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The beneficial clinical effects of immunotherapy with GD2-specific monoclonal antibodies (mAbs) in melanoma and
neuroblastoma patients have stimulated interest in characterizing the mechanisms underlying their antitumor effects.
Previous studies have shown that GD2-specific mAbs mediate complement- and cell-dependent cytotoxicity and
induce caspase-dependent apoptosis of tumor cells. In this study, we showed that GD2-specific mAb 3F8, which is
undergoing clinical evaluation, inhibited the in vitro growth and induced apoptosis of melanoma cells. This effect was
dose- and time-dependent, mediated by the interaction of mAb 3F8 combining site with GD2 ganglioside, associated
with GD2 expression level on the cell surface, mAb internalization and increase of GD2 containing endosomes triggered
by mAb 3F8. The induction of apoptosis by mAb 3F8 was mediated by caspase 3-, 7-, and 8-dependent pathways,
downregulation of the anti-apoptotic molecules survivin and cytochrome c, and caspase 9 independent-AIF release
from mitochondria. In addition, analyses of signaling pathway components demonstrated that mAb 3F8 strongly
inhibited AKT and FAK activation and increased cleaved PARP expression. These results indicated that multiple
mechanisms played a role in the antitumor activity of mAb 3F8 in melanoma cells. This information should provide a
mechanistic basis for the optimization of the rational design of immunotherapeutic strategies in the mAb-based
treatment of GD2 positive tumors.

Introduction

The disialoganglioside GD2 has been used as a target for anti-
body-based immunotherapy because of its high level of expres-
sion on neuroectoderm-derived human cancers, such as
neuroblastoma,1 melanoma,2,3 and small cell lung carcinoma
(SCLC).4 Phase I/II clinical trials with GD2-specific mAbs have
been implemented in both neuroblastoma5-9 and melanoma,5

and promising antitumor effects have been reported in patients
with advanced neuroblastoma.5-7 These encouraging clinical
results have stimulated interest in defining the mechanisms

underlying the antitumor effects of GD2-specific mAb. GD2-
specific mAbs mediate cell (ADCC)- and complement (CDC)-
dependent cytotoxicity of cultured human melanoma cells.10-13

GD2-specific mAbs have been also shown to directly inhibit the
growth and induce apoptosis of GD2(C) human SCLC
cells.4,14,15 These effects are associated with activation and inhibi-
tion of caspase-dependent and MAPK pathway, respectively.4,15

In contrast, limited information is available about the direct
effects of GD2-specific mAb on melanoma cells and the underly-
ing mechanisms. These topics are the subjects of the present
manuscript.
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Results

Dose and time dependent inhibition by GD2-specific mAb
of GD2(C) human melanoma cell growth

GD2-specific mAbs 3F8 and KM666 inhibited GD2(C)
human melanoma HTB63 cell growth, while F(ab’)2 fragments
of mAb 3F8 and GD2-specific mAb 5F11 and its single-chain
variable fragments (scFv) fragments did not (data not shown).
The anti-proliferative effects of mAb 3F8 were both dose- and
time-dependent (Fig. 1A, B): growth inhibition was detectable at
the concentration of 20 mg/ml and reached a maximum (»60%)
at 100 mg/ml following a 72 h incubation (IC50 D 50 mg/ml,
Fig. 1A). The growth inhibition of HTB63 cells by mAb 3F8
was time-dependent, increasing from 30.1% following a 24 h
incubation to 52.7% following a 72 h incubation (Fig. 1B). The
growth inhibitory effect of mAb 3F8 was correlated with the level
of GD2 expression (R2 D 0.8132 as determined by the two order
polynomial regression, Fig. 1C). Three lines of evidence sup-
ported the GD2 specificity of this growth inhibitory effect of
mAb 3F8. First, mAb 3F8 inhibited the growth of GD2(C)
mouse melanoma cells B78-D14, but had no detectable effect on

the growth of the parental melanoma B16 cells, which do not
express GD2 (data not shown). Second, the isotype matched
mAb HO-1 had no detectable effect on cell growth (Fig. 1A, B).
Lastly, inhibition by the anti-idiotypic (anti-id) mAb A1G4 of
the binding of mAb 3F8 to GD2 on HTB63 cells inhibited its
growth inhibitory effects (Fig. 1D).

