC were
run as controls for the same ratios.

Influence of ADCC on 3F8BiAb-Induced Cytotoxicity

In order to assess the contribution of ADCC to 3F8BiAb-
armed ATC and naked 3F8 mAb-mediated killing, both ATC
and PBMC were tested as potential sources of effector cells
mediating ADCC in KCNR neuroblastoma cell line (Fig. 5A).
PBMC with Her2 mAb were used as an irrelevant antibody con-
trol and Her2BiAb armed ATC as irrelevant BiAb control. The
dose of 3F8 mAb and 3F8BiAb applied to the targets with ATC
was 100 ng/well and 100 ng/10° cells, respectively. While we
detected a substantial amount of ADCC-mediated killing of neu-
roblastoma cells with 3F8 mAb plus PBMC (Fig. 5A,B), the
cytotoxicity exhibited by 3F8 mAb plus ATC was not detected
suggesting that ATC were not a significant source of effector cells
mediating ADCC. Also, the cytotoxicity mediated by 3F8BiAb-
armed ATC was higher than ADCC mediated by 3F8 mAb plus
PBMC against neuroblastoma cell lines (P < 0.01; Fig. 5A,B).

Specific Cytotoxicity of 3F8BiAb-Armed ATC Against
Neuroblastoma Cell Lines

ATC derived from six normal subjects were armed with 100 ng
of 3F8BiAb per 10° cells and co-cultured for 18 hours with
31Cr labeled neuroblastoma cells at a E:T ratio of 25:1. Control
conditions consisted of unarmed ATC alone and 3F8 mAb (100 ng/
well) with PBMC. Her2BiAb armed ATC from the same donors
were tested on neuroblastoma as irrelevant antibody control.
3F8BiAb-armed ATC effectively killed GD2-positive neuroblasto-
ma cell lines (KCNR and LHN (P < 0.001), LAN-1 (P < 0.05),
whereas the killing of GD2-negative neuroblastoma (LAN-6) was
minimal (Fig. 5B). Her2Bi-armed ATC did not kill the neuroblasto-
ma cell lines, further verifying the specificity of 3F8BiAb mediated
killing of GD2-positive neuroblastoma cells.

Enhanced Secretion of Cytokines Following Binding of
3F8BiAb-Armed ATC to GD2 Positive Tumors

Since binding of armed ATC to Her2/neu on SK-BR-3 cells
triggered cytokine and chemokine secretion [15], we tested if
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Fig. 4. A: Arming dose titration of 3F8BiAb. Cytotoxicity mediated by ATC armed with the 3F8BiAb at doses of 25, 50, 100, 200, and
250 ng per 1 x 10° cells was measured in *'Cr-release assay against KCNR neuroblastoma cells. Controls included unarmed ATC (0 ng). E:T
of 25:1 was used for these experiments. Mean % cytotoxicity == SEM for four healthy donors (M) is shown for each dose of the BiAb.
*P < 0.01 and **P < 0.007 as analyzed by paired r-test. B: Cytotoxicity of 3F8BiAb armed ATC increases with E:T ratio. ATC
generated from healthy donors (n = 2) were armed with 100 ng/1 x 10° cells of 3F8BiAb (&) and co-cultured at four different E:T
ratio; overnight at 37°C in 96-well flat-bottom plates containing ' Cr-labeled KCNR (upper panel) or LAN-1 (lower panel) target cells.
Unarmed ATC were used as controls ([J). Mean % cytotoxicity was calculated and error bars represent SD from two experiments.

armed or unarmed ATC stimulated with KCNR tumor cells for
24 hours could trigger cytokine and chemokine production
(Fig. 6). As expected, stimulation of 3F8BiAb armed ATC with
target cells induced higher levels of two key cytokines, IFN-y and
TNF-o. which were known to play a key role in cytotoxicity
compared to unarmed ATC. Interestingly, no change in the levels
of IL-4, IL-10 was detected between tumor cells alone or tumor
cell stimulated with ATC or armed ATC (n = 4). The most strik-
ing up-regulation was seen in the chemokine secretion levels of
MIP-1a,, MIP-13 and RANTES with significantly higher levels
(P < 0.001) in culture supernatant of 3F8BiAb armed-ATC stim-
ulated with tumor cells compared to co-cultures of unarmed ATC
and tumor cells or tumor cells alone.

