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ABSTRACT
Engineering potent bispecific antibodies from single-chain variable fragments (scFv) remains difficult due
to the inherent instability and insufficient binding of scFv’s compared to their parental immunoglobulin
format. Previously, we described a scFv-based bispecific antibody (scBA) against disialoganglioside (GD2)
based on the anti-GD2 murine 5F11-scFv and the anti-CD3 huOKT3-scFv (5F11-scBA). In this study, we
substituted the 5F11-scFv with the higher affinity (13-fold) hu3F8-scFv to form hu3F8-scBA. With this
modification, hu3F8-scBA redirected T cells to kill GD2(C) cancer cell lines with up to 5,000-fold higher
potency (femtomolar EC50) compared with 5F11-scBA (picomolar EC50) in cytotoxicity assays, even against
target cells with low GD2 densities. Furthermore, hu3F8-scBA induced stronger T-cell activation than 5F11-
scBA, as measured by Ca2C flux and cytokine release. Additionally, in vivo, hu3F8-scBA suppressed tumor
growth and prolonged mice survival much more effectively than 5F11-scBA, in both neuroblastoma and
melanoma xenograft models. We conclude that the functional properties of scBA’s can be increased
substantially by relatively modest increases in antigen affinity.
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Introduction

Classic antibody therapies often require Fc-mediated effector
functions to achieve their antitumor effect.21 As a result, cyto-
toxic T cells (CTLs) have been largely underutilized. By fusing
T-cell binding domains (commonly anti-human CD3 epsilon)
to tumor targeting domains, one can efficiently harness the
incredible potency of polyclonal CTLs to target non-HLA
restricted tumor-associated antigens (TAAs).22 One example of
this is the tandem single-chain variable fragment (scFv) bispe-
cific antibody (scBA) which has been exploited to target various
human malignancies, such as leukemia,5,25 pancreatic cancer,13

skin cancer26 and brain cancer.12 Just recently, in December
2014, blinatumomab became the first FDA approved T-cell
engaging bispecific in the treatment of leukemia.25 In addition
to the scBA, other platforms have been developed, such as tan-
dem diabodies17 or IgG-scFv fusions,28 with many groups now
testing these formats in the clinic. Thus, targeting CTLs to
TAAs via bispecific antibodies provides a novel and powerful
way to treat cancer; especially given not all tumors elicit endog-
enous T-cell responses.

Disialoganglioside (GD2) is a glycolipid, which is overex-
pressed on many cancers, including neuroblastoma, melanoma,
osteosarcomas and even some cancer stem cells.23 As a glyco-
lipid, GD2 presents itself as a very attractive target, ranked as
12th among the most important TAAs.7 Unlike protein

antigens, GD2 is embedded into the membrane via its ceramide
tail, with only a small pentasaccharide head group rising above
the membrane surface. As a result of its extreme proximity to
the cell membrane and small epitope footprint (which would
be entirely engulfed by an antibody’s CDR loops), it was pre-
dicted that targeting GD2 could mediate highly potent cell lysis
via bispecific antibodies.6 Additionally, given its value as a
TAA, several anti-GD2 monoclonal antibodies have been gen-
erated, with two already in the clinic treating patients with
high-risk neuroblastoma,10 and with one (UnituxinTM) getting
FDA approval in the last year (March 2015).30

Previously, we reported the arming of T cells using a
chemical conjugate of anti-GD2 and anti-CD3 monoclonal
antibodies to lyse GD2(C) neuroblastoma target cells.29 In a
follow-up report,28 we described a genetically engineered,
humanized, aglycosylated IgG-scFv bispecific antibody tar-
geting GD2 on cancer cell lines with a femtomolar (fM)
cytotoxic EC50. Furthermore, this platform activated CTLs
in situ, drove intravenous T cells and monocytes to infil-
trate tumor stroma, and ablated neuroblastoma and mela-
noma xenografts. To reduce the size of the bispecific
antibody and potentially enhance tumor penetration, we
developed an scBA format, where the anti-GD2 5F11-scFv
was fused to the anti-CD3 huOKT3-scFv (5F11-scBA) and
successfully redirected polyclonal CTLs against GD2(C)
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cancer cells in vitro and in vivo.9 With these scBA plat-
forms, we were able to improve the tumoricidal activity by
introducing a disulfide bond to stabilize the 5F11-scFv,
increasing the thermal stability by 10.8�C. However, the in
vitro tumor cytotoxicity of CTLs in the presence of 5F11-
scBA (pM to nM EC50) was not optimal when compared to
our IgG-scFv bispecific format (fM EC50). Other investiga-
tors have reported that bispecific antibodies built from
higher affinity scFv’s could increase tumor retention and
improve antitumor efficacy,20 prompting us to create a
higher affinity scBA.