Induction of apoptosis by GD2-specific mAb 3F8 in GD2
(C) human melanoma cells

GD2(C) HTB63 cells treated with mAb 3F8 showed a marked
shrinkage of their cytoplasmic compartment (Fig. 1A). In contrast,
no change of morphology was detected in cells incubated with the
isotype matched mAb HO-1 (Fig. 1A). These changes in cell mor-
phology were associated with a marked increase of percentage of
apoptotic cells as detected by Annexin V/7-AAD staining (Fig. 2A)
as well as by intracellular propidium iodide (PI) staining (Fig. 2B,
upper panel). Following a 24 h incubation with mAb 3F8, 31%,
and 20% of HTB63 cells were in apoptotic stage (Fig. 2A, B).
The pro-apoptotic activity of mAb 3F8 was specific since incuba-
tion of HTB63 cells with the isotype matched mAb HO-1 induced
apoptosis in only 7% and 2% of cells (Fig. 2A, B). The induction

Figure 1. Inhibition by GD2-specific mAb 3F8 of GD2(C) human melanoma cell line growth. (A and B) HTB63 cells were seeded in flat bottom 96-well
plates (3 £ 103/well) and incubated with the indicated concentrations of mAb 3F8. mAb HO-1 was used as an isotype matched control (Ctrl). Following
an up to 72 h incubation at 37�C in a 5% CO2 atmosphere, cell growth inhibition was determined by Cell Counting Kit-8 (CCK-8) assay (A) (left panel).
Cell density and morphology of HTB63 cells were monitored under a bright field light microscope. Representative results of HTB63 cells treated with the
mAb 3F8 or the isotype matched control mAb HO-1 (Ctrl) following an incubation at indicated times at 37�C in a 5% CO2 atmosphere are shown. Magni-
fication is indicated (A) (right panel). (C) Thirteen human melanoma cell lines were incubated with mAb 3F8 (20 mg/ml). Following an up to 72 h incuba-
tion at 37�C in a 5% CO2 atmosphere, cell growth inhibition was determined by CCK-8 assay. Expression levels of GD2, defined as geometric mean (G.M.)
fluorescence intensity of mAb 3F8 on the human melanoma cell lines tested (data not shown), was correlated with % of growth inhibition. R2 value as
determined by the two order polynomial regression is indicated. The results presented are representative of those obtained in at least two independent
experiments. (D) HTB63 cells were incubated with a mixture of mAb 3F8 (30 mg/ml) and anti-id mAb A1G4 (30 mg/ml). A mixture of mAb 3F8 and mAb
MK2–23 (30 mg/ml) was used as a specificity control (Ctrl). Following an up to 48 h incubation at 37�C in a 5% CO2 atmosphere, cell growth inhibition
was determined by CCK-8 assay. Data are expressed as mean§ standard deviations (SD) of the results obtained in three independent experiments.
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of apoptosis in HTB63 cells by mAb 3F8 was also both time- and
dose-dependent (Fig. S1) and influenced by the level of GD2
expression on human melanoma cells (R2 value D 0.9424)
(Fig. 2B, lower panel).

Activation of caspase 3 and caspase 8 by GD2-specific mAb
3F8 in GD2(C) human melanoma cells

Treatment of both GD2(C) melanoma lines HTB63 and
M21 with mAb 3F8 (50 mg/ml) activated caspase 3 and caspase
7 (Fig. 2C, D) as well as caspase 8 but did not activate caspase 9
(Fig. 2C). mAb 3F8-mediated apoptosis of HTB63 cells was
>60% attenuated by pan-caspase inhibitors, Boc-D-FMK (40
uM) and Z-VAD-FMK (40 uM), by the caspase 3 inhibitor,
Z-DQMD-FMK (40 uM) (Fig. 2E), and the caspase 8 inhibitor
Z-IETD-FMK (Fig. 2E). In contrast, the caspase 9 inhibitor Z-
LEHD-FMK (40 mM) had no detectable effect on apoptosis
(Fig. 2E).

Release of cytochrome c and changes of mitochondria
membrane permeability in HTB63 cells incubated with GD2-
specific mAb 3F8

HTB63 cells showed an increase in mitochondria permeabil-
ity (3.7 fold increase in the percentage of cells with high green
fluorescence intensity) after incubation with mAb 3F8 (Fig. 3A).
Moreover, the increase in mitochondria permeability of HTB63
cells incubated with mAb 3F8 was associated with the release
into cytoplasm of both cytochrome c and apoptosis inducing fac-
tor (AIF) (Fig. 3B).