DISCUSSION

In this study, we produced and functionally characterized a
unique BiAb 3F8BiAb that recognizes the tumor-associated gan-
glioside GD2 and the T-cell receptor antigen CD3. Our data show
that 3F8BiAb can activate and redirect non-MHC restricted cyto-
toxic activity of ATC toward GD2-positive neuroblastoma cell

Pediatr Blood Cancer DOI 10.1002/pbc

lines. The tumor cell killing was GD2-specific. To the best of
our knowledge, the strategy of targeting neuroblastoma with 3F8
BiAb-armed ATC has not been reported.

Studies using anti-GD2 BiAb with a different design had been
reported. Thus, Bernhard et al. [19] used Fab’ dimer anti-
CD3 x anti-GD2 BiAb to target melanoma cell lines, and Man-
zke et al. [20] used 14G2a in a tetradoma-based anti-GD2 X anti-
CD3 BiAb in preclinical experiments targeting the human neuro-
blastoma cell line IMRS. Compared to ours, these BiAb produc-
tion methods are labor intensive and require multiple steps of
production and purification of BiAb. Both groups did not coat T
cells with BiAb, but used co-injection of BiAb with effectors. In
our opinion, this may result in less effective arming and subse-
quent redirection of T cells to targets.

Most clinical studies used direct intravenous injection of BiAb
and were limited by cytokine storm induced by BiAb binding to
Fc-receptor bearing cells [21]. Recently, the development of T-
cell engager BiAb (BiTE) and trifunctional bispecific antibodies
(TriFAb) with engineered Fc have met with clinical success in the
treatment of mantle cell lymphoma and ascites in ovarian cancer
trials [22-26]. There are ongoing phase I/II clinical trials that are
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Fig. 5. A: 3F8 mAb dependent ADCC against neuroblastoma cells.
SICr labeled target cells were co-cultured in the presence of unarmed
ATC, 3F8 mAb plus ATC, 3F8 mAb plus PBMC and armed ATC with
3F8 BiAb, controls comprised of Her2 mAb in the presence of PBMC
and Her2BiAb-armed ATC. A standard 18-hour chromium release cy-
totoxicity assay was performed as described in materials and methods.
E:T of 25:1 was used. Representative donor for neuroblastoma (KCNR)
cells is shown. Error bars represent SD of two replicates for each
condition. **P < 0.01 for KCNR cells versus 3F8mAb plus PBMC
control. B: 3F8BiAb-armed ATC kill GD2-expressing neuroblastoma
cells in co-culture. LAN-6, LAN-1, LHN, and KCNR neuroblastoma
cell lines were exposed to ATC armed with 100 ng/1 x 10° cells of
3F8BiAb (B) in a standard >'Cr release assay. ATC alone ([J), 100 ng/
well of 3F8 mAb combined with PBMC () and Her2Bi-armed ATC
(E) were used as controls. E:T was 25:1. Mean % cytotoxicity == SEM
of six donors with each condition done in duplicates is shown.
*P < 0.05 and ***P < 0.001 versus the unarmed ATC control.

promising using a number of different BiAb that target solid
tumor and hematologic malignancies (reviewed in [21]). Studies
from our group have used BiAb armed ATCs to increase cytotox-
icity directed at both solid tumors and hematologic malignancies
[16,17,21,27]. However, none of our studies have targeted neuro-
blastoma cells.