In the current study, we evaluated the effect of a relatively
modest increase in affinity against GD2 by developing a new
anti-GD2 scBA, hu3F8-scBA; a tandem fusion of hu3F8-scFv11

to huOKT3-scFv.2 Hu3F8-scBA showed 13-fold higher affinity
(KD) to GD2 than 5F11-scBA, but also a substantially lower
thermal stability (Tm reduced by 20�C). Despite this, in vitro
cytotoxicity assays showed that hu3F8-scBA was up to 5,000-
fold more potent than 5F11-scBA achieving an EC50 in the fM
range, even against target cancer cell lines with low GD2 densi-
ties. Additionally, hu3F8-scBA suppressed tumor growth in

vivo and prolonged mice survival much more effectively than
5F11-scBA in both neuroblastoma and melanoma xenograft
models.

Results

Designing and characterization of hu3F8-scBA

The hu3F8-scFv was designed based on the crystal structure of
the original murine 3F8 antibody (PDB 3VFG), molecular
docking simulations of 3F8:GD2,4 and the sequence of the
humanized 3F8 antibody (hu3F8)11 (Fig. 1A). The VL–VH ori-
entation was chosen to preserve the free N-terminus of the VL

domain, which was hypothesized to interact with the negatively
charged head group of GD2. Utilizing identical linker and
huOKT3-scFv sequences as previously reported for 5F11-
scBA,9 hu3F8-scBA was constructed and expressed in CHO-S
cells (Fig. 1B). After selection of high expressers from stable
pools, supernatants were collected and purified by affinity chro-
matography. Under reducing conditions, hu3F8-scBA migrated
at approximately 55 kDa (Fig. 1C). By SEC-HPLC, it migrated

Figure 1. Design and characterization of hu3F8-scBA. (A) Structural model showing a top down view of the antigen-biding site of hu3F8 scFv in the VL–VH orientation.
CDR loops are colored in blue. A homology model was generated on Discovery Studio 4.1 (Dassault Systemes, San Diego, CA) using the crystal structure of murine 3F8 as
a template (PDB 3VFG). The model was rendered in PyMol (Schr€odinger LLC, New York, NY). (B) Diagram of hu3F8 scBA, with anti-GD2 scFv in the VL–VH format, and the
anti-CD3 scFv in the VH–VL format. (C) Reduced SDS-PAGE analysis of hu3F8-scBA (D) HPLC profile of purified hu3F8-scBA. The peak with a retention time of 21 minutes
(�) is hu3F8-scBA, while the peak with a retention time of 25 min is from absorbance of salt in the buffer (sodium citrate).
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as the major peak (>97%) with a retention time at 21 min con-
firming its molecular size (55 kDa) (Fig. 1D).

Stability and affinity of hu3F8-scBA versus 5F11-scBA

The best 5F11-scBA, (Y)5VHVLDS(15)BA, which used a VH–
VL orientation and included both a stabilizing disulfide bond
and an affinity maturation mutation in the 5F11-scFv, was used
as a reference for these studies.9 Using differential scanning
fluorimetry (DSF), the melting temperature (Tm) of each scFv
was measured (Table 1). The Tm for hu3F8 scFv (48.7�C) was
much lower than that of 5F11 scFv (68.2�C). Interestingly, the
Tm of huOKT3-scFv was also influenced by the N-terminal
scFv; with an N-terminal 5F11-scFv, the Tm was 52�C, but with
hu3F8-scFv it became only 48.7�C (Fig. S1). Additionally,
hu3F8-scBA showed much stronger binding to GD2 by ELISA
(Fig. 2A). By surface plasmon resonance, the off rate (koff) for
hu3F8-scBA was 25-fold slower (8.2 £ 10¡4) than it was for
5F11-scBA (2.0 £ 10¡2), and the binding affinity (KD), hu3F8-
scBA was 13-fold higher (19 nM) than 5F11-scBA (250 nM)
(Fig. S2 and Fig. 2B).