Downregulation of Apaf-1 and of the inhibitor of apoptosis
protein survivin in HTB63 cells by GD2-specific mAb 3F8

Consistent with the lack of caspase 9 activation by mAb 3F8,
the induction of apoptosis in HTB63 cells by mAb 3F8 was not
suppressed by the caspase 9 inhibitor Z-LEHD-FMK (Fig. 2E).
However, mAb 3F8 downregulated apoptotic protease activating

Figure 2. Apoptosis induction by GD2-specific mAb 3F8 in human melanoma cell lines. (A) HTB63 cells were seeded in flat bottom six-well plates (2 £
105/well) and incubated with mAb 3F8 (50 mg/ml). mAb HO-1 was used as an isotype matched control (Ctrl). Following a 48 h incubation at 37�C in a
5% CO2 atmosphere, apoptosis induction was determined by Annexin V/7-AAD staining. Percentage of cells in different phases of apoptosis is indicated.
(B) Colo38, HTB63, M21 and Melur cells were incubated with mAb 3F8 (50 mg/ml). mAb HO-1 was used as an isotype matched control (Ctrl). Following a
24 h incubation at 37�C in a 5% CO2 atmosphere, apoptosis induction was determined by PI staining. A representative result obtained in HTB63 cells is
shown (upper panel). Percentage of apoptotic cells detected as sub-diploid cells (SubG1 population) was correlated with expression levels of GD2 in the
cell lines tested (lower panel). R2 value as determined by the two order polynomial regression is indicated. The results presented are representative of
those obtained in three independent experiments. (C) HTB63 cells were incubated with mAb 3F8 (50 mg/ml). mAb HO-1 was used as an isotype matched
control (Ctrl). Untreated cells (Medium) and Jurkat cells treated with etoposide were used as a background and as a positive control for caspase 9 induc-
tion (Ctrl C), respectively. Following an incubation at 37�C in a 5% CO2 atmosphere for the indicated times, cells were harvested and lysed. Cell lysates
were analyzed by protein gel blot with the indicated mAbs. Calnexin was used as a loading control. The data shown are representative of the results
obtained in three independent experiments. (D) HTB63 and M21 cells were incubated with mAb 3F8 (3F8) (50 mg/ml). Following an up to 24 h incuba-
tion at 37�C in a 5% CO2 atmosphere enzymatic activity of activated caspase 3/7 in the cells was measured by Apo-ONE� Homogeneous Caspase 3/7
Assay. Data are expressed as mean § SD of the results obtained in three independent experiments. (E) HTB63 cells were pre-incubated with 40 mM of
the Pan-caspase inhibitor Boc-D-FMK, caspase 3 inhibitor Z-DQMD-FMK, caspase 8 inhibitor Z-IETD-FMK or caspase 9 inhibitor Z-LEHD-FMK. Following a
60 min incubation at 37�C in a 5% CO2 atmosphere cells were then incubated with mAb 3F8 (50 mg/ml). Following a 24 h incubation at 37�C in a 5%
CO2 atmosphere apoptosis induction was determined by PI staining. Percentages of apoptotic cells detected as sub-diploid cells (SubG1 population) are
shown. Data are expressed as mean § SD of the results obtained in three independent experiments.
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factor 1 (Apaf-1), a key component of caspase 9 activation
(Fig. 3C). Apaf-1 protein in HTB63 cells incubated with mAb
3F8 for an up to 24 h at 37�C had a maximum three fold
decrease as compared to its level in cells incubated with the iso-
type matched mAb HO-1 (Fig. 3C). Moreover, the level of sur-
vivin, an inhibitor of apoptosis proteins (IAP), was markedly
reduced (Fig. 3D) in cells incubated with mAb 3F8, while that
of X-linked inhibitor of apoptosis protein (XIAP), an inhibitor
of apoptosis family of proteins IAP, displayed no detectable
change (data not shown).

Modulation by GD2-specific mAb 3F8 of signaling pathway
components in GD2(C) human melanoma cells

To investigate the potential causes of survivin and APAF-
1 downregulation in GD2(C) melanoma cells, we investi-
gated changes in the expression of signaling pathway com-
ponents involved in the proliferation, survival, and
apoptosis induction of melanoma cells. Incubation with
mAb 3F8 markedly inhibited FAK and AKT activation, and
enhanced cleaved PARP levels in HTB63 melanoma cells
(Fig. 3E).

Figure 3. Changes in intrinsic caspase-dependent and caspase-independent apoptotic pathways induced by GD2-specific mAb 3F8 in human melanoma
cells. (A) HTB63 cells were seeded in flat bottom six-well plates (2£ 105/well) and incubated with mAb 3F8 (50 mg/ml). mAb HO-1 was used as an isotype
matched control (Ctrl). Untreated cells were used as a background control. Following an up to 6 h incubation at 37�C in a 5% CO2 atmosphere, mito-
chondria permeability was determined by 5,50 ,6,60-tetrachloro-1,10 ,3,30-tetraethylbenzimidazolcarbocyanine iodide (JC-1) staining. Green fluorescence
intensity of JC-1 in cells was measured by flow cytometry. Increase of green fluorescence intensity in cells represents increase in mitochondria permeabil-
ity. The results presented are representative of those obtained in three independent experiments. (B) Following a 6 h incubation at 37�C in a 5% CO2

