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Abstract

Monoclonal antibodies have begun to show great clinical
promise for the treatment of cancer. Antibodies that can
directly affect a tumor cell’s growth and/or survival are
of particular interest for immunotherapy. Previously, we
described monoclonal antibody DMF10.62.3 that had anti-
proliferative and proapoptotic effects when it bound an
antigen of unknown identity on tumor cells in vitro. In this
report, we determined that DMF10.62.3 and a clonally related
antibody DMF10.167.4 recognize the ganglioside GM2. These
antibodies react with a GM2 epitope that is expressed on a
large number of tumor cell lines, including human melanoma
and small cell lung carcinoma, but not on normal primary
lines or most normal tissues. Interestingly, this pattern
of cellular reactivity is distinct from that reported for
other previously described GM2 antibodies, a difference
that is presumably due to DMF10.167.4’s binding to a unique
GM2-associated epitope. Additional characterization of
DMF10.167.4 revealed that this antibody was able to induce
apoptosis and/or block cellular proliferation when cultured
in vitro with the human Jurkat T lymphoma, CHL-1 melanoma,
and SBC-3 small cell lung carcinoma lines. In vivo ,
DMF10.167.4 antibody was well tolerated in mice and did
not detectably bind to or damage normal tissues. However,
this antibody was able to prevent murine E710.2.3 lymphoma,
human CHL-1 melanoma, and SBC-3 small cell lung carci-
noma lines from establishing tumors in vivo and blocked
progression of established CHL-1 and SBC-3 tumors in vivo.
Therefore, monoclonal antibody DMF10.167.4 has immuno-
therapeutic potential. (Cancer Res 2005; 65(14): 6425-34)

Introduction

The advent of monoclonal antibodies (mAb) provided a reliable
source of well-defined, monospecific antibody (1) and thereby
made the practical development of antibody-based tumor immu-
notherapy feasible. Numerous mAbs have been used to treat
cancers successfully in preclinical animal models, and to date, eight
have been approved for therapeutic use in man, whereas >50 are

currently undergoing evaluation in clinical trials (reviewed in
refs. 2–5). Based on this experience, there is a very strong rationale
for continued development of new mAbs for immunotherapy.
Potential molecular targets for mAb-mediated immunotherapy

must be accessible to the antibody and therefore are typically
membrane antigens. Moreover, the ideal target antigen is
expressed in a tumor-specific manner, unless the normal cell is
dispensable or not affected by antibody binding. Those antigens
that are present on normal cells but are highly overexpressed on
tumors, such as certain gangliosides (reviewed in ref. 6), are also
possible targets for antibody immunotherapy. Finally, to be
effective as an unmodified, or ‘‘naked’’ therapeutic agent, the
antibody must directly affect the tumors’ growth and/or survival
(refs. 7, 8; reviewed in ref. 9) This can occur when the antibody,
upon tumor binding, initiates the recruitment and activation of
immune effector mechanisms, such as antibody-dependent cell-
mediated cytotoxicity (ADCC) and/or complement-dependent
cytotoxicity (CDC), blocks growth factor receptor activation, or
transduces negative signals that impair tumor cell growth or
survival (reviewed in ref. 9).
Previously, we described mAb DMF10.62.3 that was raised

against a murine T-cell lymphoma and showed its ability to block
proliferation and induce apoptosis in this tumor when cultured
in vitro (10). This mAb also reacted with a number of other murine
and human tumors including T- and B-cell lymphomas, melano-
mas, and sarcomas. Where examined, the DMF10.62.3 mAb had
similar antiproliferative and proapoptotic effects on these tumors
in vitro . In contrast, DMF10.62.3 mAb did not react with the
nonmalignant counterparts of several of these tumors, such as
normal T cells or fibroblasts, or other normal adult cells that were
examined. These findings raised the possibility that the epitope
recognized by DMF10.62.3 might be selectively expressed on
tumors and thus might be useful in immunotherapy. However, at
the time, the ligand for DMF10.62.3 mAb remained unknown.
The present studies were initiated to define the antigen

recognized by DMF10.62.3 and a clonally related antibody
DMF10.167.4 and determine the expression of this epitope on
normal tissues and tumors. In addition, we sought to evaluate the
potential of DMF10.167.4 antibody for tumor immunotherapy. We
found that the ligand recognized by these mAbs is the ganglioside
GM2 (reviewed in refs. 6, 11), which is expressed on a large number
of tumor cell lines, including human melanoma and small cell lung
carcinoma (SCLC) but not on normal primary lines or most normal
tissues. Extending the previous functional analysis revealed that
DMF10.167.4 mAb was able to induce apoptosis and/or block
cellular proliferation when cultured in vitro with human Jurkat T
lymphoma, CHL-1 melanoma, and SBC-3 SCLC tumor cells. No
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apoptotic activity was observed after culture of this antibody with
normal cells. In vivo , DMF10.167.4 mAb was well tolerated in mice
and caused no histologically detectable damage to normal tissues.
Moreover, this mAb was able to prevent establishment of murine
E710.2.3 lymphoma, human CHL-1 melanoma, and SBC-3 SCLC
tumors and block progression of established CHL-1 and SBC-3
SCLC tumors in vivo .

Materials and Methods

DMF10.167.4 hybridoma and antibody purification. The generation

of hybridoma DMF10.62.3 was described by Fernandes et al. (10).