Hu3F8-scBA induced stronger Ca2C flux and cytokine
release from T cells than 5F11-scBA

Despite the lower thermal stability, hu3F8-scBA was able to
activate CTLs more potently than 5F11-scBA, as measured by
both Ca2C flux in T cells and cytokine release in PBMCs. On
artificial lipid bilayers containing GD2, hu3F8-scBA induced
more Ca2C flux per T cell, over a 30-min time lapse, at both 10
and 2 nM concentrations as compared to the 5F11-scBA, indic-
ative of more robust T-cell activation (Fig. 3). Additionally, the
hu3F8-scBA induced higher cytokine release from human
PBMCs than 5F11-scBA when incubated with GD2(C) cancer
cell lines. In the presence of a melanoma derived cell line, M14,
hu3F8-scBA induced significantly higher levels of IFNg, IL-2
and IL-10 production (Table 2). Importantly, in the absence of
target cells, levels of all four cytokines were barely detectable.

In vitro T-cell-dependent cytotoxicity mediated by
hu3F8-scBA vs 5F11-scBA

The in vitro potency of hu3F8-scBA in redirecting CTLs to kill
cancer cell lines was assessed by chromium release assay.
Hu3F8-scBA induced highly efficient T-cell-dependent killing
of both neuroblastoma derived cell lines (IMR-32) and mela-
noma derived cell lines (M14 and SKMEL-28) (Figs. 4A–C).
The EC50, as calculated from T-cell-mediated killing curves,
was compared between hu3F8-scBA and 5F11-scBA, for each
of the nine cancer cell lines assayed, including neuroblastoma,

melanoma, osteosarcoma and ovarian carcinoma lines
(Table 3). For high GD2 expressing cell lines (MFI between
1,000 and 1,500),28 such as IMR-32, M14, LAN-1 and NMB-7,
the EC50 for hu3F8-scBA (10–25 fM) was between 3,000-
and 5,000-fold higher compared to that of 5F11-scBA
(40–140 pM). For low GD2 expressing cell lines (MFI between
20 and 500) such as CRL1427, SKNBE(2)C, U2OS, SKMEL-

Table 1. Thermal Stability of 5F11-scBA and hu3F8-scBA. The thermal stabilities of
hu3F8-scBA and 5F11-scBA were measured by differential scanning fluorimetry
using the Protein Thermal Shift assay (Life Technologies).

Constructs Tm (�C) anti-GD2 scFv Tm (�C) huOKT3 scFv

5F11-scBA 68.2 § 0.1 52.3§ 0.1
hu3F8-scBA 48.7 § 0.2 48.7§ 0.2

Figure 2. GD2 binding properties of hu3F8-scBA and 5F11-scBA. (A) Comparison of
hu3F8-scBA and 5F11-scBA GD2 binding by ELISA. (B) Comparison of hu3F8-scBA
and 5F11-scBA GD2 binding kinetics by SPR. Sensorgram depicts 1,000 nM run
from each scBA binding to GD2, normalized to 100 RU.

Figure 3. T-cell activation by hu3F8-scBA and 5F11-scBA. Human T cells were pre-
incubated with three different concentrations of scBA (1–10 nM) and imaged on
artificial lipid bilayers containing ICAM-1 and GD2. Ca2C responses were measured
using Fura-2AM. The Fura ratio was calculated during the plateau phase of the cal-
cium response (15–30 min), from six to eight imaging fields per condition (»100
cells/field). Each dot represents the mean Fura ratio of one field acquired over
15 min.
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2828 EC50 for hu3F8-scBA (0.2–20 pM) was between 100- and
1,000-fold higher compared to 5F11-scBA (0.2–2.0 nM). For
the GD2-negative cancer cell line SKOV3 (Fig. 4D), neither
hu3F8-scBA nor 5F11-scBA could mediate killing, confirming
that both scBA’s redirection of CTLs were GD2 specific.