atmosphere, cells were harvested and lysed. Cell lysates were analyzed by protein gel blot with the indicated mAbs. mAb HO-1 and staurosporine
(0.5 mM) were used as an isotype matched (Ctrl) and as a positive (CtrlC) control, respectively. Lysate from untreated cells was used as a background con-
trol (–). a-tubulin was used as a loading control. The results presented are representative of those obtained in three independent experiments. (C) Fol-
lowing an up to 24 h incubation at 37�C in a 5% CO2 atmosphere, cells were harvested and lysed. Cell lysates were analyzed by protein gel blot with the
indicated mAbs. Calnexin was used as a loading control. A representative result is shown (upper panel). The levels of Apaf-1 normalized to calnexin are
plotted and expressed as mean § SD of the results obtained in three independent experiments (lower panel). (D) Following an incubation at 37�C in a
5% CO2 atmosphere for the indicated times, cells were harvested and lysed. Cell lysates were analyzed by protein gel blot with the indicated mAbs. Cal-
nexin was used as a loading control. Lysate from untreated cells was used as a background control. The results presented are representative of those
obtained in three independent experiments. (E) Following a 24 h incubation at 37�C in a 5% CO2 atmosphere, cells were harvested and lysed. Cell lysates
were analyzed by protein gel blot with the indicated mAbs. Calnexin was used as a loading control. The results presented are representative of those
obtained in three independent experiments.
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Association of GD2-specific mAb 3F8 internalization
and increase in GD2 containing endosomes with growth
inhibition of HTB63 cells

We then tested whether the internalization and clustering of
mAb 3F8 could play a role in the apoptosis induction. Moni-
toring of mAb 3F8 trafficking showed the internalization of
mAb 3F8 in HTB63 cells after less than 60 min (Fig. S2).
mAb 3F8 internalized into HTB63 cells and co-localized with
the endosomal marker Rab 5 (Figs. 4A and 5A). In addition,
mAb 3F8 significantly (P < 0.05) increased GD2-containing
endosomes in HTB63 cells, compared to the irrelevant chon-
droitin sulfate proteoglycan 4 (CSPG4)-specific mAb 763.74,
or to the F(ab’)2 fragments of mAb 3F8 (Figs. 4B, C and 5B,
C). Lastly mAb 3F8 induced apoptosis and inhibited the
growth of HTB63 cells while the irrelevant mAb 763.74 and F
(ab’)2 fragments of mAb 3F8 had no detectable effects (Fig. 5D
and data not shown).

Discussion

In agreement with the results available in literature using mAb
220–514 (mouse IgG3), mAb 9C4 (mouse IgG2a/IgG3)16 and
mAb ME361 (mouse IgG2a)17 in SCLC, neuroblastoma and
melanoma cells, we showed in this study that the GD2-specific
mAb 3F8, a mouse IgG3 undergoing clinical evaluation, inhibits
the growth and induces apoptosis of GD2(C) human and mouse
melanoma cells. These data in conjunction with the growth
inhibitory effects and induction of apoptosis by mAb 3F8 in
human neuroblastoma and murine cell lines indicate that irre-
spective of tumor types, they can undergo cell death in the pres-
ence of GD2-specific mAb. However, this antitumor activity
does not appear to be a general property of GD2-specific mAbs.
According to Yoshida et al. mAb KM666 and KM1138 were less
effective than mAb 220–51 in inhibiting growth of SCLC cells.4