Hybridoma DMF10.167.4 was derived from the same fusion that generated

DMF10.62.3 and is clonally related to this hybridoma as determined by
nucleotide sequence analysis of the rearranged immunoglobulin heavy and

light chain variable region genes of both hybridomas (data not shown;

ref. 12). The DMF10.167.4 hybridoma was cultured in DMEM containing
10% fetal bovine serum (FBS) with low IgG (Life Technologies Invitrogen,

Carlsbad, CA), penicillin/streptomycin, NEAA and L-glutamine (Life

Technologies Invitrogen) at 37jC in 5% CO2. DMF10.167.4 mAb was

purified from spent culture supernatants using Protein A/G chromatogra-
phy, followed by elution from the column matrix with 0.5 mol/L glycine

(pH 3). Following dialysis of the eluate, the mAb was resuspended in

100 mmol/L sodium citrate buffer (pH 5.5) and stored at �20jC.
Antiganglioside ELISA. To determine ligand specificity of the

DMF10.167.4 antibody, gangliosides lyso-GM1, asialoGM1, GM1, GD1b,

GD1a, GT1b, GM2, GD2, asialoGM2, GM3, and GD3 (Sigma, St. Louis, MO)

were resuspended to a concentration of 1 mg/mL in chloroform/methanol
(50:50%) and coated in methanol at 0.5 Ag per well onto 96-well ELISA plates

overnight (Costar, Corning, NY). Wells were then blocked for 2 hours with

PBS + 1% bovine serum albumin (BSA) followed by incubation for 1 hour

with primary antibodies DMF10.167.4, DMF10.62.3, or Hamster IgG
(PharMingen, San Diego, CA) as an irrelevant control, at a concentration

of 1 Ag/mL in PBS + 1% BSA. Following five washes in PBS + 1% BSA, plates

were incubated for 30 minutes with goat anti-hamster immunoglobulin/

horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA) diluted
1:1,000 in PBS + 1% BSA. Plates were washed in PBS and developed in TMB

substrate for 10 minutes before quenching with 1 mol/L H2SO4. Absorbance

was measured at 450 to 570 nm by a microplate reader.

Cell line culture and flow cytometry. The following tumor cell lines
described in Table 1 were obtained from the American Type Culture

Collection (Rockville, MD): SCLC (HTB 175, HTB-171, HTB-120, NCI-H187,

DMS79, HTB-180, NCI-H69, SHP-77, HTB173, HTB-172), melanoma (CHL-1,
Mel S, Mel D, and MTL450-5), kidney (HEK293 and HICK 10-4), leukemia

(K562, Jurkat, HL-60, THP-1, and 721), pancreas (PCT391-34, CRL-1687,

and CRL-1837), breast (MDA-MB-415, SK-BR-3, and BT-474), prostate

(Du145, PC3, and LnCap), and ovarian (OV1036, ES-2, OTL298-95, and
SK-OV-3). LU-134B, Lu135, and Lu139 were obtained from JCRB (Osaka,

Japan). The SBC-3 line was obtained from the Japan Health Sciences

Foundation (Tokyo, Japan). All lines were cultured according to provided

instructions, typically in either DMEM or RPMI 1640 (Life Technologies
Invitrogen) supplemented with 10% FBS (Hyclone, Logan, UT), 2-

mercaptoethanol, penicillin/streptomycin, and L-glutamine (Life Technolo-

gies Invitrogen). Primary human lung epithelium was obtained from
Clonetics (Rockland, MD) and cultured according to provided instructions.

For flow cytometric analysis, single cell suspensions were generated. Cells

were then washed thrice with ice-cold staining buffer (PBS + 1% BSA +

10 Ag/mL human IgG + Azide). Next, cells were incubated for 30 minutes on
ice with 10 Ag/mL of purified DMF10.167.4 mAb or purified hamster IgG

(Jackson ImmunoResearch). Cells were washed thrice with staining buffer

and incubated with a 1:100 dilution of an anti-hamster IgG/FITC reagent

(PharMingen) for 30 minutes on ice. Following three buffer washes, cells
were resuspended in staining buffer containing propidium iodide, a vital

stain that allows for identification of permeable cells, and analyzed by flow

cytometry using a FACSCalibur instrument (Becton Dickinson, Franklin

Lakes, NJ) with CellQuest Pro software (Becton Dickinson).

Analysis of apoptosis induction by Annexin V or caspase staining.
For analysis of apoptosis induction, 2 � 105 cells were incubated for 16 to

20 hours with 10 to 20 Ag/mL of DMF10.167.4 mAb or control mAbs and

assayed for annexin positivity and active caspase content by incubating the

cells with an Annexin V-Alexa488 conjugate (Molecular Probes, Eugene, OR)
or with the CaspaTag reagent (Intergen, Norcross, GA) following the

manufacturer’s protocols. Cells were analyzed by flow cytometry using a

FACSCalibur instrument (Becton Dickinson) with CellQuest Pro software

(Becton Dickinson) to determine the amount of annexin or CaspaTag
binding, respectively, as measures of induced apoptotic activity.

Immunohistochemistry and histopathology. Tissues were obtained

from surgical resections on humans or were harvested from untreated mice

or mice injected i.p. 1 or 5 days earlier with 0.5 mg of either DMF10.167.4,
normal polyclonal hamster IgG or monoclonal hamster anti-GST IgG mAb

(a kind gift of Dr. Robert Schreiber, Washington University, St. Louis, MO).

For immunohistochemistry, 5-Am sections were prepared from snap-frozen
tissues or cell pellets, transferred to charged slides, and allowed to dry for

1 hour. The slides were then treated with cold acetone for 10 minutes, dried

for >20 minutes, and sequentially treated with cold acetone for 10 minutes,

70% acetone for 1 minute, 50% acetone for 1 minute, and several changes of
water. Staining was done on a DaKoCytomation autostainer (DAKO,

Carpinteria, CA) as follows. Slides were rinsed with buffer and treated with

DAKO Protein Block for 5 minutes. Slides made with tissues from untreated

mice were then incubated with 4 to 12 Ag/mL of DMF10.167.4 or a control
hamster IgG (polyclonal normal IgG or an anti-GST monoclonal antibody)

in DAKO antibody diluent for 45 minute and rinsed with buffer; this

antibody incubation step was skipped in those experiments where tissues
were harvested from mice injected with antibodies. Slides were then

incubated with a 1:300 dilution of biotinylated-goat anti-hamster IgG

(Vector Labs, Burlingame, CA) for 30 minutes and rinsed with buffer.