In vivo efficacy of hu3F8-scBA vs 5F11scBA

To compare the antitumor effects of hu3F8-scBA vs 5F11-scBA
in vivo, two different established28 xenograft mouse models
were used: (1) human cancer cell lines were either mixed with
human PBMCs and implanted subcutaneously (sc) (Figs. 5A
and B) or (2) cancer cell lines were injected intravenously (iv)
alone and once established, as determined by bioluminescence,

human PBMCs were administered iv (Fig. 5C). Treatment with
5F11-scBA or hu3F8-scBA was given daily. As shown in
Fig 5A, in the sc model (neuroblastoma), daily injection of 180
picomoles of 5F11-scBA had negligible effect on tumor growth,
while the same dosing of hu3F8-scBA suppressed tumor
growth almost completely. Using another sc model (melanoma)
(Fig. 5B), 5F11-scBA treatments showed some antitumor effect
while hu3F8-scBA again showed significantly better tumor sup-
pression. For the iv model (Fig. 5C), treatment was initiated on
day 6, hu3F8-scBA again suppressed tumor growth effectively
while 5F11-scBA treatment showed no appreciable effect. Sur-
vival of mice treated with hu3F8-scBA was substantially
improved compared to those treated with 5F11-scBA (Fig. S3).

Discussion

In this study, we successfully engineered a novel single chain
bispecific antibody (hu3F8-scBA) by replacing a lower affinity
anti-GD2 scFv (5F11-scFv) with a higher affinity one (hu3F8-
scFv). Despite having significantly lower thermal stability,
hu3F8-scBA could direct CTLs to kill cancer cells with excep-
tional potency, both in vitro and in vivo, without any loss in
specificity.

Over the last two decades, substantial advances in our
understanding of antibody structure and function have enabled
the transition of bispecific antibodies from novel concepts to a

Table 2. Cytokine release from human PBMC in the presence of hu3F8-scBA and
5F11-scBA. PBMCs were isolated from a healthy donor and co-cultured with M14
cells (20:1) in the presence of 6.7 nM scBA at 37�C for 24 h. Cytokine concentra-
tions in culture supernatant were measured by ELISA (OptEIATM human cytokine
set, BD Biosciences).

w/o GD2(C) targets w/ GD2(C) targets

Cytokines (pg/mL) 5F11-scBA hu3F8-scBA 5F11-scBA hu3F8-scBA

IFNg 2.5 1.9 94.72 524.9
TNF-a 12.6 16.4 1824.3 1742.7
IL-2 2.8 1.7 30.5 939.6
IL-10 39.4 39.9 136.4 176.9

Figure 4. Hu3F8-scBA and 5F11-scBA redirected T-cell cytotoxicity. (A) Neuroblastoma IMR-32. (B) Melanoma M14. (C) Melanoma SKMEL-28. (D) Ovarian Carcinoma
SKOV3. T cells were incubated with 51Cr-labeled target cancer cells (10:1 E:T ratio) in the presence of a dilution series of scBA for 4 h. Cytotoxicity was measured by the
amount of 51Cr released in the supernatant, counted by a g-counter. Killing curves were analyzed with Graphpad Prism 6 using a nonlinear fit (log(agonist) vs response-
Variable slope (four parameters)).
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clinically tested (and even approved) therapeutic agent. How-
ever, engineering the optimal scBA’s for drug development
remains challenging owing to the inherent in stability of these
therapeutics. To improve the thermal stability of scFv’s, various
strategies have been applied: (1) disulfide bond engineering at
the VH/VL interface;16 (2) linker optimization18; (3) structure-

based CDR grafting into more stable frameworks;15 (4) stability
screening of small scFv libraries encompassing rationally
designed stabilizing mutations;19 or (5) stability screening by
the introduction of random mutations by yeast/phage display.27

A stability-enhanced scFv usually demonstrated comparable
antigen binding to the wild type scFv, although loss of antigen

Table 3. EC50 of hu3F8-scBA and 5F11-scBA T-cell cytotoxicity against various GD2(C) cancer cell lines. EC50 was determined by 51chromium release assay. Each scBA was
serially diluted to create a killing curve, and was analyzed using Graphpad Prism 6, using a nonlinear fitting algorithm (log(agonist) vs. response-Variable slope (four
parameters)). GD2 expression was measured by FACS with a standard curve of counting beads (BD QuantiBRITE).