Furthermore, in our own experiments mAb KM666 was less

Figure 4. Internalization of GD2-specific mAb and increase of GD2 in endosomes in human melanoma cells incubated with GD2-specific mAb 3F8. (A)
HTB63 cells (2 £ 105/well) were seeded and grown on glass coverslips in flat bottom six-well plates and incubated with Alexa Fluor 488 labeled mAb 3F8
(50 mg/ml) (3F8*). Alexa Fluor 488 labeled mAb 763.74 (50 mg/ml) (Ctrl*) was used as an irrelevant antibody control. Following a 3 h incubation at 37�C
in a 5% CO2 atmosphere, internalization of mAb 3F8 was determined by overlapping the confocal microscopy images of green fluorescence (Alexa Fluor
488 labeled mAb 3F8), and red fluorescence (endosomal marker, Rab 5). The results presented are representative of those obtained in two independent
experiments. (B and C) HTB63 cells were incubated with mAb 3F8 (3F8) (50 mg/ml). CSPG4-specific mAb 763.74 (50 mg/ml) was used as a specificity con-
trol (Ctrl). Following a 3 h incubation at 37�C in a 5% CO2 atmosphere, cells were harvested and intracellularly stained with Alexa Fluor 488 labeled GD2-
specific mAb. Increase of GD2 containing endosomes (yellow color) in HTB63 cells was determined by overlapping the confocal microscopy images of
green fluorescence (GD2-specific mAb) and red fluorescence (endosomal marker, Rab 5). The results presented are representative of those obtained in
three independent experiments (B). Overlapped confocal microscopy images were analyzed by ImageJ software for the increase of GD2 containing
endosomes (yellow particles). Data are expressed as mean of GD2 containing endosomes per 100 cells§ SD of the results obtained in three independent
experiments (C).
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effective than mAb 3F8, while mAb 5F11 (an IgM), the scFv
fragments of mAb 5F11, or the F(ab’)2 fragments of mAb 3F8
had no detectable effects on the growth of human melanoma
cells. These results suggest that the Fc portion of mAbs (e.g.,
mouse IgG3) could play an important role in the anti-prolifer-
ative activity of GD2-specific mAbs with no relationship to the
Fc-receptor. Instead, the differential ability of mAb 3F8 as com-
pared with its F(ab’)2 fragments to inhibit cell growth and to
induce apoptosis, could relate to the influence of its Fc fragment
on internalization and the intracellular activation of apoptosis
pathways. It is well-known that mouse IgG3 antibodies have a
greater tendency to self-associate through the Fc than do antibod-
ies derived from the other mouse IgG subclasses.18-22 This could
explain the loss of biologic effects of F(ab)’2 vs. intact mouse

IgG3 antibodies. When mouse 3F8 was humanized (mouse
gamma 3 switched to human gamma 1), there was a 2–3 fold,
but not substantial, decrease in affinity to GD2, commonly seen
with CDR grafting.23 In direct cytotoxicity assays of antibody
induced cell death, IC50 for mouse 3F8 was only 2–3 fold more
potent than humanized 3F8.23 While Fc-mediated cooperative
binding could play some part in the biologic effect of mouse
3F8, it is probably a minor explanation for the anti-proliferative
and pro-apoptotic activity of 3F8 in this manuscript.

For the first time, we have shown that the growth inhibition
and the induction of apoptosis in melanoma cells by mAb 3F8 are
both dose- and time-dependent, are influenced by the antigen
density and require the interaction of the antigen combining site
of mAb 3F8 with GD2 expressed on cell membrane. It is

Figure 5. Association of apoptosis induction with GD2-specific mAb internalization and increase in GD2-containing endosomes in human melanoma
cells incubated with GD2-specific mAb 3F8. (A) HTB63 cells (2 £ 105/well) were seeded and grown on glass cover slips in flat bottom six-well plates and
incubated with Alexa Fluor 488 labeled GD2-specific mAb 3F8 (50 mg/ml) (3F8*). Alexa Fluor 488 labeled F(ab’)2 fragments of mAb 3F8 (50 mg/ml)
(Ctrl-*) was used as a negative antibody control. Following a 3 h incubation at 37�C in a 5% CO2 atmosphere, internalization of GD2-specific mAb 3F8
was determined by overlapping the confocal microscopy images of green fluorescence (GD2-specific mAb 3F8) and red fluorescence (endosomal
marker, Rab 5). The results presented are representative of those obtained in three independent experiments. (B and C) HTB63 cells were incubated with
mAb 3F8 (3F8) (50 mg/ml). F(ab’)2 fragments of mAb 3F8 (50 mg/ml) were used as a negative antibody control (Ctrl). Following a 3 h incubation at 37�C
in a 5% CO2 atmosphere, cells were intracellularly stained with Alexa Fluor 488 labeled GD2-specific mAb. Increase of GD2 containing endosomes (yellow
color) in HTB63 cells was determined by overlapping the confocal microscopy images of green fluorescence (GD2-specific mAb) and red fluorescence
(endosomal marker, Rab 5) (B). The results presented are representative of those obtained in three independent experiments. Overlapped confocal
microscopy images were analyzed by ImageJ software for the increase of GD2 containing endosomes (yellow particles). Data are expressed as mean of
GD2 containing endosomes per 100 cells § SD of the results obtained in three independent experiments (C). (D) HTB63 cells were incubated with mAb
3F8 (50 mg/ml). Following a 24 h incubation at 37�C in a 5% CO2atmosphere, induction of apoptosis was determined by intracellular PI-staining. F(ab’)2
fragments of mAb 3F8 were used as a negative antibody control (Ctrl-). mAb HO-1 was used as an isotype matched control (Ctrl). The results presented
are representative of those obtained in three independent experiments.
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noteworthy that the in vitro growth of six GD2(C) human mela-
noma cell lines, A375, Colo38, HTB63, M21, SK-MEL-37, and
SK-MEL-93 was inhibited by antibody concentrations in the
range of serum concentrations observed in patients with mela-
noma and neuroblastoma following the infusion of GD2-specific
mAb.5,12,24 Furthermore our results suggest that the administra-
tion of higher doses of GD2-specific mAb than those currently
used may improve the clinical efficacy of this type of immunother-
apy, since growth inhibition of HTB63 cells was maximal at the
antibody concentration of 100 mg/ml and the peak serum concen-
tration of GD2-specific mAb was in the range of 1.1–22.4 mg/ml
in patients following mAb infusion (5–100 mg/m2/d).5,12,24