Endogenous peroxidase was blocked with 3% hydrogen peroxide (Ventana,
Tucson, AZ) for 5 minutes followed by rinsing. Slides were then incubated

sequentially with avidin/biotin/peroxidase complex (DAKO) for 30 minutes,

rinsed, treated with 3,3V-diaminobenzidine (DAKO) for 10 minutes and then

DAKO Enhancer for 2 minutes followed by counter staining with
hematoxylin (Ventana) for 1 minute, dehydration, and clearing.

For histopathology, tissues were fixed in neutral buffered formalin and

embedded in paraffin. Tissue sections were prepared and stained with H&E.
Analysis of in vivo antitumor efficacy. AKR mice were purchased from

Jackson Labs (Bar Harbor, ME) and CB17.SCID mice were obtained from

Charles River Laboratories (Wilmington, MA) and used according to

approved Institutional Animal Care and Use Committee guidelines.
To examine the effect of DMF10.l67.4 mAb on a transplantable mouse

tumor, AKR mice were injected i.p. with 5 � 106 syngeneic E710.2.3 cells.

These mice were also injected i.p. with 0.5 mg of DMF10.167.4 or control

hamster IgG on the day of tumor implantation and again 10 days later.
Untreated, E710.2.3 cells grow as disseminated lymphomas; therefore, the

health and survival of the mice was monitored; animals were sacrificed

when they were moribund.

For prophylactic (mAb treatment at the time of tumor implantation)
in vivo human tumor efficacy models, 5 � 106 CHL-1 melanoma or SBC-3

SCLC tumor cells were implanted s.c. into female CB17.SCID mice followed

by i.v. injection of various doses of DMF10.167.4 mAb twice per week for 3
weeks. For therapeutic (established tumor) models, 5 � 106 CHL-1 or SBC-3

SCLC tumor cells were implanted s.c. into female CB17.SCID mice and

allowed to grow until tumors measured f10 to 20 mm2. At that time, mice

were then injected i.v. with various doses of DMF10.167.4 mAb twice per
week for 3 weeks. Tumors were then measured biweekly.

Results

Generation of hamster DMF10.167.4 monoclonal antibody
and characterization of its specificity: identification of
ganglioside GM2 as its cognate antigen. A hamster hybridoma,
termed DMF10.62.3, was raised against murine E710.2.3 thymic
lymphoma cells as described by Fernandes et al. (10). The IgGn
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antibody produced by this hybridoma bound to a surface antigen
expressed on numerous murine and human tumor cell lines,
blocked proliferation of the E710.2.3 line in vitro , and induced
apoptosis in several types of tumor cell lines, including the human
Jurkat T-cell leukemia line.
Another hybridoma, termed DMF10.167.4, was derived from the

same fusion that yielded DMF10.62.3. Using molecular analysis, it
was determined that the two hybrids were clonally related, or
derived from the same parental B-cell clone, as their nucleotide
sequences were identical across the immunoglobulin heavy chain
CDR3 (data not shown). Overall, the nucleotide and predicted amino
acid sequences of the rearranged immunoglobulin variable region
genes were nearly identical, as the two hybridomas differed by only
one conservative amino acid replacement in each of their heavy and
light chains (data not shown). Because the DMF10.167.4 hybridoma
grew more rapidly and produced more mAb in culture than the
DMF10.62.3 hybridoma, the IgG mAb product of the DMF10.167.4
hybridoma was selected for additional characterization.
At this time, the specificity of the DMF10.167.4 mAb was

unknown. After failing to identify its cognate antigen by Western
blot experiments, we speculated that the mAb’s ligand may not be
on a polypeptide. Based on the antibody’s tumor-binding profile by
flow cytometry, we investigated whether the antigen might be a
ganglioside. Purified gangliosides were solubilized in methanol/
chloroform and coated onto ELISA plates and probed with
DMF10.167.4 antibody. As shown in Fig. 1, of the 11 gangliosides
tested, only GM2 was specifically recognized by DMF10.167.4 mAb.
The structurally related ganglioside GM3, lacking one terminal
galactose residue compared with GM2, and GM1, possessing one
additional galactose residue, were not recognized, nor was the
sialic acid–deficient ganglioside asialoGM2 (AsGM2). These results
suggest that the epitope recognized by DMF10.167.4 mAb consists
of a combination of the terminal galactose sugar and the sialic acid
residue. Treatment of GM2 with neuraminidase A, which cleaves
off the sialic acid residue, led to a loss of DMF10.167.4 binding as
measured by ELISA (data not shown), further validating the

epitope specificity of this mAb. We conclude that DMF10.167.4
mAb binds GM2.
Numerous types of tumor cell lines express cell surface GM2