EC50 (pM) EC50 (pM) Folds of difference
Cancer type Cell line (ATCC) GD2 expression (MFI) (5F11-scBA) (Hu3F8-scBA) (EC50)

Neuroblastoma IMR-32 (CCL-127) High 136.5 0.0246 5,553
Melanoma M14 High 38.44 0.0104 3,707
Neuroblastoma LAN-1 High 104.3 0.0253 4,121
Neuroblastoma NMB-7 High 62.19 0.0211 2,952
Osteosarcoma MG-63 (CRL-1427) Low 264.3 0.2158 1,225
Neuroblastoma SKNBE(2)C Low 211.0 1.674 126
Melanoma SKMEL-28 (HTB-72) Low 1,728 7.061 245
Osteosarcoma U2OS (HTB-96) Low 2,038 19.43 105
Ovarian carcinoma SKOV3 (HTB-77) Negative NA NA NA

Figure 5. Efficacy of 5F11-scBA and hu3F8-scBA against human neuroblastoma/melanoma xenografts in DKO mice. (A) Neuroblastoma (IMR-32) or (B) melanoma (M14)
and PBMCs were mixed (1:1) and coinjected subcutaneously on day 0. Treatment with scBA initiated on day 5, with 180 picomoles daily for 12 d (2 weeks). (C). Neuroblas-
toma (IMR32) cells and PBMCs were injected intravenously. 0.5 million neuroblastoma cells were injected on day 0, PBMCs were injected on days 6 and 12, and scBA treat-
ment was initiated on day 6 at 180 picomoles daily for 13 d. n D 5 for each group. Bioluminescence is quantified as emitted photos per whole mouse per second.
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affinity could accompany these genetic engineering exercises.
However, while affinity could be regained using phage or yeast
display methods, thermodynamics-based engineering has also
emerged as a promising technique for designing higher affinity
scFv’s.24

The anti-GD2 scFv in hu3F8-scBA was derived from the
sequence of hu3F8, which is currently undergoing phase I clini-
cal trials (clinicaltrials.gov: NCT01419834, NCT01757626, and
NCT01662804). Based on the mouse 3F8 crystal structure (PDB)
and molecular modeling of hu3F8, the first residue of the light
chain (E1) was predicted to be involved in antigen binding and
should be free of further constraints – hence, the VL–VH orienta-
tion in hu3F8-scFv. In fact, recently we demonstrated experi-
mentally that an E1K mutation could further enhance affinity at
this position.31 In our first generation scBA (5F11-scBA), both
disulfide bond stabilization and affinity maturation were included
to enhance stability and affinity. Expectedly, hu3F8-scBA had
lower thermal stability than 5F11-scBA, given there was no disul-
fide bond stabilization. However, in terms of antigen binding,
hu3F8-scBA showed higher GD2 binding than 5F11-scBA, with
a 13-fold increase in affinity. This difference in affinity translated
to an exceptional and unexpected increase in potency against a
broad spectrum of human cancer cell lines that were GD2(C)
(Table 3), mediating T-cell-mediated killing of high GD2
expressing cancer cell lines with a fM EC50 (10 fM D 0.55 pg/
mL). When compared to 5F11-scBA, hu3F8-scBA demonstrated
up to 5,000-fold higher potency. This affinity also led to
improved T-cell activation as measured by Ca2C flux and cyto-
kine release. In vivo investigation using xenograft mouse models
further supported that hu3F8-scBA was much more potent than
5F11-scBA in suppressing tumor growth. We are now working
on enhancing hu3F8-scBA further by inserting disulfide stabiliza-
tions for both hu3F8-scFv and huOKT3-scFv, optimizing the
linker size, and adding affinity maturation mutations.31