Although inhibition of cell growth could be secondary to
induction of apoptosis or cell cycle arrest, the ratio of cells in G1/
G0 phases and G2/M phases in the mAb treated cell population
(examined by intracellular PI staining) was not significantly dif-
ferent from that in the control cell population. Similar to previ-
ous reports on apoptosis with GD2-specific mAbs,4,14,15,17 the
induction of apoptosis was caspase-dependent and correlated
with the level of GD2 expression on melanoma cells. What was
novel in our studies was the discovery of both extrinsic (caspase
8-dependent) and intrinsic (mitochondria-dependent) apoptotic
pathways induced by mAb 3F8, although these pathways differed
in the extent of their contribution. Specifically, the mAb 3F8
mediated-caspase-dependent apoptosis mainly involved the
extrinsic apoptotic pathway, since changes of mitochondria per-
meability and release of cytochrome c by mAb 3F8 did not lead
to the activation of caspase 9. On the other hand, caspase-inde-
pendent apoptosis was demonstrated by the release of AIF, and
the downregulation of Apaf-1 and survivin.25,26 Downregulation
of survivin has been associated with inhibition of the PI3K/AKT
pathway in several solid tumors. The PI3K/AKT pathway plays a
major role in survival and anti-apoptotic signal in melanoma.
Our results are in line with this observation since induction of
apoptosis and downregulation of anti-apoptotic proteins such as
survivin are associated with inhibition of the AKT activation.
Moreover, the ability of mAb 3F8 to trigger activation of caspase
8, release of cytochrome c and AIF, could be a mechanism for
the induction of apoptosis by Apaf-1 downregulation, and in
some neuroblastoma cells with caspase 8 gene silencing.27-30

In line with data by Yoshida et al. and by Aixinjueluo
et al.,4,14,15 we showed that GD2-specific mAb 3F8 inhibited
FAK activation which has been associated with activation of p38
and induction of apoptosis. More importantly, we showed that
the induction of apoptosis by mAb 3F8 was strongly associated
with the internalization of mAb 3F8/GD2 and the increase of
GD2 containing endosomes, which are not p38-dependent.
These differences most likely reflect the different tumor origin of
the cell lines tested, the surface density of the GD2, and/or the
different binding kinetics of the mAb utilized.

Binding of an antibody to its target antigen on the cell surface
has been shown to trigger sub-cellular signaling events through
different mechanisms, such as antigen cross-linking and/or inter-
nalization of antibody-antigen complexes.31,32 Internalization of
ricin A-chain immunotoxin-conjugated GD2-specific mAb
14G2a (14G2a-RA) has also been described in 14G2a-RA

treated melanoma cells.31 Besides the triggering of clustering and
internalization of GD2 by mAb 3F8, we showed that induction
of growth inhibition and apoptosis were strongly associated with
the increase of GD2-containing endosomes in cells incubated
with the GD2-specific mAb. This association and the transloca-
tion of cathepsin D into cytosol (data not shown) may account at
least in part for the changes in mitochondria permeability
induced by mAb 3F8, since an increase in endosomes of cer-
amide, a major GD2 component, leads to changes in mitochon-
dria permeability.33

The apoptotic pathways utilized by mAb 3F8 were distinct
from the already described p38-dependent apoptotic pathway
utilized by GD2-specific mAb 220–51 in SCLC cells.15 In addi-
tion, they were also different from the Src-dependent apoptotic
pathways utilized by CD20 specific-rituximab in non-Hodgkin’s
lymphoma (NHL),34 and from the p38- and JNK-dependent
apoptotic pathways utilized by HER2-specific mAb in HER2
expressing tumor cells.35,36

In summary, our findings suggest that mAb 3F8 triggers apo-
ptosis of GD2 expressing melanoma cells through multiple path-
ways (Fig. 6). These findings not only provide the underlying
molecular mechanism for mAb 3F8 induced apoptosis in differ-
ent tumor types, but also a useful framework to optimize immu-
notherapy with GD2-specific mAb.