as measured by reactivity with DMF10.167.4 monoclonal
antibody. Several groups using different anti-GM2 antibodies have
found that numerous human melanoma and lung tumor cell lines
(13) and primary tumors (14, 15) express ganglioside GM2 as
assessed by flow cytometry and immunohistochemistry. The extent
to which DMF10.167.4 mAb reacted with several types of human
tumor cell lines was determined by flow cytometric analysis. As
summarized in Table 1, 14 SCLC lines were tested for surface
expression of GM2. Eight lines, including LU-135, LU-134B, HTB
175, SBC-3, LU-139, HTB 171, HTB-120, and NCI-H187, showed
strong positive staining for GM2 expression with DMF10.167.4
mAb compared with an irrelevant hamster IgG control mAb. Five
lines, including HTB-180, NCI-H69, DMS-79, SHP-77, and HTB173,
showed weak binding, and the SCLC line HTB 172 was negative for
ganglioside GM2 expression For the melanoma cell lines tested
with DMF10.167.4 mAb, CHL-1, Mel S, and Mel D had strong
surface GM2 expression, whereas MTL450-5 cells were negative. In
terms of DMF10.167.4 reactivity with other types of tumor cell
lines, two kidney carcinoma lines, HEK293 and HICK 10-4, were
strongly positive, as were the Jurkat T-cell and K562 B-cell
leukemia lines, whereas the HL-60 and THP-1 leukemia lines and
the 721 B-cell leukemia line showed no detectable GM2 surface
expression. Representative tumor cell lines derived from pancreas,
breast, prostate, and ovarian carcinomas were also analyzed.
Overall, a low frequency (V1 of 3) of pancreas (PCT391-94), breast
(MDA-MB-415), prostate (Du145), and ovarian (OV1063) tumor cell
lines were found to be positive for GM2 surface expression as
measured by DMF10.167.4 mAb reactivity. Overall, these data
confirm the overexpression of ganglioside GM2 on numerous
tumor cell lines.
DMF10.167.4 monoclonal antibody induces apoptosis of

several tumor cell lines in vitro . Previously, in vitro cell culture
experiments revealed that the hamster DMF10.62.3 mAb induced

Table 1. Summary of GM2 expression on human tumor cell lines

SCLC line MFI: irrelevant

IgG versus 10.167.4

% gated + Tumor cell line Surf FACS+/total

number

LU-135 5/88 97 Melanoma 3/4

LU-134B 5/153 93 Kidney 2/2
HTB-175 6/112 72 Leukemia 2/5

SBC-3 5/32 68 Pancreas 1/3

LU-139 7/83 38 Breast 1/3
HTB-171 6/20 30 Prostate 1/3

HTB-120 4/10 26 Ovarian 1/4

NCI-H187 7/18 21

DMS-79 8/16 18
HTB-180 4/13 17

NCI-H69 6/15 17

SHP-77 5/20 9

HTB-173 8/10 6
HTB-172 3.6/3.9 0.25

NOTE: MFI is the mean fluorescence intensity measurement of irrelevant IgG versus DMF10.167.4 mAb binding to cell surface GM2 on the various cell

lines. % gated is the percentage of cells that are positive for surface expression of GM2 after the background value using irrelevant IgG is subtracted. Cell

lines with >20% of cells staining positive are referred to as having ‘‘strong’’ expression.

Tumor Immunotherapy with a Unique Anti-GM2 Antibody
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apoptosis, as measured by Annexin V binding, in several murine
and human tumor lines, including the Jurkat T-cell leukemia line
(10). To validate the apoptotic activity of DMF10.167.4 mAb and
extend the analysis to additional tumor cell lines, Jurkat, CHL-1
melanoma, and SBC-3 SCLC cells were assayed for apoptosis
induction by DMF10.167.4 mAb using an Annexin V assay as well as
an activated caspase assay. In this latter assay system, a
fluorescently labeled DEVD peptide that binds irreversibly to the
active site of activated caspases is used for flow cytometric
analysis. After overnight incubation, DMF10.167.4 mAb induced
apoptosis in all three of these cell lines, with a good correlation
between the annexin and caspase assay systems (Table 2). In both
the CHL-1 and SBC-3 lines, there was f2.5-fold increase in the
amount of apoptosis when DMF10.167.4 mAb is compared with
control IgG treatment, whereas with Jurkat cells, there was a >4-
fold increase in apoptosis when comparing DMF10.167.4 mAb with
irrelevant control IgG. Collectively, these data show that the
DMF10.167.4 mAb induces apoptosis upon cell surface GM2
binding.
Analysis of reactivity of DMF10.167.4 monoclonal antibody

with normal mouse tissues ex vivo. Various anti-GM2 mAbs have
been reported by others to show different patterns of reactivity
with normal tissues, either showing no reactivity or binding to a
large number of epithelial tissues (14, 15). Because reactivity with
normal tissues is a critical issue for immunotherapy, we
characterized the reactivity of DMF10.167.4 mAb with normal
cells. As a positive control, sections were prepared from pellets of
cultured E710.2.3 lymphoma cells that were previously shown to be
reactive with DMF10.167.4 by immunofluorescence and flow
cytometry (10). These sections were incubated with the antibody,
and the bound immunoglobulin was visualized using an immuno-
peroxidase assay. DMF10.167.4 mAb failed to stain these sections

when the cells had been fixed and embedded in paraffin,
presumably because the processing procedure destroyed the
glycolipid epitope. In contrast, DMF10.167.4 mAb, but not control
hamster IgG, stained frozen sections of E710.2.3 cell pellets (Fig. 2A
and B). Similarly, the antibody stained frozen sections of other
DMF10.167.4-positive cell line (e.g., RMA) with a staining pattern
that was granular and cytoplasmic (data not shown). Moreover,

Table 2. In vitro apoptosis induction by DMF10.167.4
mAb in Jurkat, CHL-1, and SBC-3 cell lines

Annexin CaspaTag

Jurkat
Irrelevant IgG 5.4 F 0.4 10.0 F 0.2

DMF10.167.4 48.5 F 0.4 39.1 F 0.2

Staurosporine 99.1 F 0.6 80.9 F 1.7

CHL-1
Irrelevant IgG 11.6 F 4.6 12.6 F 5.7

DMF10.167.4 32.7 F 2.6 30.6 F 3.3

Staurosporine 82.6 F 3.3 81.0 F 2.0

SBC-3
Irrelevant IgG 10.3 F 0.4 9.1 F 1.8

DMF10.167.4 39.8 F 2.0 23.3 F 0.5

Staurosporine 37.0 F 2.9 34.7 F 0.5

NOTE: Cells were culture O/N in duplicate wells in the presence of

20 Ag/mL mAb or 1 nmol/L Staurosporine. Cells were assayed for
apoptosis induction using Annexin V and activated caspase flow

cytometric based assays. Values denote mean % of apoptosis with SD.