In addition to the differences in affinity of hu3F8 and 5F11
to tumor antigen GD2, other factors may have contributed to
the enhanced potency, such as subtle differences in binding
geometries. The solvent accessible portion of the membrane
bound GD2 molecule is a small penta-saccharide head group
(approximately 1,500 daltons), which would be engulfed by the
CDR loops of either antibody. Given the small size of the anti-
gen, we expect that the epitopes of hu3F8 and 5F11 to be highly
overlapping. Nevertheless, subtle differences in epitope may
have contributed to the unexpectedly higher potency of the
hu3F8 scBA. While it is widely believed that epitope distance
can influence potency,6 it is less clear how steric effects on anti-
body conformation following binding to the tumor antigen
may influence activity T-cell engagement. It is possible that the
distribution of GD2 on the cell surface may allow for preferen-
tial binding at one angle over another, or that the remaining
huOKT3-scFv can bind to T-cells more efficiently when
hu3F8-scFv binds to GD2 than when 5F11-scFv binds to GD2.
While our current methods cannot rule out the above from
contributing to hu3F8-scBA’s large increase in potency over
5F11-scBA, we do believe that the difference in affinity is the
major contributing factor.

The recent approval of UnituxinTM (anti-GD2 antibody) by
FDA for neuroblastoma treatment was the first ever, human
chimeric IgG1 approved against a ganglioside tumor target,

and the first approved antibody drug selective for pediatric neu-
roblastoma. The murine 3F8 antibody has also shown promis-
ing results among patients with high risk stage 4 disease with
follow up of more than 20 y.14 While an IgG can only use FcR
(C) effectors cells, hu3F8-BsAb and hu3F8-scBA could harness
the underutilized CTLs for more effective tumoricidal activity.
To date, at least nine scBAs, retargeting T cells to tumors, are
under clinical investigation, with blinatumomab becoming the
first in class to receive FDA approval25 suggesting that this for-
mat has strong clinical potential.

In conclusion, we discovered that relatively modest increases
in the affinity of an scFv can greatly increase cytotoxicity potency
of scBAs, despite reductions in thermal stability. While thermal
stability may play an important role in evaluating the develop-
ability and manufacturability of therapeutic proteins, our find-
ings indicate that when seeking to improve functional activity
for an scFv in bispecific therapeutics, improvements in affinity
can have a significantly higher impact on tumoricidal activity.

Materials and methods

Cell lines

LAN-1 (neuroblastoma) and M14 (melanoma) were obtained
from University of California, Los Angeles; NMB-7 (neuroblas-
toma) was obtained from Dr SK Liao of McMaster University,
Hamilton, Ontario, CA. SKNBE(2)C (neuroblastoma) was
developed at Memorial Sloan Kettering Cancer Center. The fol-
lowing cell lines were obtained from American Type Culture
Collection (ATCC), Manassas, VA, USA; neuroblastoma: IMR-
32 (CCL-127); melanoma: SKMEL-28 (HTB-72); osteosar-
coma: U2OS (HTB-96) and MG-63 (CRL1427), ovarian
carcinoma: SK-OV-3 (HTB-77).

Cell transfection, expression and antibody purification

The hu3F8-scBA construct was constructed by ligating hu3F8-
scFv to huOKT3-scFv2 with a 15-residue linker (G4S)3 linker in
between. The DNA subsequently was cloned into a Glutamine
Synthetase (GS) mammalian expression vector and transfected
into CHO-S cells (Invitrogen) by nucleofection (using nucleo-
fection solution V and nucleofector electroporation system
(Amaxa)). Stable cell lines expressing hu3F8-scBA were
selected using 500 mg/mL hygromycin. The highest expressers
were picked by single clone selection, and expanded in large
volume culture by orbital shaking at 150 rpm in 37�C (8%
CO2). Cultures were harvested when they reached desired anti-
body yield or when viability dropped to < 40%. Hu3F8-scBA
proteins secreted into the culture supernatant were purified by
Ni2C sepharose (GE Healthcare Bio-Sciences) and eluted with
300 mM imidazole. Antibody purity was characterized by size-
exclusion high-performance liquid chromatography (SEC-
HPLC). 180 picomoles of protein was injected into a TSK gel
G3000SWXL 7.8 mm £ 30 cm, 5 mm column (TOSOH Biosci-
ence) with 0.4 M NaClO4, 0.05 M NaH2PO4, pH 6.0 buffer at
flow rate of 0.5 mL/min, and UV detection at 280 nM. A molec-
ular weight standard (Bio-Rad) was run immediately after to
allow for estimation of protein size.
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ELISA