Our in vitro data showed that 3F8BiAb armed ATC secreted
increased levels of IFN-y and TNF-o when they specifically
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engaged tumor targets but there was no change in IL-4 and IL-
10 secretion by 3F8BiAb-armed ATC stimulated with tumor cells.
Infusions of armed ATC may reverse tumor tolerance by polariz-
ing the tumor microenvironment towards a Thl condition rich in
IFN-y and TNF-a, which are known to be tumoricidal and capa-
ble of inducing local immunization and systemic anti-tumor
responses [28][29]. Shifting the in vivo immune responses to
Thl was consistent with our observations of PBMC from women
who received multiple infusions of armed ATC and developed
specific cytotoxicity directed at breast cancer cell lines that per-
sisted at least 4 months after immunotherapy [15]. In addition to
cytokines, chemokines such as RANTES, MIP-1a, and MIP-13
were significantly upregulated (P < 0.001) by 3F8BiAb-armed
ATC upon engagement with tumor cells. RANTES, MIP-1a,
and MIP-13 are known to modulate T-cell migration, degranula-
tion, co-stimulation, and tumor-specific cytolytic activity [30,31].
In addition, these soluble factors can recruit antigen-presenting
cells and naive T cells to the site, and may facilitate antigen
presentation and endogenous T-cell activation [30-32].

The use of GD2 as an immunological target was confirmed in
clinical trials that reported objective clinical responses and im-
proved survival in children with neuroblastoma who received
infusions of anti-GD2 mAbs [6,8,9,13]. In vitro studies show
that ADCC is the major mechanism of tumor cell killing mediated
by the anti-GD2 mAb with NK-cells and granulocytes being the
key effector cells [4,33,34]. In the current study, we addressed the
hypothesis whether the cytotoxicity mediated by 3F8BiAb armed
ATC is comparable or better than 3F§ mAb-mediated ADCC.

The potential clinical advantage of 3F8BiAb-armed ATC over
naked 3F8 mAb includes a significantly lower dose of 3F8BiAb to
arm ATC compared to intravenously injected dose of 3F8 mAb
(10 mg/m?*/dose x 5 days). GD2 expression in normal human
tissues is restricted to the CNS, peripheral nerves, and skin mel-
anocytes [1]. While CNS neurons are protected from anti-GD2
mAb (3F8) by blood brain barrier, their binding to peripheral
nerve fibers causes pain, which represents one of the major
dose-limiting toxicities of 3F8. All patients receiving 3F8 require
morphine administration. Fevers, urticarial rash, hypotension, and
development of human anti-mouse antibodies (HAMA) responses
have been reported as the other common side effects of 3F8 [5].
The actual dose of 3F8 required to arm 2.5 x 10° ATC (a targeted
cell dose per one weekly infusion in 20 kg child) would be
0.25 mg, but with a 20% arming efficiency, the actual amount
of antibody bound to the ATC after washing would be only
0.05 mg/2.5 x 10° ATC. This is 200 times less than a single
dose of naked 3F8 used in phase II-III trials. Since most of the
3F8 side effects were dose dependent, and rarely noted at dosages
of <1 mg/m? [5], we do not expect any significant toxicities
related to 3F8 component of BiAb-armed ATC therapy.

In summary, our results showed that (i) 3F8BiAb-armed ATC
induced cytotoxic activity directed at GD2 positive neuroblastoma
cells; and (ii) 3F8BiAb-armed ATC secreted higher levels of
tumoricidal cytokines IFN-y and TNF-a and chemokines MIP-
la, MIP-1B, and RANTES compared to tumor cells alone or ATC
stimulated with tumor cells. This approach may provide a viable
alternative or synergistic addition to mAb therapies alone for the
pediatric population with high risk neuroblastomas. The in vitro
targeting studies provide a strong rationale for the use of 3F8BiAb
armed ATC for the initiation of phase I/II clinical trials in patients
with GD2 positive tumors. This approach with potentially low
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Fig. 6. Cytokine profile of culture supernatants detected by multiplex luminex system. Co-culture supernatants of ATC alone (ATC), 3F8BiAb
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cytokines IFN-y and TNF-a (upper panel), Th, cytokines IL-4 and IL-10 (middle panel), and chemokines MIP-1a, MIP-13, and RANTES
(lower panel).
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