Figure 1. Ganglioside GM2 is recognized by clonally related mAbs DMF10.62.3 and DMF10.167.4. Purified gangliosides were solubilized in chloroform/methanol and
coated in methanol onto microplate wells. The DMF10.62.3 and DMF10.167.4 mAbs were incubated with the wells and determined to be reactive specifically with GM2.
Samples were run in duplicate. Bars, SE. Abbreviations describing the modifications of the individual gangliosides are as follows: As, asialo; Ls, Lyso.
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staining was not observed in frozen sections of the DMF10.167.4-
negative cell line RF33.70 that were incubated with DMF10.167.4
antibody or control hamster IgG (Fig. 2C and D). Therefore, it was
feasible to use immunoperoxidase assays on frozen sections to
determine whether DMF10.167.4 reacted with normal mouse
tissues.
A panel of normal mouse tissues was snap frozen, sectioned,

and assayed for reactivity with DMF10.167.4 mAb and control
hamster immunoglobulin. In several tissues, such as lung and
liver, tissue mononuclear cells (macrophages/dendritic cells)
stained equivalently with DMF10.167.4 and control hamster
immunoglobulin, presumably due to the antibodies’ binding to
Fc receptors. However, no DMF10.167.4-specific staining was
observed in parenchymal cells of any tissue except for small
(Fig. 3A) and large (Fig. 3B) intestine. In the intestines, there was
strong staining of only the apical region of the surface epithelium
cells (Table 3, left column ; Fig. 3A and B, d). There was no staining
of the intestinal epithelium with control hamster immunoglobulin
(Fig. 3A and B, a).
Analysis of reactivity of DMF10.167.4 monoclonal antibody

with mouse tissues in vivo. From the immunoperoxidase analysis
of tissue sections, it was not clear whether DMF10.167.4 mAb was
reacting with a cell surface or an internal antigen on intestinal
epithelium. This is an important distinction because a therapeutic
antibody would be unable to access and bind to internal antigens
of intact cells. In addition, it was unclear whether in vivo the
antibody would be able to penetrate and bind to the apical surface
of intestinal epithelium, which is on an external surface of the body
and bounded by a basement membrane. Thus, it was of interest to
determine whether systemically given antibody would bind to
intestinal epithelium or other tissues in vivo .
To address this question, mice were injected with 0.5 mg of

DMF10.167.4 mAb or control hamster immunoglobulin (the same
amounts used in immunotherapy studies described below) and 24
hours later, tissues were harvested and probed for the presence of
bound hamster immunoglobulin using a labeled anti-hamster
immunoglobulin antibody in an immunoperoxidase assay (Table 3,
middle column). As a positive control, E710.2.3 cells were incubated

for 24 hours with these same antibodies and then processed and
analyzed in an identical manner. The DMF10.167.4 mAb–coated
E710.2.3 cells stained intensely, whereas those incubated with
control hamster immunoglobulin were negative (data not shown).
Therefore, this technique can detect DMF10.167.4 mAb that is
prebound to cells. As shown in Fig. 3, no DMF10.167.4 mAb was
detectably bound to the intestinal epithelium of mice that were
injected with this antibody. Thus, DMF10.167.4 mAb injected
in vivo does not bind to small intestinal or colonic epithelium at
detectable levels.
This analysis was also extended to other tissues (Table 3). In the

spleen, a dendritic cell network, presumably follicular dendritic
cells, was stained in the white pulp and scattered dendritic cells
were stained in the red pulp. Similarly, kidney intraglomerular and
thymic cortical dendritic cells were stained, as were scattered
dendritic cells in the lamina propria of the small and large
intestine. The staining of dendritic cells was surprising because
these cells did not stain when frozen sections were probed with
DMF10.167.4 mAb and analyzed by immunoperoxidase reaction.
Moreover, dendritic cells and macrophages stained ex vivo did not
react detectably with DMF10.167.4 mAb even when analyzed by a
more sensitive flow cytometry assay. Given these discrepancies it is
possible that the injected DMF10.167.4 mAb is binding to Fc
receptors on macrophages and immature dendritic cells in vivo .
The parenchymal cells of all other tissues examined did not bind
detectable amounts of the injected DMF10.167.4 mAb.
Effects of administering DMF10.167.4 monoclonal antibody

in vivo to normal mice. In vivo , pathology is a paramount issue
when evaluating mAbs for use in immunotherapy. Because
DMF10.167.4 mAb has antiproliferative and proapoptotic activity,
it could potentially cause tissue injury if it bound to normal cells
and induced similar effects. Although our studies indicated that
DMF10.167.4 mAb was not binding to most cells in vivo , it was
possible that some cells were binding small amounts of mAb that
were below the limits of detection in our assay, or binding to cells
that were not included in our tissue panel (Table 3). Therefore, to
further evaluate this issue, mice were injected with DMF10.167.4
mAb or control hamster immunoglobulin and monitored for 1 to

Figure 2. Immunohistochemistry analysis
of E710.3.2 (A and B) and RF33.70
(C and D ) cell lines using DMF10.167.4
mAb and control hamster immunoglobulin.
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5 days, followed by tissue harvest for histopathologic analysis. No
overt signs of distress were evident in either the DMF10.167.4 or
control immunoglobulin-treated mice during this time course, or in
additional experiments that extended several months.