Figure 6. Proposed apoptotic pathways triggered by GD2-specific mAb
3F8. Following the internalization of both mAb 3F8 and GD2 into endo-
somes, the increase of GD2 containing endosomes triggers both extrinsic
and intrinsic caspase-dependent and caspase-independent apoptotic
pathways. They include the activation of caspase 3, 7, and 8, the release
of cyt c and AIF, and the downregulation of both survivin and Apaf-1
without the activation of caspase 9. Apaf-1 downregulation is believed
to be responsible for the lack of detectable caspase 9 activation. Survivin
downregulation is believed to increase the sensitivity of cells to both cas-
pase-dependent and caspase-independent apoptosis. Solid lines indicate
the direct effects while dash lines indicate effects with either unknown or
indirect mechanisms.
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Materials and Methods

Cell lines and culture
Human melanoma cell lines 1330, A375, Colo38, HTB63,

M21, Melur, MeWo, SK-MEL-28, SK-MEL-29.1, SK-MEL-33,
SK-MEL-37, SK-MEL-93 and SK-MEL-109, and mouse mela-
noma cell lines B16 and B78-D1437 were cultured in RPMI
1640 medium supplemented with 2 mmol/L L-glutamine
(Mediatech, #10–043-CV) and 10% fetal calf serum (FCS;
Atlanta Biologicals, #S11150) (complete medium). Cells were
cultured at 37�C in a 5% CO2 atmosphere.

Reagents
Staurosporine (#02191400) was purchased from MP Biomed-

icals. Alexa Fluor 488 Protein Labeling Kit (#A10235) and Alexa
Fluor 546 Monoclonal Labeling Kit (#A20183) were purchased
from Molecular Probes. Pan-caspase inhibitors (Boc-D-FMK
(#218745) and Z-VAD-FMK (#219007)) were purchased from
Calbiochem. Caspase 3-, 8-, and 9-inhibitors (Z-DQMD-FMK
(#2782–5), Z-IETD-FMK (#1148–5), and Z-LEHD-FMK
(#1149–5)) were purchased from BioVision. CCK-8 (#CK04–
05) was purchased from Dojindo Molecular Tech. Apo-ONE�

Homogeneous Caspase 3/7 Assay (#G7790) was purchased from
Promega.

Antibodies
GD2-specific mAb 3F8 (IgG3),38 F(ab’)2 fragments of mAb

3F8,11 GD2-specific mAb 5F11 (IgM), scFv of mAb 5F11
(5F11scFv),39 GD2-specific mAb 14G2a (IgG2a),40 anti-id mAb
A1G4 (recognizing an idiotope in mAb 3F8 antigen combining
site),41 mAb MK2–23 (IgG1) (recognizing an idiotope in the
antigen combining site of the human CSPG4-specific mAb
763.74 (IgG1),42 HLA-A2, A28-specific mAb HO-1 (IgG3)
(unpublished results), and calnexin-specific mAb TO-5 (IgG1)43

were prepared and characterized as described. GD2-specific mAb
KM666 (IgG3)44,45 was obtained from Kyowa Hakko Kogyo
(Tokyo, Japan). All the antibodies are of mouse origin with the
exception of mAb A1G4, which is of rat origin. Activated caspase
3- (#9661), 7- (#9491), 8- (#9496), 9- (#7237), total caspase 8-
(#4790), total caspase 9- (#9502), phospho(p)-AKT- (#4060),
AKT- (#4691), p-FAK- (#3283), FAK- (#3285), cleaved PARP-
(#5625), survivin- (#2808) specific mAbs, Apaf-1- (#5088) and
XIAP- (#2042) specific polyclonal antibodies were purchased
from Cell Signaling Tech. Rab 5- (#sc-46692) specific mAb was
purchased from Santa Cruz Biotechnology. Horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse IgG Fcg fragment
(#115–036–071) and HRP-conjugated goat anti-rabbit IgG
(HCL) (#111–035–144) antibodies were purchased from Jackson
Immunoresearch. Fluorescein isothiocyanate (FITC)-conjugated
F(ab’)2 fragments of affinity-purified goat anti-mouse Ig anti-
body (#X092901) was purchased from DakoCytomation.

Cell growth inhibition assay
Cell growth inhibition was determined by CCK-8 staining

according to the manufacturer’s instructions. All experiments
were performed in triplicates. The growth inhibitory effects of

mAb 3F8 were calculated using the following formula: Growth
Inhibition (%) D (1 – (O.D. 450 nm of mAb 3F8 treated well) /
(O.D. 450 nm of non-treated well)) £ 100.

Determination of cell morphology
Cell morphology was examined by light microscopy (Axiovert

25, Carl Zeiss MicroImaging, Thornwood, NY). Images were
acquired using Nikon Coolpix 4500 (Nikon, Melville, NY).