GD2 ELISAs were performed as previously described.8 Briefly,
GD2 (1 mg/mL in 90% ethanol, 20 ml per well) was coated on
vinyl 96-well plates overnight at room temperature (RT). The
plate was washed five times with PBS in between all steps. The
next day, plates were blocked for 1 h with 0.5% BSA in PBS.
Subsequently, a titration of each scBA as added and incubated
at RT for 2 h. Bound scBA was detected with a two-step
method. First, a murine anti-HIS tag antibody (AbD Serotec)
(1:1,000 dilutions) was added and incubated for an hour. Next,
a goat anti-mouse antibody conjugated to horseradish peroxi-
dase (HRP) (1:3,000 dilutions) (Jackson ImmunoResearch) was
added incubated at RT for 1 h. Finally, the plate was developed
colorimetrically by using the o-phenylenediamine (OPD)
(Sigma). The optical density (OD) of each well was measured
at 490 nm using an ELISA plate reader (Dynex Technologies).

Antigen GD2 binding kinetics by surface plasmon
resonance

Detailed methods for measuring 5F11-scBA and hu3F8-scBA
binding to GD2 have been previously described.3 Briefly, seven
different concentrations of scBAs (0–2,000 nM) were diluted in
HBS-EP buffer (GE) and injected over the sensor surface at a
flow rate of 5 mL/min over 2 min. Following completion of the
association phase, dissociation was monitored in HBS-EP
buffer for 3 min at the same flow rate. The data were analyzed
using the Biacore T-100 evaluation software, and the apparent
association on rate constant (kon), dissociation off rate constant
(koff) and equilibrium dissociation constant (KD D koff/kon)
were calculated, using a 1:1 fitting algorithm.

Thermal stability measurements

The thermal stabilities of hu3F8-scBA were measured by DSF
using the Protein Thermal Shift assay (Life Technologies).
Hu3F8-scBA (4 mM) was mixed with Protein Thermal Shift
dye and fluorescence was monitored using a StepOnePlus
quantitative PCR machine (Applied Biosystems) with a 1%
thermal gradient from 25 to 99�C. Data were analyzed using
Protein Thermal Shift Software (Applied Biosystems) to calcu-
late the Tm. A single domain hu3F8-scFv construct was ana-
lyzed and used to appropriately assign the correct peaks for the
hu3F8-scFv and huOKT3-scFv in the scBA constructs.

Calcium flux assays

Glass chamber slides (Invitrogen) were coated with lipid
bilayers containing biotin as described.1 Briefly, lipid coated
slides were incubated with streptavidin, followed by biotiny-
lated GD2 (0.02 mg/mL) and biotinylated ICAM-1 (1 mg/mL).
Biointylated-GD2 was kindly provided by the Consortium for
Functional Glycomics. Human T cells were loaded with Fura-2
AM (Invitrogen) and then incubated with a given concentra-
tion of scBA (1–10 nM) for 30 min at 37�C. Cells were then
directly added to a chamber of the coated slide, and imaged as
previously described.28 Each chamber was imaged at intervals
of 30 s for 30 min (60 images) using a 20x objective lens

(Olympus). For each chamber between six and eight imaging
fields (»100 cells/field) were acquired. Calcium induced fluo-
rescence was measured at 340 and 380 nm wavelengths. T-cell
activation was quantified using the ratio of 340–380 nm inten-
sities during the plateau phase of the experiment (15–30 min
after acquisition). Data was analyzed in Graphpad Prism; un-
paired T-tests were used to evaluate statistical significance.

T-cell dependent cytotoxicity assays (51chromium release
assay)

Melanoma cells (M14, SKMEL-28), and neuroblastoma cells
(LAN-1, NMB-7, IMR-32), were cultured in RPMI1640 (Cell-
gro) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Life Technologies) at 37�C in a 5% CO2 humidi-
fied incubator. Cells were harvested with 2 mM EDTA. T cells
were purified from fresh human PBMC using Pan T-cell isola-
tion kit (Miltenyi Biotec). Anti-CD3/CD28 dynabeads (Invitro-
gen) were then used to stimulate and expand T cells according
to manufacturer’s protocol. Expanded T cells were cultured
and maintained in RPMI supplemented with 10% FBS and
30 U/mL IL-2. T-cell subpopulations were acquired on a FACS
Calibur with anti-CD3-PerCP-cy5.5, anti-CD4C-FITC, anti-
CD8C-APC and anti-CD56-PE antibodies (BD Biosciences).
Analysis was done on FlowJo version 10.