In animals injected with DMF10.167.4 mAb, tissues were
harvested after 24 hours or 5 days. Sections of paraffin-embedded
tissues were stained with H&E and examined by microscopy. All
tissues examined, including small (Fig. 3A) and large intestine

Figure 3. A, analysis of DMF10.176.4 expression and effects on small intestine. a, intestine from untreated animals incubated ex vivo with control hamster IgG
and stained for bound hamster immunoglobulin. b, intestine from animals 24 hours after injection of control hamster IgG in vivo stained for bound hamster
immunoglobulin. c, histopathology of intestine from animals 24 hours after injection of control hamster IgG in vivo and stained with H&E; histopathology was identical in
animals injected 5 days earlier with antibody (data not shown). d, same as (a) except incubated ex vivo with DMF10.167.4 instead of hamster immunoglobulin.
e, same as (b) except animals were injected with DMF10.167.4 in instead of hamster immunoglobulin. f, same as (c) except animals were injected with DMF10.167.4
instead of hamster immunoglobulin; histopathology was identical in animals injected 5 days earlier with antibody (data not shown). B, analysis of DMF10.176.4
expression and effects on colon in. (a-f ) are the same conditions as in (a-f ) in (A), except analyzing colon instead of small intestine.
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(Fig. 3B) were histologically normal (Table 3, right column) and
there were no signs of inflammation or cell death. Therefore, the
acute administration of DMF10.167.4 mAb does not cause
detectable pathologic changes.
Anti-GM2 monoclonal antibody eliminates a syngeneic

mouse lymphoma in vivo . Because mice tolerated administra-
tion of DMF10.167.4, we next evaluated whether the antibody
could be used to treat a transplantable tumor. To determine if the
anti-GM2 mAb would suppress tumor formation, AKR mice were
injected with the syngeneic E710.2.3 lymphoma. When left
untreated, this tumor disseminates and grows progressively until
it is uniformly fatal (16). Mice were treated with 0.5 mg of
DMF10.167.4 mAb or control hamster immunoglobulin on the day
they were injected with the E710.2.3 tumor and again 10 days
later and survival of these mice was monitored over time. As
described in Table 4, all mice that were treated with control

hamster immunoglobulin developed tumors and survived for a
mean time of 35 days. Mice that received DMF10.167.4 mAb
remained healthy with no visible signs of tumor for >3 months.
These results indicate that the DMF10.167.4 antibody was able to
successfully treat a lethal tumor challenge without apparent
toxicity.
Anti-GM2 monoclonal antibody prevents the establishment

of human tumor xenografts in vivo. To extend the immuno-
therapy studies to human tumors, CB17.SCID mice were injected
s.c. with 5 � 106 human CHL-1 melanoma cells or 4 � 106 SBC-3
SCLC cells. Mice were then injected i.v. with 100 Ag of
DMF10.167.4 mAb or control hamster immunoglobulin twice a
week for 3 weeks, with the first mAb injection occurring on the
day they were injected with tumor cells. All five animals that
received no treatment or irrelevant IgG treatment developed
easily detectable tumors by day 10 that continued to expand
throughout the course of the study until their sacrifice at day 30,
whereas mice that received DMF10.167.4 mAb showed no
evidence of tumor establishment (data not shown). These results
show that DMF10.167.4 can prevent the establishment of human
tumors in vivo .
Anti-GM2 monoclonal antibody blocks the progression of

established human tumor xenografts in vivo . Next, we
assessed whether DMF10.167.4 mAb could suppress progression
of established tumors in more physiologically stringent models.
CB17.SCID mice were injected s.c. with 5 � 106 human CHL-1
melanoma cells, and on day 4 when tumors were f10 to 15 mm2,
mice were randomized into treatment groups of five animals. One
group of mice remained untreated; one group received 100 Ag of
irrelevant IgG; and the other groups received 10, 30, or 100 Ag of
DMF10.167.4 mAb twice a week for 3 weeks. Tumor areas were
measured for >35 days. As shown in Fig. 4A , all five of the animals
that received no treatment (.) or irrelevant IgG treatment (same
as no treatment group, thus data not shown) developed easily
detectable tumors by day 10 which expanded throughout the

Table 3. Analysis of DMF10.167.4 mAb reactivity with mouse tissues in vitro and in vivo

Tissue DMF10.167.4 binding

to frozen sections

DMF10.167.4 binding in vivo ,

24 hours after injection

Histopathology after 1 or 5 days

in DMF10.167.4-treated mice

Liver Negative Negative Normal

Spleen Negative Follicular dendritic cells &
mononuclear/dendritic cells

Normal

Pancreas Negative Negative Normal

esophagus Negative Negative Normal
Stomach Negative Negative Normal

Small intestine Apical surface epithelium Mononuclear/dendritic cells Normal

Colon Apical surface epithelium Mononuclear/dendritic cells Normal

Kidney Negative Mononuclear/dendritic cells Normal
Thymus Negative Mononuclear/dendritic cells Normal

Thyroid Negative Negative Normal

Trachea Negative Negative Normal

Lung Negative Negative Normal
Heart Negative Negative Normal

Salivary gland ND Negative Normal

Brain Negative Negative Normal

Uterus Negative Negative Normal
Ovary Negative Negative Normal

Bladder Negative Negative Normal

Muscle ND Negative Normal

Table 4. Immunotherapy with DMF10.167.4 mAb

Tumor

injection

Treatment Survival (%) Average

time to death

E710.2.3 Saline 0 35 days

E710.2.3 Control antibody 0 33 days
E710.2.3 10.167.4 antibody 100 (No deaths)

None 10.167.4 antibody 100 (No deaths)