Flow cytometry analysis
Cell surface staining was performed as described.46 Apoptosis

induction was detected by annexin V and 7-AAD kit (#559763)
(BD PharmingenTM) cytometric staining according to the man-
ufacturer’s instructions. PI staining was performed as described.47

The percentage of cells in the subG1 population as determined
by subtracting the percentage of control cells from the percentage
of treated cells in the subG1 population. Mitochondrial mem-
brane potential was measured utilizing JC-1 (Molecular Probes,
#T-3168) staining. Briefly, cells were seeded at the density of
1 £ 105 per well in a six-well plate in complete medium and
treated with the indicated doses of GD2-specific mAb 3F8 at
37�C in a 5% CO2 atmosphere for the indicated times. The iso-
type matched mAb HO-1 was used as a control. JC-1 (10 mg/
ml) was added to each well 30 min prior to the end of each incu-
bation time. Cells were then harvested and resuspended in PBS
at room temperature (RT). Data were acquired by FACScan flow
cytometer (Becton-Dickinson Biosciences Immunocytometry
Systems, San Jose, CA) and analyzed utilizing WinMDI software
(The Scripps Research Institute, La Jolla, CA).

Protein gel blot analysis
Protein gel blot assay for signaling pathway-related proteins

was performed as described.48

Measurement of caspase activity
The functional activity of caspase 3 was determined utilizing

the Apo-ONE� Homogeneous Caspase 3/7 Assay following the
manufacturer’s protocol. Briefly, cells (2 £ 104/well) were incu-
bated with mAb 3F8 (50 mg/ml) for up to 24 h at 37�C in a 5%
CO2 atmosphere in a black 384-well plate (384-well HTS plate,
BrandTech, Essex, CT). Then cell suspension was incubated
with 1:1 volume ratio of Apo-ONE� Caspase 3/7 reagent. Plates
were then gently shaken at 500 rpm for 30 min and incubated
for 1 h at RT. The fluorescence of each well was detected by the
excitation wavelength of 490 nm and emission wavelength of
520 nm.

Cytochrome c release assay
Cells were harvested, washed with ice-cold PBS, and frac-

tionated by the ApoAlert Cell Fraction Kit (CLONTECH Lab-
oratories, #630105). Lysates from cytosolic and mitochondrial
fractions (20 mg protein per lane) were separated by 15% SDS-
PAGE and then transferred onto an Immobilon-P transfer
membrane. The membrane was analyzed by protein gel blot
analysis with cytochrome c-specific antibodies (CLONTECH
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Laboratories, #630105). Cell lysates incubated with 0.5 mM
staurosporine were used as a positive control.

Immunostaining
HTB63 cells (2£ 105/well) were seeded on glass cover slips in

flat bottom six-well plates and incubated for 36 h at 37�C in a
5% CO2atmosphere. Cells were then incubated for up to 3h at
37�C in a 5% CO2 atmosphere with unlabeled mAb 3F8 or
Alexa Fluor 488 (green) labeled mAb 3F8 (50 mg/ml). Cells on
coverslips were then washed twice with PBS and fixed with 2%
paraformaldehyde (PFA) / PBS for 10 min at RT. Following
three washings with PBS fixed cells were permeabilized with
0.2% Triton X-100/PBS for 5 min at RT. Permeabilized cells
were then blocked with 1% BSA in PBS for 15 min at RT and
stained overnight at 4�C with Alexa Fluor 546 (red) labeled Rab
5-specific antibody and/or Alexa Fluor 488 labeled GD2-specific
mAb. Stained cells were mounted on a glass slide and examined
under a fluorescence microscope or a confocal microscope. To
maximize the staining of GD2 in cells, the Alexa Fluor 488
labeled GD2-specific mAb preparation contained both Alexa
Fluor 488 labeled mAb 3F8 and Alexa Fluor 488 labeled mAb
14G2a (1:1 ratio). The co-localization of green and red fluores-
cence particles (yellow particles) (antibody or GD2 containing
endosomes) in the confocal images was analyzed by ImageJ soft-
ware (NIH, http://rsb.info.nih.gov/ij/).

Antibody tracking in live cells
HTB63 cells (2 £ 105/well) were seeded on a glass bottom

24-well plate and incubated for up to 36 h at 37�C in a 5% CO2

atmosphere. Seeded cells were then incubated with Alexa Fluor
488 labeled mAb 3F8 (50 mg/ml) for up to 3 h at 37�C in a 5%

CO2atmosphere. The trafficking of Alexa Fluor 488 labeled mAb
3F8 on/in five selected HTB63 cells was monitored with an Axi-
overt 200M microscope (Carl Zeiss MicroImaging, Jena, Ger-
many) with AxioVision software (Carl Zeiss MicroImaging)
every 10 min for 3 h.

Statistical analysis
The statistical significance of differences in the experimental

results was analyzed utilizing the two-tailed, unpaired Student’s
t-test. Differences between groups were considered significant
when the p value was < 0.05.
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