Target cancer cell lines were labeled with sodium chromate
(51Cr) (Amersham, Arlington Height, IL) at 100 mCi/106 cells
at 37�C for 30 min. After the cells were washed, 5,000 target
cells were added per well to a 96-well polystyrene round-bot-
tom plate along with 50,000 effector cells (E:T D 10:1) in the
presence of 10-fold serial dilutions of each scBA, in a final vol-
ume of 250 ml/well, and incubated at 37�C. After 4 h, the super-
natants were harvested after centrifugation for 10 min at 800g
and the released 51Cr was counted using a g-counter (Packed
Instrument, Downers Grove, IL). The percentage of specific
lysis was calculated from the counts per minute (CPM) using
the formula (experimental cpm¡background cpm)/(max
cpm¡background cpm) where cpm represented CPM of 51Cr
released. Max cpm was assessed by lysis with 10% SDS (Sigma,
St Louis, Mo), background cpm was measured in the absence
of effector cells. All reported values were corrected for nonspe-
cific T-cell lysis by subtraction of the % lysis from a control
condition with no scBA. Graphs were analyzed by Graphpad
Prism 6, using a nonlinear fitting algorithm (log(agonist) vs
response-Variable slope (four parameters)) to determine EC50.
GD2 expression was evaluated by FACS, with a standard curve
of counting beads (BD QuantiBRITE)

Cytokine release assay

Fresh PBMCs were isolated from healthy donor blood by cen-
trifugation using lymphocyte separation medium (Mediatech
Inc.). PBMCs were cultured (200,000/well) with or without
M14 cells (10,000/well) in the presence of 6.7 nM scBA at 37�C
in a 96-well plate. Supernatants were harvested after 24 h. The
concentration of four different cytokines (IL-2, IL-10, IFNg
and TNF-a) were assessed using an ELISA based cytokine assay
(OptEIATM human cytokine set, BD Biosciences) according to
the manufacturer’s instructions.
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Xenograft mouse model

The immune deficient mouse strain BALB-Rag2-/-IL-2R-gc-KO
(DKO) was kindly provided by Dr Mamoru Ito, Central Institute
for Experimental Animals, Kawasaki, Japan and maintained at
Memorial Sloan Kettering Cancer Center under sterile condi-
tions. Animals were provided with Sulfatrim food. All procedures
were performed in accordance with the protocols approved by
our Institutional Animal Care and Use Committee (IACUC)
and institutional guidelines for the proper and human use of ani-
mals in research. In vivo experiments were performed in 6–10
week old mice. PBMCs of healthy donors were isolated from
human blood (New York Blood Center). Erythrocytes were
depleted by incubation for 15 min with erythrocyte lysis buffer
(Lonza), and thrombocytes removed after differential centrifuga-
tion at 100g for 10 min. All fresh PBMC samples used had simi-
lar percentages (30–50% CD3(C)) of T-cell subpopulations. In
the sc tumor model, purified PBMCs were mixed with M14 or
IMR-32 cancer cell lines (at 1:1 ratio) and implanted in DKO
mice sc. Treatment with scBA was initiated on day 5 for a total
of 12 d. Tumor size was measured using calipers twice a week,
and tumor volumes were calculated using the approximated for-
mula V D 0.5 (length £ width £ width). When tumor volumes
reached 2 cm3 or greater, mice were sacrificed. For the intrave-
nous tumor model, 0.5 million luciferase-expressing IMR-32 cells
were injected iv into each mouse, where treatment with iv scBA
was initiated on day 6, given daily for 13 d. PBMCs were injected
iv on days 6 and 12. Tumor growth was assessed by lumines-
cence once a week starting on day 2.

Molecular modeling

The homology model of hu3F8 scFv was generated from the
crystal structure of murine 3F8 (PDB code 3VFG) using Dis-
covery Studio (Dassault Systemes, San Diego CA). Images were
rendered using PyMol (Schrodinger LLC, New York NY).
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