NOTE: AKR mice (n = 3 per group) were injected with 5 � 106

syngeneic E710.2.3 tumor cells and received saline or an injection i.p.

of 0.5 mg of control hamster or DMF10.167.4 mAb on the initial day
and again 10 days later. A control group of mice received DMF10.167.4

mAb without tumor cells. The survival of animals was followed for >3

months.
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course of the study, leading to their sacrifice at day 30. Mice that
had received 10 Ag ( w ) or 30 Ag (E) of DMF10.167.4 mAb over
time showed a f50% reduction in tumor size compared with
untreated mice, whereas mice that received 100 Ag (5) of
DMF10.167.4 mAb showed a >75% reduction in tumor size versus
the control mice.
Additional studies using established SBC-3 human SCLC tumors

were done. CB17.SCID mice were injected s.c. with 4 � 106 SBC-3
SCLC cells and tumors were allowed to establish for 7 days. Mean
areas for the SBC-3 tumors were 20 mm2, approximately equal to
the CHL-1 tumors in the previous study. At this time, the mice were
randomized into groups of five mice, with one group receiving 100
Ag of irrelevant IgG and the other receiving 100 Ag of DMF10.167.4
twice a week for 3 weeks. Tumor areas were measured for >30 days.
As shown in Fig. 4B , SBC-3 tumor growth continued in all of the
animals that received irrelevant IgG treatment (.), leading to their
sacrifice at 28 days. Remarkably, mice that received DMF10.167.4
mAb (5) showed a total suppression of tumor growth progression.
Collectively, these in vivo tumor model studies show the potential
therapeutic efficacy of this mAb for treatment of human melanoma
and SCLC tumors.

Discussion

A hamster monoclonal antibody, termed DMF10.63.2, was
raised against E710.2.3 mouse thymic lymphoma cells and shown
to block the tumor’s proliferation and induce it to undergo
apoptosis in vitro . The mAb also showed reactivity with a number
of other mouse tumor cell lines, as well as human T- and B-cell
lymphomas, and sarcomas (10). A clonally related and nearly
identical mAb termed DMF10.167.4 was also generated and, in
this report, we have determined that these two mAbs recognize
ganglioside GM2.
Gangliosides are cell membrane bound glycosphingolipids

composed of sialic acid, carbohydrates, and ceramide. They are
highly expressed on the cell surface of most cancers of neuro-
ectodermal and epithelial origin, including glioblastoma, neuro-
blastoma, melanoma, and SCLC. These gangliosides are minor
components of normal tissues, suggesting that they are over-
expressed in certain cancers and might play some role in
malignancy (6, 11). In fact, ganglioside interactions with extracel-
lular matrix proteins may play a role in metastasis of tumor cells
(17, 18). Due to the cell surface overexpression of gangliosides,
particularly GD2, GD3, and GM2, an enormous amount of effort

Figure 4. A, suppression of CHL-1 tumor progression in vivo
following treatment with anti-GM2 antibody DMF10.167.4.
CB17.SCID mice (five per group) were injected with 5 � 106 CHL-1
cells on day 0. Antibody (10, 30, or 100 Ag/injection) was given i.v.
starting on day 4 and continued twice per week for 3 weeks. Point,
mean tumor area from five animals; bars, SD. B, suppression of
SBC-3 tumor progression in vivo following treatment with
anti-GM2 antibody DMF10.167.4. CB17.SCID mice (five per
group) were injected with 4 � 106 SBC-3 cells on day 0. Antibody
(100 Ag/injection) was given i.v. starting on day 7 and continued
twice per week for 3 weeks. Point, mean tumor area from five
animals; bars, SD.
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has been focused on the preclinical validation of these molecules as
targets for immunotherapy (6).
Numerous mAbs have been generated that are specific for

gangliosides, including GM2 (13, 14, 19–22). These previously
reported anti-GM2 mAbs were found to react with several different
tumor types including melanoma, SCLC, lung adenoma, lung
squamous, and large cell carcinomas. We also found that
DMF10.167.4 mAb reacts with human tumors and show in this
report that these tumors include a large percentage of small cell
lung carcinoma and melanoma cell lines, as well as a smaller
number of other tumor types. Interestingly, DMF10.167.4 mAb does
not seem to show an identical pattern of reactivity to the various
tumor types reported for other anti-GM2 antibodies.
Other groups have analyzed the reactivity of normal tissues

with different anti-GM2 antibodies. One immunoglobulin M (IgM)
anti-GM2 mAb showed no detectable binding to a large panel of
normal tissues, including brain, heart, liver, and lung (14), whereas
a second IgM anti-GM2 mAb was found to react with the
secretory borders of normal epithelial cells from several tissues,
including lung and prostate (15). DMF10.167.4 mAb has a distinct
pattern of reactivity to normal (mouse) tissues, as it reacts with
the apical border of intestinal epithelium but not with epithelium
of other tissues such as lung. To evaluate whether this differential
reactivity between the various anti-GM2 antibodies with several
normal tissues was due to a difference between human and
mouse tissues, we have examined the reactivity of DMF10.167.4
with human lung. DMF10.167.4 does not stain human lung
epithelium by immunohistochemistry, whereas under the same
conditions it strongly stains the surface of human intestinal
epithelium, as it does in mouse (data not shown). Similarly, we
also failed to detect DMF10.167.4 binding to human lung
epithelium, using the much more sensitive technique of immuno-
fluorescence and flow cytometry (data not shown). Therefore, the
most likely explanation for the differences in tumor and normal
tissue binding observed between the various anti-GM2 mAbs is
that they recognize distinct epitopes on GM2. DMF10.167.4
therefore seems an anti-GM2 antibody with unique antigen-
binding properties.
Several of the previously described anti-GM2 mAbs have been of

IgM isotype (14, 19, 20, 22). This is not unexpected for an antigen
that likely does not elicit T-cell help, which promotes isotype
switching. In any case, IgM antibodies are less amenable to clinical
use because of potential stability issues as well as large-scale
commercial manufacturing and purification difficulties. In con-
trast, DMF10.167.4 mAb is of the IgG isotype, which is much more
adaptable to clinical use, as shown by the large number of IgG
antibodies that have been used successfully to date for immuno-
therapy (reviewed in refs. 3, 5).
Antitumor antibodies can eliminate tumors through several

different mechanisms. The Fc region of both IgM and some IgG
antibodies can activate complement proteins to generate products
that induce inflammation and create pores in the tumor cell
membrane (23). Antibodies can also bind Fc receptors on
macrophage, neutrophils, and natural killer cells and thereby
target these cells to kill the tumor by ADCC. Other anti-GM2
mAbs have shown both CDC activity or, when chimerized or
humanized to IgG isotypes, ADCC function in vitro and in vivo
(13, 21, 24, 25). DMF10.167.4 can also trigger CDC and ADCC
in vitro (data not shown) but is of particular interest because of its
ability to trigger tumor cells to undergo apoptosis. DMF10.167.4
mAb was able to rapidly induce apoptosis and/or block cellular

proliferation when cultured with the human Jurkat T lymphoma,
CHL-1 melanoma, and SBC-3 SCLC lines. Previously, only one
described anti-GM2 mAb has been shown to induce apoptosis
in vitro, but this effect only occurred after several days of
incubation and was only observed with tumor heterospheroids
and not monolayer cultures (26). Thus, DMF10.167.4 seems to have
distinct functional properties compared with previously reported
anti-GM2 antibodies.
Because DMF10.167.4 seems to bind a distinct epitope (see

above), we speculate that the mAbs’ proapoptotic activity may be
due to its unique binding specificity. Exactly how DMF10.167.4
stimulates apoptosis is not known. However, mAbs to other
gangliosides such as GD2 also induce apoptosis in SCLC cells
in vitro . Yoshida et al. speculated that antibody-induced GD2
clustering resulted in the modulation of unknown molecules that
stimulate apoptosis (27). It has been shown that gangliosides exist
on the cell surface in clusters and form microdomains, variously
called lipid rafts or caveolae (28). Ganglioside-associated signal
transduction may occur in these membrane structures (29–31),
possibly through interactions with tetraspanins or other signaling
molecules located within these microdomains that form a
functional unit termed a glycosynapse (32, 33). Ganglioside GD3
has also been shown to be involved in the induction of CD95 and
ceramide-mediated apoptosis (34, 35).
Antibodies, such as DMF10.167.4, that inhibit tumor cell growth

and induce apoptosis in vitro are of potential interest for use in
immunotherapy. However, it is essential that the antibody does
not bind normal cells in ways that cause pathology. Thus, it was
important to determine whether DMF10.167.4 mAb would bind to
and/or effect normal tissues. No apoptotic activity was observed
after culture of this antibody with normal cells (data not shown).
The most important experiments to address this issue were done
by dosing mice with DMF10.167.4 and evaluating their tissues for
pathology. We found the antibody only bound to follicular
dendritic cells in the spleen and in scattered mononuclear/
dendritic cells primarily in lymphoid tissues, presumably through
Fc receptors. We detected no binding to the apical surface of
intestinal epithelium, although this region of cells reacted with the
antibody in tissue sections. Presumably, this epitope is not
expressed on the cell surface of the epithelium or the antibody
does not gain access to this site. Most importantly, these mAb
treated animals remained healthy and no gross or microscopic
pathologic changes could be detected in their tissues, including
the small and large bowels. This result indicates that if the
antibody is binding to intestinal epithelium or other tissues, it is
not affecting their survival or integrity. Therefore, the antibody is
well tolerated in vivo .
In contrast to the absence of effects on normal tissues,

DMF10.167.4 mAb did affect the growth of tumors in vivo . This
was first observed with the transplantable syngenic E710.2.3
murine lymphoma. E710.2.3 normally grows aggressively in mice,
but treatment with DMF10.167.4 prevented the establishment of
tumor in 100% of the tumor cell–injected animals. We extended
these studies to xenogenic models using human tumor cell lines
CHL-1 and SBC-3. Importantly, DMF10.167.4 reduced tumor growth
even when given to animals bearing established tumors. In all of
these situations, there was no antibody toxicity detected in any of
the treated animals.
These findings together with earlier ones suggest that the

apoptotic functional effects of DMF10.167.4 mAb are tumor
specific. We established that it can block tumor growth and extend

Tumor Immunotherapy with a Unique Anti-GM2 Antibody

www.aacrjournals.org 6433 Cancer Res 2005; 65: (14). July 15, 2005

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/65/14/6425/2533563/6425-6434.pdf by guest on 19 M

ay 2023



survival in vivo without detectable toxicity. Antibodies to other
gangliosides, such as GD2, GM3, and GD3, have also shown in vivo
efficacy for tumor immunotherapy (36–38), yet these gangliosides
are immunochemically distinct from GM2 and have different
patterns of expression. Moreover, anti-GD3 and anti-GM3 mAbs,
respectively, are recent examples of ganglioside-specific mAbs that
have undergone phase I clinical trials (refs. 39, 40; reviewed in ref. 6).
Potential products that arise from these efforts and an antibody
like DMF10.167.4 might complement each other because they
target different gangliosides; thus, they could potentially have
additive effects and/or target different cancer indications. Consid-

ering the unique combination of specificity for GM2, antitumor
activity, and reactivity with multiple human tumor types,
DMF10.167.4 mAb warrants further evaluation as an immunother-
apeutic antibody.
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